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DEDICATION TO A SPECIAL PERSON—AMY

It was Wednesday, August 28th 

1991, when little angel, Amy, came 

into this world in Liverpool Women’s 

Hospital, UK. She was born 8-weeks 

prematurely weighing merely 2 lbs 

11 oz. She was declared to have an 

intrauterine growth failure. 

Here is what Amy’s mum has to 

say about her birth: “Looking back, 

we think that it was apparent to 

specialists at her birth that there was a 

problem—silence when she was born, 

her placenta was thin and transparent. 

Despite the fact that a geneticist was 

brought to see her, nothing was said 

to us, and we presumed that this was 

a normal birth”.

In the beginning Amy met all her 

milestones; she was tiny yet an active 

baby. She walked at 13 months, talked 

on time and health visitors told Amy’s parents that she would need to wear diving 

boots to slow her down. At around 18 months, Amy visited the Genetics Department 

of the Alder Hey Children’s Hospital, Liverpool, UK for follow-up, where it was 

advised that something was seriously wrong with her—something very rare—and 

that, most likely, she wouldn’t grow—they gave it a name—‘Amy syndrome’. One 

of several disorders was suspected and tests were done, but no specific diagnosis 

was decided upon.

Amy continued to thrive in some ways but not in stature. She was a nightmare 

to feed but remained happy and full of energy. She began attending a mainstream 

school but couldn’t quite keep up, so was transferred to a Moderate Learning 

Difficulties School where she made lots of friends and loved her work. When Amy 

was 5 years-old, her parents, while researching on the internet, came across a rare 

genetic disorder of DNA repair deficiency called Cockayne syndrome (CS). The 

clinical features of this disease and photos of CS children indicated that Amy might 

be suffering from this syndrome. Tests were carried out in the UK but no concrete 

results came back. Yet her parents strongly believed that Amy had CS.

Around the age of 11, Amy began to deteriorate. Firstly she developed a tremor 

and then her balance began to fail. She fell over regularly and began walking with 

a very poor posture. She kept asking her mother “What is happening to me?” And 

she began to feel very sad. Despite regular visits to a number of doctors, they could 

give her very little help. At this stage Amy’s parents took the challenge to ask “What 

exactly was wrong with Amy?”.
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Amy was 14 when her parents raised enough money to fly to the USA to meet 

Dr. Edward Neilan at Boston Children’s Hospital, who was studying CS at that 

time. Dr Neilan carried out genetic analyses on Amy’s chromosomes and found a 

mutation, which indicated (together with her symptoms and appearance) that she had 

atypical CS. When the diagnosis was confirmed, Amy’s mother said “As a mother, 

I had known this for nearly 10 years and, in one way, my mind was at peace with 

this news but, in another, I was broken-hearted”.

At this time Amy started suffering from tremors. Moreover, she was unable to 

eat, drink, dress or carry out her everyday tasks without help.

Subsequently Amy was taken to a neurologist, Dr. Peter Kang, also in Boston, 

who prescribed medications for her tremors. Within 10 days Amy’s tremor had 

essentially disappeared and this distraught girl was back to her former happy self. 

Not only that, but a number of other CS children began taking the same medication 

and they too regained some measure of dignity. From then on Amy became desperate 

to help other children by participating in several invasive tests, carried out at 

experimental levels, and by saying “If it helps others then I want these done”.

Back in England Amy’s parents’ thinking was that they did not want any parent 

or child to ever feel as lonely or isolated as they and Amy had. So in 2007 they set 

up a charity organization called “Amy and Friends (Cockayne Syndrome Support)”, 

and since then have united and helped over 50 families from across the world 

suffering from CS. This charity can be found at the website www.amyandfriends.

org (Cockayne syndrome support). 

Through this organization Amy and Amy’s parents have brought together a large 

number of children suffering from CS, provide them happiness, love and support, 

while sharing together heart-breaking moments when children as young as 20 months 

and as old as 20 years lose their life. Brave Amy has visited several of her dying 

friends and helped them on their way to heaven by saying “Go now, our friends are 

waiting to take you, don’t stay here—go and run and play”.

She tells everyone she meets that she is glad to have CS so that she can help 

others. She is a pleasure to be around, brings love to those who meet her and once 

anyone meets Amy, she is never forgotten. Her teacher once said that what Amy 

lacks in stature she makes up in spirit.

Amy is now suffering from an underactive thyroid, kidney failure, hypertension, 

diabetes, high cholesterol, raised liver enzymes, a low grade glioma on her thalamus, 

kyphosis, lordosis, scoliosis and is stiff and in regular pain. She is unable to do most 

things she loves doing and very often feels lonely, despite having so many people 

around who love her. She lives now every day wanting to live her life to the fullest 

and dreaming of the day when her body is free from this illness.

Never before in my life I met a person who has been suffering so much, yet very 
bravely faces the situation and at the same time shows her help, love and affections 
to others suffering as her. She must be one of the bravest persons known. She has 
touched my heart so much in such a short time that, not only have I decided to work 
for this charity organization, but also dedicate this book to her. I gave her an Indian 
name—DIYA—which means a ‘clay lamp’ that burns to give light to others.

Shamim I. Ahmad, BSc, MSc, PhD
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PREFACE

DNA is an essential component of life and its integrity plays a key role in 

sustaining normal life functions including DNA replication, genetic recombination, 

transcription and DNA repair. DNA is constantly threatened by numerous 

environmental and intrinsic deleterious physical and chemical agents, such as UV 

light, ionizing radiation, reactive oxygen species (ROS) and various chemical agents, 

which can act as mutagens and carcinogens. Since the integrity of DNA is vital, 

nature has endowed living organisms with fairly intricate repair systems involving 

a large number of proteins and enzymes participating in a variety of DNA repair 

pathways. Interestingly, there exists variation in the ability of individual’s to repair 

the damage to DNA.1

Since this book is geared to be used by varied groups of readers such as advanced 

students and instructors in the fields of biology and medicine, scientists and more 

importantly clinicians, it is considered important to provide brief accounts of the 

basics of DNA damage, repair, mutagenesis and cancer.

Studies on DNA damage and repair originated in 1935 in bacteria,2 specifically 

in Escherichia coli and subsequently focused on lower eukaryotes such as 

Saccharomyces cereviciae and on complex organisms such as humans and plants. 

In the last 75 years thousands of scientific papers have been published (23,667 

according to PubMed Data, October 2009), and yet we have not reached the goal of 

understanding DNA repair systems in humans. Interestingly in the original studies 

the damaging agent used was ultraviolet light of type C (180-290 nm).2

Studies on the bacterium E. coli have played important role in our understanding 

of DNA damage and repair in humans. A large number of DNA repair systems 

have been identified that operate upon different types of damage; these include 

photoreactivation repair,3 nucleotide excision repair (NER) of two types, global 

genomic repair (GGR) and transcription-coupled repair (TCR),4 mismatch repair 

or MMR,5 SOS or error prone repair6 (found in certain prokaryotes involving 

more than 40 genes in E. coli and missing in humans), homologous recombination 

repair involving RecBCD in E. coli,7 base excision repair or BER (now considered 

to be of two types SP-BER or short patch BER and LP-BER or long patch BER,8 

non-homologous DNA end joining,9 alkB mechanisms to repair methyl lesions 
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(and also faulty or damaged RNA)10,11 and translesion synthesis,12 although the latter 

might be considered a damage tolerance rather than a repair mechanism. It should be 

noted that certain systems such as SOS repair also play roles in modulation of drug 

resistance and in secretion and dissemination of virulence in bacteria.13 Likewise 

DNA polymerases (5 in E. coli, 8 in S. cereviciae and 15 in humans) that play critical 

role in DNA replication, repair, recombination and mutagenesis; certain of these are 

specialized polymerases that allow DNA synthesis past lesions in DNA.14

Although a good number of DNA repair enzymes have been conserved through 

evolution in species ranging from bacteria to high eukaryotes, DNA repair systems 

in humans have evolved more intricately, due to aging, immune systems, cell 

compartmentalization including nuclear-lamina,15 presence of mitochondria with their 

own DNA, presence of chromatin in DNA,16 respiratory cycle including hypoxia17 

etc, involving hundreds of genes, enzymes and proteins.18 As an example, in humans 

the two BER sub-pathways are operated by different sets of proteins whereas in 

prokaryotes only one set exists.8 In addition, humans have evolved sophisticated 

signal transduction networks to sense DNA damage, to trigger a response and to 

regulate the consequent gene expression. The first step of the response is cell cycle 

arrest followed by the activation of cellular DNA damage responses. The sensor 

proteins and signal transduction network are then coordinated to finally repair 

the DNA.19 Cells possess the ability to sense whether normal function with DNA 

replication, transcription and cell progression can resume. In cases when repair cannot 

restore the DNA to its normal form, either due to massive damage or to impairment 

of repair system, the cell undergoes senescence or apoptosis.

Eukaryotic chromatin in DNA also plays important roles in maintaining genomic 

integrity, and multiple post-translational histone modifications via acetylation, 

methylation, phosphorylation and ubiquitination participate in this process.20 The 

modifications also play roles in maintaining the chromatin environment, transcription 

and replication. 

The attempt to repair damage in DNA can have three fates: (i) the DNA is 

repaired perfectly, for example as carried out by photoreactivation, also known as 

error free repair; (ii) none or incomplete repair, in which case the cell undergoes 

senescence or apoptosis (iii) carry out error prone repair and induce mutation, which 

is normally long lasting and inheritable, causing inborn errors. Although in many 

cases, the occurrence of mutations plays negative role in life (such as, fetal demise or 

induction of genetic diseases), in certain cases, it can be advantageous (e.g. survival 

of rare antibiotic-resistant mutant bacteria in the presence of antibiotics). 

It is estimated that about 6000 single gene mutations cause human diseases  

(http://www.ornl.gov/sci/techresources/Human_Genome/medicine/assist.shtml). The 

editor of this book estimates that there are about 60-70 diseases associated with defects 

in DNA repair systems. This editor has recently published four books addressing 

the DNA repair diseases, viz, Fanconi anemia,21 xeroderma pigmentosum,22 ataxia 

telangiectasia23 and Cockayne syndrome.24 The purpose of this volume is to present 

an updated detailed account of some important additional diseases of DNA repair. 

It has not been possible to cover all the DNA repair deficient diseases in this work, 
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hence diseases such as Bloom’s syndrome, Werner’s syndrome, Nijmegen breakage 

syndrome, ataxia telangiectasia-like disorder, RAD 50 deficiency, RIDDLE syndrome 

and others will be presented in a forthcoming volume.

In this book, the editor aimed to maintain a balance between the DNA repair 

diseases that have been studied exhaustively, well-defined genetic defects in DNA 

repair system(s) and those diseases (such as Triple A syndrome) that shows 

a tangential association with DNA repair defects and hence more studies are 

warranted.

DNA repair diseases can be linked to DNA repair deficiencies in chromosomes 

and/or in mitochondria. As the research on human neurodegenerative diseases 

progresses, it is becoming apparent that several of them are associated with 

mitochondrial dysfunction due mostly to intrinsic oxidative damage. Amyotrophic 

lateral sclerosis (ALS) is one such disease (eloquently presented in Chapter 2) 

caused by mutations in the gene coding for superoxide dismutase (SOD). Naturally 

if SOD (an important scavenger of superoxide radicals) is absent, the endogenous 

concentration of intrinsically produced reactive oxygen species (ROS) will increase 

and the amount of damage will exceed the ability of the repair complexes that remove 

them, and hence the disease. It is, however, still puzzling that mutations in two 

other genes, TDP-43 and FUS/TLS, also lead to this disease; this warrants further 

studies. In a recent study the editor and his colleagues have identified a number of yet 

unidentified enzymes in bacteria that may be responsible for scavenging two types 

of ROS, hydroxyl radicals and superoxide radicals (manuscript in preparation).

Alzheimer’s disease is another common neurodegenerative disorder due to 

mitochondrial dysfunction, induced mainly by ROS, and this has been fully described 

in Chapter 4. In Chapter 5 another neurodegenerative disorder, Huntington’s 

disease, is described as caused by unstable expansion of CAG repeats, located in 

the 5-prime terminal section of the IT15 gene. In Chapter 6, Katsuno and colleagues 

have described another neurodegenerative disorder, spinal and bulbar muscular 

atrophy, again caused by expansion of a trinucleotide CAG repeat, which encodes 

a polyglutamine tract within the first exon of the androgen receptor gene.

Chapter 7 addresses another neurological disorder, spinocerebellar ataxia with 

axonal neoropathy, caused by a specific mutation in the gene coding for tyrosyl 

DNA phosphodiesterase. This disorder leads to multiple pathological phenotypes 

including neurological disease.

Another neurodegenerative disease, early-onset ataxia with ocular motor 

apraxia and hyperalbumenimia/ataxia with oculomotor apraxia, has been 

described in Chapter 3, and is caused by a mutation in the APTX gene and consequent 

lack of repair of DNA single and double strand breaks leading to neuronal cell 

dysfunction and death.

Cornelia de Lange syndrome (CdLS) is another disease with mental 

retardation; it has been described in Chapter 11. This is a more complicated disease, 

in which severe physiological deformities are observed, mostly facial gestalt. Cells 

from patients show a few specific chromosomal rearrangements. It is interesting 

to note that dup 3q syndrome has long been considered to be a phenocopy of 
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CdLS due to clinical overlap; however the several mutations that cause dup 3q do 

not overlap with mutations found in CdLS. How and why clinical overlaps exist 

between these two syndromes, while genetic studies differentiate them, is a subject 

of further studies.

A number of other interesting diseases associated with deficiency in DNA repair, 

are certain hereditary photodermatosis (Chapter 9), trichothiodystrophy (TTD) 

(Chapter 10) and familial cutaneous melanoma (Chapter 13). One prominent feature 

of these diseases is the sensitivity of the skin to sunlight, although in certain cases of 

TTD skin sensitivity is not apparent. The sun sensitivity in these diseases is the result 

of defective repair of damage to DNA caused by ultraviolet (UV) light. Although 

most laboratory work has been carried out using germicidal UV lamps (emitting 

UVC at 180-290 nm), in fact the patients suffer from the effects of unintentional 

exposure to solar UV.

Although the sun emits all kinds of UV light, only UVB (5%, 290-310 nm) 

and UVA (95%, 310-400 nm) reach the earth’s surface. Whereas UVC causes DNA 

damage by inducing formation of cyclobutane pyrimidine dimers (CPD) and (6-4) 

pyrimidine-pyrimidone photoproducts (6-4PP), UVB retains the ability to induce 

CPD and 6-4PP, and also can damage DNA via ROS production. UVA rays most 

likely damage DNA solely by ROS production generated via the photolysis of a 

variety of endogenous photosensitizers.25-28

Another disease linked to NER is cerebro-oculo-facio-skeletal syndrome 

(COFS), which has been adequately described in Chapter 19, and in which facial 

dysmorphism, crophthalmia, arthrogryposis and severe developmental delays occur. 

Profound photosensitivity is also observed in the patients due to mutations in genes 

involved in the NER pathway. Molecular analysis revealed that TCR is functionally 

impaired in this disease. Interestingly most facial features in COFS are also observed 

in ligase IV syndrome (Chapter 16). Ligase IV is a component of a DNA repair 

pathway involved in non-homologous end joining of DNA strand breaks.

Deficiency in DNA repair also causes diseases of the immune systems; 

these include primary immunodeficiency syndrome, inherited defects of 

immunoglobulin class switch recombination (IDICR) and dyskeratosis 

congenita. In Chapter 14 Slatter and Gennery have elegantly described 

the molecular mechanisms, clinical presentation and treatment of primary 

immunodeficiency disorders caused by defects in MMR. Chapter 15 addresses 

IDICR; this disease is caused by defects in activation-induced cytidine deaminase 

(AID), uracil-N-glycosylase, post-meiotic segregation and in non-homologous 

end joining. Deficiency in immune systems naturally leads to loss of defense for 

infections and their consequences. Chapter 20 describes dyskeratosis congenita 

which is an inheritable bone marrow disease leading to inability to produce 

enough mature erythrocytes, granulocytes and platelets causing peripheral blood 

cytopenia along with other clinical features. Four genes are implicated in this 

disease, the X-linked DKC1, which codes for dyskerin protein, TERC and TERT 

coding for the mRNA for telomeres and telomerase respectively, and one autosomal 

recessive, NOP10.
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Cancers of various types are by far the most important end result due to defect in 

DNA repair; thus hamartomas in several organs, specifically in kidney, is caused by 

impairment of the TSC1 and TSC2 genes leading to tuberous sclerosis complex, which 

has been eloquently described in Chapter 8. Colorectal cancer is another disease due 

to a deficiency in MMR. Its treatment usually involves chemoradiation therapy and/or 

surgery. The author of Chapter 12 discusses which kind of patients should receive what 

kind of treatment and why. Muir-Torre syndrome, Wilms’ tumor, retinoblastoma 

and Von Hippel Lindau syndrome, are linked to specific cancers. Chapters 17, 18, 

21 and 22 were respectively devoted to describe these diseases.

It is hoped that this book will stimulate both expert and novice researchers in 

the field with excellent overviews of the current status of research and pointers to 

future research goals. Material presented in this book should also be beneficial to 

the clinicians in treating their specialized cases. The insights gained will be valuable 

for the development of new therapeutic drugs to treat the clinical problems raised 

by these rare but devastating diseases as well.

Finally the editor wishes to present his most cordial thanks to all his 

contributors without whom it would not have been possible to produce this quality 

and rare volume.

Shamim I. Ahmad, BSc, MSc, PhD
School of Science and Technology, Nottingham Trent University

Nottingham, United Kingdom

ACKNOWLEDGEMENT

The editor is thankful to Professor Graciela Spivak for her valuable input in the 

preparation of this section of the book.

REFERENCES

 1. Rihs HP, Hoffmeyer F, Bruning T. DNA repair: From the mechanism to the impact on oc-

cupational research. Pneumologie 2009; 63:319-324.

 2. Hollaender A, Curtis JT. Effect of sublethal doses of monochromatic ultraviolet radiation on 

bacteria in liquid suspension. Proc Soc Exp Biol Med 1935; 33:61-62.

 3. Lucas-Lledo JI, Lynch M. Evolution of mutation rates: Phylogenomic analysis of the pho-

tolyase/chryptochrome family. Mol Biol Evol 2009; 26:1143-1153. 

 4. Truglio JJ, Croteau DL, Van Houten B et al. Prokaryotic nucleotide excision repair, the 

UvrABC system. Chem Rev 2006; 106:233-252.

 5. Li GM. Mechanism and functions of DNA mismatch repair. Cell Res 2008;18:85-98.

 6. Junion C. Inducible SOS response system of DNA repair and mutagenesis in Escherichia 

coli. Int J Biol Sci 2008; 4:338-344.

 7. Dillingham MS, Kowalczykowski SC. RecBCD enzyme and the repair of double strand DNA 

breaks. Microbiol Mol Biol Rev 2008; 72:642-671.



xii Preface

 8. Krwawicz J, Arczewska KD, Speina E et al. Bacterial DNA repair genes and their eukary-

otic homologues: Mutations in genes involved in base excision repair (BER) and DNA end 

processors and their implication in mutagenesis and human disease. Acta Biochim Pol 2007; 

54:413-434.

 9. Poplawski T, Stoczynska E, Blasiak J. Non-homologous DNA end joining—new proteins, 

new functions, new mechanisms. Postepy Biochem 2009; 55:36-45.

 10. Falnes PO, Klungland A, Alseth I. Repair of methyl lesions in DNA and RNA by oxidative 

demethylation. Neuroscience 2007; 145:1222-1232.

� ���������
��� ��� !������� "#�� "���
� $&� 
�� ���� #�'&� �
�
������
�� *��� 
��� ��� ��		
�
��� ������

DNA Repair (Amst) 2008; 7:1916-1923.

 12. Fuchs RP, Fujii S. Translesion synthesis in Escherichia coli: Lessons from the Narl mutation 

hot spot. DNA Repair (Amst) 2007; 6:1032-1041. 

 13. Butala M, Zgur-Bertok D, Busby SJ. The bacterial LexA transcriptional repressor. Cell Mol 

Life Sci 2009; 66:82-93.

 14. Garcia-Diaz M, Bebenek K. Multiple functions of DNA polymerases. CRC Critical Rev Plant 

Sci 2007; 26:105-122.

 15. Chi YH, Chen ZJ, Jeang KT. The nuclear envelopathies and human diseases. J Biomed Sci 

2009; 16:96.

 16. Venkitaraman AR. Modifying chromatin architecture during the response to DNA breakage. 

Crit Rev Biochem Miol Biol 2009; Oct 30 [Epub ahead of print].

 17. Yoo YG, Hayashi M, Christensen J et al. An essential role of the HIF-1alpha-c-Myc axis in 

malignant progression. Ann NY Acad Sci 2009; 1177:198-204.

 18. Friedberg EC, Walker GC, Siede W et al. DNA Repair and Mutagenesis. Washington DC: 

ASM Press, 2005.

 19. Stracker TH, Usui T, Petrin JH. Taking the time to make important decision: the checkpoint 

effector kinases Chk1 and Chk2 and the DNA damage response. DNA Repair (Amst) 2009; 

8:1047-1054.

 20. Yang J, Ledaki I, Turley H et al. Role of hypoxia-inducible factors in epigenetic regulation 

via histone demethylases. Ann NY Acad Sci 2009; 1177:185-197.

 21. Ahmad SI, Kirk SH, eds. Molecular Mechanisms of Fanconi Anemia. Austin/New York: 

Landes Bioscience/Springer Science+Business Media, 2007.

 22. Ahmad SI, Hanaoka F, eds. Molecular Mechanisms of Xeroderma Pigmentosum. Austin/New 

York: Landes Bioscience/Springer Science+Business Media, 2008.

 23. Ahmad SI, ed. Molecular Mechanisms of Ataxia Telangiectasia. Austin: Landes Bioscience, 

2009.

 24. Ahmad SI, ed. Molecular Mechanisms of Cockayne Syndrome. Austin: Landes Bioscience, 

2009.

 25. Craggs J, Kirk SH, Ahmad SI. Synergistic action of near UV and phenylalanine, tyrosine 

or tryptophan on the inactivation of phage T7: Role of superoxide radicals and hydrogen 

peroxide. J Photochem Photobiol B 1994; 24:123-128.

 26. Paretzoglou A, Stockenhuber C, Kirk S et al. Generation of reactive oxygen species from the 

photolysis of histidine by near ultraviolet light: Effects on T7 as a model biological system. 

J Photochem Photobiol B 1998; 43:101-105.

 27. Ahmad SI, Hargreaves A, Taiwo FA et al. Near ultraviolet photolysis of L-mandelate, forma-

tion of reactive oxygen species, inactivation of phage T7 and implications on human health. 

J Photochem Photobiol B 2004; 77:55-62.

� <=��>����
��
��#�� !���
� @#�� \������ �� 
�� ���� ^
��� �������
�
�� ��
�
������ 
	� `{��
���� ��������

acid generates free radicals and results in DNA damage. J Photochem Photobiol B 2007; 

89:110-116.



xiii

ABOUT THE EDITOR...

SHAMIM AHMAD after obtaining his Master’s degree in Botany from Patna 

University, Bihar, India and his PhD in Molecular Genetics from Leicester University, 

England, joined Nottingham Polytechnic as Grade 1 lecturer and subsequently 

promoted to SL post. Nottingham Polytechnic subsequently became Nottingham Trent 

University where, after serving for about 35 years, he took early retirement to spend 

the remaining time writing books and conducting full-time research. For more than 

three decades he worked on different areas of biology including thymineless death in 

bacteria, genetic control of nucleotide catabolism, development of anti-AIDS drugs, 

control of microbial infection of burns, phages of thermophilic bacteria and microbial 

flora of Chernobyl after nuclear accident. But his primary interest, which started 25 

years ago, is DNA damage and repair, particularly near UV photolysis of biological 

compounds, production of reactive oxygen species and their implications on human 

health including skin cancer and xeroderma pigmentosum. He is also investigating 

photolysis of non-biological compounds such as 8-methoxypsoralen+UVA, 

mitomycin C, and nitrogen mustard and their importance in psoriasis treatment and 

in Fanconi anemia. In 2003 he received a prestigious “Asian Jewel Award” in Britain 

for “Excellence in Education”. He is also the Editor of Molecular Mechanisms of 
Fanconi Anaemia, Molecular Mechanisms of Xeroderma Pigmentosum, Molecular 
Mechanisms of Ataxia Telangiectasia and Molecular Mechanisms of Cockayne 
Syndrome published by Landes Bioscience.



xv

PARTICIPANTS

Hiroaki Adachi
Department of Neurology
Nagoya University Graduate School  

of Medicine
Nagoya
Japan

Shamim I. Ahmad
School of Science and Technology
Nottingham Trent University
Nottingham
UK

Osamu Arisaka
Department of Pediatrics
Dokkyo Medical University
Shimotsuga-gun, Tochigi
Japan

Haruhiko Banno
Department of Neurology
Nagoya University Graduate School  

of Medicine
Nagoya
Japan

Gareth Baynam
Genetic Services of Western Australia
Princess Margaret Hospital for Children
School of Paediatrics and Child Health
The University of Western Australia
Perth
Australia 

Sandrine Betuing
UMRS 952, INSERM
UMR 7224-CNRS
Université Pierre et Marie Curie
Paris
France

Cornelius F. Boerkoel
Department of Medical Genetics
Provincial Medical Genetics Program
Child and Family Research Institute
Children’s and Women’s Health Centre 

of British Columbia
University of British Columbia
Vancouver, British Columbia
Canada

Cecilia Bonnet
Pôle des maladies du système nerveux
Fédération de neurologie
Hopital Pitié-Salpétrière
Paris
France

Jocelyne Caboche
UMRS 952, INSERM
UMR 7224-CNRS
Université Pierre et Marie Curie
Paris
France



xvi Participants

Valeria Calsolaro
Department of Neuroscience
Neurological Clinic
University of Pisa
Roma
Italy

Dimitry A. Chistiakov
Department of Molecular Diagnostics
National Research Center 

GosNIIGenetika
Moscow
Russia

Sumit Dave
Departments of Surgery & Pediatrics
Division of Urology
Schulich School of Medicine  

& Dentistry
The University of Western Ontario
London Health Sciences Centre-Victoria 

Hospital
London, Ontario
Canada

Anne Durandy
INSERM, U768
Université Paris Descartes, Faculté  

de Médecine René Descartes
Paris
France

Claude E. Gagna
Department of Pathology and Laboratory 

Medicine
UMDNJ-New Jersey Medical School
Newark, New Jersey
USA

Pauline Gardës
INSERM, U768
Université Paris Descartes, Faculté  

de Médecine René Descartes
Paris
France

Andrew R. Gennery
Newcastle General Hospital
Newcastle upon Tyne
UK

Vineeta Gupta
Department of Pediatrics
Institute of Medical Sciences
Banaras Hindu University
Varanasi
India

Samy L. Habib
South Texas Veterans Healthcare 

System, Geriatric Research, 
Education, and Clinical Center

and
Department of Medicine
The University of Texas Health Science 

Center
San Antonio, Texas
USA

Donna E. Hansel
Cleveland Clinic
Department of Anatomic Pathology
Taussig Cancer Institute and Genomic 

Medicine Institute
Glickman Urological and Kidney 

Institute
Cleveland, Ohio
USA

Johan Hansson
Department of Oncology-Pathology
Karolinska Institute
Karolinska University Hospital Solna
Stockholm
Sweden

Ryuki Hirano
Department of Neurology and Geriatrics
Graduate School of Medical and Dental 

Sciences
Kagoshima University
Kagoshima City
Japan



xviiParticipants

Sergio Huerta
University of Texas Southwestern 

Medical Center
Dallas, Texas
USA

Heidrun Interthal
Institute of Cell Biology
University of Edinburgh
Edinburgh, Scotland
UK

Jonathan Izawa
Departments of Surgery & Oncology
Divisions of Surgical Oncology  

& Urology
Schulich School of Medicine  

& Dentistry
The University of Western Ontario
London Health Sciences Centre-Victoria 

Hospital
London, Ontario
Canada

Masahisa Katsuno
Department of Neurology
Nagoya University Graduate School  

of Medicine
and
Institute for Advanced Research
Nagoya University
Nagoya
Japan

Jenny J. Kim
Cleveland Clinic
Taussig Cancer Institute
Cleveland, Ohio
USA

Sven Kracker
INSERM, U768
Université Paris Descartes, Faculté  

de Médecine René Descartes
Paris
France

Akash Kumar
Department of Pediatrics
Institute of Medical Sciences
Banaras Hindu University
Varanasi
India

Muriel W. Lambert
Department of Pathology and Laboratory 

Medicine
UMDNJ-New Jersey Medical School
Newark, New Jersey
USA

W. Clark Lambert
Department of Pathology and Laboratory 

Medicine
UMDNJ-New Jersey Medical School
Newark, New Jersey
USA

Jinglan Liu
Division of Human and Molecular 

Genetics
The Children’s Hospital of Philadelphia
Philadelphia, Pennsylvania
USA

Annalisa LoGerfo
Department of Neuroscience
Neurological Clinic
University of Pisa
Roma
Italy

Dietmar Lohmann
Institut fur Humangenetik
Universitätsklinikum Essen
Essen
Germany

Takao Makifuchi
Joetsu General Hospital
Niigata
Japan



xviii Participants

Michelangelo Mancuso
Department of Neuroscience
Neurological Clinic
University of Pisa
Roma
Italy

Carlos H. Martínez
Department of Surgery
Division of Urology
Schulich School of Medicine  

& Dentistry
The University of Western Ontario
London Health Sciences Centre-Victoria 

Hospital
London, Ontario
Canada

Pedro Mercader
Dermatology Service
Hospital General
Universitario Morales Meseguer
Murcia
Spain

Dennis H. Oh
Department of Dermatology
University of California at San Francisco
and
Dermatology Service
VA Medical Center
San Francisco, California
USA

Osamu Onodera 
Department of Molecular Neuroscience
Resource Branch for Brain Disease 

Research
Center for Bioresource-Based Research
Brain Research Institute
Niigata University
Niigata
Japan

Daniele Orsucci
Department of Neuroscience
Neurological Clinic
University of Pisa
Roma
Italy

J. Jefferson P. Perry
Department of Molecular Biology
The Scripps Research Institute
La Jolla, California
USA
and
The School of Biotechnology
Amrita University
Kollam, Kerala
India

Brian I. Rini
Cleveland Clinic
Department of Solid Tumor Oncology
Taussig Cancer Institute
Glickman Urological and Kidney 

Institute
Cleveland, Ohio
USA

Emmanuel Roze
UMRS 952, INSERM
UMR 7224-CNRS
Université Pierre et Marie Curie
and
Pôle des maladies du système nerveux
Fédération de neurologie
Hopital Pitié-Salpétrière
Paris
France

Mustafa A.M. Salih
Department of Paediatrics
Division of Paediatric Neurology
College of Medicine
King Saud University
Riyadh
Saudi Arabia



xixParticipants

Vijaya Sarathi
Department of Endocrinology
King Edward Memorial Hospital
Parel, Mumbai
India

Tatsuya Sato
Department of Neurology
Clinical Neuroscience Branch
Brain Research Institute
Niigata University
Niigata
Japan

Nalini S. Shah
Department of Endocrinology
King Edward Memorial Hospital
Parel, Mumbai
India

David S. Shin
Department of Molecular Biology
The Scripps Research Institute
La Jolla, California
USA

Gabriele Siciliano
Department of Neuroscience
Neurological Clinic
University of Pisa
Roma
Italy

Mary A. Slatter  
Newcastle General Hospital
Newcastle upon Tyne
UK

Gen Sobue
Department of Neurology
Nagoya University Graduate School  

of Medicine
Nagoya
Japan

Graciela Spivak
Department of Biology
Stanford University
Stanford, California
USA

Keisuke Suzuki
Department of Neurology
Nagoya University Graduate School  

of Medicine
Nagoya
Japan

Hiroshi Suzumura
Department of Pediatrics
Dokkyo Medical University
Shimotsuga-gun, Tochigi
Japan

Masayoshi Tada
Department of Neurology
Clinical Neuroscience Branch
Brain Research Institute
Niigata University
Niigata
Japan

John A. Tainer
Department of Molecular Biology
The Scripps Research Institute
La Jolla, California
USA
and
Life Sciences Division
Lawrence Berkeley National Laboratory
Berkeley, California
USA

Hiroshi Takashima
Department of Neurology and Geriatrics
Graduate School of Medical and Dental 

Sciences
Kagoshima University
Kagoshima City
Japan

Fumiaki Tanaka
Department of Neurology
Nagoya University Graduate School  

of Medicine
Nagoya
Japan



xx Participants

Cheryl Walton
Department of Medical Genetics
Provincial Medical Genetics Program
Child and Family Research Institute
Children’s and Women’s Health Centre 

of British Columbia
University of British Columbia
Vancouver, British Columbia
Canada

Akio Yokoseki
Department of Neurology
Clinical Neuroscience Branch
Brain Research Institute
Niigata University
Niigata
Japan



xxi

CONTENTS

1. TRIPLE-A SYNDROME ................................................................................. 1

Vijaya Sarathi and Nalini S. Shah

Abstract ................................................................................................................................. 1
Introduction .......................................................................................................................... 1
Epidemiology ........................................................................................................................ 1
Etiology ................................................................................................................................. 2
Pathology .............................................................................................................................. 4
Diagnosis ............................................................................................................................... 5
Differential Diagnosis .......................................................................................................... 5
Treatment .............................................................................................................................. 6
Conclusion ............................................................................................................................ 6

2. AMYOTROPHIC LATERAL SCLEROSIS .................................................. 9

J. Jefferson P. Perry, David S. Shin and John A. Tainer

Abstract ................................................................................................................................. 9
Introduction .......................................................................................................................... 9
Clinical Features .................................................................................................................. 9
Genetic Basis and the Molecular Mechanism of the Disease ......................................... 10
Cu,ZnSOD .......................................................................................................................... 11
TDP-43 ................................................................................................................................ 12
FUS/TLS ............................................................................................................................. 14
Conclusion .......................................................................................................................... 16

3. EARLY-ONSET ATAXIA WITH OCULAR MOTOR  

APRAXIA AND HYPOALBUMINEMIA/ATAXIA  

WITH OCULOMOTOR APRAXIA 1 .................................................. 21

Masayoshi Tada, Akio Yokoseki, Tatsuya Sato, Takao Makifuchi and Osamu Onodera

Abstract ............................................................................................................................... 21
Introduction ........................................................................................................................ 21
Epidemiology ...................................................................................................................... 22
Genetics of EAOH/AOA1 .................................................................................................. 23



xxii Contents

Clinical Features ................................................................................................................ 24
Pathogenesis........................................................................................................................ 28
Conclusion .......................................................................................................................... 30

4. CLINICAL FEATURES AND PATHOGENESIS  

OF ALZHEIMER’S DISEASE: INVOLVEMENT  

OF MITOCHONDRIA AND MITOCHONDRIAL DNA ................... 34

Michelangelo Mancuso, Daniele Orsucci, Annalisa LoGerfo, Valeria Calsolaro  
and Gabriele Siciliano

Abstract ............................................................................................................................... 34
Alzheimer’s Disease ........................................................................................................... 34
Mitochondrial Structure and Function ............................................................................ 36
Oxidative Stress and Mitochondrial Dysfunction in AD ................................................ 37
The Role of Mitochondrial DNA ....................................................................................... 40
Conclusion .......................................................................................................................... 41

5. HUNTINGTON’S DISEASE ......................................................................... 45

Emmanuel Roze, Cecilia Bonnet, Sandrine Betuing and Jocelyne Caboche

Abstract  .............................................................................................................................. 45
History ................................................................................................................................. 45
Clinical Aspects .................................................................................................................. 45
Genetic Aspects ................................................................................................................... 47
Neuropathology .................................................................................................................. 48
Molecular Mechanisms ...................................................................................................... 48
Conclusion .......................................................................................................................... 53

6. CLINICAL FEATURES AND MOLECULAR  

MECHANISMS OF SPINAL AND BULBAR  

MUSCULAR ATROPHY (SBMA) ........................................................ 64

Masahisa Katsuno, Haruhiko Banno, Keisuke Suzuki, Hiroaki Adachi,  
Fumiaki Tanaka and Gen Sobue

Abstract ............................................................................................................................... 64
Clinical Features ................................................................................................................ 64
Genetic Basis ....................................................................................................................... 65
Histopathology.................................................................................................................... 66
Molecular Mechanisms ...................................................................................................... 66
Therapeutic Strategies ....................................................................................................... 68
Conclusion .......................................................................................................................... 70

7. SPINOCEREBELLAR ATAXIA WITH AXONAL NEUROPATHY ........ 75

Cheryl Walton, Heidrun Interthal, Ryuki Hirano, Mustafa A.M. Salih,  
Hiroshi Takashima and Cornelius F. Boerkoel

Abstract ............................................................................................................................... 75
Introduction ........................................................................................................................ 75



xxiiiContents

Symptoms of SCAN1 ......................................................................................................... 78
Genetic Basis of SCAN1 .................................................................................................... 78
Tdp1 Function .................................................................................................................... 78
Molecular Basis of SCAN1 ................................................................................................ 79
Current and Future Research ........................................................................................... 79
Conclusion .......................................................................................................................... 81

8. TUBEROUS SCLEROSIS COMPLEX AND DNA REPAIR ..................... 84

Samy L. Habib

Abstract ............................................................................................................................... 84
Introduction: Clinical Manifestations of TSC Disease ................................................... 84
��������	
��	�
���
������
����������	 ...................................................................... 85
TSC1 and TSC2 Genes ...................................................................................................... 87
TSC Genes and Cell Signals .............................................................................................. 87
TSC and DNA Damage/Repair Pathway ......................................................................... 90
TSC2 Regulates DNA Damage/Repair Pathway ............................................................. 90
Conclusion .......................................................................................................................... 91

9. HEREDITARY PHOTODERMATOSES ..................................................... 95

Dennis H. Oh and Graciela Spivak

Abstract ............................................................................................................................... 95
Introduction ........................................................................................................................ 95
Metabolic Photodermatoses .............................................................................................. 96
Hereditary Photodermatoses of Unknown Etiology or Pathogenesis ........................... 98
Defects in Cancer Suppressor Genes ................................................................................ 99
Human Syndromes Defective in DNA Repair ................................................................. 99
UV-Sensitive Syndrome (UVSS) ...................................................................................... 101
Conclusion ........................................................................................................................ 103

10. TRICHOTHIODYSTROPHY: PHOTOSENSITIVE, TTD-P,  

TTD, TAY SYNDROME ...................................................................... 106

W. Clark Lambert, Claude E. Gagna and Muriel W. Lambert

Abstract ............................................................................................................................. 106
Clinical Manifestations .................................................................................................... 106
Xeroderma Pigmentosum/Trichothiodystrophy Overlap Syndrome .......................... 107
Cockayne Syndrome/Trichothiodystrophy Overlap Syndrome .................................. 107
Etiopathogenesis ............................................................................................................... 107
Laboratory Diagnosis ...................................................................................................... 108
Animal Model ................................................................................................................... 109
Conclusion  ....................................................................................................................... 109

11. CORNELIA DE LANGE SYNDROME ....................................................111

Jinglan Liu and Gareth Baynam

Abstract ..............................................................................................................................111
Clinical Characteristics ....................................................................................................111



xxiv Contents

Molecular Genetics of CdLS ........................................................................................... 113
Conclusion ........................................................................................................................ 119

12. RECTAL CANCER AND IMPORTANCE  

OF CHEMORADIATION IN THE TREATMENT .......................... 124

Sergio Huerta

Abstract ............................................................................................................................. 124
Introduction ...................................................................................................................... 124
Rectal Cancer: Metastasis and Survival Rates ............................................................. 125
Mechanisms of Cell Death By Ionizing Radiation ........................................................ 126
Mechanisms of Resistance to Radiation in Rectal Cancer ........................................... 126
Proliferation Markers and Mitotic Index (Ki-67) ......................................................... 127
p53, p21 and p27 and Apoptotic Index (AI) .................................................................. 127
Apoptosis ........................................................................................................................... 128
NF�B ................................................................................................................................. 130
Inhibitors of Apoptosis (IAPs: Survivin) ....................................................................... 130
Conclusion ........................................................................................................................ 131

13. FAMILIAL CUTANEOUS MELANOMA ............................................... 134

Johan Hansson

Abstract ............................................................................................................................. 134
Introduction ...................................................................................................................... 134
Risk Factors for Melanoma ............................................................................................. 134
Familial Melanoma—The Clinical Picture .................................................................... 134
Molecular Genetics of Familial Cutaneous Melanoma ................................................ 136
High Risk Melanoma Genes ............................................................................................ 136
Candidate Loci for Novel Genes Predisposing to Familial CMM ............................... 139
Risk of Melanoma and Other Cancers in Melanoma Families  

with Germline CDKN2A Mutations ....................................................................... 139
Genetic Testing in Familial Melanoma .......................................................................... 140
Management of Familial Melanoma .............................................................................. 140
Primary Prevention.......................................................................................................... 141
Secondary Prevention of CMM ...................................................................................... 141
Pancreatic Carcinoma Surveillance ............................................................................... 142
Conclusion ........................................................................................................................ 142

14. PRIMARY IMMUNODEFICIENCY SYNDROMES ............................. 146

Mary A. Slatter and Andrew R. Gennery

Abstract ............................................................................................................................. 146
Introduction ...................................................................................................................... 146
Role of DNA Repair Proteins in Adaptive Immunity ................................................... 146
�����
��������	��		��
������
�����
��������!������
�����
�������	 ................. 150
Treatment .......................................................................................................................... 159
Conclusion ........................................................................................................................ 160



xxvContents

15. INHERITED DEFECTS OF IMMUNOGLOBULIN CLASS  

SWITCH RECOMBINATION ............................................................ 166

Sven Kracker, Pauline Gardës and Anne Durandy

Abstract ............................................................................................................................. 166
Introduction ...................................................................................................................... 166
�
������
�������!	���"�����
#��
������!�������
�
�������
��	�� 

(AID)-Defect ............................................................................................................. 167
�
������
�������!	���"��$���
��%������	���	��&$%�'������� ................................ 168
�
������
�������!	���"����	����
��
��
�*��*��
���;�&��
;'������� ..................... 169
�
������
�����
�������!�������������
�������	�������
�*������%�� 

Repair Machinery .................................................................................................... 170
Conclusion ........................................................................................................................ 171

16. LIGASE IV SYNDROME .......................................................................... 175

Dimitry A. Chistiakov

Abstract ............................................................................................................................. 175
Ligase IV Syndrome: Clinical Features ......................................................................... 175
DNA Ligase IV Is a Component of Nonhomologous End-Joining  

Pathway of DNA Repair .......................................................................................... 175
DNA Ligase IV: Structure and Function ....................................................................... 177
Animal Models with Genetic Defects in Lig4 ................................................................ 179
Ligase IV Mutations Causing LIG4 Syndrome in Humans ......................................... 179
LIG4 �!���
��	��		��
������
���
�#�������"
�������!������
���� ..................... 183
Conclusion ........................................................................................................................ 183

17. MUIR-TORRE SYNDROME .................................................................... 186

Pedro Mercader

Abstract  ............................................................................................................................ 186
Introduction ...................................................................................................................... 186
Histopathology.................................................................................................................. 187
Conclusion ........................................................................................................................ 192

18. WILMS’ TUMOR ....................................................................................... 196

Carlos H. Martínez, Sumit Dave and Jonathan Izawa

Abstract ............................................................................................................................. 196
Introduction ...................................................................................................................... 196
Epidemiology .................................................................................................................... 196
Genetic Basis and the Molecular Mechanism of the Disease ....................................... 197
Wilms’ Tumor Associated Syndromes ............................................................................ 199
Histopathology.................................................................................................................. 200
Clinical Features .............................................................................................................. 201
Imaging Studies ................................................................................................................ 202
Staging ............................................................................................................................... 202



xxvi Contents

Treatment .......................................................................................................................... 202
Bilateral Wilms’ Tumor ................................................................................................... 205
Adult Wilms’ Tumor ........................................................................................................ 205
Conclusion ........................................................................................................................ 205

19. CEREBRO-OCULO-FACIO-SKELETAL SYNDROME ...................... 210

Hiroshi Suzumura and Osamu Arisaka

Abstract ............................................................................................................................. 210
Introduction ...................................................................................................................... 210
Clinical Features .............................................................................................................. 210
Prognosis ........................................................................................................................... 211
Differential Diagnosis ...................................................................................................... 211
Conclusion ........................................................................................................................ 213

20. DYSKERATOSIS CONGENITA .............................................................. 215

Vineeta Gupta and Akash Kumar

Abstract ............................................................................................................................. 215
Introduction ...................................................................................................................... 215
Clinical Features .............................................................................................................. 216
Genetics of DC .................................................................................................................. 216
Genetic Defects ................................................................................................................. 216
Immunological Abnormalities......................................................................................... 217
Treatment .......................................................................................................................... 217
Prognosis and Outcome ................................................................................................... 218
Conclusion ........................................................................................................................ 218

21. RETINOBLASTOMA ................................................................................ 220

Dietmar Lohmann

Abstract ............................................................................................................................. 220
Clinical Aspects ................................................................................................................ 220
Second Cancers in Patients with Hereditary Rb ........................................................... 221
Molecular Genetics .......................................................................................................... 222
Phenotypic Consequences of RB1 Gene Mutations ...................................................... 223
Conclusion ........................................................................................................................ 226

22. VON HIPPEL LINDAU SYNDROME ..................................................... 228

Jenny J. Kim, Brian I. Rini and Donna E. Hansel

Abstract ............................................................................................................................. 228
Genetic Basis and Molecular Mechanism of VHLS ...................................................... 228
Clinical Features .............................................................................................................. 233
Conclusion ........................................................................................................................ 242

INDEX ................................................................................................................ 251



xxvii

ACKNOWLEDGEMENTS

The editor of this book cordially acknowledges the various authors for their 

contribution of chapters with in depth knowledge and highly skilled presentations. 

Without them it would not have been possible to produce this unique piece of work. I 

would also like to acknowledge Celeste Carlton, Erin O’Brien and Cynthia Conomos 

of Landes Bioscience for their hard work and patience in preparation of this book. 

Finally, I would like to acknowledge my three daughters, Farhin Ahmad, Mahrin 

Ahmad and Tamsin Ahmad for their continuous love, support and encouragement 

to produce this book.



Chapter 1

*Corresponding Author: Nalini S. Shah—Department of Endocrinology, King Edward Memorial 
Hospital, Parel, Mumbai, India 400012. Email: drshri25@rediffmail.com

Diseases of DNA Repair, edited by Shamim I. Ahmad. ©2010 Landes Bioscience 
and Springer Science+Business Media.

Triple-A Syndrome
Vijaya Sarathi and Nalini S. Shah*

Abstract

Triple-A syndrome is characterized by triad of adrenocorticotrophic hormone (ACTH)—
resistant adrenal insufficiency, alacrimia and achalasia cardia. It is a rare disease and inher-
ited by autosomal recessive pattern. Allgrove syndrome is characterized by mutation(s) in 

AAAS gene, located on chromosome 12q13, that codes for ALADIN protein. Most mutations 
produce a truncated protein, although missense and point-mutations have also been reported. 
Some patients with Triple-A syndrome may not have mutations in AAAS gene; in those there 
is no specific genotype-phenotype correlation. Although alacrimia is not the usual presenting 
manifestation, probably it is the earliest and most consistent feature. Achalasia cardia and adrenal 
insufficiency are the early and usual presenting manifestations. Neurological features appear at later 
age and autonomic manifestations are the most common neurological disorder. Polyneuropathy, 
amyotrophy, optic atrophy are the other common neurological problems. Alacrimia is diagnosed 
by Schirmer’s test while ahalasia cardia and adrenal insufficiency are best diagnosed by esophageal 
monometry and ACTH stimulated cortisol levels respectively. Alacrimia is treated with artificial 
tears while achalasia cardia with either pneumatic dilatation or Heller’s myotomy. Adrenal insuf-
ficiency is treated with glucocorticoid and if necessary mineralocorticoid replacement.

Introduction
Allgrove et al, for the first time in 1978 described two pairs of siblings with glucocorticoid 

deficiency and achalasia cardia. Three of them also had alacrimia and hence, a new term ‘Triple-A 
syndrome’ or ‘Allgrove syndrome’ was coined for the combination of these three manifestations.1 
Although Triple-A syndrome is classically described as a triad of adrenal insufficiency, alacrimia 
and achalasia cardia, spectrum of the disease varies widely. Some times it is partially characterized 
and expressed by only two of the three manifestations (2A syndrome) while most often it is asso-
ciated with autonomic neuropathy, deserving the term ‘4A syndrome’.2,3 Some authors suggested 
the eponym ‘5A syndrome’ to include amyotrophy and other neurological manifestations as fifth 
component of the syndrome.4

Epidemiology
Triple-A syndrome is a rare disorder and is usually described as case reports, often in fa-

milial clusters. It has been reported from different parts of the world. The actual incidence is 
difficult to estimate because of its rarity and widely variable presentation. Allgrove syndrome 
is characterized by autosomal recessive pattern of inheritance and most patients have consan-
guineous parents. Owing to its autosomal recessive inheritance pattern, the recurrence risk of 
Allgrove syndrome in future pregnancies of parents with an affected child is 25%. Penetrance 
of the identified AAAS gene (gene mutated in Triple-A syndrome) defects is close to 100% for 
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Allgrove syndrome (albeit with variable clinical expression) and is characterized by absence of 
any symptoms in heterozygote carriers.5

Mutation in AAAS gene is a relatively common. An analysis of nine patients with Triple-A, 
who were carriers of the IVS 14 ��1G  A mutation suggested an estimated age of the mutation 
of �1000-1175 years.6

Etiology
Common etiologic factor affecting the three organ systems (esophagus, lacrimal glands and 

adrenal glands) with different function and location remained enigmatous until recently. Although 
initially it appeared that mutations in the ACTH receptor gene would provide the link for the 
association of the triad manifestations of Allgrove syndrome, it could not be proven.8,9 Triple-A 
syndrome was also considered to be a variant of familial glucocorticoid deficiency (FGD) due to 
the presence of ACTH insensitivity in both the disorders. However, no abnormality was found 
in the ACTH receptor gene, located on the short arm of chromosome 18 (18p11.2), which is 
responsible for FGD.9

Several initial linkage analyses failed to localize the gene for Triple-A syndrome. In 1996 Weber 
et al succeeded to locate the gene for the Triple-A syndrome to chromosome 12q13 near the type 
II keratin gene cluster.10 The gene was located on a chromosomal segment, flanked by the mark-
ers D12S1629 and D12S312, which are 6cM apart.10 In 2001, Handschug et al identified the 16 
exons in AAAS gene.11

AAAS gene shows ubiquitous expression in human tissues with particularly abundant ex-
pression in the adrenal gland, gastrointestinal structures, pituitary gland, cerebellum and fetal 
lung.11 It codes for a protein called ALADIN for alacrima, achalasia, adrenal insufficiency and 
neurological disorder.12

ALADIN is a protein belonging to the WD repeat family.13 Proteins, belonging to this family, 
have a wide functional diversity and are involved in protein-protein interactions, signal transduc-
tion, RNA processing, vesicular trafficking, cytoskeleton assembly and cell division control.11 The 
exact function of ALADIN protein is not known but proteomic analysis has shown it to be a part 
of the mammalian nuclear pore complex (NPC). NPC is critical for communication between the 
nucleus and the cytoplasm of cells.14 When AAAS gene is mutated, ALADIN protein mislocalizes 
to the cytoplasm, rather than to NPC.15 However microscopic analysis of cells from a Triple-A 
syndrome patient showed no morphologic abnormalities in NPC, suggesting that mutation in 
AAAS results in a functional rather than a structural abnormality in NPC.15

Hirano et al16 reported impaired nuclear import of DNA repair proteins, including DNA 
ligase I and the cerebellar ataxia causative protein ‘aprataxin’ in a patient with Allgrove syn-
drome. They also proposed that oxidative stress aggravates nuclear import failure which is 
already compromised in patient cells and consequent DNA damage may participate in trig-
gering cell death. Takao et al17 showed that nuclear import dysfunction could be overcome by 
fusing classical nuclear localization signal (NLS) and 137-aa downstream sequence of XRCC1, 
designated stretched NLS (stNLS). They found that minimum essential sequence of stNLS 
(mstNLS) is residues 239-276, downsized by more than 100 amino acids and mstNLS enables 
efficient nuclear import of DNA repair proteins in patient fibroblasts, functioned under 
oxidative stress and reduced oxidative-stress-induced cell death, more effectively than stNLS. 
They concluded that this finding may have some therapeutic implications in the management 
of Allgrove syndrome.

Various mutations have been reported in AAAS gene including both coding regions and inter-
vening sequences (Table 1). Most of the reported mutations produce a truncated protein, although 
missense and point-mutations have also been reported.18 Most commonly reported mutation is IVS 
14 ��1 G  A which leads to premature termination of predicted protein.19 Chromosome and/
or chromatid breaks, whole chromosome arm deletions, marker chromosomes involving 9q12, a 
heterochromatic region known to be a fragile site, have also been demonstrated in subjects with 
Triple-A syndrome.20
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Mutations in AAAS gene cannot be identified in every clinically diagnosed patient. Brooks 
et al (three subjects), Sandrini et al (one subject), Houlden et al (two families) and Huebner et al 
(eight families) reported clinically diagnosed Triple-A syndrome patients with no identifiable 
mutations in AAAS gene.5,19,22,40 Some of them also showed to have no linkage to 12q13 region. 
Mutations in regulatory or deeper intronic sequences and/or of genetic heterogeneity may be 
responsible for the disease in these mutation-free patients with Triple A syndrome. A deletion of 

Table 1. List of reported mutations in patients with AAAS

Position Protein cDNA Mutation References

Ex 1 Q15K 43C�A 5,11,12,21,22
Ex 1 Q41R 122A�G 23
Ex 1 G15K 1186insC 24
Ex 2 170fsX92 210delc 22
Ex 2 H71fsX92 211delC 20
Ex 2 W84X 251G�A 11,25,26
Ex 4 R119X 355C�T 22,27
IVS 4  IVS4-2A�G 13
Ex 5 Q145X 433C�T 20
IVS 5  IVS 5�3ins T 20
IVS 5  IVS 5�1G�A 28
Ex 6 R155P 464C�G 29
Ex 6 H160R 479A�G 11
Ex 6 F157fsX171 470-471delTT 11
Ex 6 A167V 500C�T 30
Ex 7 R230X 678C�T 20,22
Ex 7 R194X 580C�T 27,31,32
Ex 8 Q237X 709C�T 33
Ex 8 S263P 787T�C 11,21,22,34
Ex 8 R258GfsX33 771delG 32,35
IVS 8  IVS8�1G�A 19
Ex 9 R286X 856C�T 11,36
Ex 9 W295X 884C�A 37
Ex 9 R312X 934C�T 13
Ex 10 S328fsX363 981-982insT 13
Ex 10 V313A 1238T�C 22
Ex 11 R342X 1024C�T 11,38
Ex 11 L356fsX362 1066-1067delCT 22
IVS 11  IVS 11�1G�A 5
Ex 12 D368fsX382 1104-1105insC 22
Ex 12 S382fsX413 1144-1147delTCTG 22
Ex 12 Q387X 1159C�T 21,32
Ex 13 397fsX27 1191insA 22
Ex 14 L430F 1288C�T 25
IVS 14  IVS 14�1G�A 5,13,20,29,39
Ex 15 Q456X 1366C�T 18
Ex 15 X492 1368-1372delGCTCA 36
Ex 15 S463fsX549 1389delC 11
Ex16 R478X 1432C�T 4,13,39
Ex 16 W474X 1421G�A 22
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all or part of the AAAS gene could also explain some cases of mutation remaining undetected. 
Conversely, patients with two mutations in the AAAS gene may not exhibit all the features of this 
syndrome, raising the possibility of modifier genes and/or environmental factors that influence 
the phenotype.13,21

There does not seem to be an obvious genotype–phenotype relationship. However, patients with 
the S263P mutation in the third WD repeat exhibit a similar severe phenotype with existence of 
all the three main symptoms of Triple-A syndrome, mental retardation and progressive peripheral 
neuropathy. Genotype phenotype analysis of some other families has shown that frame shift, stop 
codon and functionally significant mutations are likely to lead to severe phenotype, most probably 
occurring by a loss of functional effect on protein.11

Pathology
Atrophic lacrimal glands have been demonstrated in Triple-A syndrome patients.41 Lacrimal 

gland biopsy has shown reduced number of serous secreting cells.42 Consequent reduced or absent 
lacrimation frequently leads to alacrimia and dehydration-induced keratopathy.

Imaging has also demonstrated atrophic adrenal glands. Postmortem adrenal histology 
in certain cases has demonstrated atrophy of zona fasciculata and reticularis with a relative 
preservation of the zona glomerulosa.43 Hormonal studies have also demonstrated the pres-
ervation of the renin-angiotensin-aldosterone axis function, suggesting that the cells of the 
zona glomerulosa retain appropriate response to physiological stimuli. Hence the fluid and 
electrolyte disturbances, typically found in primary adrenal failure, are rare in these patients.9 
Abnormalities in adrenal androgen production, characterized by low serum dehydroepiandros-
terone sulfate (DHEA-S) concentration and blunted DHEA response to ACTH stimulation, 
have also been reported.44

The etiology of the neuropathy in Allgrove syndrome is obscure. Previous authors have suggested 
that it may result from a defect of ACTH receptors on neurones/glia with secondary demyelina-
tion, but further work did not support this theory.45,46 Sural nerve biopsies have shown changes 
consistent with axonal degeneration and loss of both myelinated and unmyelinated fibres with no 
amyloid deposition in certain patients.45

The autopsy case presented by Allgrove showed muscular hypertrophy, loss of ganglion cells 
and a paucity of small nerves in the distal oesophagus of an affected patient.1 Histopathological 
analysis has revealed fibrosis of the intermuscular plane of esophageal cardia in Allgrove syndrome 
patients. Absent neuronal NO synthase, decreased myenteric ganglia and lymphocytic infiltration 
of the myenteric plexus were seen in majority of the patients while decreased interstitial cells of 
Kajal were seen in some patients.47

Clinical Manifestations
Triple-A syndrome has wide phenotypic variability even within the same family. There is no 

specific genetic-phenotypic correlation and individuals with same mutation can have different 
phenotypes. The age of onset of each of the manifestations varies widely. Alacrimia is usually 
present since infancy but most often remains unrecognized. Adrenal insufficiency and achalasia 
cardia usually manifest during first decade of life with few exceptions.

Alacrimia is probably the earliest and most consistent feature. Most often patients are described 
to have absence of tears from birth. But it is unlikely to be the presenting manifestation and often 
elicited only on direct questioning.

Achalasia of the cardia occurs in about 75% of all cases, the age of onset ranging from in-
fancy to 16 years. Earliest reported age of achalasia cardia is 3 months in 2 siblings with Allgrove 
syndrome.48,49 Achalasia often manifests as recurrent or chronic pulmonary disease as a result of 
aspiration especially in infants and toddlers. In older children and adults it usually manifest as 
dysphagia especially for liquid diet. Although it is usually diagnosed during first or second decade 
of life, it may remain asymptomatic and may be diagnosed when specifically investigated for or 
may become apparent only during adulthood.
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Adrenal insufficiency is also an early manifestation although rarely it may remain undiagnosed 
till fifth decade of life.45 It usually manifests as hypoglycemic episodes or shock during childhood. 
It is often associated with noticeable hyperpigmentation. Majority of patients have isolated glu-
cocorticoid deficiency, but mineralocorticoid production may also be impaired in about 15% of 
patients.50 Isolated aldosterone impairment has also been reported in few cases.51,52 Adrenal insuf-
ficiency does not occur immediately in postnatal period but results from a progressive disorder 
leading to hypofunction of the adrenal gland at a variable time after birth.27

Neurological manifestations appear at a later age when compared to other manifestations of 
Triple-A syndrome and it may involve both central and peripheral nervous systems. Symptoms 
may be static or progressive. Autonomic manifestations are the most common neurological 
manifestations, predominantly involving the pupillary reaction. The most frequent among these is 
pupillotonia, characterized by pupillary reaction to 0.125% of pilocarpine. Absent or reduced and 
very slow light reflexes and accommodative spasms are the other pupillary abnormalities. Other 
autonomic manifestations include orthostatic hypotension, abnormalities of heart rate variability, 
abnormal sweating and abnormal reaction to intra dermal histamine.19

Distal motor and sensory polyneuropathy is a common manifestation.4 Reflexes are usually brisk; 
however, ankle jerks are usually absent. Mental retardation is also a common feature and it appears 
to be an intricate part of the disease rather than secondary to recurrent episodes of hypoglycemia. 
Other manifestations include optic atrophy, bulbospinal amyotrophy, ataxia, dysarthria, hypernasal 
speech, dementia, Parkinsonian features, dystonia, chorea and sensory impairment.19

Other features include microcephaly, short stature, dysmorphic facies with long narrow face, 
long philtrum, down-turned mouth, thin upper lip and lack of eyelashes, poor wound healing, 
palmar and plantar hyperkeratosis, scoliosis, osteoporosis, long QT syndrome, hyperlipoproteine-
mia Type IIb.53,55

Diagnosis
Alacrimia can be diagnosed by using Schirmer’s test. It can be performed by placing a filter paper 

strip under the eyelid, preferably the lower one. Both eyes are tested at the same time. Most often, 
the eyes are closed gently for about 5 minutes. After 5 minutes, paper is removed and examined. 
Less than 10 mm of moisture on the filter paper in 5 minutes is considered abnormal.

The accurate diagnosis of adrenal insufficiency in patients with Allgrove syndrome is important 
because they may need either daily or intermittent (during periods of stress) glucocorticoid replace-
ment therapy. Inadequate rise in serum cortisol concentration after 250 �g ACTH stimulation 
test proves the diagnosis of adrenal insufficiency. However, if the response to 250 �g ACTH is 
normal, insulin-induced hypoglycemia test should be performed.29

Barium meal examination of the esophagus is a commonly used method which is very effective 
in early determination of achalasia cardia. Gastroesophagoscopy may reveal esophagitis. At present, 
esophageal monometry has been widely used in the diagnosis of esophageal achalasia because of 
its simple manipulation and high accuracy. It is very accurate and sensitive in detecting achalasia. 
It could be useful for assessment of severity of the disease, for selection of proper treatment and 
for evaluation of treatment.56

Differential Diagnosis
Patients who present with adrenal insufficiency need to be differentiated from other disorders 

of adrenal insufficiency like Adrenoleukodystrophy (ALD) and familial glucocorticoid deficiency. 
ALD is an X-linked recessively inherited neurological disease that can also cause impaired gluco-
corticoid production with minimal or no disturbance of mineralocorticoid production. Similar to 
Triple A syndrome, adrenal failure may precede neurological dysfunction in ALD also. Measurement 
of plasma concentration of very-long-chain fatty acids would exclude ALD. Triple-A syndrome 
patients that present with dominant neurological manifestations may be confused with disorders 
like familial autonomic neuropathies. Allgrove syndrome can be easily differentiated from familial 
glucocorticoid deficiency.
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Allgrove syndrome may rarely mimic Sjogren syndrome with features of dry eyes and mouth 
and often needs to be differentiated from the latter. False positive anti Ro and anti La antibodies 
are also reported with Allgrove syndrome and may not be helpful to differentiate the two 
conditions. Salivary gland biopsy may differentiate these two conditions, especially in the expe-
rienced hands.2

Treatment
Adrenal insufficiency is a life threatening manifestation which needs life long treatment with 

glucocorticoids. Hydrocortisone is the preferred drug for glucocorticoid replacement especially 
during childhood and maintenance dose is 10-15 mg/m2/day. Dose of glucocorticoids should be 
increased (2-3 times) during periods of stress. Unlike other causes of primary adrenal insufficiency, 
only 15% of the Triple-A patients suffer from mineralocorticoid deficiency and hence it is advisable 
to add fludrocortisone to only those with proven mineralocorticoid deficiency.

Reduction of the pressure of the lower esophageal sphincter is the primary objective in the 
management of achalasia cardia. As a nonsurgical treatment, pneumatic dilatation is a traditional 
and effective treatment. Compared with esophagomyotomy, this treatment is cheap, effective 
and is easily manipulated but effect is short lasting. Heller’s esophagocardiomyotomy has a high 
degree of safety, effective results and a long effective period. It is often combined with an antireflux 
procedure to minimize the incidence of postoperative esophageal reflux.56

Artificial tears are used as the primary treatment modality as often as necessary to relieve ocular 
discomfort. Viscous preparations, such as gels and ointments may be used for severe cases and 
during night time. Progressive symptoms may require sustained-release ocular inserts. Surgical 
treatment like punctal occlusion and tarsorrhaphy may be considered for cases not responding 
to medical therapy.

Neurological manifestations are the most untreatable among the manifestations of triple-A 
syndrome.

Conclusion
Allgrove syndrome is characterized by triad of adreno corticotrophic hormone (ACTH) - 

resistant adrenal insufficiency, alacrimia and achalasia cardia. It is characterized by mutation(s) 
in AAAS gene, located on chromosome 12q13. Most mutations produce a truncated protein, 
although missense and point-mutations have also been reported. Some patients with Triple-A 
syndrome may not have mutations in AAAS gene. Hence, absence of mutations in AAAS gene 
does not negate the diagnosis of Allgrove syndrome. AAAS codes a protein called ALADIN for 
alacrima, achalasia, adrenal insufficiency and neurological disorder. ALADIN protein belongs to 
WD repeat protein family, which are essential for normal cellular function. It is a part of nuclear 
pore complex and mutations in AAAS gene lead to mislocalisation of the protein to cytoplasm. 
Recently chromosome/chromatid breaks have been described in Allgrove patients. Lately, impaired 
nuclear import of DNA repair proteins and in vitro techniques to normalize nuclear import 
failure have been demonstrated. This has provided a ray of hope for possibility of gene therapy in 
Allgrove syndrome patients. 

No specific genotype-phenotype correlation is found among Allgrove syndrome patients. 
Alacrimia is the earliest and most consistent feature while achalasia cardia and adrenal insufficiency 
are the usual presenting manifestations. Neurological features appear at later age with autonomic 
abnormalities, polyneuropathy, amyotrophy, optic atrophy. Alacrimia is diagnosed by Schirmer’s 
test while ahalasia cardia and adrenal insufficiency are best diagnosed by esophageal monometry 
and ACTH stimulated cortisol levels respectively. Alacrimia is treated with artificial tears while 
achalasia cardia with either pneumatic dilatation or Heller’s myotomy. Adrenal insufficiency is 
treated with glucocorticoid and if necessary mineralocorticoid replacement. However, currently 
there is no effective therapy for neurological manifestations. 
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Amyotrophic Lateral Sclerosis
J. Jefferson P. Perry,* David S. Shin and John A. Tainer

Abstract

Amyotrophic lateral sclerosis (ALS) is a common neurological disorder that results in loss 
of motor neurons, leading to a rapidly progressive form of muscle paralysis that is fatal. 
There is no available cure and current therapies only provide minimal benefit at best. The 

disease is predominantly sporadic and until very recently only the Cu,Zn superoxide dismutase 
(Cu,ZnSOD), which is involved in a small number of sporadic cases and a larger component of 
familial ones, have been analyzed in any detail. Here we describe the clinical aspects of ALS and 
highlight the genetics and molecular mechanisms behind the disease. We discuss the current 
understanding and controversies of how mutations in Cu,ZnSOD may cause the disease. We also 
focus on the recent discovery that mutations in either TDP-43 or FUS/TLS, which are both 
involved in DNA/RNA synthesis, are likely the cause behind many cases of ALS that are not 
linked to Cu,ZnSOD.

Introduction
Amyotrophic lateral sclerosis (ALS) is a rapidly progressive and fatal neurodegenerative 

disorder, for which there is no known available cure. ALS is also known as Lou Gehrig’s disease, 
Motor Neuron disease or Charcot’s disease and it is one of the most common human neurological 
disorders, affecting 1 in 200,000 people.1 The disease is defined by a loss of control on voluntary 
muscle movement and increased muscular paralysis, occurring through the degeneration of mo-
tor neurons in the spinal cord, brainstem and motor cortex. As the disease is selective for motor 
neurons, the intellect normally remains intact during the disease pathology. The incidence of 
ALS is reasonably uniform in Western nations, though clusters of increased incidence occur in 
the Western Pacific. Most of the ALS cases are sporadic (SALS), with only five to ten percent 
of ALS cases being familial (FALS). The clinical symptoms of ALS, which are described in 
detail below, are muscle weakness initially arising in the limbs or involving the face and tongue. 
However, due the progressive nature of this devastating disease, general paralysis develops and 
this is followed by respiratory failure, typically within a couple of years. Despite intense efforts, 
much remains to be defined regarding the molecular mechanisms of the disease. ALS-linked 
mutations have been determined in multiple genes/proteins. Here we describe the molecular 
basis of the disease including the most characterized Cu,ZnSOD and two new important ad-
ditions, TDP-43 and FUS/TLS.

Clinical Features
The founder of modern neurology, Jean Martin Charcot, first described the clinical and 

pathological features of ALS in 1869.2 ALS was named as such because Amyotrophic refers to 
the muscle fiber atrophy observed in the disease and Lateral Sclerosis relates to the hardening of 
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the anterior and lateral corticospinal tracts that occurs during motor neuron degeneration. ALS 
affects 1 in 200,000 people1 and the lifetime risk of the SALS is estimated to be at 1 in 400 to 1 in 
1000, by age 70.3,4 The incidence of ALS in the parts of the Western Pacific has been observed to 
occur with a rate of 50-100 times greater than average.5 The cause of this increase is not known, 
but the accumulation of methylaminoalanine in the diet of the people of this region has been 
under study.6 SALS amounts to 90-95% of cases and usually occurs in mid-life, with a mean age 
of onset at 55-65 years;7 however approximately 5% of the SALS cases have a juvenile onset, below 
the age 30.7 FALS accounts for 5-10% of the total ALS cases and in this inherited form of the 
disease the onset of symptoms typically appears a decade earlier than in SALS and the survival 
period is also shorter.8-10 Additionally, the inheritance in FALS is usually Mendelian, autosomal 
dominant and has a Gausian distribution for the age of onset that differs from the age-dependent 
distribution for SALS.

Initial studies had found a small prevalence for ALS occurrence in males, although subsequent 
analyses suggest a more equal ratio between the genders.11-13 Due to the selective killing of motor 
neurons, early symptoms rapidly lead to progressive paralysis, which is followed by death within 
3 years for 50% of patients,14,15 although approximately 4% of individuals can survive for 10 years 
or longer.16,17 Some of the genetic risk factors for developing ALS have been defined, as discussed 
below, while any specific environmental risks have not be confirmed. Potential increased risks 
have been suggested, including risks to military personnel, professional Italian football players 
and smokers.18-22 However, a complex genetic/environmental interaction is likely to be at play in 
causing disease occurrence.

Two-thirds of patients have the limb onset, spinal form of the disease. The first symptoms of 
this form are usually focal muscle weakness in either the upper limbs (cervical onset) or lower limbs 
(lumbar onset) that is either proximal or distal. Early examination typically finds focal atrophy 
in the muscles of the hands, forearms, shoulders or proximal thigh or distal foot. Onset is usually 
asymmetrical, though the other limbs will go on to develop weakness and wasting and this increases 
into spasticity affecting both the gait and dexterity of the individual. Most spinal ALS individuals 
will progress to bulbar symptoms and respiratory failure within 3-5 years. Sensory and cognitive 
symptoms, dementia and Parkinson disease may rarely occur with the spinal onset ALS.

Almost a third of cases have a bulbar onset and this form occurs more commonly in women 
and older individuals.7,23,24 Bulbar onset can be either upper motor neuron based (pseudobublar 
palsy) or lower motor neuron based (bulbar palsy). In bulbar palsy, initial onset leads to slurred 
speech (dysarthria) and a wasting of the tongue and difficulties in swallowing (dysphagia). The 
lower part of the face becomes weakened and individuals develop difficulties in closing the lips 
and can have excessive drooling. Pseudobulbar symptoms cause uncontrollable laughing or cry-
ing, known as emotional liability and excessive yawning, brisk jaw jerk and dysarthria. In both 
of these forms, limb-weakening symptoms will occur mostly by 1-2 years after the initial onset 
and progressive paralysis results in respiratory failure within 2-3 years, slightly quicker than the 
spinal onset form.

Artificial ventilation of ALS patients can extend their survival and enhance their quality of life. 
However, patients maintained with ventilation may degrade to a ‘totally locked in state’, which can 
even include oculomotor impairment.25,26 Unfortunately, the only approved drug so far treating 
ALS is riluzole, which can only modestly extend life for about 2-3 months.27 The mechanism of 
action for riluzole includes inhibition of glutamate release from presynaptic terminals and also 
increase extracelluar glutamate uptake,28 but its full actions are only partially known. Therefore, 
care for individuals with ALS is primarily supportive and includes nutritional management to 
ensure adequate intake of foods and water, due to difficulties in swallowing, in addition to ventila-
tion management.

Genetic Basis and the Molecular Mechanism of the Disease
Basic research defining the mechanisms behind this disease is of much significance and 

will likely provide new avenues for the successful generation of therapeutics combating ALS. 
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However, it is not yet clear which cellular pathway(s) are disrupted in ALS. Moreover, like 
many other neurodegenerative diseases, ALS pathology may arise through a complex interplay 
between varying cellular mechanisms. However, common to all forms of ALS are intra-neuronal 
inclusions, which can be seen in the degenerating neurons. Bunina bodies, which are small eo-
sinophilic inclusions, that are positively stained by cystatin, are present in 70-100% of cases.29 
Also, Lewis-body like inclusions, bearing similarity to the Parkinson inclusions are also observed 
in 95% of cases; they stain positive for ubiquitin and have TDP-43 protein as the major con-
stituent. In FALS, hyaline conglomerates are observed, which are rarely seen in SALS and these 
form neurofilament inclusions.30

The different factors that may cause ALS are being actively researched. One contribution to 
ALS may be excitotoxcity, where injury to neurons is the result of excessive stimulation by amino 
acid modulators, such as glutamate, kainite, or AMPA (�-amino-hydroxy-5-methylisoxasole-4 
propionic acid). This over stimulation can lead to excessive calcium influx into the motor neuron, 
resulting in cell death. Supporting this theory is, that certain ALS patients have been defined as 
having elevated levels of glutamate in the cerebrospinal fluid31,32 and, it was the excitotoxic theory 
that led to the identification of the glutamate release inhibitor, riluzole. This drug subsequently 
was licensed to become the first therapeutic agent to be used to reduce (albeit moderately) ALS 
progression.27

Mitochondrial dysfunction is linked to a variety of neuropathologies33 and in ALS individu-
als, a defect in mitochondrial energy metabolism has been implicated34 along with mutation in 
mitochondrial DNA.35-37 Alterations in mitochondrial biochemistry and morphology are also 
observed in both SALS patients and in SOD1 transgenic mice.38,39 Additionally, Cu,ZnSOD oc-
curs in the mitochondrial membrane space and proteomic data have suggested that Cu,ZnSOD 
mutants, potentially causing mitochondrial defects, lead to caspase mediated cell death.40 Deficits 
in neurotrophic factors may be another contributing factor in ALS, because motor neuron loss 
has biochemical markers and key elements in common with apoptosis.41-45 This has led to nerve 
growth factors (neurotrophins) being analyzed to see if they limit disease progression substances, 
but preliminary studies have failed to show any benefits from these agents.46-49 Other potential 
causes of ALS include neurofilament disorganization, leading to axonal strangulation.50 Also, 
axonal transport defects may be deleterious, as the postmitotic motor neurons are greater than a 
meter in humans and their neurofilament-based transport system is vulnerable to cellular stress 
due to extended protein lifetimes. Cellular stresses include oxidative damage, which is known to 
contribute to many neurodegenerative diseases and inflammatory processes may also contribute 
to ALS.32,51-54

Perhaps the largest strides in delineating factors that contribute to ALS have been taken in 
determining the genetic factors involved, but even progression of this work is slow. It is now known 
that ALS mutations in the Cu,ZnSOD gene (SOD1) cause about 20% of the cases of FALS, which 
are inherited in an autosomal dominant fashion55,56 and also 2% of patients with SALS. Mutations 
in other genes, that result in FALS, include Alsin (ALS2) and Senataxin (ALS4), both of which are 
linked to a juvenile onset form of FALS that occurs before 25 years of age.57-59 Several other genes 
are of significant interest, including those with DNA metabolism/repair functions. A particular 
active field of research is on the TDP-43 and FUS/TLS DNA/RNA binding proteins, which have 
very recently been determined to have ALS-linked mutations.60-69

Cu,ZnSOD
Cu,ZnSOD protects cells from oxidative damage by converting superoxide anions (a reactive 

oxygen species or ROS) into hydrogen peroxide and this peroxide product is then safely removed 
by catalase and peroxidase. Since cellular damage, induced by ROS, have been linked to multiple 
diseases, hence a mutant SOD most likely will increase damage on the motor neurons too leading 
to neurodegenerative diseases. Remarkably, over 100 isolated cases of single-residue mutations, 
occurring in more than 70 SOD amino acid positions of this 153 residue protein, have been found 
among ALS patients.70 These FALS mutation sites occur with varying frequency in all 5 of the 
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exons of the SOD1 gene that encodes Cu,ZnSOD. Several theories have been put forward for how 
these mutations affect Cu,ZnSOD action, including increased stability or a gain of function.55,71 
However, the structural destabilization concept that was proposed, when the human Cu,ZnSOD 
structure was determined, has stood the test of time and it can explain how one disease is caused 
by a considerable number of distinct Cu,ZnSOD mutations.56 Moreover, a clear gain of function 
for the FALS Cu,ZnSOD mutants has not been clearly defined. The structural destabilization 
theory implies that protein aggregation may be a significant contributing factor to ALS. This is 
supported by intra-neuronal inclusions that are observed in the degenerating neurons, especially 
the neurofilament hyaline conglomerates that are observed in FALS.30 Moreover, in many other 
neurodegenerative diseases, such as Alzheimer, Huntington and Parkinson disease, protein ag-
gregates are observed in the brain and are linked to their pathology.72-74

The crystal structure of human Cu,ZnSOD has been determined and it forms a structure that 
is highly conserved between various eukaryotic Cu,ZnSODs75,76 (Fig. 1). Human Cu,ZnSOD is 
composed of two identical subunits and each subunit consists of a main 	-barrel,77 composed of 
eight antiparallel 	-strands arranged in a ‘Greek-key motif ’ (Fig. 1). This Greek-key motif and the 
hydrophobic dimer interface provide structural stability to Cu,ZnSOD, a requirement for its in vivo 
function. Also needed is an optimally fast catalysis, which occurs through electrostatic guidance 
of the superoxide through a channel from the protein surface to the active site and this channel is 
formed by two external loops. The first, ‘zinc loop’, tethers the dimer interface with the active site 
zinc and contains a disulfide bond that aids structural stability.75,76,78-80 The second, ‘electrostatic 
loop’, primarily functions to guide the superoxide substrate to the active site.80,81 In each of the 
subunits, the active site contains two metal sites that are closely spaced, a Cu-binding site and a 
Zn-binding site and these are required to mediate the disproportionate reaction. The Cu ion is 
the more solvent exposed metal and this is where the substrate/product/reaction intermediate is 
likely to bind during the enzymatic reaction.82

Mapping ALS mutations onto the protein structure reveals that the mutations are dispersed 
throughout its structure (Fig. 1). This further supports the theory that mutations give rise to 
structural destabilization, because a gain of function would likely result in mutations clustering 
in and around certain sites on the protein. Structural destabilization likely leads to protein ag-
gregation and interestingly, protein aggregates have been observed in both mouse and cell culture 
models of ALS and they are immunoreactive to Cu,ZnSOD antibodies.83,84 Also, the destabiliza-
tion mechanism for FALS is consistent with suggestion that mutant SOD-mediated toxicity may 
be through the coprecipitation of destabilized SOD with other key cellular components.1,83,85 
Additionally, ALS mutations have been determined to promote fibril formation,86 which is likely 
toxic to the motor neuron.

TDP-43
More recently, a break through in ALS research has occurred by the discovery of the TAR 

DNA-binding protein, TDP-43. It is a major component of the ubiquitinated protein aggregates 
found in many cases of SALS and also in FALS.87 These aggregates appear unique to previously 
defined aggregates, in that they do not form amyloid deposits and do not stain for tau, �-synuclein, 
	-amyloid and expanded polyglutamines. Further studies indicate that the TDP-aggregates are 
common to most ALS individuals, with the exception of patients with SOD1 mutations, who have 
hyaline conglomerates instead.87,88 Notably, TDP-43 is also directly linked to frontotemporal lobar 
degeneration (FTLD)89,90 and in cystic fibrosis.91 In ALS and FTLD, TDP-43 protein observed 
in the brains and spinal cords is abnormally hyperphosphorylated and ubiquitinated and the 
protein is also missing its C-terminal region.87,88 TDP-43 is partly cleared from the nuclei of cells 
containing aggregates, which has led to the hypothesis that the phenotype is in part due to loss of 
normal TDP-43 functions.66,88 However, it is not yet clear if this is the case or if toxicity is caused 
through aggregation and/or a gain of function. TDP-43 was initially identified as being involved 
in transcriptional processes, through its transcriptional repression of HIV-1 genes,92 mouse SP-10 
gene93 and the expression of human cyclin-dependent kinase 6.94 TDP-43 is now known to also 
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Figure 1. Cu,ZnSOD structure and ALS-inducing mutations. A) Crystal structure of Cu,ZnSOD 
with the bound metals ions depicted as spheres and metal chelating side chains as sticks. Also 
highlighted are key structural elements of each subunit, including the electrostatic loop (E-loop), 
the Zinc binding loop (BR), the stabilizing disulphide bond (S-S). B) Spheres depict mutations 
of Cu,ZnSOD that cause FALS, which are observed throughout the structure and are expected 
to perturb the integrity of the 	-barrel. Increased darkness in the grey scale sphere coloration 
indicates increased severity and an earlier age of onset linked to the specific mutation. The active 
site metal ions are depicted as spheres within cages. C) A 90 degrees rotation of (B).
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function as a splicing factor. In cystic fibrosis the binding of TDP-43 to the UG-repeats, located 
at the 3
-splice site of CFTR intron 8, leads to exon 9 skipping, resulting in the expression of a 
shorter, inactive CFTR protein.95 Moreover, TDP-43 has further defined roles in neurons in 
regulating mRNA stability, transportation and translation.96,97

More recently, a direct link to ALS has strongly been established where dominant muta-
tions have been described in the TDP-43 protein, coded by TDP-43 gene (TARDBP) that are 
the primary cause of ALS.60-63,65,66 TDP-43 is a 414-residue polypeptide, encoded by a six exon 
containing gene on chromosome 1. The protein is known to have DNA and RNA binding func-
tions and has two defined RNA-recognition motifs (RRM1 and RRM2), a nuclear localization 
signal, a predicted nuclear export signal and a C-terminal glycine rich region that is thought to 
act as a protein-protein interaction interface (Fig. 2). The crystal structure of the RRM2 domain 
in complex with single-stranded DNA has been reported (Fig. 2).98 These structural studies de-
termined that TDP-43 uses both RRM domains for DNA and RNA binding and that TDP-43 
forms a homo-dimer. The crystal structure of RRM2 revealed that it has an atypical RRM-fold, 
containing a five-stranded 	-sheet, instead of the usual 4-stranded sheet, which is packed with two 
�-helices. A single strand of DNA has been observed bound to this 	-sheet and this provided an 
understanding of the preference of TDP-43/RRM2 for binding to TG/UG nucleic acids. Towards 
the beginning of the oligonucleotide, a thymine base at position 3 forms three hydrogen bonds 
with RRM2 and the G base at position four forms four hydrogen bonds with the protein (Fig. 
2). Substituting these bases with others may reduce hydrogen bond formation and hence lower 
affinity: a U base at position 3 would maintain the three hydrogen bonds, but replacement by a 
C would reduce the hydrogen bonds to two. Also, replacing the G-4 base with an A would result 
in only a single hydrogen bond being retained.

Notably, the dimerization of RRM2 is mediated by the additional strand, 	4, of the atypi-
cal RRM2 domain, with 	4 from one subunit interacts with 	4 of the dimerization partner. 
Interestingly, this creates a homodimer that has a high thermostablity, at least 35˚C more stable 
than RRM1 domain or full-length TDP-43 and that can also form higher order thermostable 
complexes. Interestingly, about 30 distinct mutations are now known in 22 unrelated families that 
cause FALS and a further 29 mutations have been defined in SALS. Nearly all of these map to the 
C-terminus and they are missense mutations, with the exception of a single truncation mutant 
(Fig. 2).61 Every individual with these TDP-43 mutations developed ALS, but there are some 
variability within the families for both, the age and the site of onset. Thus, this recently identified 
thermostability of the RRM2 domain now provides a testable model, where loss of the C-terminal 
glycine rich region through mutation can promote the formation of thermostable RRM2-mediated 
aggregates of TDP-43, giving rise to the ALS phenotype.

FUS/TLS
Following on from TDP-43, another DNA/RNA binding protein, FUS or TLS (fused in sar-

coma/translocation in liposarcoma) has been very recently found to have functions in ALS.69 FUS/
TLS was identified because a linkage between ALS and chromosome 16 was known. Sequencing of 
genes, encoding DNA/RNA binding proteins (similar to TDP-43) in this chromosome, identified 
a dominant missense mutation, R521C, in the FUS/TLS gene of a large British family with cases of 
FALS.69 Surveying a further 197 FALS cases identified the same mutation in a further four families, 
in addition to two missense mutations in four families.69 A second, independent study, used link-
age analysis on an autosomal recessive inheritance of ALS in a family from Cape Verde Islands.68 
This study identified a H517Q mutation in the FUS/TLS gene. Subsequent screening elucidated 
a further 12 dominant mutations in 16 families, when screening 292 FALS cases.68 However, no 
FUS/TLS mutations were identified in a survey of 293 SALS patients.68 Thus, together these two 
studies revealed FUS/TLS mutations in approximately 4% of FALS cases, which have a classical 
form of the disease without cognitive defects.

The FUS/TLS protein has 526 amino acid residues with several distinct domains (Fig. 3). In 
the N-terminus contains a glutamine, glycine, serine and tyrosine rich (QGSY) region, this is 
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Figure 2. Schematic of the TDP-43 and Structure of TDP-43 RRM2 domain in complex with 
single-stranded DNA. A) TDP-43 contains a nuclear localization signal (NLS) a predicted nuclear 
export signal (NES), two DNA/RNA recognition motifs, RRM1 and RMM2 and a C-terminal 
glycine-rich region. Most of the mutations resulting in TDP-43 that result in ALS occur in the 
C-terminal glycine-rich region and are missense mutations, with the exception of a truncation 
at Y374. B) TDP-43 RRM2 forms an abnormal RRM domain fold, where an extra strand 	4 
(black) is utilized for homodimerization. C) TDP-43 has a preference for U/T:G binding and 
the complex with ssDNA reveals multiple, stabilizing hydrogen bonds of T3 and G4 with the 
	-sheet of TDP-43 (bases and side chains depicted in sticks, with black dashed lines showing 
the hydrogen bonds), many of which would be lost if other bases were at this position.
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followed by a glycine rich region, an RRM region, RNA binding RGG repeats, C-terminal zinc 
finger motif and a highly conserved C-terminal region. A significant number of ALS-causing 
mutations is in the conserved C-terminal region and they are mostly missense mutations, with 
the exception of either a two glycine residue insertion or a 2 glycine residue deletion of the glycine 
rich region. FUS/TLS is ubiquitously expressed, similar to TDP-43 and is mainly localized in the 
nucleus. It, however, also occur in the cytoplasm in most cells. Individuals with FUS/TLS-linked 
ALS have aggregates of the protein in the cytoplasm of the neurons and have normal staining for 
the protein in their nuclei. These cytoplasmic inclusions are not present in normal individuals 
or those with mutations in SOD1 or TARDBP; also TDP-43 aggregates are not present in the 
neurons of FUS/TLS mutants, indicating a separate mechanism for the disease.

It is recently that the roles of FUS/TLS are being uncovered, which is similar to TDP-43. 
Also in common with TDP-43 is that FUS/TLS is linked to other human disease states, where 
chromosomal translocations result in a FUS/TLS fusion protein that promotes carcinogenesis.99-102 
One normal cellular function of FUS/TLS is the regulation of transcription in response to DNA 
damage.103 This occurs through FUS/TLS recruitment by sense and anti-sense noncoding RNAs, 
which are transcribed in the 5
 regulatory region of the cell-cycle kinase cyclin D1 gene. This recruits 
FUS/TLS to bind and inhibit the CREB-binding protein and p300 histone acetyltransferase 
activities, which leads to the repression of cyclin D1 transcription. Other potential roles include a 
more general influence on transcription, as FUS/TLS interacts with the transcriptional machinery, 
including RNA polymerase II and the TFIID complex, in addition to several nuclear hormone 
receptors (reviewed in ref. 104-106).

Conclusion
Despite the exciting progress that has been made in determining the genetic and molecular 

mechanisms of development of ALS, much still remains to be learned. Furthermore, it is important 
to explore the treatments for this most common form of motor neuron disease. The breakthrough 
in the last couple of years has been the discovery of DNA/RNA metabolizing proteins TDP-43 
and FUS/TLS being involved in many cases of ALS, with the latter having defined functions in 
the DNA repair response and genomic integrity. However, key molecular questions include char-
acterizing the cellular roles of these two proteins further and determining whether aggregation 
or loss of normal cellular function of these proteins is behind their pathogenicity. Questions also 
remain on the mechanisms behind mutant Cu,ZnSOD mediated pathogenicity, but the concept 
of mutations causing structural instability and aggregation appears to be the most likely reason.

Endeavors focusing on treatment for ALS could try several different approaches, including 
a small molecule-based method to bind to and perturb the aggregation of SOD1, TDP-43 or 
FUS/TLS. A vaccine approach against epitopes of misfolded/truncated aggregates forms another 
potentially important direction, as results form immunization studies in transgenic mouse models 

Figure 3. Schematic of the FUS/TLS protein. FUS/TLS contains several motifs, an N-terminal 
QGSY-rich region, a glycine-rich region, a nuclear export signal, RNA recognition motif, two 
RGG motifs and a Zn finger motif. ALS causing mutations mostly map to the C-terminus of 
FUS/TLS, similar to TDP-43.
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of the somewhat analogous Alzheimer’s disease resulted in reduced amyloid load and increased 
cognition. Furthermore, a T-cell protective autoimmune response can be boosted by Cop-1 
(Teva Pharmaceuticals) and in SOD1 mutant mouse model of ALS, Cop-1 vaccination provided 
a significant increase in life span. Stem cell therapy could also be explored, with the caveat that 
the neurons affected cover a large area of the nervous system and therefore therapy would differ 
from the more targeted approaches currently being explored. Overall, the recent findings in ALS 
research have been occurring at a rapid pace and we hope this continues, to ultimately provide 
novel therapies that help fight against this relatively common and fatal disease.
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Abstract

DNA single-strand breaks (SSBs) are non-overlapping discontinuities in strands of a DNA 
duplex. Significant attention has been given on the DNA SSB repair (SSBR) system in 
neurons, because the impairment of the SSBR causes human neurodegenerative disorders, 

including early-onset ataxia with ocular motor apraxia and hypoalbuminemia (EAOH), also known 
as ataxia-oculomotor apraxia Type 1 (AOA1). EAOH/AOA1 is characterized by early-onset 
slowly progressive ataxia, ocular motor apraxia, peripheral neuropathy and hypoalbuminemia. 
Neuropathological examination reveals severe loss of Purkinje cells and moderate neuronal loss in 
the anterior horn and dorsal root ganglia. EAOH/AOA1 is caused by the mutation in the APTX 
gene encoding the aprataxin (APTX) protein. APTX interacts with X-ray repair cross-comple-
menting group 1 protein, which is a scaffold protein in SSBR. In addition, APTX-defective cells 
show increased sensitivity to genotoxic agents, which result in SSBs. These results indicate an 
important role of APTX in SSBR. SSBs are usually accompanied by modified or damaged 5
- and 
3
-ends at the break site. Because these modified or damaged ends are not suitable for DNA liga-
tion, they need to be restored to conventional ends prior to subsequent repair processes. APTX 
restores the 5
-adenylate monophosphate, 3
-phosphates and 3
-phosphoglycolate ends. The loss 
of function of APTX results in the accumulation of SSBs, consequently leading to neuronal cell 
dysfunction and death.

Introduction
DNA is continuously damaged by endogenous reactive oxygen species (ROS) or exogenous envi-

ronmental genotoxins, with an estimated frequency of more than 10,000 DNA lesions/cell/day.1 In 
neurons, ROS pose particularly great threat to DNA integrity and cause DNA single-strand breaks 
(SSBs) much more frequently than double-strand breaks (DSBs).1 SSBs are discontinuities in the 
sugar-phosphate backbone at non-overlapping sites of strands of a DNA duplex and result directly 
from sugar damage or indirectly from base damage via the enzymatic excision of DNA during DNA 
repair processes.2-5 SSBs are also generated by the activity of topoisomerase I (TOP1), when TOP1 
cleaves DNA to relax a DNA helix during transcription or DNA replication and covalently binds to 
the 3
-end of the break.2-5 The DNA single-strand break-repair (SSBR) system, which includes the base 
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excision repair (BER), plays an important role in repairing SSBs.2-5 Recent studies have revealed that 
the impairment of SSBR causes at least two distinct human neurodegenerative diseases, early-onset 
ataxia with ocular motor apraxia and hypoalbuminemia/ataxia with oculomotor apraxia Type 1 
(EAOH/AOA1) and spinocerebellar ataxia with axonal neuropathy Type 1 (SCAN1).4-7

EAOH/AOA1 is caused by the loss of function of aprataxin (APTX),8,9 a protein that contrib-
utes to repair of SSBs by restoring modified or damaged ends of SSBs.5,6,10 SCAN1 is caused by the 
dysfunction of Tyrosil-DNA phosphodiesterase 1 (TDP1),11 which removes the TOP1 residue from 
the 3
-end of TOP1-mediated SSBs.5,7,12,13 Thus both, APTX and TDP1, are involved in processing 
the modified or damaged ends of SSBs in SSBR and the dysfunction of either protein can cause the 
accumulation of SSBs.7,14 These findings suggest that the accumulation of SSBs or the impairment of 
SSBR might cause selective neuronal cell death in these disorders.4,5,12,13 In this chapter, we present the 
clinical and pathological features, genetic basis and molecular mechanisms of EAOH/AOA1.

Definition
EAOH/AOA1 is a recessively inherited progressive neurodegenerative disorder characterized by 

early-onset ataxia accompanied with sensory and motor peripheral neuronopathy caused by muta-
tions in the APTX, the gene which encodes aprataxin (APTX) protein.8,9 Patients with EAOH/
AOA1 show childhood onset ocular motor apraxia (OMA), which is a unique eye movement 
characterized by the impairment of initiation of voluntary saccadic eye movements.15-17 In adult-
hood, OMA disappears and ocular movements are severely limited instead. Hypoalbuminemia and 
hypercholesterolemia develop in the middle to late stages of the disease.

Synonyms and Historical Annotations
EAOH/AOA1 was initially described as a variant form of Friedreich’s ataxia (FRDA) in 

Japan.18-26 In contrast to FRDA, patients with EAOH/AOA1 never develop cardiomyopathy, but 
do develop severe sensory and motor neuronopathy, hypoalbuminemia and moderate cognitive 
impairment. Based on the clinical and biochemical signature, the disease has been designated 
as early-onset cerebellar ataxia with hypoalbuminemia (EOCA-HA),21,23 hereditary motor and 
sensory neuropathy associated with cerebellar atrophy (HMSNCA),22 or early-onset ataxia 
associated with hypoalbuminemia (EOAHA).26 Early onset ataxia with the unique eye movement 
abnormality, OMA, has been reported in Portuguese and Japanese families27 and designated as 
AOA1.28 In 2001, the gene mutated in EOAHA and AOA1 was identified independently.8,9 It 
was subsequently revealed that both AOA1 and EOAHA are caused by an identical mutation 
in the APTX gene. The differences in clinical features between AOA1 and EOAHA depend on 
the age at diagnosis. Thus we proposed these disorders be designated EAOH.8 The syndrome 
of ataxia with OMA is sometimes referred to as Aicardi syndrome.29 This name is not proper, 
however, because it may lead to confusion with the other Aicardi syndrome, agenesis of the corpus 
callosum with infantile spasms and chorioretinal abnormalities.30

Epidemiology
Incidence and Prevalence

The incidence and prevalence of the spinocerebellar ataxias (SCAs) differ markedly among 
different ethnic groups and geographic areas. In Caucasians, FRDA is the most frequently 
observed hereditary ataxia, with an estimated prevalence of 1-2 per 50,000 population.27,31,32 
In the Portuguese population, EAOH/AOA1 accounts for �21% of recessive inherited ataxias 
(RIAs), whereas FRDA accounts for 38% of RIAs.27 The estimated prevalence of EAOH/AOA1 
in the Portuguese population is 0.2-0.3 per 50,000 population.27 Patients with EAOH/AOA1 
have been reported from other parts of the world.17,33-41

In the Japanese population, the estimated prevalence of hereditary SCAs is 2-3 per 50,000 
population, whereas the estimated prevalence of recessive inherited ataxias is �0.2 per 50,000 
population.42 In contrast to Caucasians, FRDA has not been reported in Japan and EAOH/AOA1 
seems to be the most frequently observed form of RIAs in adults.31,32



23Early-Onset Ataxia with EAOH/AOA1

Sex and Age Distribution
EAOH/AOA1 affects men and women equally.43 Mean age at onset is �5 years, ranging 

typically from 1-18 years.8,9,17,27,28,33-41,43 The onset after 20 years is extremely rare.33 The oldest 
reported age of onset is in a 40 years old patient with a homozygous 6668T�C mutation (exon 
5), resulting in the substitution of proline for leucine at codon 223 (L223P).44

Risk Factors
EAOH/AOA1 is an inherited disorder with no known environmental risk factors.

Genetics of EAOH/AOA1
The gene for AOA1 has been linked to a locus on chromosome 9p13 in Portuguese and Japanese 

families.28 From the clinical similarities between AOA1 and EOAHA, we found that the gene for 
EOAHA was also linked to the same locus as AOA1. In late 2001, we and others independently 
identified the gene mutated in EOAHA and AOA1 and designated it as aprataxin (APTX).8,9

The APTX gene consists of nine exons, which include two additional exons in the 5
 region of 
the APTX.5 At least five transcript variants encoding distinct isoforms have been identified for the 
gene, although the nature of some variants has not been determined. The longest form of APTX 
(aprataxin isoform a: NP-778243.1) is the major isoform consisting of 342 amino acids. The 
isoform (NP-778243.1) has three domains including an N-terminal forkhead-associated (FHA) 
domain, a central histidine triad (HIT) domain and a C-terminal zinc-finger (ZNF) domain2,5,8,9,45 
(Fig. 1). To date, 18 pathogenic mutations have been identified, which include two frameshift, two 
splice site, two nonsense and 12 missense mutations5,8,9,17 (Fig. 1). All of the missense mutations 
in the APTX are located in Exon 7 and 8,5,8,9 which encode the HIT domain, suggesting that the 
domain is important for the function or stability of APTX.

A founder effect in the APTX gene is evident among some populations. The homozygous 
mutation of 689insT (V230fs) is in 78% of 42 Japanese patients with EAOH/AOA1 of 27 
families,8,39,43 whereas W279X mutation is most frequently observed in the European population. 
The mRNA with 689insT mutation is degradated by means of nonsence-mediated mRNA decay, 
which is elicited when a premature stop codon is located at least 50 to 55 nucleotides upstream of 
the exon-exon junction close to the 3
 end.46 Heterozygous K153E or S242N mutations in APTX 

Figure 1. Aprataxin and disease-associated mutations. A) Genomic organization of APTX. 
B) The structure of the long-form aprataxin (aprataxin isoform a: NP-778243.1). The isoform 
consists of 342 amino acids and have a forkhead-associated (FHA) domain, a histidine triad 
(HIT) domain and a zinc-finger (ZNF) domain. NLS, nuclear localization signal.
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were reported in patients with clinical features resembling the cerebellar type of Multiple System 
Atrophy-C (MSA-C);47 however, it is still controversial whether these heterozygous mutations 
are pathogenic.

The amount of APTX in the autopsied brain tissue from patients carrying compound-heterozy-
gous 689insT/840delT mutations, lymphoblastoid cells with compound-heterozygous 
689insT/840delT, homozygous P206L, or compound-heterozygous P206L/V263G muta-
tions and fibroblasts with homozygous V230G is reduced compared to healthy individuals.40,48 
Consistent with these findings, the disease-associated missense mutations decrease the stability 
of APTX in culture cells.49-51 These results indicate that decreased levels of APTX may underlie 
the molecular pathogenesis of EAOH/AOA1.

Genotype and Phenotype Correlation
The correlation between genotype and clinical phenotype has not been demonstrated clearly. 

Patients with homozygous frameshift mutations, however, tend to show a more severe phenotype, 
including earlier onset and more severe cognitive impairment, than patients with homozygous 
missense mutations.17,33,39,43,44,52,53

Clinical Features
Signs and Symptoms

EAOH/AOA1 is characterized by three clinical features: (i) cerebellar and sensory ataxia and 
involuntary movements; (ii) OMA, defined as the impaired initiation of saccadic eye movement, 
accompanied with head thrusts; and (iii) sensory and motor neuronopathy. These clinical features are 
accompanied by two biochemical markers, hypoalbuminemia and hypercholesterolemia17,43,54,55 (Fig. 
2A). Gait disturbance typically first becomes apparent between the ages of two and eighteen years. In 
early childhood, OMA and ataxic gait are prominent features, frequently accompanied with involun-
tary movements including tremor, chorea and athetosis. Then vibration sense and deep tendon reflexes 
progressively decrease. Subsequently, muscular weakness with muscle wasting and the loss of superficial 
and deep sensation develop (Fig. 2B,C). In adulthood, most patients develop ophthalmoplegia and 
OMA becomes more difficult to recognise. They frequently have mild cognitive impairment. Pes 
cavus, scoliosis, dystonia and hypotonia are also observed. Most patients are in a wheelchair-bound 
state by �20 years of age. The life span is comparable to that of normal individuals.

OMA in EAOH/AOA1
OMA is an ocular motor disturbance, initially defined by Cogan as the impaired initiation of 

horizontal saccades. To overcome this impairment, patients with OMA often blink or use involun-
tary head movements to initiate their saccadic eye movements and it is often these compensatory 
mechanisms that are most striking on the clinical examination.15,57-59 The oculographic pattern 
is characterized by increased latencies and decreased amplitude of horizontal saccades. When 
patients move their gaze toward a lateral target, they first turn their head overshooting the target 
then return their head slightly in the opposite direction. The loss of cancellation of vestibuloocular 
reflex (VOR) is another characteristic feature in EAOH/AOA1. Therefore, by the head rotation, 
the remaining VOR helps patients to move their gaze towards a target.17,55

The precise mechanism underlying the OMA is unclear. The activation of excitatory burst neurons 
at the caudal pons initiates the saccadic eye movement15 (Fig. 3A). The activation of excitatory 
burst neurons is continuously inhibited by the activation of ominipause neurons. The activation of 
ominipause neurons is inhibited by the fastigial neurons in the cerebellum and is stimulated by the 
fixation neurons at the superior colliculus. The fastigial neurons also inhibit the fixation neurons. 
Thus, the impairment of the fastigial nucleus has been proposed as one potential mechanism for OMA 
in EAOH/AOA1. In the autopsied brains of patients with EAOH/AOA1, however, pathological 
involvement of the fastigial nucleus is still controversial.55,60,61 Purkinje cells in the dorsal vermis 
(lobules VI and VII), designated as the oculomotor vermis, stimulate the fastigial nucleus and may 
initiate the saccadic eye movement.62-66 The pharmacological inhibition of Purkinje cells results in 
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marked inhibition of saccadic eye movement.66 Therefore, the selective involvement of Purkinje cells 
in the oculomotor vermis might also be responsible for OMA in EAOH/AOA1.

Imaging and Laboratory Findings
Atrophy of the cerebellum, particularly of the cerebellar vermis, is obvious on MRI imaging 

even early in the course of the disease17,38,43,60 (Fig. 2D). Cerebellar hypoperfusion is also seen in 
patients who undergo brain ECD-SPECT.17 Motor nerve conduction studies are characterized 
by the decreased amplitude of compound muscle action potentials with decreased nerve conduc-
tion velocities, indicating axonal degeneration.38,43 Sensory nerve action potentials are decreased 
in early childhood and are not detected until 20 years of age.17,38,43

Although hypoalbuminemia and hypercholesterolemia are characteristic biochemical markers 
of EAOH/AOA1, they become prominent only after 20 years of age.43,55 Hypercholesterolemia is 
corrected by infusion of albumin, whereas hypoalbuminemia is not corrected by reducing the total 
level of serum cholesterol, indicating that the hypoalbuminemia causes hypercholesterolemia.22,26 
The degradation rate of serum albumin is normal in EAOH/AOA1,22,55 suggesting that synthesis of 
albumin in the liver decreases in EAOH/AOA1. The serum alpha-fetoprotein, which is increased 
in ataxia-telangiectasia (AT) and ataxia with oculomotor apraxia Type 2 (AOA2), is normal in 
EAOH/AOA1.

Figure 2. Clinical characteristic features of EAOH/AOA1. A) Clinical spectrum of EAOH/AOA1. 
The clinical spectrum of EAOH/AOA1 is divided into four axes; motor symptoms, peripheral 
neuropathy, eye symptoms and biochemical markers. The frequency of each phenotype 
depends on age. B,C) Images of upper and lower extremities of patients with EAOH/AOA1, 
showing deformity of distal extremities caused by severe peripheral neuropathy. D) Marked 
atrophy of the cerebellum on MRI. (Modified from ref. 55.)
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Neuropathological Features
The most characteristic neuropathological finding in EAOH/AOA1 is severe loss of Purkinje 

cells without prominent grumose degeneration22,55,60,61,67 (Fig. 4). The loss of Purkinje cells is likely an 
early event in the disease because cerebellar ataxia is an initial symptom and marked atrophy of the 
cerebellar vermis is seen on MRI even in early childhood. Other neuropathological findings include 
severe degeneration of the posterior columns and spinocerebellar tracts and moderate neuronal loss 
in the anterior horn and dorsal root ganglia of the spinal cord.22,55,60,61 Sural nerve biopsies of patients 
with EAOH/AOA1 reveal the loss of large myelinated nerve fibers without demyelination.17,19,22 
Although the patients with EAOH/AOA1 frequently have cognitive impairment and involuntary 
movements, no obvious neuropathological findings are reported in the cerebral cortex or basal ganglia. 
There are no neuronal and glial inclusions as are seen in many other cerebellar ataxias.

Figure 3. A model for regulation of saccadic eye movement and head thrust in EAOH/AOA1. 
A) A model for regulation of the initiation of saccadic eye movement. , neuron; �, excitatory 
projection; , inhibitory projection. B) Head thrust and vestibuloocular reflex (VOR). The 
patient was given instructions. [1] Ask the patient to gaze toward the right lateral target. 
[2] The patient turns his head overshooting the target. His gaze moves to the left owing to 
the remaining VOR. [3] He then turns his head to the left. His gaze moves to the right owing 
to the remaining VOR. (Modified from ref. 55.)
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Differential Diagnosis
The early development of most patients with EAOH/AOA1 is almost normal. However, in 

rare cases resulting from complete loss of APTX by a total deletion, a frameshift, or a nonsense 
mutation, such as 689insT (V230fs) or W279X, ataxia can be present at birth or in the early 
infancy. In these cases, other congenital ataxias or metabolic disorders should be considered as 
part of the differential diagnoses. The key to the diagnosis is the presence of OMA, which is most 
easily diagnosed by monitoring for abnormal head movements or head thrusts in early childhood. 
Congenital OMA, which is characterized by OMA in the absence of other remarkable neurologi-
cal abnormalities, should be also considered as a differential diagnosis. Although patients with 
congenital OMA sometimes show mild truncal ataxia, they never show marked cerebellar atrophy, 
progressive ataxia and peripheral neuropathy.

There are at least three other disorders with clinical similarities to EAOH/AOA1, includ-
ing ataxia telangiectasia (AT), an ataxia-telangiectasia-like disorder (ATLD) and ataxia with 
oculomotor apraxia Type 2 (AOA2).16,29,68-71 Based on the unique clinical features of these diseases, 
we can clinically distinguish them from EAOH/AOA1. AT is characterized by telangiectasia, 
immunodeficiency and malignancy predisposition, particularly, leukemia and lymphoma.16,68,71 A 
predisposition to malignancy is not seen in patients with EAOH/AOA1.32,55,56 The serum alpha 
fetoprotein levels are elevated in patients with AT and AOA2,68,70,71 whereas the serum albumin 
levels are decreased in patients with EAOH/AOA1.20,22,26,43,72 The frequency of OMA in AOA2 
is much lower than those in EAOH/AOA1.70 SCAN1 is another neurodegenerative disorder 
with clinical similarities to EAOH/AOA1.11,73 Only one family with SCAN1, however, has been 

Figure 4. Neuropathological characteristic features of EAOH/AOA1. A) Severe loss of Purkinje 
cells in the cerebellum. H.E. stain. B) Severe degeneration of the posterior columns and spi-
nocerebellar tracts. Kluver-Barrera stain. C) The loss of myelinated fibers of the sural nerve. 
Toluidine blue stain.
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reported11 and the clinical phenotype of this family is not fully evaluated. We have to wait for 
further reports to evaluate the clinical phenotype of SCAN1. EAOH/AOA1 has been described 
as a variant form of FRDA in Japanese families in 1970s.3-13 In contrast to FRDA, EAOH/AOA1 
patients never develop cardiomyopathy, but do develop marked cerebellar atrophy and severe motor 
neuropathy and hypoalbuminemia.32,55,56

Pathogenesis
Function of Aprataxin

APTX is widely expressed in most tissues including the nervous system, heart, liver, kidneys 
and lymph nodes.48 In the nervous system, APTX is expressed in the cerebellum, basal ganglia, 
cerebral cortex and spinal cord.48 In situ hybridization analysis of mouse brains reveals that APTX 
mRNA is expressed at high levels in both Purkinje cells and cerebellar granular cells.74

Based on amino acid sequence homology, APTX is a member of the HIT superfamily of 
nucleotide hydrolases and transferases.8,9,75,76 In its N-terminus, APTX has a forkhead-associated 
(FHA) domain, which is homologous to the FHA domain of polynucleotide kinase 3
-phosphatase 
(PNKP). PNKP is an end-processing enzyme in SSBR.3,5,77 Through the FHA domain, both, APTX 
and PNKP, competitively interact with phosphorylated X-ray repair cross-complementing group 1 
protein (XRCC1), which is a scaffold protein in SSBR.5,78-80 Consistent with this, APTX-defective 
lymphoblastoid cells and fibroblasts show increased sensitivity to genotoxic agents or oxidative 
stresses which result in SSBs.41,78,81 Taken together these results suggest that APTX plays an im-
portant role in SSBR.

An SSB is usually accompanied by loss of a single nucleotide and by modified or damaged 
5
- and 3
-ends of the break site. These modified or damaged 5
- and 3
-ends include 5
-adenylate 
monophosphate (5
-AMP), 5
-hydroxyl, 5
-aldehyde, 5
-deoxyribophosphate (5
-dRP), 3
-�, 
	-unsaturated aldehyde, 3
-phosphate, 3
-phosphoglycolate (PG) and 3
-TOP1 peptide ends.5,45 
Because these modified or damaged ends are not suitable for DNA ligation, they are normally 
restored to conventional 5
-phosphate and 3
-hydroxyl ends to reseal the breaks. In the process 
of DNA ligation, AMP transiently binds to 5
-phosphate through a pyrophosphate bond and is 
subsequently removed by the attack of 3
-hydroxyl ends. If the 3
-end is modified or damaged, 
5
-AMP remains as an abortive ligation intermediate. APTX removes the AMP from 5
-ends 
and results in restoration of abortive DNA ligation intermediates to conventional 5
-phosphate 
ends.6,14,82-84 In addition, APTX restores 3
-phosphates and 3
-phosphoglycolates (PG) ends, which 
are frequently observed specifically at the SSB sites arising from sugar damage induced by ROS.10 
Thus, APTX restores the modified or damaged ends at SSBs to suitable ends for the subsequent 
repair processes (Fig. 5).

Defects in SSBR and Neurodegeneration
Impairment of DNA repair systems is associated with many human diseases. Whereas the im-

pairment of the DNA double-strand break repair (DSBR) system results in systemic involvement, 
including immunodeficiency and malignancy predisposition, the impairment of the SSBR system 
results in early onset neurodegenerative disorders, including EAOH/AOA1 and SCAN1. In fact, 
the pathological findings of EAOH/AOA1 are largely restricted to the nervous system, particularly 
Purkinje cells and the dorsal root ganglia and anterior horn cells.22,55,60,61 Considerable attention 
has thus been given on the association between SSBR system and neuronal survival. Interestingly, 
TDP1, the causative gene product for SCAN1, removes the TOP1 peptide at the 3
-end of 
TOP1-mediated SSBs and also removes 3
-PG ends induced by oxidative stress.7,13,85 The similarity 
of function between APTX and TDP1 suggests that the restoration of the modified or damaged 
ends of SSBs might be important to maintain the function and viability of neurons.

The most likely contributing factor to the selective vulnerability of the nervous system seems 
to be the ability of its cells to compensate for defective SSBR. In both, nonproliferating and 
proliferating cells, SSBs are rapidly repaired by SSBR. If SSBR is defective in proliferating cells, 
unrepaired SSBs can cause potentially lethal DSBs during DNA replication. Proliferating cells 
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therefore possess alternative repair systems such as the homologous recombination repair as a 
back-up for repairing SSBs during DNA replication.5,45 If SSBR is defective in nonproliferating 
cells such as terminally differentiated neurons, unrepaired SSBs persist and potentially block tran-
scription by stalling RNA polymerases at the SSB sites, leading to cell dysfunction and consequent 
cell death.12,13 Consistent with this scenario, homologous recombination is selectively elevated 
in proliferating TDP1-defective lymphoblastoid cells as indicated by an increased frequency of 
sister chromatid exchanges.7

However, it is still unclear why neurons in general and purkinje neurons in particular are so 
exquisitely sensitive to the impairment of SSBR, compared with other nonproliferating cells 
including hepatocytes, myocytes and adipocytes. Likely factors for the vulnerability of neurons 
include the high amount of oxidative lesions in it, due to high levels of oxidative stress and low 
levels of antioxidant enzymes; also can be a high transcriptional demand and the limited regenera-
tive capacity of neurons, as compared with other nonproliferating cells.12,13

Experimental Models
Mice lacking APTX have shown no distinct clinical phenotype or pathological findings in their 

life time.6 Their too short lifespan may be the reason not to allow the progressive accumulation 

Figure 5. A model for aprataxin-dependent SSBR. SSBR pathways defined by the types of 
enzymes that remove damaged 3’-, or 5’-ends are shown. SSBs can arise indirectly from base 
damage, or directly from sugar damage or TOP1 cleavage, or as an abortive ligation intermedi-
ate. Red circles denote the damaged ends, the specific types of which depend on the source of 
the break. [1] Damage detection. [2] The processing of damaged 3’- and 5’-ends is mediated 
by either APE1, APTX, PNKP, or TDP1, depending on the type of modified or damaged ends. 
These modified or damaged ends should be converted to 3’-hydroxyl and 5’-phosphate ends 
for subsequent repair processes. In the pathway for repairing indirectly induced SSBs, dam-
aged 3’-�, 	 unsaturated aldehyde ends are removed by APE1. In the pathway for repairing 
directly induced SSBs, 3’-PG ends might be removed by APTX or APE1 and 3’-phosphate ends 
by APTX, PNKP or APE1. In the pathway for repairing TOP1-mediated SSBs, TOP1 covalent 
complexes at the 3’-ends are restored to 3’-phosphate ends by TDP1. In the repairing abortive 
ligation intermediates, 5’-adenylate monophosphate (AMP) ends are removed by APTX. [3] 
After removing damaged 3’- and 5’-ends, DNA polymerase 	 (Pol 	) fills the gap. [4] DNA 
ligase III (Lig3) seals the single-strand nick. A color version of this image is available at www.
landesbioscience.com/curie.
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of the lesions to be measured. More recently, a mouse model lacking both APTX and TDP1 has 
been developed.86 Neuronal cells of the mice show the decreased rate of repair of SSBs induced 
by oxidative stress, suggestive of the synergistic action of APTX and TDP1.86

Conclusion
Whereas increasing evidence indicates the APTX functions in SSBR, it remains to be elucidated 

which function of APTX, 3
-end processing or 5
-end processing, plays key roles in the molecular 
pathogenesis of EAOH/AOA1. Moreover, it remains unclear whether restoring the modified or 
damaged ends of SSBs is the only function of APTX. It might be expected that the 5
-AMP removal 
activity is a major activity of APTX under physiological conditions, because in vitro studies show 
that the 5
-AMP removal activity is stronger than the restoring activity of the 3
-modified ends.6,10,14 
However, the modified or damaged 3
-ends still remain to be restored, even though APTX restores 
the abortive ligation 5
-ends. If the modified or damaged 3
-end is restored to a hydroxyl end, the 
3
-hydroxyl end itself can remove the 5
-AMP end through the intermediation of DNA ligase with-
out APTX. Therefore, a question arises whether the 5
-AMP removal activity of APTX is necessary 
in neurons. Similarly, the function of APTX to restore the modified or damaged 3
-ends might be 
compensated by other end-processing enzymes, including PNKP and APE1. These findings raise the 
possibility that other functions of APTX may contribute to the pathogenesis of EAOH/AOA1.

Several findings suggest other functions of APTX. APTX interacts with XRCC4, a scaffold 
protein in DNA DSBR, suggesting that APTX might be involved in DSBR as well as SSBR.80 To 
date, however, impairment of DSBR has not been detected in APTX-defective cells.41,78,86 The role of 
APTX in its interaction with XRCC4 should be worked out. APTX also interacts with the nucleolar 
proteins nucleolin, nucleophosmin and upstream-binding factor 1 (UBF1) and APTX localizes 
to the nucleolus.48,87 The nucleolus is a place for transcription and maturation of ribosomal RNAs. 
Ribosomal RNAs is transcribed from ribosomal DNAs (rDNAs) at nucleolus. Therefore, there is 
a possibility that APTX acts on the repair of rDNAs in the nucleolus. The loss of APTX function 
might cause the accumulation of SSBs on rDNAs, consequently leading to a defect in ribosomal 
mRNAs transcription. However, the depletion of APTX does not significantly affect ribosomal RNA 
transcription.87 Thus, further studies are necessary to clarify the role of APTX in the nucleolus.

Despite the identification and understanding of the function of the causative gene for EAOH/
AOA1, we have no effective treatment to improve or to prevent a progression of the disease. If 
we argue that the accumulation of SSBs may be responsible for the molecular pathogenesis of 
EAOH/AOA1, antioxidant treatment with coenzyme Q10, vitamin E derivates or idebenone 
(which protect DNA from oxidative stress) might have the potential to ameliorate the disease 
progression. However, to evaluate the effectiveness of such treatments, there is a pressing need to 
develop molecular markers of progression that can be followed over time and which represent the 
disease progression more sensitively than does serum albumin.

In conclusion, APTX plays a role in SSBR by restoring the modified or damaged ends of SSBs 
and the loss of function of APTX results in the accumulation of SSBs, consequently leading to 
neuronal cell dysfunction and death. These findings raise the idea that protecting DNA against 
oxidative damage may be a potential therapeutic strategy to prevent the disease progression in 
EAOH/AOA1. Moreover, further analysis of the APTX’s physiological functions may open new 
avenues for understanding DNA quality control system in neurons.
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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disorder which results in the irreversible 
loss of cortical neurons, particularly in the associative neocortex and hippocampus. AD is 
the most common form of dementia in the elderly people. Apart from the neuronal loss, 

the pathological hallmarks are extracellular senile plaques containing the peptide beta-amyloid 
(A	) and neurofibrillary tangles. The A	 cascade hypothesis remains the main pathogenetic 
model, as suggested by familiar AD, mainly associated to mutation in amyloid precursor protein 
and presenilin genes. The remaining 95% of AD patients are mostly sporadic late-onset cases, with 
a complex aetiology due to interactions between environmental conditions and genetic features 
of the individual.

Mitochondria play a central role in the bioenergetics of the cell and apoptotic cell death. 
Morphological, biochemical and genetic abnormalities of the mitochondria in several AD tissues 
have been reported. Impaired mitochondrial respiration, particularly COX deficiency, has been 
observed in brain, platelets and fibroblasts of AD patients. Somatic mutations in mitochondrial 
DNA (mtDNA) could cause energy failure and increased oxidative stress. No causative mutations 
in the mtDNA have been detected and studies on mtDNA polymorphisms are controversial, but 
the “mitochondrial cascade hypothesis”, here revised, could explain many of the biochemical, 
genetic and pathological features of sporadic AD.

Alzheimer’s Disease
Alzheimer’s disease (AD) is the most common cause of dementia in the elderly people, ac-

counting for 65-70% of all cases.1 It affects approximately 7% of population older than 65 and 
up to 40% of people over the age of 80. It is a progressive neurodegenerative disorder resulting 
in the irreversible loss of cortical neurons, mainly in the associative neocortex and hippocampus. 
AD usually begins with episodic memory impairment and encompasses language, visuospatial 
and behavioural dysfunction.2 Amnesia is the most common symptom of AD and typically the 
earliest to be noticed, but the disease is soon accompanied by a range of cognitive disruptions 
such as in linguistic and visuospatial abilities and in overall executive function.3 Sporadic AD is a 
slowly progressive disorder with insidious onset and a mean duration of 8-12 years. AD is usually 
classified according to the age of onset. When the disease starts before 65 years of age it is defined 
as early-onset AD form. Late-onset AD occurs in the subjects over 65 years of age and accounts 
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for 90-95% of AD cases. The former type is familial, inherited as an autosomal dominant trait, 
whereas the latter is more frequently sporadic. Only a minority of late-onset cases show a clear 
family history with autosomal dominant inheritance. Mild cognitive impairment (MCI) is the 
phase during which subjects have measurable cognitive deficits, but not sufficient to fulfil criteria 
for any specific dementing disease.4 MCI could constitute a transitional stage between normal 
aging and AD. While some of these patients may remain stable, many of them convert to AD with 
an annual conversion rate to clinical dementia of 10-20%.5

The pathological hallmarks of AD include neuronal loss, extracellular senile plaques containing 
the peptide beta amyloid (A	) and neurofibrillary tangles, composed of a hyperphosphorylated 
form of the microtubular protein tau.2 Recently, an overall reduction in the abundance of factors 
associated with haematopoiesis and inflammation has been observed in blood plasma of AD pa-
tients.6 To date, the A	 cascade hypothesis remains the main pathogenetic model of AD.2 However, 
although this cascade is viable in familial AD cases with mutation in amyloid precursor protein 
(APP) and presenilins (PSEN) genes, its role in the majority of sporadic AD cases is still unclear. 
Sporadic AD has probably a complex aetiology due to environmental and genetic factors which 
taken alone are not sufficient to develop the disease. Presently the major risk factor in sporadic 
AD is recognized in the allele �4 of apolipoprotein E (ApoE4). However, only less than 50% of 
nonfamilial AD cases are carriers of the ApoE4 allele. Therefore, other factors must be involved 
in the pathogenesis of the disease.

Age is a major risk factor for AD and small numbers of plaques and tangles form in most elderly 
individuals.7 The cognitive changes in AD begin with memory impairment and subsequently 
spread to language and visuo-spatial deficits. Word finding difficulties and circumlocution are 
often present. In the middle stages of AD, patients are unable to work, are easily lost and confused 
and require daily supervision. In late stages, they develop akinetic mutism, with rigidity and in-
continence. Myoclonus, hyperactive tendon reflexes and seizures may be also present. The death 
is usually caused by infection, pulmonary emboli, malnutrition or heart disease.

Diagnosis of AD requires a combination of psychological testing, imaging and exclusion of 
other neurological disorders, but the definitive diagnosis can be made only at autopsy. To date, 
no validated peripheral markers for the early diagnosis of AD are available.4 In disease stages with 
evident cognitive disturbances, the clinical diagnosis of probable AD is made with around 90% 
accuracy using modern clinical, neuropsychological and imaging methods. Diagnostic sensitivity 
and specificity even in early disease stages are improved by cerebrospinal fluid markers, in particular 
combined tau and A	 and plasma markers (e.g., A	-42/A	-40 ratio).4

Other causes of dementia include Lewy body dementia, Parkinson’s disease, frontotem-
poral dementia with parkinsonism, alcoholism, drug intoxications, infections such as AIDS 
and syphilis, brain tumours, vitamin deficiencies, thyroid disease and others. It is extremely 
important to exclude other causes of dementia from AD, because certain dementias respond to 
specific treatments. CT or MRI scans are performed on most patients with dementia, in order 
to identify potentially treatable conditions or patterns consistent with AD. As AD progresses, 
diffuse cortical atrophy becomes apparent and MRI scans show atrophy of the hippocampus. 
Nuclear medicine techniques such as PET and SPECT may show decreased metabolism and 
decreased regional blood flow in the parietal and temporal lobes and also in other cortical areas 
at later stages. In AD patients, fluorodeoxyglucose (FDG)-PET measurements show regional 
reduction of the cerebral metabolic rate for glucose, which is related to the clinical disabilities of 
AD patients. Reduced cerebral metabolism has been observed in the temporo-parietal cortices 
and it preceded both the neuropsychological impairment and the cortical atrophy detected with 
conventional neuroimaging.8 Increasing evidence suggests that reduction of the cerebral meta-
bolic rate for glucose occur at the preclinical stages of AD. It has been observed on FDG-PET 
before the onset of disease in several groups of at-risk individuals, including patients with MCI 
and presymptomatic individuals carrying mutations responsible for early-onset familial AD.9 
The causes of the early metabolic dysfunction forerunning the onset of AD are not known, but 
mitochondrial dysfunction could have a role.
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Treatment options for AD are still disappointing. Therapies may focus on associated 
symptoms, such as depression, agitation and hallucinations. Currently approved therapies 
(the cholinesterase inhibitors and the N-methyl-d-aspartate receptor antagonist, memantine) 
offer only modest symptomatic relief, which can be enhanced using combination therapy with 
both classes of drugs.10 Alternative therapies such as nonsteroidal anti-inflammatory drugs, 
vitamin E, selegiline, Ginkgo biloba extracts, estrogens and statins, as well as behavioural and 
lifestyle changes, have been explored as therapeutic options, with uncertain results.10 The long 
presymptomatic phase of AD augurs well for the development of preventive strategies. To test 
their effectiveness, it will be necessary to identify neuropathological abnormalities before the 
development of cognitive changes.7

As already discussed above, the causes of the much more frequently occurring sporadic AD 
remain unknown: patients with sporadic AD generally lack mutations of APP gene, preseni-
lin 1 and presenilin 2; therefore, it is unclear what initiates plaque formation in such cases. 
Furthermore, plaques are a relatively common finding in the nondemented elderly. Several 
studies suggest that abnormalities in oxidative metabolism and specifically in mitochondria may 
play an important role in late-onset neurodegenerative disorders including AD.11,12 We will now 
focus on the role of the oxidative stress, of the mitochondria and its metabolism in AD.

Mitochondrial Structure and Function
1.5 billions years ago primitive aerobic bacteria established a symbiotic relationship with a 

single-cell anaerobic organism.13 Mitochondria, the descendants of the original symbionts, are 
organelles sized 1–10 �m. The word “mitochondrion” comes from the Greek �ί
�� (mitos), thread 
� �����ί�� (khondrion), granule. Because of their double-membraned organization, there are 
five distinct compartments within the mitochondrion: the outer mitochondrial membrane, the 
intermembrane space, the inner mitochondrial membrane, the cristae space (formed by infoldings 
of the inner membrane) and the matrix. In the matrix there are 2-10 copies of the mitochondrial 
DNA (mtDNA).14 The human mtDNA is a circular molecule of about 16 kilobases. Out of 37 
genes, 13 are for subunits of respiratory complexes I, III, IV and V, 22 for mitochondrial transfer 
RNAs (tRNA) and 2 for ribosomal RNAs (rRNA).15,16 Mitochondria are highly dynamic organelles 
that continuously divide and fuse, thus regulating their size, shape and distribution.17 In humans, 
mitochondria replicate mainly in response to the energy needs of the cell, rather than in phase 
with the cell cycle.

An important role for the mitochondria is the production of adenosine triphosphate (ATP) 
by oxidizing glucose, pyruvate and NADH.14 This process (“aerobic respiration”) needs the pres-
ence of oxygen (O2). When O2 is limited, the glycolytic products are metabolized by anaerobic 
respiration. The production of ATP from glucose has an approximately 13-fold higher yield 
during aerobic respiration compared to anaerobic metabolism. Each pyruvate molecule produced 
by glycolysis is actively transported across the inner mitochondrial membrane and into the 
matrix where it is oxidized and combined with coenzyme A (CoA) to form CO2, acetyl-CoA 
and NADH. The main pathway for oxidation of glucose in brain is the tricarboxylic acid (TCA) 
cycle (the “Krebs’ cycle”), which takes place in the mitochondria. The oxidative decarboxyla-
tion of pyruvate, the product of glycolysis, by the pyruvate dehydrogenase complex (PDHC), 
provides acetyl CoA to initiate the TCA cycle, which includes eight different enzymes. The 
acetyl-CoA is the primary substrate to enter the TCA cycle. The enzymes of the TCA cycle are 
located in the mitochondrial matrix, with the exception of succinate dehydrogenase, which is 
bound to the inner mitochondrial membrane as part of Complex II. The TCA cycle oxidizes the 
acetyl-CoA to CO2 and, in the process, produces reduced cofactors (three molecules of NADH 
and one molecule of FADH2) which are a source of electrons for the electron transport chain 
(ETC) and a molecule of GTP (which is readily converted to ATP). The redox energy from 
NADH and FADH2 is transferred to O2 in several steps via the ETC. Protein complexes in the 
inner membrane (NADH dehydrogenase, cytochrome c reductase and cytochrome c oxidase 
or COX) use the release of energy from high-energy electrons to pump protons (H�) into the 
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intermembrane space.15 As the proton concentration increases in the intermembrane space, a 
strong electrochemical gradient is established across the inner membrane. The protons return to 
the matrix through the ATP synthase complex and their potential energy is used to synthesize 
ATP from ADP and inorganic phosphate.15 This process, called chemiosmosis, was described 
by Peter Mitchell, winner of 1978 Nobel Prize in Chemistry.18

Deficiency in the two key enzymes of rate limiting step of the TCA cycle, PDHC and 
�-ketoglutarate dehydrogenase complex (KGDHC), can explain the observed defects in 
glucose metabolism in the AD brains.19,20 Other alterations observed in AD brains include 
decreased activity of isocitrate dehydrogenase and increased activity of succinate dehydrogenase 
and malate dehydrogenase.20 All the changes observed in TCA cycle activities correlated with 
clinical state, suggesting that they may lead to diminished brain metabolism resulting in the 
decline in brain function.20

A recent transcriptomic study compared the expression of 80 metabolically relevant nuclear 
genes in brains of AD cases and normal controls.21 AD cases had significantly lower expression 
of the nuclear genes encoding subunits of the mitochondrial ETC in posterior cingulate cortex, 
in the middle temporal gyrus, in hippocampal CA1 cells, in entorhinal cortex and in other 
brain areas.21 Western blots confirmed underexpression of the ETC subunits.21 Thus, metabolic 
abnormalities in PET studies of AD are associated with reduced neuronal expression of nuclear 
genes encoding subunits of the mitochondrial ETC.

In aerobic organisms the ATP needed for biological functions is mainly produced in the 
mitochondria via the ETC. During this process, a small percentage of electrons may prema-
turely reduce O2, forming reactive oxygen species (ROS) (Fig. 1). ROS include a variety of free 
radicals such as superoxide anion (O2¯.) and hydroxyl radical (·OH) and also derivatives of 
oxygen that do not contain unpaired electrons, such as hydrogen peroxide (H2O2).12 Because 
of the presence of unpaired valence shell electrons, ROS are highly reactive.22 Oxidative stress 
is caused by an imbalance between the production of ROS and a biological system’s ability to 
readily detoxify the reactive intermediates or easily repair the resulting damage (see Fig. 1). All 
forms of life maintain a reducing environment within their cells. This reducing environment is 
preserved by enzymes that maintain the reduced state through a constant input of metabolic 
energy. Disturbances in this normal redox state can cause toxic effects through the production 
of peroxides and free radicals that damage all components of the cell, including proteins, lipids 
and DNA.23 The central nervous system is especially vulnerable to ROS because of its high O2 
consumption rate, its abundant lipid content and the relative paucity of antioxidant enzymes 
compared with other tissues.

Oxidative Stress and Mitochondrial Dysfunction in AD
The free radical hypothesis of aging, which was proposed many years ago, posits that the 

age-related accumulation of ROS results in damage to major components of cells, including 
nDNA and mtDNA, membranes and cytoplasmic proteins. The generation of free radicals may 
be involved in the pathogenesis of neurodegenerative disorders, including AD.12 The fact that 
age is a key risk factor in AD provides support for the free radical hypothesis because effects 
of the attacks by ROS can accumulate over the years. Moreover, the hypothesis of oxidative 
stress in AD is strengthened by: (i) increased brain iron, aluminium and mercury in AD brains, 
capable of stimulating ROS generation; (ii) increased lipid peroxidation and increased protein 
and DNA oxidation in AD brains; (iii) diminished energy metabolism and decreased COX 
activity in tissues from AD patients.12

Many studies have reported a direct toxic effect of A	 on cultures of neurons. If this reflects 
the situation in vivo, the phenomenon may offer an explanation for the role of amyloidogenesis 
in the pathogenesis of AD. Behl et al24 showed that A	 toxicity on cell lines is prevented by 
antioxidants, such as vitamin E and that H2O2 mediates this toxicity. A	 toxicity–resistant cell 
lines contain high concentrations of the antioxidant enzymes catalase and glutathione peroxi-
dase.25 Conversely, oxidative stress may transform non aggregated A	 into the aggregated form.26 
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A	 could cause cellular dysfunction through its action on the mitochondrion. In transgenic 
mouse model for AD it has been observed that APP, the source of toxic A	, is targeted to neu-
ronal mitochondria.27 Before plaques are observed, intracellular aggregates of A	 form early 
in mice overexpressing APP and strongly correlate with the cognitive impairment.28 Chemical 
cross-linking together with immunoelectron microscopy showed that the mitochondrial APP 
exists in NH2-terminal inside transmembrane orientation and in contact with mitochondrial 
translocase proteins.27 Accumulation of full-length APP in the mitochondrial compartment 
in a transmembrane-arrested form caused mitochondrial dysfunction and impaired energy 
metabolism.27

Several recent studies on MCI patients suggest that oxidative damage could be one of the 
earliest events in the neurodegenerative process leading to AD.29-31 Our group performed a 
study by a comet assay analysis to evaluate the level of primary and oxidative DNA damage in 

Figure 1. The vicious circle mitochondrial dysfunction—oxidative stress, leading to bioenergetic 
dysfunction, oxidative damage and apoptosis. In case of electron transport chain (ETC) dysfunction, 
complexes I-III leak electrons to oxygen (O2) producing primarily superoxide anion (O2¯˙). O2¯˙ 
can be converted to hydrogen peroxide (H2O2) by manganese superoxide dismutase (MnSOD). 
Increased concentrations of O2¯˙ can reduce transition metals (i.e., Fe2�), which in turn react with 
H2O2 producing hydroxyl radicals (̇ OH). O2¯˙ may also react with nitric oxide to form peroxynitrite, 
which is severely damaging for DNA and RNA. Both OH˙ and peroxynitrite are strong oxidants 
and react with nucleic acids, lipids and proteins, finally leading to cell dysfunction and neurode-
generation. The mitochondrial DNA is particularly sensitive to oxidative damage. Because several 
its genes encode for subunits of the ETC, mitochondrial DNA damage results in mutations and 
deletions disrupting the function of genes involved in the production of ATP, ultimately leading to 
mitochondrial dysfunction, increased production of oxidants and cell death. For further details, see 
text. In Italics antioxidant enzymes, in thick boxes reactive species. GPX, glutathione peroxidase; 
H2O, water; PTP, permeability transition pore.
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leukocytes of AD, MCI and healthy control individuals. We observed that the amounts of both 
primary DNA damage and oxidized bases were significantly higher in AD and MCI patients, 
compared to controls.31 This gives a further indication that oxidative damage, at least at the DNA 
level, is an earlier event in AD pathogenesis. It is still unclear whether the increased oxidative 
damage in MCI and AD represents an acceleration of the “normal” age-related oxidative stress 
or is caused by alternative pathways.12

Increased levels of lipid peroxidation markers, as well as protein, DNA and RNA oxidation 
markers, have been reported in AD brains, as well as higher nitrotyrosination levels.32,33 A recent 
study showed that mitochondrial DNA (mtDNA) had approximately 10-fold higher levels of 
oxidized bases than nuclear DNA (nDNA), that guanine was the most vulnerable base to DNA 
damage and that multiple oxidized bases were significantly higher in AD brain specimens in 
comparison to controls.34 The use of proteomics identified oxidatively modified proteins, whose 
altered function is consistent with the disease.35

Because RNA is mostly single-stranded and probably less protected than DNA, it may be more 
susceptible to oxidative insults. Immunocytochemical studies revealed that the regional distribution 
of RNA oxidation in the brain was consistent with the selective neuronal vulnerability.36 There were 
increased levels of 8-hydroxyguanosine (8-OHG) in the hippocampus and cerebral neocortex in AD, 
whereas no alteration in the 8-OHG level was found in the cerebellum.36 Oxidized RNAs were local-
ized predominantly in neuronal and endothelial cells compared with glial cells.37 The early involvement 
of RNA oxidation in disease pathophysiology suggests that oxidized RNA in nervous and endothelial 
cells may have a key role in neurodegeneration. Moreover, in AD brains the cytoplasm of hippocampal 
neurons showed significantly higher redox activity and iron(II) staining than age-matched controls.38 
Both were susceptible to RNase.38 This suggests a physical association of iron(II) with RNA. rRNA 
probably provides the greatest number of iron binding sites among cytoplasmic RNA species. 
Reflecting the difference of iron binding capacity, oxidation of rRNA by the Fenton reaction formed 
13 times more 8-OHG than tRNA.38 Thus, iron bound to RNA (and especially rRNA) seems to 
play a pivotal role for RNA oxidation in vulnerable neurons in AD brain.38

Aliyev et al39 observed that ultrastructural features of vascular lesions and mitochondria in vascu-
lar wall cells from human AD brain biopsies were also suggestive of oxidative damage. As expected, 
there was a higher degree of A	 deposition in the vascular walls in AD compared to aged-matched 
controls.39 Moreover, increased levels of 8-OHG and significantly more mitochondrial abnormalities 
(including mtDNA deletions) were seen in the vascular endothelium and in the perivascular cells 
of microvessels where atherosclerotic lesions occurred.39 These features were absent in undamaged 
regions of human AD tissues or in age-matched control subjects.39 Therefore, mitochondria may be 
a central target for oxidative damage before the development of AD pathology.

Morphological alterations in neuronal mitochondria in AD have been reported. In 22 AD 
brains, the majority of the mitochondria in cerebellar and cerebral cortex and in basal nuclei 
presented disruption of the cristae or osmiophilic inclusions.40 Further, ultrastructural examina-
tion showed that AD cybrid cells contained a significantly increased percentage of enlarged or 
swollen mitochondria that had a pale matrix and few remaining cristae.41 The mean velocity of 
mitochondrial and lysosomal movement, as well as the percentage of moving mitochondria, was 
significantly reduced in AD cybrids.41 Thus, delivery of mitochondria to the synapses might be 
impaired in AD. Other pathological features such as crystal-like intra-mitochondrial inclusions 
and cytoplasmic inclusion bodies were also found.41

Mitochondrial dysfunction seems to be an early event in AD animal models, which accelerates 
substantially with aging.42 The most consistent defect in mitochondrial enzymes activity reported 
in AD regards the complex IV of the ETC, or COX.43 Defects in ETC inhibit production of ATP 
and increase production of ROS. Deficient COX activity has been reported in different brain 
regions,44-46 as well as in fibroblasts and platelets of AD patients.45,47 Our group reported that 
COX, but not F1F0-ATPase (complex V) activity, was decreased in hippocampus and platelets 
of sporadic AD cases45,48 and that the impaired COX activity could have functional consequence 
on energy metabolism.48
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In a study on fresh AD and control brains, it was observed that nonglycosylated full-length and 
C-terminal truncated APP accumulated exclusively in the protein import channels of mitochondria 
of human AD brains, but not in age-matched controls.49 In AD brains APP formed stable complexes 
with the translocase of the outer mitochondrial membrane-40 (TOM40) import channel and a 
super complex with both TOM40 and the translocase of the inner mitochondrial membrane-23 
(TIM23).49 Accumulation of APP across mitochondrial import channels inhibited the entry of 
nuclear-encoded COX subunits IV and Vb.49 This could explain the observed decrease in COX 
activity and the increased levels of H2O2. Mitochondrial APP had higher levels in AD-vulnerable 
brain regions, such as the frontal cortex, hippocampus and amygdale.49 The levels of translocation-
ally arrested mitochondrial APP directly correlated with mitochondrial dysfunction and with 
the severity of the disease. Moreover, AD subjects with the ApoE3/ApoE4 alleles had the highest 
content of mitochondrial APP.49 Therefore, abnormal accumulation of APP across mitochondrial 
import channels causes mitochondrial oxidative stress, mitochondrial dysfunction and seems to 
be a hallmark of human AD.

A	 binding alcohol dehydrogenase (ABAD), which is localized in the mitochondrial matrix, 
may be a direct molecular link from A	 and mitochondrial toxicity.50 Interaction between these 
two proteins promotes leakage of ROS, mitochondrial dysfunction, cytochrome c release, DNA 
fragmentation and apoptosis.50 Further, �-secretase, which is essential to cleave APP and create 
Aß, is also present in mitochondria.51 In mitochondria A	 can be removed by insulin degrading 
enzyme (IDE) and by presequence peptidase (PreP).52,53 Complex IV inhibition by A	 might also 
be mediated by sequestration of heme by A	.54 This seems to promote also ROS production. At 
the same time, mitochondrial dysfunction and oxidative stress may alter APP processing leading to 
intracellular accumulation of A	.55 Further, oxidative stress increases the activity of the 	-secretase, 
the enzyme responsible for N-terminal cleavage of A	 from the APP.56

To assess whether a genetically induced complex IV (COX) deficiency affects oxidative stress 
and accumulation of A	, Fukui et al57 generated neuron-specific conditional COX10 knockout 
mice and then crossed them with a mouse model of AD. Thus they obtained a complex IV-deficient 
AD model (COXd/AD mice).57 COX10 is an nDNA-encoded complex IV subunit (whereas 
the mtDNA encodes the subunits COXI, COXII, COXIII). Contrary to expectation, brains of 
COXd/AD mice exhibited less amyloid plaque, reduced A	 deposition and reduced oxidative 
damage, as compared to AD mice.57 Thus, a primary complex IV defect does not seem to contribute 
to oxidative stress and AD pathology.58 In our opinion, this observation does not exclude a role 
for a secondary COX deficiency (i.e., caused by mtDNA oxidative damage) in the vicious circle 
leading to neurodegeneration.

Involvement of other mitochondrial ETC complexes is less documented and more controver-
sial. For example mitochondria isolated from AD patients platelets have decrease ATP levels, but 
seem not to differ versus controls in NADH-ubiquinone oxidoreductase (complex I) or succinate 
dehydrogenase—cytochrome c reductase (complex II/III) activities.59

The Role of Mitochondrial DNA
In the cytoplasmic hybrid (“cybrid”) technique, culturable cells depleted of endogenous mtDNA 

are repopulated with mitochondria (with their own mtDNA) from patients. Phenotypic differences 
among cybrid lines are caused by the donor mtDNA and not by nDNA or environmental factors. 
Cybrid models, obtained transfecting mtDNA from platelets of AD patients into neuronal cultured 
cells deprived of their own mtDNA, revealed decreased COX activity, increased ROS generation, 
increased A	 production and morphological abnormalities (for a complete discussion, see our 
recent review).12 In long-term culture AD cybrids develop populations of abnormal and damaged 
mitochondria, worsen the bioenergetic impairment and increase apoptosis and mtDNA replication.60 
The expression of AD mtDNA produces a more complex bioenergetic impairment beyond simple 
reduction in COX catalytic activity and may result in impaired ATP synthesis and mitochondrial 
calcium extrusion.60
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Therefore, cybrid studies suggested a mitochondrial genomic contribution to mitochondria 
dysfunction in AD. Studies attempting to identify mtDNA mutations in brains of AD patients had 
limited success. Elson et al61 sequenced the complete coding regions of 145 autoptic AD brain samples 
and 128 normal controls and observed that for both synonymous and nonsilent changes the overall 
numbers of nucleotide substitutions were the same for the AD and control sequences.

Different groups have analyzed the frequencies of polymorphisms and/or mutations in mtDNA in 
AD patients, with conflicting results. Polymorphisms in mtDNA may cause subtle differences in the 
encoded proteins and, subsequently, minimum changes in mitochondrial respiratory chain activity 
and free radical overproduction. This could predispose an individual, or a population sharing the same 
mtDNA genotype, to an earlier onset of apoptotic processes, such as accumulation of somatic mtDNA 
mutations and mitochondrial impairment. The opposite could be true for different polymorphism(s), 
which could be beneficial increasing mitochondrial respiration and/or reducing ROS production. 
Common mtDNA polymorphisms determine classes of continent-specific genotypes, called haplo-
groups. In Europe, nine Caucasian haplogroups (H,I,J,K,T,U,V,W,X) account for more than 90% of 
all mitochondrial genome of the entire population. Chagnon et al62 reported that haplogroup T was 
under-represented in AD patients, while haplogroup J seemed to be over-represented. By studying 
an Italian sample of subjects, Carrieri et al63 found that haplogroups K and U were present at a lower 
frequency in ApoE4 carriers than in noncarriers AD patients (while in controls there were indepen-
dence between E4 allele and mtDNA haplogroups). Therefore, K and U may act by neutralizing the 
effect of the major AD risk factor E4 allele. Another report showed that males classified as haplogroup 
U had a significant increase in risk of AD, while females demonstrated a significant decrease in risk 
with the same U haplogroup.64 Therefore, the inheritance of haplogroup U may have negative effect 
on aging in Caucasian males.64 Two studies including only neuropathologically proven cases of AD 
of European descent indicated that mtDNA haplogroups were not associated with AD.61,65 Very 
recently, Maruszak et al66 evaluated the involvement of mitochondrial haplogroups, haplogroup 
clusters (HV, UK, TJ, IWX) and of two functional mtDNA single nucleotide polymorphism in 
the pathogenesis of AD in Polish population. These authors observed that HV cluster seemed to be 
significantly associated with the risk of AD.66

In our laboratory we did not find any evidence for an etiological role of haplogroup-associated 
polymorphisms.67 We studied the frequency of the European mtDNA haplogroups in a clinically 
well defined group of 209 unrelated patients and 191 controls, both with clear Tuscan origin (in 
order to minimize the risk of false associations between gene markers and disease). The frequency of 
haplogroups was not significantly different between the patients and control groups. Further, there 
was no significant difference between genders as far as mtDNA haplogroups distribution in both 
AD patients and control groups.67 Therefore, it has been suggested that inherited haplogroups K and 
U may influence AD risk in Caucasians, but this is still an unresolved question. To date, mtDNA 
haplogroups do not seem to play any major role in AD and the question whether the mtDNA play 
a primary role in AD pathogenesis, or is damaged by somatic factors (such as oxidative damage) 
remains to be answered.12

Conclusion
The aetiology of AD is complex and only a minority of cases appears to be primarily genetic. 

Multiple interactions among genetic and environmental factors appear to be causative of the re-
maining forms. The “mitochondrial cascade hypothesis” could explain many of the biochemical 
features of sporadic AD. Accumulation of somatic mtDNA mutations accelerates normal aging, 
leads to oxidative damage, causes energy failure, increased production of ROS (see Fig. 1) and ac-
cumulation of A	, which in a vicious manner reinforces the mtDNA damage, the impairment of 
the mitochondrial respiration and the oxidative stress. These events open the permeability transi-
tion pore, inducing the release of cytochrome c and the induction of caspase-mediated apoptosis. 
Mitochondrial ROS generation seems to induce apoptosis also in a PARP-1 and AIF mediated 
manner. The presented data strengthen the idea that APP, A	-induced mitochondrial toxicity, 
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oxidative stress, somatic mtDNA damage, mitochondrial dysfunction and apoptosis might be 
interconnected in the cascade leading to neurodegeneration and dementia. The APP “stocked” in 
the TOM transporters seems pivotal, able to cause mitochondrial impairment, respiratory defi-
ciency and oxidative stress. Most likely, the mtDNA does not play a primary role and, therefore, 
it could be involved subsequently. Moreover, mtDNA deletions themselves seem to contribute to 
aging and pathology, but the exact mechanism of that is still unclear.

It will be important to develop a better understanding of the role of oxidative stress and mito-
chondrial energy metabolism and its link with the amyloid hypothesis in aging and AD, since it may 
lead to the development of more effective treatment strategies for this devastanting disorder.
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Abstract 

Huntington’s disease (HD) is one of the most frequently found neurodegenerative disorders. 
Its main clinical manifestations are chorea, cognitive impairment and psychiatric disorders. 
It is an autosomal-dominant disorder with almost complete penetrance. The mutation 

responsible for HD, unstable expansion of a CAG repeat, is located in the 5ʹ terminal section of 
the gene (IT15) that encodes huntingtin protein (Htt). The pathophysiology of HD is not entirely 
clear. One intriguing characteristic of HD is the special vulnerability of the striatum tomutated Htt, 
despite similar expression of the mutated protein in other brain regions. Aggregation of mutated Htt, 
transcriptional dysregulation, altered energy metabolism, excitotoxicity, impaired axonal transport 
and altered synaptic transmission culminate in neuronal dysfunction and death. There is currently 
no way of preventing or slowing down the disease progression and death usually occurs at about 20 
years after diagnosis.

History
In 1872 a 22-year-old American physician, named George Huntington, in the first of only two 

research papers he published, reported on a disease afflicting several generations of a family in East 
Hampton on Long Island. This first detailed description of HD included chorea, cognitive and psy-
chiatric impairment and gradual deterioration finally leading to death.1 Huntington also noted the 
autosomal-dominant hereditary nature of the disease. In 1952, Americo Negrette, a Venezuelan phy-
sician, observed a “dancing epidemic” in a small town on the banks of Lake Maracaibo (Venezuela) 
and suspected that HD was responsible for this epidemic.2 Nancy Wexler, whose mother died of 
HD, subsequently investigated these families as part of a collaborative project. The gene responsible 
for HD was finally identified in 1993.3,4

Clinical Aspects
The prevalence of HD is usually 4-8 per 100,000 population but can reach up to 700 in some parts 

of the world.5,6 HD is an unremitting, devastating and invariably fatal disease. Age at onset is generally 
between 35 and 50 years but can range from 2 to 85 years or even more. Onset occurs before 30 years 
of age in about 15% of the cases, in which case the disease is referred to as juvenile HD.

The natural course of HD is variable. Life expectancy after HD onset is about 15-20 years; it is 
however shorter in juvenile HD.7,8 The most common HD-related causes of death are pneumonia 
(due to swallowing disorders), falls, suicide and violence.

Before symptom onset, subtle alterations of eye movements, gait kinetics and finger-tapping 
speed can be detected with specific methods.9-11 Sensitive rating scales can also detect subclinical 
behavioral and affective disorders such as apathy, irritability, obsessive-compulsive disorders and 
depression.12-15
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The clinical features of HD can be divided into three groups: movement disorders, cognitive 
impairment and psychiatric disorders.

Movement Disorders
Chorea, a Greek word meaning “dance”, is the most characteristic movement disorder in classical 

HD. Chorea is characterized by brief, involuntary, abnormal and unpredictable movements that 
can affect any and all parts of the body (the four extremities, the trunk and face and respiratory and 
pharyngolaryngeal muscles).16 The movements are typically distal and resemble finger-drumming. 
They occur against a background of generalized hypotonia with typical pendular reflexes. Initially, 
patients tend to incorporate their involuntary movements into apparently purposeful activities. 
Balism, which can be considered as a severe proximal type of chorea, can also occur. The conse-
quences of chorea tend to be more cosmetic and social than functional,16 but these movement 
disorders can interfere with walking, sitting, eating and even sleep in severe forms. As the disease 
progresses, choreic movements tend to be replaced by akineto-rigid parkinsonism that can be as-
sociated with dystonic postures of the trunk.17,18 Many patients with advanced-stage HD suffer 
from falls19 and lose their mobility, sometimes precipitating their admission to a nursing home.20 
Other movement disorders, occasionally observed in the course of the disease, include tics21,22 
and myoclonia.23-25 Contrary to patients with typical HD, those with the juvenile form or the 
Westphal variant do not have chorea. These forms are characterized by a combination of progressive 
akineto-rigid parkinsonism, dystonia, ataxia, dementia and psychiatric disorders.26,27 Seizures can 
also occur. Patients with childhood-onset HD can develop non specific encephalopathy resulting 
in seizures, myoclonus and rapid cognitive deterioration.26-28

Cognitive Impairment
Cognitive impairment is a major factor in HD patients’ functional decline and loss of autonomy. 

It can precede or follow the onset of motor symptoms and usually leads to dementia. However, 
some patients with late-onset HD never develop dementia.29,30 Cognitive changes in this setting 
have a subcortical profile, with predominant impairment of executive/attentional functions.31-34 
Instrumental functions (language, praxia and gnosis) and memory are generally better-preserved 
in HD than in other types of dementia such as Alzheimer’s disease, despite elective defects in 
the retrieval processes.35-38 One classical manifestation of the dysexecutive syndrome is motor 
impersistence—the inability to maintain an initiated voluntary movement that account for clas-
sical clinical signs of the disease, namely milkmaid’s grip and darting tongue.

Psychiatric Disorders
Neurobehavioral disorders are very frequent in HD. They can occur at any time during the disease 

course and may be the initial manifestation.39,40 Irritability, agitation, apathy, anxiety, social withdrawal, 
impulsiveness, alcohol abuse, obsessive-compulsive disorder,41,42 hostility and sexual disorders are all 
common.43-45 Mood disorders are also very frequent during the course of HD. Most HD patients, with 
mood disorders, have classical symptoms of depression, namely feelings of sadness, guilt, uselessness 
and anhedonia.46-50 Other psychiatric symptoms include maniac episodes51 and poorly systematized 
paranoia, delusions and psychotic states resembling various types of schizophrenia.49,52 Because of all 
these psychiatric disturbances, the risk of suicide is 10 times higher among HD patients than in the 
general population. Suicidal ideation predominates at two different phases of the disease: first during 
the interval between symptom onset and diagnosis; and second towards the midpoint of the disease 
course when the patient starts to become dependent on others for help with daily activities.53-55

Other Clinical Manifestations
Sleep disorders seen in HD patients include insomnia, advanced sleep phase, REM sleep 

abnormalities and increased motor activity during sleep. These sleep disorders can be present 
before HD diagnosis.56-59 Another consistent feature of HD is weight loss that may result from a 
hypermetabolic state.60 It is directly linked to the length of the CAG repeat and appears to correlate 
with the severity of movement disorders.61
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Genetic Aspects
The mutation responsible for HD is situated in the 5ʹ terminal part of the IT15 gene,4 located on 

chromosome arm 4p16.3.3 It contains 67 exons and encodes huntingtin (Htt), a 348-kDa protein 
composed of between 3127 and 3156 amino acids. The mutation consists of an unstable expansion 
of the CAG repeat sequence located in exon 1, that encodes polyglutamines in the NH2-terminal 
part of the protein. The mutated protein causes neuronal dysfunction and death, particularly in 
the striatum and cortex, even though it is ubiquitously expressed.

Penetrance is virtually complete. The IT15 gene is considered normal when it contains 
fewer than 27 CAG repeats. CAG repeats numbering between 27 and 35 do not cause HD but 
may expand in successive generations. The 36 � 39 repeats (intermediate alleles) are usually 
associated with late disease onset and may have variable penetrance; even some patients dying 
before the disease has a chance to develop. Individuals with 39 CAG repeats or more, invari-
ably develop HD. A controversial case of possible HD in an individual with 29 CAG repeats 
has been reported.62-64

About 10% of patients have no family history of HD and some may have de novo mutations.65,66 
More often the mutant alleles are inherited from an asymptomatic father with an “intermediate 
allele”. Such alleles do not cause HD but are unstable during replication, like “pathogenic alleles” 
and tend to expand in successive generations.67,68 This instability is greater during spermatogenesis 
than during oogenesis. These intermediate alleles can have as few as 27 CAG repeats.69 Instability 
increases with advancing paternal age. This increase in the number of CAG repeats, over succes-
sive generations, leads to a phenomenon of “genetic anticipation”,65,70,71 defined by a trend towards 
earlier disease onset in successive generations.

Age at onset cannot be accurately predicted from the CAG repeat length. The number of 
repeats correlates negatively with age of onset;72-76 this correlation is mostly due to studies on the 
small fraction of HD patients who have very large number of CAG repeats and very early disease 
onset. The correlation between CAG repeat length and the disease course is controversial; in clas-
sical HD cases the mean number of repeats is similar in patients with psychiatric disorders and in 
patients with motor disorders.77-84

Mutant huntingtin gene is expressed to a similar extent in many CNS and peripheral tissues, 
although the length of the CAG repeat is particularly unstable in the brain.85-88 The mutation 
length profiles in different regions of the brain correlate with the chronological order in which 
the brain regions are affected. In particular, marked expansion-based changes in mutation length 
occur during aging in the striatum and, to a lesser extent, in the cortex. Striatal cells with the 
largest HD mutation expansions may be preferentially lost during the disease process. Neurons 
tend to show longer mutation length gains than glial cells. Mutation length gains occur early in 
the disease and continue to accumulate as the disease progresses. This is consistent with the view 
that mutation length variability in somatic tissues may contribute to both the progressive and the 
cell-selective nature of HD.89

Individuals with identical repeat lengths may have major differences in HD manifesta-
tions, progression and outcome, possibly owing to modifier genes and environmental factors72 
that affect excitotoxicity, dopamine toxicity, metabolism, gene transcription, protein folding 
or oxidative stress. Suspected genetic modifiers include the HD gene itself,90-92 and the genes 
encoding the GluR6 kainate glutamate receptor (GRIK2),92-95 apolipoprotein E (APOE),96,97 
transcriptional coactivator CA150 (TCERG1),98 the ubiquitin carboxy-terminal hydrolase L1 
(UCHL1),95 p53 (TP53),99 caspase-activated DNase (DFFB),99 subunits of the NR2A and 
NR2B glutamate receptors (GRIN2A, GRIN2B)100,101 and M441-HAP1.102 Sequence varia-
tions in the GRIN2A gene, which encodes the NR2A subunit of the NMDA-type glutamate 
receptor, seem to have the strongest association with age of HD onset.103 Interestingly, this 
subunit is expressed in medium spiny striatal neurons, which seem to be particularly sensitive 
to glutamate excitotoxicity.
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Neuropathology
Brain weight may be reduced by as much as 25-30% in advanced HD cases. Gross patho-

logical changes associated with HD are limited to the brain, where atrophy predominates in the 
caudate-putamen and, to a lesser extent, the cerebral cortex. The neuropathological signature of HD 
is prominent striatal neuron loss and intranuclear inclusion bodies, which mainly consist of accumu-
lated polyglutamines. Vonsattel’s grading system of striatal neuropathology is based on macroscopic 
and microscopic criteria104 and defines five grades (0 to 4) of increasing severity. The grade correlates 
closely with the degree of clinical disability.

The most vulnerable neuronal population consists of medium spiny neurons in the striatum, 
which account for 90% of striatal neurons and can be separated into striato-nigral and striato-pallidal 
populations. In Vonsattel’s system the striato-pallidal cell population, which expresses enkephalin and 
dopaminergic D2 receptors, degenerate first (Grade 2), followed by striato-nigral neurons, which ex-
presses substance P and dopaminergic D1 receptors (Grade 3). Degeneration of medium spiny striatal 
neurons occurs along a stereotyped dorso-ventral and medio-lateral gradient and is associated with 
reduced expression of substance P, leuenkephalin, calcineurin, calbinbidin, histamine H2 receptors, 
dopamine receptors, cannabinoid receptors and adenosine A2 receptors.105-108 Striatal interneurons, 
aspiny striatal cholinergic and somatostine-containing neurons are relatively spared.109-113 Another 
characteristic neuropathological change affects the dentritic arborisation of spiny neurons, dystrophic 
neuritis preceding cell death.114,115 These degenerative changes are associated with a reduction in the 
size of the striatum.

The cerebral atrophy is otherwise diffuse, mainly affecting the prefrontal dorso-lateral cortex, 
the parahippocampal gyrus and subcortical white matter.116,117 Cortical neuron degeneration occurs 
mainly in deep cortical layers III, V and VI.118,119 Neuron loss can also be found in the lateral pallidum 
(GPe) and medial pallidum (GPi),104,113 the substantia nigra pars compacta, substantia nigra pars 
reticulata,120 thalamic mediodorsal nucleus,121,122 subthalamic nucleus, hypothalamic lateral tuberal 
nucleus,113,123 and cerebellum. 124,125

Intracellular deposition of aggregated and ubiquitynated proteins is a prominent cytopathological 
feature. The aggregates are ubiquitinated, non soluble and present in all brain regions but particularly 
in the cortex; they occur almost exclusively in neurons and can be seen in all cell compartments, includ-
ing the nucleus, cytoplasm, axons and synaptic terminals.114,126,127 They mainly consist of expanded 
huntingtin (exp-Htt) containing polyglutamine repeats. They have a modified three-dimensional 
structure, mostly stabilized by hydrogen bonds. Alteration of the Htt structure is directly related to 
the size of the polyglutamine expansion and occurs beyond a threshold length of 36 glutamines.128,129 
These aggregates modify cell functions in several ways.

Molecular Mechanisms
It is unclear whether the degeneration of neurons and more specifically striatal neurons, in HD 

is due to a loss of normal huntingtin properties or to a gain of toxic functions due to the poly CAG 
repeat. In addition, “normal” age-related changes in cell function may accelerate the pathogenesis 
of HD.130 Despite being identified more than a decade ago, the function of huntingtin is largely un-
known. Wild-type Htt is expressed in most cells and in virtually all cell compartments.114,126,127,131-135 
Huntingtin also has multiple interacting partners, some of which bind more efficiently to the mutant 
protein than to wild-type huntingtin.136,137 These binding partners include a dozen transcription fac-
tors, which appear to affect the transcriptional profile in HD brain tissues and cells.138-144 Huntingtin 
is thought to be a scaffold protein that orchestrates intracellular trafficking, signaling pathways and 
transcriptional activity required for normal cellular functioning. Importantly, Htt is required for 
normal embryonic development, as Htt knock-out mouse embryos die about 8.5 days after concep-
tion145,146 and selective Htt knockdown in neurons and testis produces apoptosis.147 In its normal and 
mutated versions, Htt is cleaved by various intracellular proteases, including caspases. This proteolysis 
plays a key role in the pathophysiology of HD, as the cleaved N-terminal fragment is much more 
toxic than the full-length mutant protein. These cleaved versions of the mutant protein can also 
form aggregates,128,129,148 which are thought to hinder normal cellular functioning.
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Aggregates
Aggregates of insoluble proteins are found in the brain of HD patients, as well as in vari-

ous HD models and in other trinucleotide repeat disorders. Aggregates appear early149 and are 
present in all cellular compartments of neurons.114,126 These aggregates affect normal cellular 
functioning by sequestering wild-type Htt150 or other proteins involved in transcription151,152,153 
or transport.154,155 Not only can these aggregates not be cleared by the ubiquitin-proteasome 
system,156-159 they also alter normal protein clearance by this system.160,161 The low basal activ-
ity of the ubiquitin-proteasome system in neurons, as compared with glial cells, may account 
for the preferential accumulation of aggregates in neurons.162 The toxicity of these aggregates 
is highly controversial,163-167 some authors arguing that smaller oligomeric aggregates may be 
more toxic than larger ones.168 In addition, their toxicity may depend on the cellular compart-
ment in which they are located; for example, they could be more toxic in neurites than in the 
nucleus.169-171 Aggregate toxicity has been attributed to the induction of defects in RNA syn-
thesis, cell survival activity, microtubule-dependent trafficking and the ubiquitin-proteasome 
system.136,137,160,172 Inhibition of poly (Q) aggregation can alleviate disease manifestations in 
various models of HD.173-181

Transcriptional Dysregulation
Downregulation of protein expression in HD patients’ brain tissue is compatible with 

transcriptional dysregulation observed early in the neuropathological process. Altered mRNA 
levels of dopaminergic receptors and neuropeptides observed in HD patients182,183 have also been 
found in presymptomatic transgenic HD model mice, suggesting that changes in transcription 
are responsible for the observed neurodegeneration rather than simply reflecting non specific 
degradation of all RNAs in affected neurons.184,185 Subsequently, multiple genes encoding neu-
rotransmitter receptors, enzymes and proteins, involved in neuron structure, stress responses 
and axonal transport were found to be dysregulated,138,141,142,186,187 with several overlaps between 
mouse models and HD patients.144 Coordinated transcriptional dysregulation can be found in 
large genomic regions and is associated with disease progression. Attempts have been made to 
use transcriptional dysregulation as a biomarker in HD. Significant differences in gene transcrip-
tion were found in the blood of symptomatic patients in one study,188 but not in moderate-stage 
patients in another study.187 Thus, these biomarkers need to be validated before being adopted 
for use in clinical trials.

Regarding the molecular mechanisms underlying the transcriptional dysregulation, nuclear 
mutant huntingtin, in its soluble and aggregated forms, has been shown to interact with and 
inhibit proteins involved in the normal transcriptional machinery; these include TATA bind-
ing protein (TBP), transcription factor II F (TFIIF) and tyrosine-aminotransferase II (TATII) 
130.189-192 Mutant huntingtin also sequesters transcription factors involved in cell viability, 
including cyclic AMP-response element binding (CREB) binding protein (CBP), p53, Sp1 
(specificity protein 1), nuclear factor-kappa B (NF-kB), nuclear receptor corepressor (NCoR) 
and CA150.152,153,189,190,193-195 Mutant huntingtin interferes with transcription of brain-derived 
neurotrophic factor (BDNF), which is deficient in HD brains and plays a key role in neuronal 
functions and survival.196-199 One function of huntingtin is to sequester R element-1 silencing 
transcription factor (REST), a transcriptional repressor of neuron survival factors, including 
BDNF, within the cytoplasm. Huntingtin mutation leads to REST release within the nucleus, 
where it exerts a potent inhibitory effect on the transcription of BDNF and other neuronal 
genes.197,200,201 Importantly, restoral of BDNF levels by a reduction in REST activity or by 
AMPA glutamate receptor modulation (with ampakine) prevents neurodegeneration in HD 
models.199,202,203

Chromatin remodeling, a mechanism underlying DNA decompaction, also a prime transcrip-
tional event in postmitotic mature neurons was first described in dividing cells.204 This “above the 
genome” (epigenetic) molecular mechanism, is crucial for DNA access and hence transcription. 
It is critically controlled by post-translational modifications of histones (H2A and H2B, H3 and 
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H4), a group of highly basic proteins that are tightly linked to DNA. Chromatin remodelling, 
particularly in the striatum, is likely to play a key role in the transcriptional deregulation observed 
in HD. In particular, histone methylation and acetylation status is closely linked to transcriptional 
activity in this setting, by regulating transcription factor access to DNA promoter regions. Mutant 
huntingtin interacts with CBP and blocks its histone acetyltransferase activity.205 Administration 
of histone deacetylase (HDAC) inhibitors, including SAHA, sodium butyrate and phenylbutyrate, 
is beneficial in several HD models,205-208 improving behavior and survival. Interestingly, HDACi 
4b, a new benzamide-type HDAC inhibitor with less toxicity than other HDAC inhibitors, also 
restores the transcription of critical striatal genes and improves the motor and neuropathological 
phenotype of R6/2 HD mice.209 All these inhibitors broadly act on various classes of HDAC and 
inhibitors targeting specific HDAC classes might have better risk-benefit ratios.210 Finally, it must 
be emphasized that acetylated histones are not depleted globally in HD mouse models but rather 
selectively in the promoters of genes that are specifically down-regulated in this setting.211

Histone methylation has an inhibitory effect on transcription. One of the proteins involved 
in methyltransferase activity at histone H3 (K9) is ESET (ERG-associated protein with SET 
domain) whose expression is increased in HD patients and in transgenic R6/2 HD mice.212 Sp1 
acts as a transcriptional activator of the ESET promoter at guanosine-cytosine (GC)-rich DNA 
binding sites.213 Inhibition of Sp1 binding to these sites by using mitramycin (a clinically approved 
antitumor drug) suppresses basal ESET promoter activity in a dose-dependent manner. Combined 
treatment with mithramycin and cystamine downregulates ESET gene expression and decreases 
hypertrimethylation of histone H3. This treatment significantly improves the behavioral and neuro-
pathological phenotype of R6/2 HD mice and also improves their survival. In general, anthracyclins 
(DNA/RNA binding agents) are thought to act by correcting pathological nucleosome changes 
and by realigning transcription. Two such agents, chromomycin and mithramycin, were found to 
improve nucleosome homeostasis, normalizing the balance between methylation and acetylation 
in HD mice, regulating a subset of down-regulated genes and inducing significant behavioral and 
neuropathological improvements.214

Although less extensively studied, histone H3 phosphorylation and histone H2 ubiquitylation 
are also critical for the nucleosomal response and gene transcription at some promoter sites. Mitogen 
and stress-activated protein kinase 1 (MSK1), a nuclear protein kinase involved in histone H3 phos-
phorylation, is deficient specifically in the striatum of R6/2 mice and HD patients.215 Restoration 
of MSK1 expression and subsequent striatal H3 phosphorylation in an in vitro HD model system 
protects against neuronal changes induced by exp-Htt including neuritic retraction, aggregate 
formation and neuronal death.215 Histone H2A ubiquitination is increased in R6/2 HD mice and 
association between ubiquitinated H2A and promoters of downregulated genes is increased in an 
in vitro model of HD.216 This transcriptional repression is rescued by restoring the normal level of 
ubiquitinated H2A. In addition, Histone H2B ubiquitination is decreased in R6/2 HD mice and 
association of ubiquitinated H2B, with promoters, correlates positively with transcriptional activity 
in R6/2 mice. This transcriptional modulation by H2 ubiquitination is thought to be due to down-
stream interference with histone H3 methylation.216

Excitotoxicity
Excitotoxicity has long been implicated in neuronal death. Excitotoxicity mainly involves 

stimulation of glutamatergic N-methyl-d-aspartic acid (NMDA) subtype receptors.217-219 In ro-
dents, NMDA receptor agonist administration mimics certain clinical and pathological features 
of HD.220-222 Several studies have provided insights into the excitotoxicity in HD by showing 
that neuronal death can result from a combination of increased glutamate or glutamate agonist 
release from cortical afferents,223,224 reduced glutamate uptake by glial cells,225-227 NMDA receptor 
hypersensitivity,228,229 and altered intracellular calcium homeostasis associated with mitochon-
drial dysfunction.133,230-232 In particular, modified interaction between Exp-Htt and postsynaptic 
density 95 (PSD-95), a scaffold protein necessary for NMDA receptor stability and activation, 
results in decreased cytoplasmic retention of PSD95 and in hypersensitivity of NMDA receptors 



51Huntington’s Disease

expressed at the membrane.233,234 Altered NMDA receptor trafficking could also be involved in 
the potentiation of the NMDA receptor-induced current and toxicity, as accelerated NMDA 
receptor trafficking, with increased cell-surface expression, has been found in striatal neurons of 
YAC transgenic mice.235 Htt-interacting protein 1 (HIP1), which normally interacts with Htt, is 
involved in the intracellular trafficking of AMPA glutamate receptors. Exp-Htt, which interacts 
less efficiently than its normal counterpart with HIP1, participates in the increased membrane 
expression of AMPA receptors and, hence, in excitotoxic neuronal death in HD.236 Altered cal-
cium homeostasis in HD could be due to abnormal interaction between Exp-Htt and the Type 1 
inositol 1,4,5-trisphosphate receptor (InsP3R1), which regulates cytoplasmic calcium clearance by 
the endoplasmic reticulum.237,238 Disruption of the pathogenic interaction between InsP3R1 and 
Exp-Htt normalizes calcium signaling, protects striatal neurons from glutamate-induced apoptosis 
in vitro and reduces neuronal and motor disorders in a HD mouse model.239 Although studies of 
animal models suggest that a reduction in glutamatergic tone might be an interesting approach, 
clinical trials of glutamate inhibitors (remacemide, amantadine, lamotrigine, riluzole and meman-
tine) have given disappointing results,240,241 despite possible symptomatic effects on movement 
disorders.242,243 In addition to glutamatergic stimulation, there is evidence that dopamine (DA) 
stimulation may play a key role in the excitotoxicity associated with HD.224,244-249 DA released from 
nigrostriatal inputs is present in high concentrations within the striatum and enhances sensitivity 
to glutamatergic inputs. DA may also trigger the production of reactive oxygen species (ROS) 
and thus augment oxidative stress, which normally increases with aging.250 In particular, cultured 
striatal neurons from R6/2 HD brain are sensitized to DA-induced oxidative stress, leading to 
autophagy.251 ROS produced by low concentrations of DA potentiate Exp-Htt-induced activation 
of the pro-apoptotic cJun-N-terminal kinase ( JNK) pathway.247,252 Conversely, pharmacological 
inhibition of the JNK pathway is neuroprotective in R6/2 HD mice.253 Dopamine may also make 
striatal neurons more vulnerable to Exp-Htt via dopamine receptor-mediated mechanisms.247,249 
Depending on the HD cell model (expressing either full-length or truncated mutant Htt), D1 
or D2 receptor stimulation seems to be critical for HD induced toxicity. Full-length exp-Htt is 
required to induce alteration of calcium signaling.254 In striatal neurons from YAC128 transgenic 
and Q111 knock-in mice, both of which express full-length Htt with expanded polyglutamine 
repeats, D1 receptor stimulation potentiates calcium influx via NMDA receptors and hence ex-
citotoxic processes, including mitochondrial depolarization and caspase activation.228,229,248,255,256 
Calcium-dependent calpain activation was recently shown to be involved in the degenerescence 
of striatal neuron after activation of NMDA and D1 receptors in HD cell models.257 Increase in 
calcium influx leads to cleavage of the Cdk5 co-activator p35 into P25, enabling aberrant toxic 
activation of protein kinase Cdk5.257 By contrast, when associated with p35 as co-activator, Cdk5 
has a protective effect via Exp-Htt phosphorylation and blockade of caspase-induced cleavage, 
resulting in less aggregate formation and toxicity.258,259 Cdk5/p35 suppresses aggregate formation 
induced by a short fragment of Exp-Htt (exon 1), pointing to an unexpected role of Cdk5/p35 
in microtubule stability and, hence, in inclusion formation.260 Together, these data highlight the 
complexity of Cdk5 activity and the need to target p25 selectively in order to block the formation 
of Exp-Htt inclusions and neuronal death. By contrast, D1 receptor stimulation has no effect on the 
inherent toxicity of Exp-Htt exon 1 overexpression in cell models, whereas D2 receptor stimulation 
seems to be critical.247 Of interest, D2 receptor agonist treatment, without concomitant glutamate 
treatment, potentiates striatal death induced by Exp-Htt in this cell model, as well as aggregate 
formation. In a HD rat model, based on lentivirus-mediated expression of Exp-Htt exon 1 in the 
striatum,261 early long-term treatment with the D2 antagonist haloperidol decanoate protects 
striatal neurons from expHtt-induced dysfunction and also from aggregate formation.249 Thus, 
cleaved Exp-Htt is more sensitive to D2 receptor stimulation than to D1 receptor stimulation. One 
possible explanation is that the cleaved version is not sensitive to calcium overload (or probably to 
calcium-dependent proteolytic processes) produced by D1 receptor stimulation. Together, these 
data indicate that anti-exicitotoxic therapy in HD should use a combination of anti-glutamatergic 
and anti-dopaminergic agents.
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Changes in Axonal Transport and Synaptic Function
Neuronal vesicular transport is altered in HD, leading to synaptic dysfunction.134,154,155,262-264 

Trafficking defects are mainly due to impaired interaction between huntingtin and the motor 
proteins. In addition, neuritic aggregates can act as physical roadblocks154,155,264 and sequester 
proteins that govern axonal transport.171,264 Normal Htt contributes to the control of intracel-
lular dynamics, such as secretion and trafficking from the Golgi apparatus to vesicles, vesicular 
transfer to microtubules, axonal transport along microtubules and synaptic endo/exocytosis.265,266 
Normal Htt protein positively regulates vesicular transport by interacting with the molecular mo-
tor complex that transports organelles along microtubules within axons.134,262 Post-translational 
modification of huntingtin and specifically phosphorylation of a residue (Ser421), critical for the 
kinase Akt, is crucial for vesicle trafficking in neurons. When phosphorylated, normal hunting-
tin recruits kinesin-1 to dynactin complexes on vesicles and microtubules, thereby participating 
in anterograde transport. When Htt is not phosphorylated, kinesin-1 detaches and vesicles are 
more likely to undergo retrograde transport.267 In HD, the polyglutamine expansion modifies the 
interaction of Htt with components of the motor complex.262 This is thought to contribute to the 
altered axonal transport of BDNF from cortical neurons to their terminals within the striatum, 
hence decreasing the survival of striatal neurons. Interestingly, increasing tubulin acetylation 
with an HDAC6 inhibitor restores the recruitment of motor proteins to microtubules, including 
kinesin-1 and dynein and enhances axonal BDNF transport in cortical neurons.268 Another way 
of compensating for defective BDNF transport is to phosphorylate the Ser 421 of exp-Htt, thus 
restoring the interaction between exp-Htt and dynactin and their association with microtubules. 
Huntingtin is also involved in the trafficking and secretion of vesicles from the Golgi apparatus.135 
In particular, acting in concert with transglutaminase 2 (TGase 2) and HJSJ1b, it promotes the 
budding of BDNF-containing vesicles from the Golgi into the cytoplasm.269,270 Modulation of 
TGase 2 and HJSJ1b expression by cystamine or cysteamine increases BDNF release in HD 
mouse and monkey models.269 Htt-interacting protein 14 (HIP14) normally interacts with Htt 
to regulate the trafficking of neuronal proteins and their synaptic release, through palmitoylation 
of cysteine string protein (CSP).271,272 Increased synaptic transmission could also participate in 
the early stages of HD through defective Ca2� homeostasis.273

Mitochondrial Dysfunction and Altered Energy Metabolism
Defective energy metabolism in brain and muscle has long been suspected in HD, based on 

clinical,274,275 biochemical,276,277 and neuroimaging studies.278 Plasma biomarkers of altered energy 
metabolism have been identified.279 Most clinical and neuropathological characteristics of HD, 
including selective striatal degeneration, can be reproduced by administering 3-nitropropionic acid, 
a mitochondrial toxin that inhibits mitochondrial complex II and more specifically the activity of 
succinate dehydrogenase, thereby reducing metabolic energy production.280 Conversely, restoration 
of complex II activity is neuroprotective in a cellular model of HD.281 A link between dopamine 
signaling and regulation of mitochondrial complex II activity may account for the vulnerability of 
striatal neurons in HD.245 Proposed mechanisms include direct interaction between Exp-Htt and 
mitochondrial membranes, that could disrupt calcium homeostasis during metabolic stress and lead 
to indirect excitotoxicity.133,230-232,282 Mitochondrial dysfunction might also be related to changes 
in nuclear-encoded mitochondrial proteins. Exp-Htt represses the transcription of PGC1-alpha 
transcriptional coactivator, which regulates mitochondrial biogenesis and oxidative phosphory-
lation.283,284 Similarly, abnormal interaction between exp-Htt and the transcription factor p53 
leads to transcriptional changes and mitochondrial dysfunction.193 Another possible mechanism 
of exp-Htt-induced mitochondrial toxicity consists of altered mitochondrial dynamics285,286 and 
dysfunction of mitochondrial fission and fusion machinery, leading to increased mitochondrial 
fragmentation.287 Exp-Htt increases transglutaminase activity in brain necropsy samples of HD pa-
tients and in animal models of HD.288-290 This may result in altered modulation of the mitochondrial 
respiratory chain in response to apoptotic stimuli. Genetic suppression of transglutaminase activity 
improves the motor phenotype of HD mouse models.291-293 Finally, extra-mitochondrial pathways 
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may be involved in the impaired energy metabolism in HD.294 These proposed mechanisms of mi-
tochondrial dysfunction in HD are not all mutually exclusive. It is not clear whether mitochondrial 
defects are critical exp-Htt-induced disease triggers, but they are major components of HD neuronal 
dysfunction and are likely to amplify changes in neuronal functions that rely on energy production. 
Several agents targeting mitochondrial functions have shown some benefits in mouse models of 
HD,295-299 but they failed to produce significant improvements in clinical trials.300-302

Conclusion
Huntington’s disease is a relentless neurodegenerative disease resulting in severe disability 

through a triad of motor, cognitive and psychiatric symptoms. Drugs used to the disease act on the 
symptoms but do not slow the disease process itself. Basic research is providing novel insights into 
the complex molecular pathways that mediate neuronal dysfunction and death in Huntington’s 
disease. Since several mechanisms have been identified, successful neuroprotective therapy for 
Huntington’s disease patients is likely to involve a combined approach targeting both cellular and 
molecular mediators that account for the toxicity of mutated huntingtin.
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Abstract

Spinal and bulbar muscular atrophy (SBMA) is an adult-onset neurodegenerative disease 
characterized by slowly progressive muscle weakness and atrophy. The cause of this disease is 
the expansion of a trinucleotide CAG repeat, which encodes the polyglutamine tract, within 

the first exon of the androgen receptor (AR) gene. SBMA exclusively occurs in adult males, whereas 
both heterozygous and homozygous females are usually asymptomatic. Lower motor neurons in 
the anterior horn of the spinal cord and those in the brainstem motor nuclei are predominantly 
affected in SBMA, and other neuronal and nonneuronal tissues are also widely involved to some 
extent. Testosterone-dependent nuclear accumulation of the pathogenic AR protein has been 
considered to be a fundamental step of neurodegenerative process, which is followed by several 
molecular events such as transcriptional dysregulation, axonal transport disruption and mitochon-
drial dysfunction. Results of animal studies suggest that androgen deprivation and activation of 
protein quality control systems are potential therapies for SBMA.

Clinical Features
Spinal and bulbar muscular dystrophy (SBMA) chiefly affects adult males. The prevalence of 

this disease is estimated to be 1-2 per 100,000, although a considerable number of patients may 
be misdiagnosed as other neuromuscular diseases including amyotrophic lateral sclerosis (ALS).1 
Patients of various ethnic backgrounds have been reported throughout the world.

The major symptoms of SBMA are weakness, atrophy and fasciculations of bulbar, facial and 
limb muscles, which are attributable to degeneration of lower motor neurons in the spinal cord 
and brainstem.2,3 Subclinical dysfunction of upper motor neurons has been suggested by clinical 
examinations such as magnetic resonance spectroscopy, although histopathological evidence is not 
sufficient.4 In extremities, involvement is usually predominant in proximal musculature and is oc-
casionally asymmetric. The onset of weakness is usually between 30 and 60 years of age, but is often 
preceded by nonspecific symptoms such as postural tremor and muscle cramps. Typically, affected 
individuals require a wheelchair 15-20 years after the onset of weakness.5,6 Fasciculations are not 
apparent at rest, but become conspicuous upon voluntary muscle movement. These contraction 
fasciculations are especially noticeable in the face, neck and tongue. Neuromuscular symptoms 
are often worsened by coldness and by fatigue after exercise. Bilateral facial and masseter muscle 
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weakness, poor uvula and soft palatal movements and atrophy of the tongue with fasciculations 
are often encountered. Speech has a nasal quality in most cases due to reduced velopharyngeal 
closure. Patients occasionally experience laryngospasm, a sudden sensation of dyspnea.7 Advanced 
cases often develop dysphagia, eventually resulting in aspiration or choking. Muscle tone is usually 
hypotonic and no pyramidal signs are detected. The deep tendon reflex is diminished or absent 
with no pathological reflex. Sensory involvement is largely restricted to a sense of vibration, which 
is affected distally in the legs. Cerebellar symptoms, dysautonomia and cognitive impairment are 
absent. Patients occasionally demonstrate signs of androgen insensitivity such as gynecomastia, 
testicular atrophy, dyserection and decreased fertility, some of which are detected before the 
onset of motor symptoms. Abdominal obesity is common, whereas male pattern baldness is rare 
in patients with SBMA.

Electromyogram shows neurogenic abnormalities, and distal motor latencies are often pro-
longed in nerve conduction studies. Both sensory nerve action potentials and sensory evoked 
potentials are reduced or absent.8 Reflecting muscle fatigability, decremental responses to repeti-
tive nerve stimulation are often detected in SBMA patients.9 Endocrinological examinations 
frequently reveal partial androgen resistance with elevated serum testosterone levels.10 Serum 
creatine kinase levels are elevated in the majority of patients. Although less common, hyperlipi-
demia, liver dysfunction and glucose intolerance are also detected. Profound facial fasciculations, 
bulbar signs, gynecomastia and sensory disturbances are the main clinical features distinguishing 
SBMA from other motor neuron diseases, although genetic analysis is indispensable for diagnosis. 
Female cases are usually asymptomatic, but some express subclinical phenotypes including high 
amplitude motor unit potentials on electromyography.11

The progression of SBMA is usually slow, but life-threatening respiratory tract infection often 
occurs in the advanced stage of the disease, resulting in early death in some patients. The cardinal 
cause of death is aspiration pneumonia.5 No specific therapy for SBMA has been established. 
Testosterone has been used in some patients, although it has no effects on the progression 
of SBMA.

Genetic Basis
The cause of SBMA is expansion of a trinucleotide CAG repeat, which encodes the poly-

glutamine tract, in the first exon of the androgen receptor (AR) gene.12 The CAG repeat within 
the AR ranges in size from 9 to 36 in normal subjects and from 38 to 62 in SBMA patients.13 
Expanded polyglutamine tracts have been found to cause several neurodegenerative diseases 
including SBMA, Huntington’s disease (HD), several forms of spinocerebellar ataxia and 
dentatorubral-pallidoluysian atrophy (DRPLA).14 In these disorders, known as polyglutamine 
diseases, the CAG repeat has a strong tendency to further expand, accelerating the disease onset 
with in successive generations.15 As documented in other polyglutamine diseases, the CAG re-
peat size correlates well with the age of onset in SBMA, but does not appear to dictate the rate 
of disease progression.5,16 Moreover, the CAG repeat size has also been shown to correlate with 
motor- and sensory-dominant phenotypes in nerve conduction studies.8

The AR, the causative protein of SBMA, is a 110-kDa nuclear receptor which belongs to the 
steroid/thyroid hormone receptor family. The AR is essential for major androgen effects including 
normal male sexual differentiation and pubertal sexual development, although an AR-independent 
nongenomic function of androgen has been reported. AR proteins are expressed not only in 
primary and secondary sexual organs, but also in nonreproductive organs including the kidney, 
skeletal muscle, adrenal gland, skin and nervous system, suggesting its far-reaching influence on a 
variety of mammalian tissues. In the central nervous system, the AR expression level is relatively 
high in spinal and brainstem motor neurons, the same cells which are vulnerable in SBMA. The 
AR gene is located on chromosome Xq11-12. This 90 kb DNA contains eight exons coding for 
the functional domains specific to the nuclear receptor family. In addition to SBMA, there are 
various medical conditions that are likely associated with the CAG repeat length: prostate cancer 
diseases susceptibility, hirsutism, male infertility and cryptorchidism.17
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Histopathology
Histopathological studies have provided important information on the pathogenesis of polyglu-

tamine-mediated neurodegeneration. The fundamental histopathological finding in SBMA is loss 
of lower motor neurons in the anterior horn of the spinal cord as well as in the brainstem motor 
nuclei except for the third, fourth and sixth cranial nerves.18 Sensory neurons in the dorsal root 
ganglia are less severely affected. Muscle histopathology includes both neurogenic and myogenic 
finding. A pathological hallmark of polyglutamine diseases is the presence of nuclear inclusions 
(NIs). In SBMA, NIs containing the pathogenic AR are found in the residual motor neurons in 
the brainstem and spinal cord as well as in nonneuronal tissues including the prostate, testes and 
skin.19 Recent studies, however, indicate that NIs are likely formed as a result of cellular defense 
reactions coping with the pathogenic polyglutamine protein.20 Instead, diffuse accumulation of 
misfolded proteins appears to play an important role in the initiation of neurodegeneration in 
polyglutamine disease.21 In agreement with this view, an immunohistochemical study on autopsied 
SBMA patients, using an anti-polyglutamine antibody, 1C2, demonstrated that diffuse nuclear 
accumulation of the pathogenic AR is more frequently observed than NIs in the anterior horn of 
the spinal cord.22 Intriguingly, the frequency of diffuse nuclear accumulation of the pathogenic 
AR in spinal motor neurons strongly correlates with the length of the CAG repeat in the AR gene. 
No such correlation has been found between NIs occurrence and the CAG repeat length. Similar 
findings have also been reported in other polyglutamine diseases. Taken together, it appears that 
the pathogenic AR containing an elongated polyglutamine tract principally accumulates within 
the nuclei of motor neurons in a diffusible form, leading to neuronal dysfunction and eventual 
cell death. In support of this hypothesis, neuronal dysfunction is halted by genetic modulation 
preventing nuclear import of the pathogenic polyglutamine-containing protein in cellular and 
animal models of polyglutamine diseases.14

Since the human AR is widely expressed in various organs, nuclear accumulation of the patho-
genic AR protein is detected not only in the central nervous system, but also in nonneuronal 
tissues such as scrotal skin. The degree of pathogenic AR accumulation in scrotal skin epithelial 
cells tends to be correlated with that in the spinal motor neurons in autopsy specimens and it 
is well correlated with CAG repeat length and inversely correlated with the motor functional 
scale.23 These findings indicate that scrotal skin biopsy with anti-polyglutamine immunostaining 
is a biomarker for monitoring SBMA pathogenic processes. Since SBMA is a slowly progressive 
disorder, appropriate biomarkers would help improve the power and cost-effectiveness of longi-
tudinal clinical treatment trials.

Molecular Mechanisms
Aggregation of Mutant Androgen Receptor

The expanded polyglutamine tract in AR has been implicated in the pathogenesis of SBMA 
in two different ways, but not mutually exclusive: (1) loss of normal AR function inducing 
neuronal degeneration and (2) the pathogenic AR acquiring toxic properties damaging motor 
neurons. Since AR possesses trophic effects on neuronal cells, one can assume that loss of the 
AR function may play a role in the pathogenesis of SBMA. Expansion of the polyglutamine 
tract mildly suppresses the transcriptional activities of AR, probably because it disrupts interac-
tion between the N-terminal transactivating domain of AR and transcriptional co-activators.24 
Although this loss of function of AR may contribute to the androgen insensitivity in SBMA, 
the pivotal cause of neurodegeneration in SBMA is believed to be a gain of toxic function of 
the pathogenic AR due to expansion of the polyglutamine tract. This hypothesis is supported 
by the observation that motor impairment has never been observed in severe testicular femi-
nization (Tfm) patients lacking AR function or in AR knockout mice. Moreover, a transgenic 
mouse model carrying an elongated CAG repeat, driven by human AR promoter demonstrated 
motor impairment, suggesting that the expanded polyglutamine tract is sufficient to induce the 
pathogenic process of SBMA.25
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Aggregation of abnormal protein has been considered to be central to the pathogenesis of 
neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, ALS and prion diseases. 
An expanded polyglutamine stretch alters the conformation of causative proteins, resulting in ag-
gregation of the proteins. It is now widely accepted that aggregation of these abnormal proteins 
in neurons is the primary event in the pathogenesis of polyglutamine diseases. The rate-limiting 
step of aggregation has been proposed to be the formation of an oligomeric nucleus, which may 
form after a repeat length-dependent conformational change of the polyglutamine monomer from 
a random coil to a parallel, helical ß-sheet.26 Several experimental observations indicate that the 
formation of toxic oligomers or intermediates of abnormal polyglutamine-containing protein 
instigates a series of cellular events which lead to neurodegeneration.27 This hypothesis is also ap-
plicable in a mouse model of SBMA, in which soluble oligomers are detectable prior to the onset 
of neuromuscular symptoms.28

Testosterone-Dependent Neurodegeneration in SBMA
SBMA is unique among polyglutamine diseases in that the pathogenic protein, AR, has a 

specific ligand, testosterone, which alters the subcellular localization of the protein by favoring its 
nuclear uptake. The AR is normally confined to a multi-heteromeric inactive complex in the cell 
cytoplasm and translocates into the nucleus in a ligand-dependent manner. This ligand-dependent 
intracellular trafficking of AR appears to play an important role in the pathogenesis of SBMA. The 
phenotypic difference with gender, which is a specific feature of SBMA, has been recapitulated in 
animal models of SBMA.29,30 As for a transgenic mouse model of SBMA, expressing the full-length 
human AR containing 97 CAGs (AR-97Q), neuromuscular symptoms are markedly pronounced 
and accelerated in the male mice, but either not observed or far less severe in the female counter-
parts. Male AR-97Q mice show markedly more abundant diffuse nuclear staining than females, in 
accordance with the symptomatic difference according to gender. Androgen deprivation through 
surgical castration substantially improved the symptoms, histopathological findings and nuclear 
accumulation of the pathogenic AR in the male AR-97Q mice. In contrast, subcutaneous injection 
of testosterone causes significant aggravation of symptoms, histopathological features and nuclear 
localization of the pathogenic AR in the female AR-97Q mice.29 Since the nuclear translocation 
of AR is ligand-dependent, testosterone appears to show toxic effects by accelerating nuclear 
translocation of the pathogenic AR. On the other hand, the pathogenic AR, eliminated from 
the nucleus, appears to be degraded via autophagic pathway.31 The ligand-dependent degenera-
tion of motor neurons has also been reported in other animal models of SBMA.32,33 It should be 
noted that testosterone deprivation by castration reverses motor dysfunction in transgenic mice 
of SBMA.32,34 Lending support to the ligand-dependent hypothesis are the clinical observations 
that manifestation of symptoms is minimal even in the females homozygous for an expanded CAG 
repeat in the AR gene and that testosterone administration exacerbates neuromuscular symptoms 
in a patient with SBMA.35,36

Transcriptional Dysregulation
Previous reports demonstrated that transcriptional alteration is an early change in the patho-

genesis in mouse models of polyglutamine diseases.37,38 For example, the expression levels of 
various heat shock proteins were substantially decreased in animal models of SBMA and HD.39,40 
Transcriptional co-activators, such as CBP, are sequestrated into the polyglutamine-containing NIs 
through protein-protein interaction in mouse models and patients with polyglutamine diseases.41 
Alternatively, the interaction between transcriptional co-activators and soluble pathogenic protein 
has also been demonstrated in animal models of polyglutamine diseases as well as in postmortem 
tissues of patients.42 CBP functions as a histone acetyltransferase (HAT), regulating gene transcrip-
tion and chromatin structure. It has been indicated that the HAT activity of CBP is suppressed 
in cellular models of polyglutamine diseases. Taken together, transcriptional dysregulation due 
to decrease in histone acetylation is likely to underlie the pathogenesis of neurodegeneration 
in polyglutamine diseases. This hypothesis is exemplified by the experimental observation that 
acetylation of nuclear histone H3 is significantly diminished in the spinal cord of SBMA mice.43 
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Additionally, dysfunction of CBP results in a decreased expression of vascular endothelial growth 
factor (VEGF) in another mouse model of SBMA, indicating that transcriptional alteration is a trig-
ger for neurodegeneration in this disease.44 Testosterone-dependant transcriptional dysregulation 
has also been studied using a Drosophila model of SBMA, in which the pathogenic AR enhances 
an androgen-dependent association of AR with Retinoblastoma protein. This interaction appears 
to lead to an aberrant E2F transactivation through suppression of histone deacetylation.45

Disruption of Axonal Transport
Obstruction of axonal transport has attracted attention as a cause of neuronal dysfunction in a 

variety of neurodegenerative diseases including SBMA. Mutations in the genes for proteins regulat-
ing axonal trafficking, dynein and dynactin 1, have been shown to cause motor neuron degeneration 
in both humans and rodents.46,47 The mRNA level of dynactin 1 is significantly reduced in the 
SBMA mice resulting from pathogenic AR-induced transcriptional dysregulation.34 In addition, 
overexpression of dynactin 1 mitigates the neuronal toxicity of the pathogenic AR in a cell cul-
ture model of SBMA. These observations indicate that polyglutamine-dependent transcriptional 
dysregulation of dynactin 1 plays a crucial role in the reversible neuronal dysfunction in the early 
stage of SBMA. Pathogenic AR containing expanded polyglutamine has also been demonstrated 
to activate c-Jun N-terminal kinase ( JNK), leading to inhibition of kinesin-1 microtubule-binding 
activity and eventual disruption of anterograde axonal transport.48 It is noteworthy that JNK 
inhibitors reverse the suppression of neurite outgrowth by pathogenic AR in cultured cells.

Mitochondrial Dysfunction
Mitochondrial impairment and eventual caspase activation have been implicated in the 

pathogenesis of neurodegeneration in polyglutamine diseases. The N-terminal fragments of the 
pathogenic AR are shown to activate an apoptotic pathway in primary cortical neurons. This phe-
nomenon is fully dependent on Bax, an apoptosis-mediating factor which stimulates cytochrome 
c release from mitochondria.49 Expression of pathogenic AR in the presence of ligand is shown 
to result in mitochondrial membrane depolarization and an elevated level of reactive oxygen spe-
cies, which is blocked by the treatment with the antioxidants co-enzyme Q10 and idebenone.50 
It is also demonstrated that pathogenic AR represses the transcription of subunits of peroxisome 
proliferator-activated receptor gamma coactivator-1 (PGC-1), a transcriptional co-activator that 
regulates the expression of various nuclear-encoded mitochondrial proteins, suggesting a link be-
tween polyglutamine-mediated transcriptional dysregulation and mitochondrial dysfunction.50

Noncell Autonomous Toxicity of Lower Motor Neurons
Although neurons are the primary target of polyglutamine-mediated toxicity, pathological 

changes in nonneuronal cells may play a role in the development of neurodegeneration in polyglu-
tamine diseases.51 In SBMA, myopathic changes in the muscle biopsy and elevated serum creatine 
kinase levels imply a direct involvement of the skeletal muscle. Although it is not clear how the 
muscle damage modifies pathologic processes in motor neurons of the patients, it has been demon-
strated that skeletal muscle pathology precedes neurodegeneration in a knock-in mouse model of 
SBMA.30 Intriguingly, an exclusive overexpression of wild-type AR in the skeletal muscle is shown 
to induce motor axon loss mimicking SBMA.52 These observations suggest that AR-mediated 
myopathy might contribute to noncell autonomous degeneration of spinal motor neurons.

Therapeutic Strategies
Testosterone Deprivation Therapy

Leuprorelin is a potent luteinizing hormone-releasing hormone (LHRH) analogue that sup-
presses the releases of gonadotropins, luteinising hormone (LH) and follicle-stimulating hormone 
(FSH). This drug has been tried for a variety of sex hormone-dependent diseases including prostate 
cancer, endometriosis and prepuberty. Leuprorelin has been shown to inhibit nuclear accumulation 
of the pathogenic AR, resulting in a marked improvement of neuromuscular phenotypes seen in 
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the AR-97Q transgenic mice.53 Leuprorelin-treated AR-97Q mice show a longer lifespan, larger 
body size and better motor performance compared with vehicle-treated mice. Leuprorelin ap-
pears to improve neuronal dysfunction by preventing ligand-dependent nuclear translocation of 
the pathogenic AR in the same way as castration. In a Phase 2 clinical trial, 12-month treatment 
with leuprorelin significantly diminished the serum level of creatine kinase and suppressed nuclear 
accumulation of the pathogenic AR in the scrotal skin of the patients. Of note is the observation 
that the frequencies of 1C2-positive neurons in the anterior horn and brainstem of an autopsied 
patient, who received leuprorelin for 2 years, were less than those in nontreated SBMA patients 
(Fig. 1), suggesting that androgen deprivation intervenes in the pathogenic process of human 
SBMA, as demonstrated in animal studies.54

AR coregulators, such as ARA70, are alternative therapeutic targets, because they con-
trol the function and cellular distribution of AR. It has been shown that 5-hydroxy-1,7-bis 
(3,4-dimethoxyphenyl)-1,4,6-heptatrien-3-one (ASC-J9) dissociates AR and ARA70, resulting 
in suppression of pathogenic AR aggregation as well as amelioration of neuromuscular symptoms 
in a mouse model of SBMA.55 On the other hand, Akt-induced phosphorylation of AR blocks 
ligand binding and thereby mitigates toxicity in cultured motor neurons. This phenomenon 
is enhanced by insulin-like growth factor-1 (IGF-1) stimulation, which activates several cell 
survival promoting pathway.56

Manipulation of Heat Shock Proteins and Ubiquitin Proteasome System
Many components of the ubiquitin proteasome system (UPS) and molecular chaperones are 

known to colocalize with polyglutamine-containing NIs, implying that failure of cellular defense 
mechanisms underlies neurodegeneration in polyglutamine diseases. Given that the activity of 
UPS is not dampened in SBMA transgenic mice even at their advanced stage, intensification of 
these cellular coping responses to the abnormal protein burden is another key to suppression of 
the pathogenesis of SBMA.57 Inhibition of Hsp90 has been demonstrated to facilitate proteasomal 
degradation of its client proteins. The Hsp90-client protein complex is stabilized when it is associ-
ated with p23, a cochaperone interacting with Hsp90. Treatment with 17-allylamino geldanamycin 
(17-AAG), a potent Hsp90 inhibitor, dissociated p23 from the Hsp90-AR complex and thus 
facilitated proteasomal degradation of the pathogenic AR in cellular and mouse models of SBMA. 
17-AAG thereby inhibits nuclear accumulation of this protein, leading to marked amelioration of 
motor phenotypes in the SBMA mouse model without detectable toxicity.58 Oral administration 
of 17-DMAG, a derivative of 17-AAG, shows a similar effects.57

On the other hand, there is increasing evidence that heat shock proteins (HSPs), stress-inducible 
molecular chaperones, abrogate polyglutamine-mediated cytotoxicity by refolding and solubilizing 
the pathogenic proteins. Over-expression of the inducible form of human Hsp70 markedly amelio-
rated symptomatic and histopathological phenotypes in our transgenic mouse model of SBMA.59 
Hsp70 has also been shown to facilitate proteasomal degradation of abnormal AR protein in a cell 
culture model of SBMA.60 Overexpression of CHIP, or C terminus of Hsc70 (heat shock cognate 
protein 70)-interacting protein has also been shown to prevent nuclear accumulation of pathogenic 
AR and thereby ameliorate motor symptoms in a transgenic mouse model of SBMA.61 Favorable 
effects obtained by genetic modulation of HSPs suggest that pharmacological induction of molecular 
chaperones might be a promising approach to SBMA and other polyglutamine diseases.

Geranylgeranylacetone (GGA), an acyclic isoprenoid compound with a retinoid skeleton, has 
been shown to strongly induce HSP expression in various tissues. Oral administration of GGA 
upregulates the levels of Hsp70, Hsp90 and Hsp105 via activation of heat shock factor-1 (Hsf1) 
in the central nervous system and inhibits nuclear accumulation of the pathogenic AR protein, 
resulting in amelioration of polyglutamine-dependent neuromuscular phenotypes of SBMA trans-
genic mice.40 Induction of autophagy, another cellular machinery coping with abnormal protein 
toxicity, is also shown to mitigate the toxicity of nuclear-residing pathogenic AR in cultured motor 
neurons.31 Taken together, pharmacological activation of protein quality control systems appears 
to be a potential therapy for SBMA.
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Restoration of Transcriptional Activity
The histone acetylation level is determined by an interplay between histone acetyltransferase 

and histone deacetylase (HDAC). Since suppression of HDAC activity results in augmentation 
of histone acetylation and subsequent restoration of gene transcription, HDAC inhibitors have 
been considered to be of therapeutic benefit in polyglutamine diseases. Butyrate, the first HDAC 
inhibitor to be discovered, has been shown to ameliorate symptomatic and histopathological phe-
notypes of the AR-97Q transgenic mouse model through upregulation of histone acetylation in 
nervous tissues.43 This compound has also been shown to alleviate neurodegeneration in a mouse 
model of DRPLA.62 Although sodium butyrate is likely to be a promising treatment of SBMA, 
this compound yielded beneficial effects only within a narrow therapeutic range of dose in the 
mouse model. Careful dose determination is therefore necessary when using HDAC inhibitors 
for the treatment of polyglutamine diseases.

Conclusion
The ligand-dependent accumulation of the pathogenic AR initiates the neurodegenerative 

process in SBMA (Fig. 2). This step is followed by several downstream molecular events such 
as transcriptional dysregulation, axonal transport disruption and mitochondrial insufficiency. 
Although the precise mechanism by which motor neurons die remains unclear androgen de-
privation and activation of cellular defense reactions, UPS, HSPs and autophagy, are promising 
therapeutic approaches to SBMA.

Figure 1. Effects of leuprorelin acetate on nuclear accumulation of mutant androgen receptor 
(AR) in motor neurons. The accumulation of pathogenic AR in neurons was remarkable, both in 
the pontine base (A) and in the spinal anterior horn (B) of all the control, nontreated autopsied 
patients, but the number of 1C2-positive neurons was relatively small in the leuprorelin-treated 
patient. Scale bars � 100 �m. Reproduced from Banno et al. Phase 2 trial of leuprorelin in 
patients with spinal and bulbar muscular atrophy. An Neurol 2009; 65(2):140-50,.
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Abstract

Spinocerebellar ataxia with axonal neuropathy (SCAN1) is an autosomal recessive disorder 
caused by a specific point mutation (c.1478A�G, p.H493R) in the tyrosyl-DNA phos-
phodiesterase (TDP1) gene. Functional and genetic studies suggest that this mutation, 

which disrupts the active site of the Tdp1 enzyme, causes disease by a combination of decreased 
catalytic activity and stabilization of the normally transient covalent Tdp1-DNA intermediate. 
This covalent reaction intermediate can form during the repair of stalled topoisomerase I-DNA 
adducts or oxidatively damaged bases at the 3
 end of the DNA at a strand break. However, our 
current understanding of the biology of Tdp1 function in humans is limited and does not allow 
us to fully elucidate the disease mechanism.

Introduction
Disorders of DNA repair can result in multiple pathological phenotypes, depending on the 

nature of the defect.1,2 One of the most common features is neurological disease,3 which can 
manifest as a developmental malformation or more commonly as a degenerative disorder during 
later life (Table 1).

Predisposing to these neurological manifestations are the poor renewal of neural tissues and 
the requirement that the tissue function for decades of life. As a consequence of their high oxygen 
requirement, neurons must cope with the DNA damage from oxidative and metabolic stress5-7 and 
consequently require efficient DNA strand-break surveillance and repair mechanisms. Consistent 
with these observations, many studies link aging with a decline in DNA repair activity.8-12 Also, 
individuals who incur genetic mutations inactivating these repair pathways show accelerated 
neuronal death.4,13

Spinocerebellar ataxia with axonal neuropathy (SCAN1) is an autosomal recessive disorder of 
DNA repair that clinically only affects the nervous system. Its neurodegenerative features include 
cerebellar atrophy with ataxia and axonal loss with peripheral neuropathy. The absence of affects 
on other tissues suggests that it is a good model for understanding the role of DNA repair in the 
nervous system.14 SCAN1 is very rare and has only been reported for one extended family in 
Saudi Arabia.14
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Symptoms of SCAN1
SCAN1 is a progressive neurodegenerative disorder that begins in late childhood with the 

gradual onset of ataxic gait and loss of touch, pain and vibration sensation in the extremities.14 
As the disease progresses patients develop areflexia, gaze nystagmus, cerebellar dysarthria and pes 
cavus. This leads to decreased foot dorsiflexion, a steppage gait and eventually loss of independent 
walking. Additional features identified by Takashima et al included mild hypercholesterolemia, 
borderline hypoalbuminemia and seizures.14 Unlike many diseases caused by deficiencies in DNA 
repair, patients with SCAN1 do not develop neoplasia, immunodeficiency, or photosensitivity 
and have normal intellect, fertility and longevity.

Genetic Basis of SCAN1
SCAN1 was associated with a mutation in the TDP1 gene by linkage analysis and positional 

cloning.14 The TDP1 mutation identified in SCAN1 patients is the missense change H493R that 
disrupts the active site of Tdp1.14-16 As explained below, the unusual properties of this mutation 
likely account for the rarity of SCAN1 and the absence of detectable TDP1 mutations among 
other diseases associated with ataxia and peripheral neuropathy.14,17

Tdp1 Function
TDP1 encodes the enzyme tyrosyl-DNA phosphodiesterase 1 (Tdp1) that participates in the 

resolution of DNA damage caused by stalling of topoisomerase I (Topo I).16-18 It can also process 
protruding 3
-phosphoglycolate termini that form in response to oxidative stress, ionizing radia-
tion and specific chemotherapeutic agents such as bleomycin.19-23

Topo I is an essential enzyme that cleaves supercoiled DNA in order to relieve the torsional 
stress generated by key nuclear processes such as replication and transcription.24 The active site of 
Topo I contains a tyrosine residue which cleaves one strand of the DNA by a nucleophilic attack 
upon a phosphodiester bond in the DNA backbone. Normally the result is a transient DNA single 
strand break with the Topo I covalently bound to the 3
 phosphate terminus of the break via its 
nucleophilic tyrosine.24-26 After DNA relaxation has occurred a nucleophilic attack by the 5
 hy-
droxyl group on the phosphotyrosyl linkage between Topo I and the 3
 end of the DNA at the nick 
usually religates the DNA and the topoisomerase dissociates. The anticancer drug camptothecin 
(CPT) or endogenous DNA damage, such as abasic sites, nicks and mismatched base pairs, can 
prevent removal of Topo I from the DNA, often by causing a misalignment of the 5
 hydroxyl end 
of the DNA and preventing it from acting as a nucleophile.25,27,28

Importantly, collision of the DNA replication machinery or RNA polymerase with the Topo 
I-DNA covalent intermediate can cause irreversible DNA breaks. In the former case, the collision 
results in replication fork arrest and formation of a double-strand DNA break,29,30 whereas in the 
latter case, collision of RNA polymerase with a Topo I-DNA complex on the template strand 
results in transcription arrest at single-strand DNA breaks.31

Processing of stalled Topo I-DNA complexes likely requires proteolytic degradation of the 
stalled Topo I, removal of the peptide remnant from the DNA by Tdp1 and then repair of the 
break by the DNA single strand break repair complex.32-35 Processing of dead-end Topo I-DNA 
complexes at double strand breaks is less well understood. Tdp1 has two modified conserved 
HxKx4Dx6G(G/S) motifs, known as the HKD motifs15,36,37 and these two HKD motifs together 
form a single active site.38 In the human enzyme, amino acids 263 and 493 are the conserved 
histidines of the HKD motifs.15,39 In removal of the Topo I peptide from DNA, H263 acts as 
a nucleophile attacking the phosphotyrosyl bond between the topoisomerase and the 3
�end of 
the DNA. H493 acts as a general acid to protonate the leaving group tyrosine. In this reaction 
intermediate, Tdp1 is covalently bound to the DNA via H263; H493 then acts as a general base 
and activates a water molecule to hydrolyse the bond between H263 and the DNA 3
 phosphate 
releasing Tdp1 from the DNA.15,35,39,40
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Molecular Basis of SCAN1
Since the SCAN1-associated mutation of Tdp1 (c.1478A�G) changed histidine 493 to arginine 

(H493R) disrupting the active site,14 the hypothesis was that loss of functional Tdp1 gave rise to 
the neurodegenerative disease. To test this, three groups analyzed mouse models.17,41,42 None of 
these Tdp1 null mice recapitulated the SCAN1 phenotype.17,41,42 These results suggested that mice 
may have redundant pathways for stalled Topo I or other Tdp1 substrates similar to yeast,43 or that 
SCAN1 does not arise simply from loss of Tdp1 enzymatic activity as suggested earlier by Interthal 
et al.16 This hypothesis was based on biochemical analysis of the mutant Tdp1 (Tdp1H493R) associated 
with SCAN1. Although Tdp1H493R showed an approximately 25-fold reduction in catalytic activity 
for its phosphotyrosyl substrate, it became trapped on the DNA as a covalent reaction intermedi-
ate and had an extended half-life of approximately 13 min.16,17,41 Thus, Tdp1H493R essentially just 
replaced the stalled topoisomerase. Consistent with the autosomal recessive inheritance of SCAN1, 
the only identified enzyme capable of resolving this covalent Tdp1H493R-DNA intermediate was 
wild type Tdp1.16,35 This suggested that SCAN1 might arise, at least in part, from stabilization of 
the Tdp1-DNA reaction intermediate (Fig. 1).16,17,41

An alternative and less considered possibility is that Tdp1 has a function in humans that is not 
conserved in mice. In the comparative profiling of Tdp1 expression in mice and humans, Tdp1 
always exhibited nuclear expression in the mice, whereas it had cytoplasmic expression in some 
human cell types.17 Interestingly, the cell types with the most cytoplasmic expression are those most 
likely affected in SCAN1, namely spinal anterior horn motor neurons, cerebellar Purkinje cells and 
dentate nucleus neurons.17 As precedent for a cytoplasmic function, glaikit, the Drosophila homolog 
of Tdp1, has only been detected in the cytoplasm. During Drosophila embryogenesis, glaikit was 
essential for epithelial polarity and for neuronal development; it localized proteins to the apical 
lateral membrane of epithelial cells and its deficiency led to a severe disruption of central nervous 
system architecture.44 In contrast to Drosophila, however, Tdp1 does not have a major role in hu-
man neurodevelopment because SCAN1 patients have normal neurodevelopment.14,17 Therefore, 
if human Tdp1 has a cytoplasmic function in human neurons analogous to that of glaikit, it is likely 
a maintenance function that leads to neurodegeneration when disrupted.

Current and Future Research
Current and future research on Tdp1 focuses on four areas: (1) the DNA repair processes 

interacting with and dependent on Tdp1, (2) Tdp1 as a cancer therapeutic target, (3) the role of 
Tdp1 in biological processes other than DNA repair and (4) further delineation of the mechanism 
underlying SCAN1. Each of these areas is rapidly advancing and should open new understanding 
of neurodegenerative diseases, aging, cancer and fundamental human biology.

Emerging data in mammalian systems and earlier studies in yeast suggest that Tdp1 interacts 
with many DNA repair processes.43,45-47 Understanding of the distribution and function of these 
redundant pathways in the human brain may shed light on the peculiar sensitivity of the human 
nervous system to expression of Tdp1H493R.17 Additionally, if transgenic mice expressing human 
Tdp1H493R recapitulate the SCAN1 phenotype, this will suggest that it is the specific H493R mu-
tation that is responsible for disease and not solely the loss of functional Tdp1. In this situation, 
SCAN1 is potentially treatable by directed inhibition of Tdp1H493R.

Besides its role in neural maintenance, Tdp1 has been regarded as a promising therapeutic 
target for cancer. Tdp1 is a promising cotarget of Topo I in cancer therapy as it counteracts the 
effects of Topo I inhibitors, such as camptothecin (CPT) and its clinically used derivatives.35 Also, 
resistance to CPT is frequently encountered in nonsmall cell lung cancer and has been attributed 
to overexpression of Tdp1.48 It is hypothesized therefore that Tdp1 inhibitors can augment the 
anticancer activity of Topo I inhibitors by reducing the repair of Topo I-DNA lesions.17,49,50 The 
DNA double strand breaks caused by replication forks that encounter CPT-trapped Topo I are 
considered to be the major cytotoxic lesion caused by CPT based cancer therapy.29 Additionally, 
since Tdp1 deficiency increases sensitivity to radiation, bleomycin, oxidative DNA damage and 
radiation, Tdp1 is also a promising cotarget for several other cancer therapies.
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Based on these precedents as well as the association of differences in Tdp1 expression with 
outcome in breast cancer,51 identification of Tdp1 inhibitors is being actively pursued in order to 
treat cancers resistant to Topo I inhibitors and bleomycin as well as to predict outcome. A number 
of Tdp1 inhibitors have been described, including vanadate,52,53 tungstate, the aminoglycoside 
neomycin,54 NSC 305831, NSC 118695, NSC 8891550 and furamidine.55

Conclusion
In summary, the discovery of the association of SCAN1 with a specific mutation of Tdp1 has 

spurred understanding of DNA repair in human biology and suggested a novel mechanism of 
human disease. SCAN1 may be the first example of a human genetic disease that results from a 
failure to repair DNA-protein covalent complexes. SCAN1 likely arises not only from a quantita-
tive change in Tdp1 activity but also from a qualitative change that renders the enzyme different 
from wild type Tdp1 causing it to become covalently trapped on the DNA.16,17,41 Additionally, the 
absence of detectable acute effects of Topo I inhibitors and bleomycin treatment on the nervous 
system of mice deficient for Tdp1 suggests that nonproliferating cells of the nervous system are 
sufficiently insensitive to Topo I-DNA complexes and 3
 phosphoglycolate-DNA damage that 
short-term administration of these chemotherapeutic agents is unlikely to induce neurological 
disease even in the absence of functional Tdp1.17
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CHAPTERS

Tuberous Sclerosis Complex
and DNA Repair
Samy L. Habib*

Abstract

T ubero us sclerosis complex (TSC) is an autosomal dominant disorder in humans
characterized by the development of hamartomas in several organs, including renal
angiomyolipomas, cardiac rhabdomyomas and subependymal giant cell astrocytomas.

TSC causes disabling neurologic disorders, including epilepsy, mental retardation and autism.
Brain lesions, including subependymal and subcortical hamartomas, have also been reported
in TSC patients. TSC is associated with hamartomas and renal cell carcinoma (RCC) as well
as sporadic tumors in TSC patient. Renal angiomyolipomas associated with TSC tend to be
larger, bilateral, rnultifocal and present at a younger age compared with sporadic forms. Tuberous
sclerosis complex of2 genes, TSC2 encodes a protein called tuberin that normally exists in an
active state and forms a heterodimeric complex with hamartin, the protein encoded by the
TSCl. Deficiency ofTSC2 in Eker rat is associated with the development of tumors in several
organs including kidney. The majority of renal cell tumors observed in the Eker rat originates
from renal proximal tubules and are histologically similar to renal cell carcinoma in humans.
On the other hand, mutations in DNA repair enzyme 8-oxoG-DNA glycosylase (OGGl) are
associated with cancer. OGG1 gene is found somatically mutated in some cancer cells and is
highly polymorphic among human cancers . Moreover, knockout mice in OGG1 developed
spontaneously adenoma and carcinoma. We recently show that the constitutive expression of
OGG1 in heterozygous (TSC2+1- ) Eker rat and in angiomyolipomas kidney tissue from hu­
man is 2-3fold less than in kidney from wild -type rats and control human subjects. In addition,
we show that loss of TSC2 in kidney tumor of Eker rat is associated with loss of OGG 1 and
accumulation significant levels ofoxidative DNA damage 8-oxo-deoxyguanine suggesting that
TSC2 and OGG 1 playa major role in renal tumorigenesis.

Introduction: Clinical Manifestations ofTSC Disease
Tuberous sclerosiscomplex (TSC) is a group ofgenetic diseasescaused by defects in one oftwo

genes: TSC-1 and TSC2 described byBourneville in 1880.[The TSC1gene encodes aprotein called
hamartin and TSC2 encodes ruberin. r" TSC1 and TSC2 genes were identified as the genetic loci
mutated in the autosomal dominant tumour syndrome TSCP Hereditary tumor syndrome caused
by the TSC1 or TSC2 tumor suppressor genes located on chromosomes 9 and 16 respectively.-"
Cells undergo bi-allelic inactivation ofeither gene to give rise to tumors in a classictumor suppres­
sor "two -hit" paradigm.' About 60% ofcases with TSC are sporadic, representing new mutations
and TSC affects about 1 million individuals worldwide, with an estimated prevalence ofup to 1 in
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6,000 newborns.6 TSC causes disabling neurological disorders, including epilepsy, mental retarda-
tion and autism.5-8 In additional, TSC is a multisystemic disorder characterized by the development 
of numerous benign tumours (e.g., hamartomas) most commonly affecting the brain, kidneys, skin, 
heart and lungs.7 Malignant tumors progression is rarely detected in TSC patients. TSC muta-
tions have also been found in sporadic (non-TSC-associated) cases of lymphangiomyomatosis, 
which primarily affects women and is characterized by smooth-muscle cell proliferation and cystic 
destruction of the lung.5 These tumors grow during the second half of pregnancy and regress after 
birth. A cardiac rhabdomyoma can be discovered using echocardiography in approximately 50% of 
people with TSC.7 However, the incidence in the newborn may be as high as 90% and in adults as 
low as 20%. The tumor size remains constant as the heart grows, which has much the same effect. 
The pathology of the lesions in TSC has features such as abnormal cellular proliferation, size, dif-
ferentiation and migration.7

Renal Lesions in TSC-Deficient Mammals
Mouse

TSC2 homozygous mice (TSC2−/−) have an embryonic lethal phenotype, failing to develop 
past embryonic days 9.5 to 12.5 due to hepatic hypoplasia.9 All TSC2 homozygous died in utero 
confirming the essential role for tuberin function in development.9 TSC2 heterozygotes display 
100% incidence of multiple bilateral renal cystadenomas by 15 months of age.9 The precise physi-
ological or cellular role(s) of TSC2 and its role in renal carcinogenesis remain unclear. Loss of the 
second allele of this gene as a somatic event leads to the development of RCC in these animals.9,10 
Progression to renal carcinoma, fatal bleeding from the liver hemangiomas and extremity angiosar-
comas all occur at a rate of less than 10%. The renal cystadenomas develop from intercalated cells 
of the cortical collecting duct and uniformly express gelsolin at high levels, enabling detection of 
early neoplastic lesions.9 TSC2 heterozygous mutant (TSC2+/−) mice developed renal carcinomas 
with a complete penetrance, as seen in the Eker rat, but not the angiomyolipomas characteristic of 
human TSC, confirming the existence of a species-specific mechanism of tumorigenesis caused by 
TSC1 deficiency.11 On the other hand, TSC1 homozygous mice (TSC1−/−) have an embryonic 
lethal phenotype, failing to develop past embryonic days 9.5 to 13.5.9 TSC1 heterozygotes mice 
develop kidney cystadenomas and liver hemangiomas at high frequency, but the incidence of 
kidney tumors is somewhat lower than in TSC2 heterozygote mice.9

Rat
Eker homozygotes rats (TSC2−/−) are embryonically lethal between 9 and 13 days of gesta-

tion.12-14 Eker heterozygotes rats (TSC2+/−) spontaneously develop multicentric, bilateral tumors 
scattered throughout the renal cortex and outer medulla (see Fig. 1B). Preneoplastic lesions in 
the renal tubules begin to appear in the Eker rats carrying mutation in TSC2 gene at around four 
months of age and by the age of one year the incidence of renal cell tumors approaches 100%.15 
Loss of the second allele of TSC2 gene as a somatic event leads to the development of RCC in 
these animals, fulfilling Kundson’s “2 hit” hypothesis for the loss of tumor suppressor gene function 
in tumorgenesis. The majority of renal cell tumors observed in the Eker rat originates from renal 
proximal tubules and are histologically similar to renal tumors in humans.15,16 Gross appearance 
of kidneys from the wild type (TSC2+/+) (Fig. 1A) and multiple tumors in the kidney of Eker 
(TSC2+/−) rats (Fig. 1B) can be seen at 12 months of age. In addition, H and E staining show 
normal histology of wild type rat (Fig. 1C) and renal cell carcinoma in the Eker rat kidneys (Fig. 
1D). Magnetic resonance imaging (MRI) of Eker rat kidney shows several tumors that match the 
morphology and H and E staining (Fig. 1E,F,G).

Human
Renal angiomyolipomas, benign tumors composed of abnormal vessels, immature 

smooth-muscle cells and fat cells are bilateral, with multiple tumors in each kidney, in most 
patients with TSC (see Fig. 2). The estimated incidence of angiomyolipomas in TSC ranges from 
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55 to 75%.6 The rate of growth of angiomyolipomas varies among patients and lesions. However, 
epithelial renal lesions that include epithelial cysts, polycystic kidney disease and renal-cell car-
cinomas may develop in patients with TSC.17-19 Epithelial cysts are generally asymptomatic and 
are more often associated with hypertension and renal failure than are angiomyolipomas.17,20 
In addition, few patients with TSC carry a contiguous germline deletion that affects both the 
TSC2 gene and one of the genes that leads to autosomal dominant polycystic kidney disease on 
chromosome 16p13, resulting in a polycystic kidney phenotype that is detectable in infancy or 
early childhood and that generally leads to renal insufficiency.2,19 The overall incidence of renal 
carcinoma in patients with TSC is similar to that in the general population, with a lifetime risk 
of 2 to 3%. However, the kidney cancer is diagnosed at a younger age in patients with TSC.18 
Clear-cell, papillary and chromophobe carcinoma subtypes, as well as oncocytomas, have all been 
reported in patients with TSC.18,19 Kidney tumorangiomyolipoma of human with TSC disease 
is composed of three cell types: smooth muscle, fat and blood vessels cells (Fig. 2A). In addition, 

Figure 1. A) Normal appearing kidney from wild type, and B) kidney cancerous lesion in Eker 
rat. C) H and E staining of kidney section showing normal tubular architecture of kidney in wild 
type, and D) fibrovascular stroma with clear cytoplasm and excentric large dark nuclei (clear 
cell type) in Eker rat. E) MRI shows several tumors that matched (F) the gross appearance, and 
G) the H and E staining in kidney of Eker rat. A-D) From Habib et al. Mol Cancer 2008; 7:1-9.

Figure 2. Angiomyolipomas kidney tissue from TSC patient. A) H and E staining of kidney 
section of TSC patient showing 3 cell types in angiomyolipomas tissue; fat cells (blocked ar-
rowhead), smooth muscle cells (star) and vessel cells (open arrowhead). B) Immunostaining 
of phopho-S6K (Thr-389) in kidney tumor from patients with TSC. Phosphorylation of S6K 
was significantly higher (green signal) in tumor kidney tissue confirming the increase of mTOR 
activity. B) From Habib SL. Mol Cancer 2009; 8:1-10. A color version of this figure is available 
online at www.landesbioscience.com/curie.
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phospho-p70S6K as a marker of mTOR activity was highly expressed in kidney angiomyolipomas 
tissue of TSC patients (Fig. 2B).

TSC1 and TSC2 Genes
Hamartin a protein product of TSC1 is an 1164 amino acid/130 KDa expressed in most 

human tissues, including brain, kidney, heart, liver, small and large intestine, prostate and 
testes.22 The TSC2 gene encodes a protein called tuberin. Tuberin normally exists in an active 
state physically bound to hamartin. Tuberin (TSC2) is a 1784 amino acid/198 KDa protein 
showing significant homology to the Rap1-GAP protein. The TSC1-TSC2 (hamartin-tuberin) 
complex, through its GAP (GTPase-activating protein) activity towards the small G-protein 
Rheb (Ras homologue enriched in brain), is a critical negative regulator of mTORC1 (mam-
malian target of rapamycin complex 1).23 The GAP domain spans residues 1517-1674, encoded 
by exons 34-38 and is shown to inhibit Ras-related family of small G proteins, such as Rap1, 
Rab5 and Rheb.24-26 The effect of tuberin on cell proliferation and protein translation is usu-
ally associated with its GAP activity towards Rheb.25,26 TSC1 is localized in the cytoplasm.27,28 
On the other hand, TSC2 is localized in the golgi apparatus and in the nucleus.28 Tuberin has 
a single transmembrane domain at amino acids 127-144 and a predicted coiled-coil region at 
residues 719-998.3 Coiled-coil regions are often responsible for protein-protein interactions; 
thus research was directed at identifying a binding partner for hamartin.29

TSC2 mouse embryo fibroblasts expressing several N-terminal, central and a C-terminal 
domains of tuberin, confirmed that S6 phosphorylation significantly decreased in the C-terminal 
domain (amino acids 1125-1784), where the GAP activity is located.30,31 TSC2 stimulates the 
conversion of Rheb-GTP to Rheb-GDP, thereby inactivating Rheb (see Fig. 3). Loss of TSC2 
function leads to enhanced Rheb-GTP signaling. TSC2 mutations in the GAP domain have 
been identified in unrelated patients with tuberous sclerosis suggesting that GAP is a target 
of mutations in tuberous sclerosis.32 According to Knudson’s hypothesis that two-hit tumor 
suppressor gene model, inactivation of both alleles of TSC1 or TSC2 are required for lesion 
formation in TSC patient.33 Most second-hit mutations are large deletions involving the loss 
of surrounding loci. These mutations are referred to as loss of heterozygosity, since they affect 
neighboring heterozygous polymorphic markers. Loss of heterozygosity in TSC1 or TSC2 has 
been consistently observed in the majority of TSC-associated angiomyolipomas with fewer 
and less incidence of RCC.

TSC Genes and Cell Signals
TSC Genes and Akt

Tuberin-hamartin complex acts directly downstream of the serine/threonine kinase Akt 
within this pathway. Akt directly phosphorylates tuberin at Ser939, Ser981, Ser1130, Ser1132 and 
Thr1462 residues in full-length human TSC2.34 Phosphorylation of tuberin at these sites regulates 
tuberin-hamartin complexes.35 Akt-mediated phosphorylation of tuberin at Ser939 and Thr1462 sites 
to activate the key downstream regulators of cell growth.35 Increased tuberin phophorylation at 
Thr1462 site and the decreased total tuberin expression were detected in kidney angiomyolipoma 
tissue of TSC patients.21 Phosphorylation of tuberin by Akt affects its function through at least 
two mechanisms: first, phosphorylation decreases the activity of tuberin; second, phosphoryla-
tion destabilizes tuberin by disrupting the complex formation between hamartin and tuberin 
resulting in ubiquitination of free tuberin and its degradation by the proteosome.36 Another 
mechanism possibility involve in tuberin regulation that phosphorylation of tuberin at Ser939 
and Ser981 sites may alter its subcellular localization and it can no longer act as a GAP for Rheb.37 
Loss of TSC2 function leads to enhanced Rheb–GTP signaling and activates the mammalian 
target of rapamycin (mTOR), which promotes activation of p70S6 kinase, inhibition of eukary-
otic initiation factor 4E binding protein 1 (4E-BP1, an inhibitor of translation initiation) and 
eventual activation of translation.38
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TSC genes and ERK/AMPK
Tuberin is regulated at least through two other major signaling pathways in the form of 

kinase-mediated phosphorylation events: the extracellular signal-regulated kinase (ERK)/
mitogen-activated protein (MAP) kinase pathway and the AMP-activated protein kinase 
(AMPK).39 Extracellular-signal-regulated kinase (Erk) plays a critical role in TSC progression 
through posttranslational inactivation of TSC2.40 Erk-dependent phosphorylation leads to 
TSC1-TSC2 dissociation. Activation of ERK by growth factors leads to phosphorylates TSC2 
at Ser540 and/or Ser664 sites and markedly impairs TSC2 function as a GTPase activating protein40 
(see Fig. 3). In addition, phosphoryaltion of TSC2 by ERK at Ser540 contributes to impair TSC2 
ability to inhibit mTOR signaling, cell proliferation and oncogenic transformation.41

AMPK is the primary energy sensor in cells. Upon depletion of intracellular ATP, AMP levels 
rise and bind to an AMPK regulatory subunit. AMP binding places AMPK in a conformation 
that makes it accessible to its upstream activating kinase LKB1, which activates AMPK via phos-
phorylation of its catalytic subunit at Thr172.42 Once activated, AMPK phosphorylates tuberin at 
two sites (Ser1271, Ser1387) distinct from the Akt/PKB sites.43 In contrast to the phosphorylation 
of tuberin by Akt/PKB, AMPK-mediated phosphorylation enhances the ability of the tuberin/
hamartin complex to act as a Rheb-GAP and therefore blocks Rheb-dependent mTOR activation 

Figure 3. Role of tuberin and hamartin in cell signalling. Cells treated with growth factors 
show activation of PI3K and ERK and phosphorylation of tuberin that leads to disassociate 
tuberin/hamartin complex. On the other hand, cells under energy stress show increase in Lkb1 
expression to activate AMPK and results in tuberin activation. Phosphorylation of tuberin by 
Akt and ERK results in activation of Rheb and mTORC1/2 pathway. Activation of mTORC2 
through mTORC2/rictor results in activation of Akt through feedback loop signals. However, 
activation of mTORC1/raptor activates S6k and blocks 4E-BP1 to increase the protein transla-
tion and leads to cell growth, cell proliferation and cell tumorigenesis.
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under conditions of energy stress (refs. 15,16, see Fig. 3). AMPK is inactivated in certain disease 
that leads to inactivation of tuberin and impair its ability to act as Rheb-GAP. AMPK functions as 
a serine/threonine kinase and directly phosphorylates TSC2.44 Cells deficient for TSC1/TSC2, or 
producing a TSC2 variant that can’t be phosphorylated by AMPK, fail to down-regulate mTOR 
in situations of energy deprivation.44 Signaling by energy depletion also involves the Lkb1 tumor 
suppressor protein, which is inactivated in Peutz-Jeghers syndrome. Lkb1 is a serine/threonine 
kinase that phosphorylates a variety of substrates, including AMPK.42,43,45 AMPK activation with 
consequent TSC1/TSC2-mediated inhibition of mTOR by energy depletion requires Lkb1.46 
Thus under conditions that are adverse for growth, such as in the presence of reduced energy 
stores, mTOR function is inhibited, thereby down-regulating protein synthesis and conserving 
energy (Fig. 3).

TSC Genes and mTOR
mTOR is a serine/threonine kinase, which increases protein translation and cell growth 

through phosphorylation of two effector molecules: p70 ribosomal protein S6 kinase (S6K) and 
eukaryotic-translation-initiation-factor-4E-binding protein 1 (4E-BP1).47 S6K phosphorylates 
downstream substrates, such as ribosomal protein S6 and eIF4B, to promote mRNA translation.47,48 
In parallel, S6K also increases phosphorylation of eEF2 kinase, leading to its inactivation and result-
ing in the release of eEF2 inhibition, thus promoting the elongation phase of translation.48 While 
mTOR signaling is best characterized for its role in regulation of translation. mTOR pathway also 
controls the transcription of several genes.49 Majority of cellular mTOR is found in the cytoplasm 
but a cytoplasmic-nuclear shuttling behavior of mTOR has been identified,50 indicating a nuclear 
function for mTOR. Several evidence has implicated the direct involvement of mTOR and its 
downstream S6K in the regulation of transcription. S6K phosphorylates cAMP-responsive ele-
ment binding protein (CREB) and its coactivator cAMP-responsive element modulator (CREM) 
resulting in enhancement of their transcriptional activity.51 Of interest, these effects are blocked 
by rapamycin, implicating mTOR is the upstream activator of S6K.

Rapamycin inhibits mTORC1 activity by blocking its interaction with Raptor.48 Raptor is 
a conserved protein recruits S6K1 and 4E-BP1 that forms a rapamycin-sensitive complex with 
mTOR and the adaptor protein mLST8 named mTORC1.34 While mTOR complex 2 (mTORC2) 
is constitutes of the adaptor protein called rictor.35 mTORC2 complex is insensitive to rapamycin 
and is thought to regulate actin cytoskeleton and has been shown to control Akt Ser473 phosphoryla-
tion.52 mTORC1 activation is a common molecular event in a number of hamartoma syndromes. 
mTORC1-dependent feedback mechanism, especially in cells lacking the TSC1-TSC2 complex, 
blocks growth-factor-stimulated phosphorylation of Akt (Fig. 3). The molecular mechanism by 
which the TSC1-TSC2 complex promotes mTORC2 activation and whether certain signals 
regulate the TSC complex to inhibit mTORC1 is not known.

mTOR serves a critical role in regulating the translational machinery that affects growth, prolif-
eration and differentiation, all of which are abnormally manifested in TSC lesions. The importance 
of mTOR pathway in human pathology is reflected in the overexpression of p70S6K in a subset 
of cancer and its correlation with a poor prognosis.35 Activation of S6 Kinase and its target S6 
ribosomal protein (P70S6K) was demonstrated in cells lacking TSC2 expression.35 Activation of 
mTOR in lymphangioleiomyomatosis-associated angiomyolipomas through phosphorylation of 
S6 protein at Ser235/236.53 Recent published data from our lab showed that phosphorylation of S6 
Kinase at Thr389 was significantly higher in angiomyolipomas tissues compared to control samples 
indicating the increase of mTOR activity in tumor tissues.21 Loss of the TSC1-TSC-2 appears to 
give rise to the highest levels of mTORC1 signalling. However, loss of a number of upstream tumour 
suppressors, which effect specific inputs into the pathway, are likely to lead to more moderate basal 
increases in mTORC1. Furthermore, increased phosphorylation of the TSC1-TSC2 complex on 
the Akt and ERK sites have been detected in human cancers with elevated mTORC1 signalling 
(ref. 53, Lewiz-Habib unpublished data). Therefore dysregulation of the TSC1-TSC2 complex and 
subsequent activation of mTORC1 is likely to be a common molecular event in tumorigenesis.
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TSC and DNA Damage/Repair Pathway
DNA Damage/Repair Pathway and Cancer

DNA damage plays a fundamental role in neoplastic transformation. Oxidative DNA damage 
is one of the most common threats to genomic stability. Mutations that influence the repair of 
oxidized DNA modifications are expected to increase the steady-state (background) levels of these 
modifications and thus create a mutator phenotype that predisposes to malignant transformation.54 
Many of these mutations occur as a result of irreparable or incompletely repaired genomic DNA, 
which is constantly subject to assault from intrinsic and environmental insults. Oxidized forms of 
DNA in particular are produced in mammalian cells as a byproduct of normal oxidative metabolism 
or in response to exogenous sources of reactive oxygen species.54

8-Oxo-deoxyguanine (8-oxodG) is one of the major base lesions formed after oxidative dam-
age to DNA. 8-oxodG is mutagenic since it pairs with adenine during DNA synthesis, increasing 
G:C to T:A transversions.55 The steady-state levels of 8-oxoG, which reflect the balance between 
continuous generation and removal, are significantly higher in livers of OGG1−/− mice compared to 
wild-type animals.56 Adenoma and carcinoma spontaneously developed five times higher in OGG1 
knockout mice at age of 1.5 years compared to wild type mice.56,57 Oxidative damage-induced mu-
tations activate oncogenes or inactivate tumor suppressor genes such as TSC1/2, altering certain 
cell signals involved in tumor initiation. 8-OxodG in DNA is repaired primarily via the DNA 
base excision repair pathway. The enzyme that recognizes and excises 8-oxo-dG is 8-oxoG-DNA 
glycosylase (OGG1).55 The OGG1 protein initiates the base excision repair process by recognizing 
and excising the modified base. Mice lacking a functional OGG1 protein accumulate abnormal 
levels of 8-oxoG in their genomes and display a moderately elevated spontaneous mutation rate 
in nonproliferative tissues.58 Because inactivation of the OGG1 gene in mammalian cells causes a 
mutator phenotype, it can be expected that cells lacking OGG1 activity could have an enhanced 
probability of undergoing malignant transformation. The validation of this hypothesis requires 
the identification of human tumors where both alleles of the OGG1 gene are nonfunctional.

The human OGG1 gene is located on chromosome 3p25. Human chromosome 3p cytogenetic 
abnormalities and loss of heterozygosity (LOH) have been observed at high frequency in sporadic 
forms of RCC.59 The 3p21.2-p21.3 locus is frequently deleted in renal cell carcinoma and also in 
other cancers, but to date, no candidate gene has been identified. Mutations in DNA repair genes 
are associated with cancer and the efficacy of DNA repair may determine the susceptibility to 
carcinogens. OGG1 gene has been found to be somatically mutated in some cancer cells and is 
highly polymorphic among human cancers. hOGG1 Ser326Cys polymorphism is significantly 
increased in lung,61 kidney,62,63 gastric,64 gallbladder,65 esophageal66 and orolaryngeal cancer.67 
Loss of heterozygosity at the OGG1 allele, located on chromosome 3p25, was found in 85% of 
99 human kidney clear cell carcinoma samples, identifying loss of OGG1 function as a possible 
contributor to tumorigenesis in the kidney.62 Increased susceptibility to mutagens and impaired 
DNA repair can contribute to the genomic instability and, in consequence, to cancer. While 
extensive literature supports the evidence of accumulation of DNA damage and deficiency in 
DNA repair, the mechanism(s) by which the oxidized DNA accumulate or is efficiently removed 
by cellular DNA repair pathways has not been elucidated.

TSC2 Regulates DNA Damage/Repair Pathway
The generation of oxidative DNA damage is counteracted in all species by specific repair mecha-

nisms. 8-OxodG induces mutation via misincorporation of DNA bases present in the unrepaired 
DNA adducts, or by slippage of DNA polymerase during replicative bypass. OGG1 is one of the 
major enzymes involved in the repair of 8-oxodG adducts in DNA and is highly expressed in 
kidney tissue. In mammalian cells, the base excision repair initiated by OGG1 represents the main 
defense mechanism against the mutagenic effects of 8-oxodG. Dysregulation of human DNA repair 
gene OGG1 is associated with an increased cancer risk. The constitutive expression of OGG1 in 
TSC2+/− heterozygous Eker rat kidneys is 3-fold less than in wild type rats suggesting that these 
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proteins may be functionally linked.68 In addition, the basal levels of oxidative DNA damage, 
8-oxodG, in the kidney cortex of Eker rats (TSC2+/−) were 2-fold higher than in kidney cortex 
of wild type rats (TSC2+/+).69 The decrease in OGG1 expression in Tsc-2+/− rats has important 
functional consequences, compromising the ability of these animals to respond to oxidative stress. 
Moreover, treatment of TSC2+/− rats with an oxidative DNA damaging agent greatly decreases 
renal OGG1 expression with concomitant increase of 47-folds of 8-oxo-dG compared to wild 
type rats. Indeed, the loss of OGG1 expression in kidney tumor tissue from Eker rat resulted in 
the accumulation of significant amounts of 8-oxodG (unrepaired DNA lesions), suggesting that 
loss of tuberin was biologically significant in affecting OGG1.68

Recently we showed that suppression of renal OGG1 in tuberin-deficient cells is sufficient to 
downregulate OGG1, at least in part through the transcription factor, NF-YA, the major tran-
scription factor regulates OGG1 activity, with consequent decreased transcription of OGG1.70 
Increased tuberin phophorylation and decreased total tuberin levels is associated with decreased 
expression of mRNA and protein of OGG1 in kidney angiomyolipoma tissue of TSC patients.21 
Decrease OGG1 mRNA in kidney tumor samples suggests that decreased transcription is one 
potential mechanism responsible for downregulation of OGG1 protein.21 In addition, deficiency 
of tuberin in null and heterozygous mouse embryonic fibroblast cells is associated with decreased 
in NF-YA expression.70 NFYA expression is significantly decreased in most TSC tumor kidney 
samples compared to control kidney samples.21 However, decrease OGG1 expression in angio-
myolipomas tumor kidney resulted in 4-fold increase in 8-oxodG levels compared to the control 
kidney tissue.21 In addition, phosphorylation of S6K on Thr389 is significantly increased in tumor 
tissues compared to normal samples suggesting that tuberin phosphorylation activates mTOR 
in tumor kidney tissue. In summary, loss of tuberin is associated with loss of OGG1 expression 
in kidney tumor tissue from Eker rat and resulted in the accumulation of significant amounts of 
8-oxodG (unrepaired DNA lesions),69 suggesting that loss of tuberin is biologically relevant in 
affecting OGG1. Impaired OGG1 function and loss of tuberin in tumor tissue predisposes to 
further genetic alterations as a result accumulation of mismatched DNA base lesions, a form of 
genomic instability that if left unrepaired promotes additional genetic alterations leading to the 
full blown tumor phenotype in kidney patients with TSC. These data suggest that tuberin and 
OGG1 are strong susceptibility candidate genes for tumorigenesis.

Conclusion
In conclusion, TSC disease is associated mainly with benign tumor in several organs and dis-

abling neurologic disorders in human. Malignant tumors progress is rarely detected in TSC patients. 
On the other hand, deficiency of TSC in experimental animal model is associated with development 
of malignant tumors in several organs including kidney. Renal cell carcinoma in TSC-deficient rat 
is histologically similar to human suggesting that rat is a unique model to investigate mechanisms 
of carcinogenesis in the kidney. Loss of TSC2 in kidney tumor of Eker rat is associated with loss 
of OGG1 and accumulation significant levels of oxidative DNA damage 8-oxo-deoxyguanine 
suggesting that TSC2 and OGG1 play a major role in renal tumorigenesis.

Acknowledgements
The author would like to thank Dr. Daniel Riley and Dr. Anthony Valente for critical reading 

the chapter. This work was supported in part by grants from the American Diabetes Association 
and New Investigator Award from South Texas Veterans Healthcare System to SLH.

References
 1. Bourneville DM. Sclerose tubereuse des circonvolutions cerebrales: idiotie et epilepsie hemiplegique. 

Arch Neurol (Paris) 1880; 1:81-91.
 2. Kandt RS, Haines JL, Smith M et  al. Linkage of an important gene locus for tuberous sclerosis to a 

chromosome 16 marker for polycystic kidney disease. Nat Genet 1992; 2:37-41.
 3. Consortium. Identification and characterization of the tuberous sclerosis gene on chromosome 16. Cell 

1993; 75:1305-1315.



92 Diseases of DNA Repair

 4. Van Slegtenhorst M, de Hoogt R, Hermans C et al. Identification of the tuberous sclerosis gene TSC1 
on chromosome 9q34. Science 1997; 277:805-808.

 5. Carsillo T, Astrinidis A, Henske EP. Mutations in the tuberous sclerosis complex gene TSC2 are a cause 
of sporadic pulmonary lymphangioleiomyomatosis. Proc Natl Acad Sci USA 2000; 97:6085-6090.

 6. Stillwell TJ, Gomez MR, Kelalis PP. Renal lesions in tuberous sclerosis. J Urol 1987; 138:477-481.
 7. Al-Saleem T, Wessner LL, Scheithauer BW et al. Malignant tumors of the kidney, brain and soft tissues 

in children and young adults with the tuberous sclerosis complex. Cancer 1998; 83:2208-2216.
 8. Shapiro RA, Skinner DG, Stanley P et al. Renal tumors associated with tuberous sclerosis. the case for 

aggressive surgical management. J Urol 1984; 132:1170-1174.
 9. Onda H, Lueck A, Marks PW et al. Tsc2(+/−) mice develop tumors in multiple sites that express gelsolin 

and are influenced by genetic background. J Clin Invest 1999; 104:687-695.
 10. Kobayashi T, Minowa O, Kuno J et  al. Renal carcinogenesis, hepatic hemangiomatosis and embryonic 

lethality caused by a germ-line Tsc2 mutation in mice. Cancer Res 1999; 59:1206-1211.
 11. Hino O, Mitani H, Katsuyama H et al. A novel cancer predisposition syndrome in the Eker rat model. 

Cancer Lett 1994; 83:117-121.
 12. Hino O, Klein-Szanto AJ, Freed JJ et  al. Spontaneous and radiation-induced renal tumors in the Eker 

rat model of dominantly inherited cancer. Proc Natl Acad Sci USA 1993; 90:327-331.
 13. Rennebeck G, Kleymenova EV, Anderson R et  al. Loss of function of the tuberous sclerosis 2 tumor 

suppressor gene results in embryoni c lethality characterized by disrupted neuroepithelial growth and 
development. Proc Natl Acad Sci USA 1998; 95:15629-15634.

 14. Everitt JI, Goldsworthy TL, Wolf DC et  al. Hereditary renal cell carcinoma in the Eker rat: A rodent 
familial cancer syndrome. J Urol 1992; 148:1932-1936.

 15. Eker R, Mossige J, Johannessen JV et al. Hereditary renal adenomas and adenocarcinoma s in rats. Diagn 
Histopathol 1981; 4:99-110.

 16. Everitt JI, Goldsworthy TL, Wolf DC et  al. Hereditary renal cell carcinoma in the Eker rat: A unique 
animal model for the study of cancer susceptibility. Toxicol Lett 1995; 82-83:621-625.

 17. Washecka R, Hanna M. Malignant renal tumors in tuberous sclerosis. Urology 1991; 37:340-343.
 18. Robertson FM, Cendron M, Klauber GT et al. Renal cell carcinoma in association with tuberous sclerosis 

in children. J Pediatr Surg 1996; 31:729-730.
 19. Bjornsson J, Short MP, Kwiatkowski DJ et al. Tuberous sclerosis-associated renal cell carcinoma: clinical, 

pathological and genetic features. Am J Pathol 1996; 149:1201-1208.
 20. Plank TL, Logginidou H, Klein-Szanto A et  al. The expression of hamartin, the product of the TSC1 

gene, in normal human tissues and in TSC1- and TSC2-linked angiomyolipomas. Mod Pathol 1999; 
12:539-545.

 21. Habib SL. Insight into mechanism of oxidative DNA damage in angiomyolipomas from TSC patients. 
Mol Cancer 2009; 8:1-10.

 22. Johnson MW, Kerfoot C, Bushnell T et  al. Hamartin and tuberin expression in human tissues. Mod 
Pathol 2001; 14:202-210.

 23. Lou D, Griffith N, Noonan DJ. The tuberous sclerosis 2 gene product can localize to nuclei in a 
phosphorylation-dependentmanner. Mol Cell Biol Res Commun 2001; 4:374-380.

 24. Lamb RF, Roy C, Diefenbach TJ et al. The TSC1 tumour suppressor hamartin regulates cell adhesion 
through ERM proteins and the GTPase Rho. Nat Cell Biol 2000; 2:281-287.

 25. Inoki K, Li Y, Xu T et al. Rheb GTPase is a direct target of TSC2 GAP activity and regulates mTOR 
signaling. Genes Dev 2003; 17:1829-1834.

 26. Wienecke R, Konig A, DeClue JE. Identification of tuberin, the tuberous sclerosis-2 product. Tuberin 
possesses specific Rap1GAP activity. J Biol Chem 1995; 270:16409-16414.

 27. Jansen FE, Notenboom RG, Nellist M et  al. Differential localization of hamartin and tuberin and 
increased S6 phosphorylation in a tuber. Neurology 2004; 63:1293-1295.

 28. Nellist M, van Slegtenhorst MA, Goedbloed M et al. Characterization of the cytosolic tuberin-hamartin 
complex. Tuberin is a cytosolic chaperone for hamartin. J Biol Chem 1999; 274:35647-35652.

 29. van Slegtenhorst M, Nellist M, Nagelkerken B et  al. Interaction between hamartin and tuberin, the 
TSC1 and TSC2 gene products. Hum Mol Genet 1998; 7:1053-7.

 30. Maheshwar MM, Cheadle JP, Jones AC et  al. The GAP-related domain of tuberin, the product of 
the TSC2 gene, is a target for missense mutations in tuberous sclerosis. Hum Mol Genet 1997; 
6:1991-1996.

 31. Nellist M, Verhaaf B, Goedbloed MA et al. TSC2 missense mutations inhibit tuberin phosphorylation 
and prevent formation of the tuberin-hamartin complex. Hum Mol Genet 2001; 10:2889-2898.

 32. Li Y, Inoki K, Guan KL. Biochemical and functional characterizations of small GTPase Rheb and TSC2 
GAP activity. Mol Cell Biol 2004; 24:7965-7975.

 33. Knudson AG Jr. Mutation and cancer: statistical study of retinoblastoma. Proc Natl Acad Sci USA 
1971; 68:820-823.



93Tuberous Sclerosis Complex and DNA Repair

 34. Manning BD, Tee AR, Logsdon MN et  al. Identification of the tuberous sclerosis complex-2 tumor 
suppressor gene product tuberin as a target of the phosphoinositide 3-kinase/akt pathway. Mol Cell 
2002; 10:151-162.

 35. Huang J, Manning BD. The TSC1-TSC2 complex: a molecular switchboard controlling cell growth. 
Biochem J 2008; 412:179-190.

 36. Inoki K, Li Y, Zhu T et al. TSC2 is phosphorylated and inhibited by Akt and suppresses mTOR signal-
ling. Nat Cell Biol 2002; 4:648-657.

 37. Cai SL, Tee AR, Short JD et al. Activity of TSC2 is inhibited by AKT-mediated phosphorylation and 
membrane partitioning. J Cell Biol 2006; 173:279-289.

 38. Xiao GH, Shoarinejad F, Jin F et al. The tuberous sclerosis 2 gene product, tuberin, functions as a Rab5 
GTPase activating protein (GAP) in modulating endocytosis. J Biol Chem 1997; 272:6097-6100.

 39. Inoki K, Zhu T, Guan KL. TSC2 mediates cellular energy response to control cell growth and survival. 
Cell 2003; 115:577-590.

 40. Ma L, Chen Z, Erdjument-Bromage H et  al. Phosphorylation and functional inactivation of TSC2 by 
Erk implications for tuberous sclerosis and cancer pathogenesis. Cell 2005; 121:179-193.

 41. Ma L, Teruya-Feldstein J, Bonner P et al. Identification of S664 TSC2 phosphorylation as a marker for 
extracellular signal-regulated kinase mediated mTOR activation in tuberous sclerosis and human cancer. 
Cancer Res 2007; 67:7106-7112.

 42. Woods A, Johnstone SR, Dickerson K et al. LKB1 is the upstream kinase in the AMP-activated protein 
kinase cascade. Curr Biol 2003; 13:2004-2008.

 43. Shaw RJ, Kosmatka M, Bardeesy N et al. Inaugural article: The tumor suppressor LKB1 kinase directly 
activates AMP-activated kinase and regulates apoptosis in response to energy stress. Proc Natl Acad Sci 
USA 2004; 101:3329-3335.

 44. Inoki K, Li Y, Xu T et al. Rheb GTPase is a direct target of TSC2 GAP activity and regulates mTOR 
signaling. Genes & Dev 2003; 17:1829-1834.

 45. Hawley SA, Boudeau J, Reid JL et  al. Complexes between the LKB1 tumor suppressor, STRAD/and 
MO25/are upstream kinases in the AMP-activated protein kinase cascade. J Biol 2: 28. growth by directly 
phosphorylating Tsc2. Nat Cell Biol 2003; 4:658-665.

 46. Corradetti MN, Inoki K, Bardeesy N et  al. Regulation of the TSC pathway by LKB1: Evidence of 
a molecular link between tuberous sclerosis complex and Peutz-Jeghers syndrome. Genes Dev 2004; 
18:1533-1538.

 47. Sofer A, Lei K, Johannessen CM et  al. Regulation of mTOR and cell growth in response to energy 
stress by REDD1. Mol Cell Biol 2005; 25:5834-5845.

 48. Hara K, Maruki Y, Long X et  al. Raptor, a binding partner of target of rapamycin (TOR), mediates 
TOR action. Cell 2002; 110:177-189.

 49. Oshiro N, Yoshino K, Hidayat S et  al. Dissociation of raptor from mTOR is a mechanism of 
rapamycin-induced inhibition of mTOR function. Genes Cells 2004; 9:359-366.

 50. Kim DH, Sarbassov DD, Ali SM et al. mTOR interacts with raptor to form a nutrient-sensitive complex 
that signals to the cell growth machinery. Cell 2002; 110:163-175.

 51. Cunningham JT, Rodgers JT, Arlow DH et al. mTOR controls mitochondrial oxidative function through 
a YY1-PGC-1alpha transcriptional complex. Nature 2007; 450:736-740.

 52. Jacinto E, Loewith R, Schmidt A et  al. Mammalian TOR complex 2 controls the actin cytoskeleton 
and is rapamycin insensitive. Nat Cell Biol 2004; 6:1122-1128.

 53. Robb VA, Astrinidis A, Henske EP. Frequent hyperphosphorylation of ribosomal protein S6 in 
lymphangioleiomyomatosis-associated angiomyolipomas. Mod Pathol 2006; 19:839-840.

 54. Loeb LA. Mutator phenotype may be required for multistage carcinogenesis. Cancer Res 1991; 
51:3075-3079.

 55. Chevillard S, Radicella JP, Levalois C et al. Mutations in OGG1, a gene involved in the repair of oxida-
tive DNA damage, are found in human lung and kidney tumours. Oncogene 1998; 16:3083-3086.

 56. Sakumi K, Tominaga Y, Furuichi M et  al. Ogg1 knockout-associated lung tumorigenesis and its sup-
pression by Mth1 gene disruption. Cancer Res 2003; 63:902-905.

 57. Kunisada M, Sakumi K, Tominaga Y et al. 8-Oxoguanine formation induced by chronic UVB exposure 
makes Ogg1 knockout mice susceptible to skin carcinogenesis. Cancer Res 2005; 65:6006-6010.

 58. Liao J, Seril DN, Lu GG et  al. Increased susceptibility of chronic ulcerative colitis-induced carcinoma 
development in DNA repair enzyme Ogg1 deficient mice. Mol Carcinogenesis 2008; 47:638-646.

 59. Lubinski J, Hadaczek P, Podolski J et  al. Common regions of deletions in chromosome regions 3p12 
and 3p14.2 in primary clear cell renal carcinomas. Cancer Res 1994; 54:3710-3.

 60. Shinmura K, Kohno T, Kasai H et  al. Infrequent mutations of the hOGG1 gene, that is involved in 
the excision of 8-hydroxyguanine in damaged DNA, in human gastric cancer. Jpn J Cancer Res 1998; 
89:825-828.



94 Diseases of DNA Repair

 61. Sugimura H, Kohno T, Wakai K et al. hOGG1 Ser326Cys polymorphism and lung cancer susceptibility. 
Cancer Epidemiol Biomarkers Prev 1999; 8:669-674.

 62. Audebert M, Chevillard S, Levalois C et  al. Alterations of DNA repair gene OGG1 in human clear 
cell carcinomas of the kidney. Cancer Res 2000; 60:4740-4744.

 63. Habib SL, Daniel E, Abboud HE et  al. Genetic polymorphisms in OGG1 and their association with 
angiomyolipoma, a benign kidney tumor in patients with tuberous sclerosis. Cancer Biol Ther 2008; 
7:23-27.

 64. Farinati F, Cardin R, Bortolami M et  al. Oxidative DNA damage in gastric cancer: CagA status and 
OGG1 gene polymorphism. Int J Cancer 2008; 123:51-55.

 65. Jiao X, Huang J, Wu S et al. hOGG1 Ser326Cys polymorphism and susceptibility to gallbladder cancer 
in a Chinese population. Int J Cancer 2007; 121:501-505.

 66. Xing DY, Tan W, Song N et al. Ser326Cys polymorphism in hOGG1 gene and risk of esophageal cancer 
in a Chinese population. Int J Cancer 2001; 95:140-143.

 67. Elahi A, Zheng Z, Park J et al. The human OGG1 DNA repair enzyme and its association with orola-
ryngeal cancer risk. Carcinogenesis 2002; 23:1229-12s34.

 68. Habib SL, Phan MN, Patel SK et al. Reduced constitutive 8-oxoguanine-DNA glycocylase expression and 
impaired induction following oxidative DNA damage in the tuberin deficient Eker rat. Carcinogenesis 
2003; 24:573-582.

 69. Habib SL, Simone S, Barnes JJ et  al. Tuberin haploinsufficiency is associated with the loss of OGG1 
in rat kidney tumors. Mol Cancer 2008; 7:10-14.

 70. Habib SL, Riley DJ, Bhandari B et al. Tuberin regulates the DNA repair enzyme OGG1. Am J Physiol 
Renal Physiol 2008; 294:F281-F290.



Chapter 9

*Corresponding Author: Graciela Spivak—Department of Biology, Stanford University, Stanford, 
California 94305, USA. Email: gspivak@stanford.edu

Diseases of DNA Repair, edited by Shamim I. Ahmad. ©2010 Landes Bioscience 
and Springer Science+Business Media.

Hereditary Photodermatoses
Dennis H. Oh and Graciela Spivak*

Abstract

Photodermatoses are defined as the abnormal reactions of the skin to photons, usually those 
of wavelengths found in sunlight. These reactions can be caused by a wide variety of reasons, 
including defects in repair of light-induced DNA lesions, the interaction of certain chemicals 

or medications with sunlight to produce toxic mediators and photo-induced immune reactions. 
In this chapter we will describe photodermatoses that are associated with hereditary conditions. 
These can be subdivided into several groups: dermatoses caused by abnormal metabolic conditions, 
idiopathic photodermatoses, defects in cancer suppressor genes not directly involved in DNA 
repair but that predispose to photodistributed tumors and photosensitivity due to abnormalities 
in DNA repair pathways. Special emphasis will be placed on the relatively recently described 
UV-sensitive syndrome.

Introduction
Sunlight, the electromagnetic radiation emitted by the sun, comprises a wide spectrum of wave-

lengths, from 100 to 106 nanometers (nm). The types of radiation can be divided into five groups 
according to wavelength: Ultraviolet C (UVC) from 100 to 280 nm, ultraviolet B (UVB) from 
280 to 315 nm, ultraviolet A (UVA) from 315 to 400 nm, visible from 400 to 700 nm and longer 
wavelengths (infrared, microwave, radiowave regions). Sunlight is essential for plant and animal 
life on Earth. In particular, it is necessary for photosynthesis in plants and for the production of 
vitamin D in mammals. However, sunlight can be harmful, causing premature aging of the skin and 
cancer in addition to photodermatoses. Biomolecules in cells can sustain light-induced damage; 
the types of lesions depend on the wavelength to which cells or organisms are exposed.

Although all UVC radiations from the sun are absorbed by the ozone layer in the atmosphere, a 
small fraction of UVB and most UVA reach the earth’s surface. UVB and UVC can induce damage 
in DNA by direct excitation. The main DNA lesions caused by these wavelengths are cyclobutane 
pyrimidine dimers (CPD) and (6-4) pyrimidine-pyrimidone photoproducts (6-4PP). Mutations 
in genes that code for factors involved in the repair of CPD and 6-4PP result in enhanced pho-
tosensitivity, manifested as acute erythema, pigmentation anomalies, atrophy and dryness of the 
skin and, in some patients, a high incidence of cancer in sun-exposed areas.

UVA can cause acute reactions in photosensitive patients, but this type of radiation does 
not directly excite DNA; indirect photosensitized reactions, that result in the formation of 
reactive oxygen species (ROS), lead to oxidation of DNA bases, for example, 8-hydroxyguanine 
(8-oxo-7,8-dihydroguanine, 8-oxoG).1,2

To our knowledge, there are no human syndromes in which photosensitivity is caused by deficient 
repair of oxidized DNA bases; the special case of Cockayne syndrome will be discussed below. To 
address the question of whether light-induced oxidative damage is carcinogenic, investigators have 
utilized animal and cellular models; thus, inhibition of various steps in the base excision repair (BER) 



96 Diseases of DNA Repair 

pathway causes hypersensitivity to UVA in cells3 and laboratory mice with engineered mutations in 
genes coding for enzymes that initiate the BER pathway are slightly more prone to skin cancer upon 
exposure to UVB4 but are not sun-sensitive.5 NER-deficient human cell lines have been reported to 
be hypersensitive to oxidants;6,7 however, analyses of the spectra of mutations in skin tumors from 
XP patients indicate that all the mutations were caused by CPD or 6-4PP.8

Pathologies associated with visible light and radiations in the higher wavelength regions have 
been reported, albeit rarely; the role of these types of radiation in skin disease, if any, are poorly 
understood.

Metabolic Photodermatoses
Porphyrias

The porphyrias are a group of photodermatoses characterized by an underlying defect in 
particular stages of heme biosynthesis. In most cases, the enzymatic deficiency results in accu-
mulation of porphyrin derivatives that absorb strongly in the UVA/B and blue regions of the 
electromagnetic spectrum. This results in long-lived excited states that ultimately serve as Type 
II photodynamic agents by generating ROS that are the primary mediators of cellular and tissue 
damage. The mode of inheritance and clinical features vary with the type of porphyria (Table 1), 
although there is considerable overlap and correct diagnosis often requires additional biochemical 
characterization of porphyrin intermediates in urine and stool specimens. Not surprisingly, the 
two porphyrias that do not generate a tetrapyrole or porphyrin intermediate and thus do not result 
in accumulation of a chromophore with a long-lived excited state—ALA dehydratase-deficiency 
porphyria and acute intermittent porphyria—also exhibit no photosensitivity or notable cuta-
neous symptoms. Most cases of porphyria are those of porphyria cutanea tarda and are usually 
acquired rather than hereditary.

Hartnup Disease
A rare autosomal recessive condition, Hartnup disease usually first manifests in mid-childhood 

with cutaneous symptoms. Scaly, sharply bordered erythematous plaques appear predominantly on 
sun-exposed areas of the head and extremities. Neurological defects, commonly cerebellar ataxia 
and also nystagmus and tremor, occur years later. The underlying genetic defect is a mutation in 
the SLC6A19 gene, which encodes a neutral amino acid transporter found in the intestinal brush 
border and proximal tubule of the kidneys.9 The resulting impairment in tryptophan absorption 
and subsequent reduction in nicotinamide synthesis explains the resemblance of the cutaneous 
findings to those of pellagra, although the mechanism by which the defect causes photosensitiv-
ity is unclear.

Smith-Lemli-Opitz Syndrome (SLO)
This autosomal recessive syndrome was described relatively recently.10 The defining clinical 

features are mental retardation associated with one or more of the following features: failure to 
thrive, dysmorphic facies, cleft palate, congenital heart disease, hypospadias and syndactyly of the 
second and third toes, as well as photosensitivity. Although the original reports did not mention 
photosensitivity, the disease is clinically heterogeneous and it now appears that about two-thirds 
of patients exhibit severe photosensitivity. The photosensitivity manifests as abnormal redness and 
itching, occasionally urticaria, of the sun-exposed skin following a brief delay of 20 minutes and 
then lasting over 24 hours before fading. Additionally, SLO is unusual because its action spectra 
are in the UVA region. SLO is biochemically characterized by excessive 7-dehydrocholesterol and 
deficiency of cholesterol, resulting from mutations in the DHCR7 gene encoding dehydrocho-
lesterol reductase, which catalyzes the conversion of 7-dehydrocholesterol to cholesterol.11 Since 
7-dehydrocholesterol itself possesses no significant UVA absorption, an alternative metabolite of 
7-dehydrocholesterol, cholesta-5,7,9(11)-trien-3	-ol (9-DDHC), which strongly absorbs in the 
UVA region and sensitizes keratinocytes to UVA in association with ROS production, has been 
proposed as the pathogenic chromophore.12
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Hereditary Photodermatoses of Unknown Etiology or Pathogenesis
Kindler Syndrome

Originally described in 1954, Kindler syndrome was described as “congenital poikiloderma 
with traumatic bulla formation and progressive cutaneous atrophy”.13 In addition, sun-sensitivity 
was subsequently noted. The blistering tends to be acral and ectropion, keratoderma, atrophic skin 
elsewhere, telangiectasias, thin nails and large freckles and nevi are also characteristic features. The 
blistering and photosensitivity tend to improve with age, leaving a poikiloderma or atrophic skin 
with telangiectasias and variable reticulate erythema and dyspigmentation. For many years, the 
similarity of the blistering phenotype to dystrophic epidermolysis bullosa suggested that defects 
in Type VII collagen might be responsible, but mutations in the corresponding gene were never 
found.14 In 2003, two groups identified mutations in the FLJ20116 gene, which was renamed 
KIND1or FERMT1.15,16 Its gene product, kindlin-1, is a homolog of the Caenorhabditis elegans 
protein UNC-112, which appears to be an actin-associated protein that couples the cytoskeleton 
to the extracellular matrix. Although the apparent structural role of kindlin-1 may satisfactorily 
explain certain cutaneous phenotypes such as the bullae, its relation to photosensitivity and the 
poikiloderma remain unclear.17

Actinic Prurigo
While there has been some debate as to whether actinic prurigo should be lumped with 

polymorphous light eruption, these entities are usually treated as distinct diagnoses. Actinic 
prurigo is characterized by severe itch, erythematous weeping, vesicles, papules, plaques and 
deeper nodules that appear hours after sun exposure. Affected areas include the lips and con-
junctivae, but lesions on sun-exposed sites may also extend to sun-protected skin. Most, but not 
all, patients experience abatement of symptoms during the winter. Typically girls are affected 
starting in childhood, though as many of 30% of patients present in adulthood. Familial actinic 
prurigo is well known, particularly in Native American populations, with a dominant mode of 
inheritance.18 Although there is a strong association with the HLA DR4 serotype in Caucasian 
populations, the genetic basis of actinic prurigo and the chromophores involved remain obscure.19 
One-third of affected individuals have no abnormal phototesting, while one-third may have a 
reduced minimal erythema dose to UVA and UVB together and one-third exhibit a reduced 
minimal erythema dose to UVA alone.

Polymorphous Light Eruption (PMLE)
While most cases of PMLE are sporadic, approximately one in six patients have a family history 

of the condition.20 When a twin is affected, the other twin is only slightly more prone to PMLE 
if they are monozygotic rather than dizygotic twins, suggesting that even if a genetic basis for 
PMLE exists, there is a significant environmental influence. Action spectra for PMLE induction 
have been in either the UVA or the UVB regions, with a preponderance of sensitivity to UVA; 
however a significant fraction of patients are sensitive to both wavelength regions. Typically during 
the springtime and early summer, cutaneous lesions appear within minutes to hours following sun 
exposure and last several days. A hardening phenomenon occurs with further sun exposure and 
can be used prophylactically to minimize symptoms. True to its name, PMLE exhibits a variety 
of erythematous and itching lesions, including papules, plaques, blisters and edema; in any single 
individual the lesions are relatively monomorphic.

Solar Urticaria
A rare familial case has been mentioned,21 but solar urticaria otherwise has not been associated 

with a genetic basis. Clinically, pruritis and hives appear within minutes of sun exposure. The re-
sponsible wavelengths are typically in the UVA/B regions and visible and even infrared wavelengths 
have been reported in rare cases.22 Solar urticaria has generally been associated with an abnormal 
immune response mediated by immunoglobulin E, although the causal radiation-induced antigen 
has not been identified to date.
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Chronic Actinic Dermatitis
Actinic reticuloid, persistent light reactor, photosensitive eczema and photosensitivity 

dermatitis have been lumped together as clinical variants under the rubric of chronic actinic 
dermatitis. Middle-aged to elderly men develop scaling, edema and more infiltrated papules and 
plaques (actinic reticuloid’s morphology) in sun-exposed areas. Little is known about the origins 
of chronic actinic dermatitis other than the activating wavelengths, most commonly in the UVB 
region, though longer wavelengths including visible light have also been reported and this likely 
represents a photosensitization disorder.23 The confusing nosological history and relative lack of 
clinical and basic data have limited our understanding of this disorder, which must currently be 
considered idiopathic, as there is no evidence of a genetic component.

Hydroa Vacciniforme
Usually sporadic, extremely rare familial cases of hydroa vacciniforme have been described.24 

Patients usually present within the first few years of life. Minutes to hours after sun exposure, a 
burning and pruritic eruption occurs, evolving from tender papules to vesicles and crust. Eventual 
resolution of the eruption leaves scars. Remission by puberty is the rule, although exceptional cases 
extending into adulthood have been reported.

Defects in Cancer Suppressor Genes
Basal Cell Nevus Syndrome (Gorlin Syndrome)

This rare autosomal dominant disorder is caused by mutations in the PTCH gene, a homolog 
of the Patched (PTC) gene of Drosophila. PTCH is a tumor-suppressor, involved in the sonic 
hedgehog signaling pathway and is a transmembrane protein. Roles in DNA maintenance, repair 
and/or replication have been suggested in view of the chromosomal instability associated with 
defective PTCH function.25 Multiple organ systems may be affected in individuals with this disease, 
including the skeletal, genitourinary and central nervous systems. Although palmar/plantar pits are 
characteristic of the syndrome, the most dramatic cutaneous manifestation is the early appearance 
and high incidence of basal cell carcinomas, which are more prevalent in sun-exposed areas of the 
skin. The PTCH gene is frequently mutated in basal cell carcinomas that occur sporadically in 
normal individuals as well as in xeroderma pigmentosum (XP) patients.26,27

Familial Melanoma
Although melanomas comprise only 4% of all skin cancers, the mortality rates are much higher 

than those for basal cell and squamous cell carcinomas. However, if melanoma is detected and 
treated early, the 5-year survival rate is >96% for Stage I tumors. Melanoma is hereditary in about 
10% of the cases.28 The high correlation between atypical nevi and melanoma in some families led 
to the acronym FAMM, for Familial Atypical Mole-Melanoma syndrome (also designated B-K 
mole syndrome), although controversy remains as to the pathogenic relationship of atypical nevi 
to melanoma. Variants in the MC1R gene, encoding the melanocortin-1 receptor, are associated 
with impaired ability to produce melanin, photosensitivity in sunlight and a several-fold risk of 
melanoma and are considered low-risk alleles for familial melanoma. The CDKN2A gene on chro-
mosome 9p21, is the most frequently mutated gene in familial melanomas. The gene codes for the 
p16 and p14ARF proteins, both suppressors of cell growth, acting through Rb and p53 respectively. 
Additional melanoma susceptibility factors are the CDK4 gene on chromosome 12q13, involved 
in cell cycle regulation and a locus on chromosome 1p22.29 Of course, XP is the other familial 
syndrome associated with an increased incidence of melanoma.

Human Syndromes Defective in DNA Repair
As mentioned above, the best characterized target of exposure to sunlight or to sources of 

UVC and UVB radiation is DNA; if the resulting lesions are not repaired, they might lead to 
mutagenesis and carcinogenesis, or to cell death. Mutations in genes that code for factors involved 
in the repair of CPD and 6-4PP through the nucleotide excision repair (NER) pathway can result 
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in enhanced to extreme photosensitivity. This is the hallmark of a number of human hereditary 
conditions; the presence or the severity of other symptoms depend on the gene(s) affected, on 
the particular nucleotide changes within the gene and on the genetic make-up of each individual. 
NER can operate through two separate modes; the global genomic repair (GGR) pathway removes 
lesions from the entire genome, while the transcription-coupled repair (TCR) pathway repairs 
lesions on the template strand of actively transcribed genes.

In addition to NER and BER, photoproducts might be recognized by other repair pathways. 
For example, mismatch repair (MMR) complexes can bind bulky lesions, but the role of MMR 
appears to be related to suppression of mutagenesis and apoptosis, rather than repair. However, 
MMR-deficient individuals are not sun-sensitive. Most of the hereditary photosensitive disorders 
with defective DNA repair are related to NER deficiencies; the exceptions for which the defects 
are known include Bloom’s and Rothmund-Thompson syndromes, as well as ataxia telangiectasia, 
described below.

Photodermatoses and Defects in DNA Helicases
To date, five homologs of recQ from Escherichia coli, which codes for a DNA helicase, have 

been identified in humans. In addition to Bloom’s and Rothmund-Thompson syndromes (below), 
Werner’s syndrome is also due to mutations in a RecQ-like helicase, the WRN gene. Werner’s pa-
tients are characterized by premature aging and early onset of sarcomas and mesenchymal tumors, 
but photosensitivity has not been reported. Mutations in the other two human RecQ helicases, 
RECQ1 and RECQ5, have not yet been genetically linked to any disease.30

Bloom’s Syndrome
This rare chromosome breakage syndrome primarily affects Ashkenazi Jews. It manifests as 

failure to thrive, stunted growth, small and narrow facies, sun-sensitive facial telangiectasias, im-
munodeficiency and increased risk of malignancies. Mutations in the BLM gene, which codes for 
a RecQL DNA helicase, are associated with the syndrome. Cells from Bloom’s syndrome patients 
exhibit high numbers of chromosome aberrations and rearrangements, which reflect the high 
mutation rate associated with the loss of the BLM helicase.

Rothmund-Thomson Syndrome (RTS) or Poikiloderma Congenitale
RTS is a rare autosomal recessive disorder attributed to mutations of the RECQL4 helicase gene. 

Key features include early photosensitivity and poikilodermatous skin changes, juvenile cataracts, 
skeletal dysplasias and a predisposition to osteosarcoma and skin cancer. The acute phase of the 
disease presents in early infancy as red patches on the cheeks, spreading later to other areas of the 
face, extremities or buttocks. About 30% of the patients are photosensitive.31 Individuals mutated 
in the RECQL4 gene can also develop RAPADILINO, a disease very similar to RTS except for 
the absence of photosensitivity and poikiloderma.32

Photodermatoses and Defects in DNA Damage Response Pathways
Ataxia telangiectasia (AT) has been the subject of a volume from this series.33 The disease 

also known as Louis-Bar syndrome, results in ataxia, immune deficiency, elevated cancer in-
cidence and premature aging. The autosomal recessive disease is caused by mutations in the 
ATM gene, a key factor in the cellular response to DNA damage, particularly double-strand 
breaks. Moreover, ATM regulates telomere length and this might correlate with the progeria 
observed in most patients. Although AT patients are not photosensitive, telangiectasia due 
to broken venous capillaries usually appears in childhood several years following ataxia and 
is more evident in sun-exposed areas of the skin, though typically sun-protected areas such as 
the flexural surfaces of the extremities and the chest are also affected. Other common cutane-
ous findings, contributing to the progeroid appearance, include subcutaneous fat atrophy and 
graying hair. Seborrehic dermatitis, ulcerative, non-infectious granulomatous lesions, dyspig-
mentation that is often segmental, poikiloderma, vitiligo, hirsutism and acanthosis nigricans 
have also been described.
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Photodermatoses and Defects in NER
Xeroderma pigmentosum (XP) has been the subject of a volume from this series.34 The disease 

is defined by the atrophic, dry, parchment-like texture of the skin and by highly prevalent and 
early development of tumors of the skin and other sun-exposed areas, such as the eyes and the tip 
of the tongue; as mentioned above, XP can be considered a category of familial melanoma. The 
disease comprises seven complementation groups, A to G, with defects in various steps of the NER 
pathway and an eighth group, XP variant, with a defective DNA polymerase, pol �, which has a 
role in DNA synthesis past UV-induced photoproducts. Some XP patients develop neurological 
and cognitive dysfunction.

Cockayne syndrome (CS) is a complex disease with a multitude of symptoms; it has also been 
the subject of a volume in this series.35 There are two complementation groups of CS, CS-A and 
CS-B, with mutations in the CSA (ERCC8) and CSB (ERCC6) genes respectively. In very rare 
cases, patients with mutations in the XPB, XPD or XPG genes exhibit a combination of symp-
toms of CS and XP. CS patients present three major characteristics: failure to grow, progressive 
neurological dysfunction and leukodystrophy (progressive degeneration of the white matter). In 
addition, at least three of the following minor criteria have been suggested for a positive diagnosis: 
photosensitivity, demyelination of the peripheral nerves, pigmentary retinopathy and/or cataracts, 
sensorineural hearing loss, cachectic dwarfism with stooped posture and progeria with shortened 
lifespan. These are usually accompanied by numerous additional problems, including microcephaly, 
gait defects, contractures, spasticity, tremors, dental caries, basal ganglia calcifications, hyperten-
sion, osteoporosis and others.

Cells from CS patients are defective in the TCR subpathway of NER. Although a vast major-
ity of the CS patients display photosensitivity, the disease is not caused by the TCR defect, as 
discussed below.

Cerebro oculo-facial-skeletal syndrome (COFS) shares some of the traits typical of CS, with 
additional findings. This syndrome will be described in Chapter 21 of this volume.

De Sanctis-Cacchione (DSC) syndrome was first named “xerodermic idiocy”, because the 
patients exhibited symptoms of XP combined with mental deficiency, progressive neurologic 
deterioration, dwarfism and gonadal hypoplasia. The disease has been associated with mutations 
in XP genes, most often in XPA.36 However, two siblings diagnosed with DSC had more severe 
neurological symptoms and less striking cutaneous manifestations than those usually seen in XP 
patients. Biochemical and complementation assays determined that these individuals were mutated 
in the CSB gene.37-39

Triothiodystrophy (TTD) will be discussed in Chapter 10 in this volume. We will briefly 
mention here that the sun-sensitive TTD patients carry mutations in genes involved with the 
NER pathway, namely XPB, XPD and TTDA; the proteins encoded by these genes are subunits 
of the transcription factor, TFIIH.

Other diseases associated with defective DNA repair. A puzzling case, presenting with 
numerous skin cancers but normal sun sensitivity and whose cells exhibit normal parameters of 
repair of photoproducts, has been described.40 The only abnormality that has been detected in cells 
from this patient is reduced host cell reactivation (HCR) of UV-irradiated reporter plasmids. This 
activity could not be complemented by expression of any of the NER repair proteins, but expres-
sion of UVDE (an endonuclease that incises DNA containing CPD, 6-4PP and AP sites) restored 
the activity of the reporter gene; HCR of AP site-containing plasmids was normal. The authors 
hypothesize that the enhanced carcinogenesis in this patient is the result of novel UV-induced 
lesions that are recognized by UVDE but not by NER factors, or by a defect in a minor, as yet 
unknown, subpathway of NER.

UV-Sensitive Syndrome (UVSS)
First described by Itoh and colleagues,41 individuals with UVSS are sun-sensitive and present pig-

mentation anomalies in sun-exposed areas of the skin. As with CS, skin or internal tumors have not 
been described in UVSS patients. In high contrast with CS, no other pathologies have been associated 



102 Diseases of DNA Repair 

with UVSS. In this section we will describe in detail the cellular and molecular characteristics as well 
as the genetics of this rare disease; to date, only seven patients have been characterized.

Response of UVSS Cells to UV Irradiation
The cellular responses of UVSS and CS to treatment with UV light (254 nm) are identical: defec-

tive survival, impaired recovery of RNA synthesis, accumulation of p53 correlated with apoptotic 
response at low UV doses and proficient global repair of photoproducts. As these observations 
suggest, both types of cells are deficient in TCR of photoproducts (42 and references therein). 
These findings were puzzling because up to then CS had been defined as a “DNA repair deficient 
syndrome”, but the results obtained with UVSS cells suggested that defective TCR causes only sun 
sensitivity. This raises the question: what causes the variety and severity of the symptoms in CS?

Response of UVSS and CS Cells to Oxidative DNA Damage
CS cells have been shown to be hypersensitive to treatment with agents that induce primarily 

oxidative DNA lesions in addition to single and/or double strand breaks. When UVSS and CS 
cells were treated in parallel with hydrogen peroxide, potassium bromate or menadione, it became 
evident that UVSS did not share the hypersensitivity of CS cells to oxidation, but instead like wild 
type cells.43,44 These results suggest that CS cells might be defective in DNA repair (particularly 
TCR) of oxidative DNA lesions, or that these lesions were not efficiently bypassed during DNA 
or RNA synthesis in CS cells, and this might be the underlying cause of the disease.

Using a host cell reactivation assay in which undamaged cells were transfected with plasmids 
treated with agents that induced certain types of DNA lesions, Spivak et al demonstrated that 
expression of the UV-irradiated lacZ reporter gene was defective in both UVSS and CS cells, as 
expected from their TCR defect.43 When the plasmid contained the oxidized bases 8-oxo-guanine 
or thymine glycol, UVSS cells exhibited responses similar to those of the wild type controls, while 
recovery of expression was defective in CS cells. Plasmids prepared to contain single strand breaks 
or abasic sites, which are intermediates in the BER pathway, yielded equal responses from all the 
cell lines; thus the CS defect is not associated with defective processing of the lesions through 
BER. Surprisingly, repair of thymine glycols was similar in the transcribed and nontranscribed 
strands of lacZ and there were no differences between wild type and repair-deficient cell lines. 
The conclusion drawn was that the system might not be sensitive enough to detect TCR in the 
portion of the transfected plasmids that had served as templates for transcription, or that the CS 
defect resides not in TCR but in transcriptional bypass of oxidative damage.

UVSS Complementation Groups
There are three complementation groups of UVSS, with mutations in the CSA, CSB, or in 

an unknown gene. In the initial description of the syndrome, the siblings Kps2 and Kps3 as 
well as the patient USs1KO had been assigned to one complementation group.41 The patients 
UVS24TA and XP24KO were also assigned to the same group.45 However, sequencing analysis 
revealed that USs1KO cells carried a homologous mutation in the CSB gene.46 The mutation 
found by Horibata et  al implies that a severely truncated CSB protein, containing only the 
N-terminal 76 amino acids, would be generated in UVS1KO cells, but Western blot analysis 
failed to reveal any CSB polypeptides in UVS1KO cells. Thus it appeared that individuals with 
no detectable CSB protein develop UVSS, whereas individuals with mutant CSB protein are 
more severely affected, with clinical outcomes such as Cockayne, DeSanctis-Cacchione or COFS 
syndromes.47 An alternative hypothesis was proposed by Neuman et al, who reported that the 
domesticated PiggyBac-like transposon PGBD3 resides within intron 5 of the CSB gene and 
functions as an additional 3
 terminal exon, thus an alternatively spliced mRNA gives rise to 
a CSB-transposase fusion protein that is as abundant as CSB. Since most CSB mutations in 
patients have been found beyond intron 5, these authors suggested that CS could be caused by 
the unbalanced expression of the fusion protein.48 These hypotheses were invalidated by the 
recent discovery of two CS patients with severe symptoms, who carried large deletions of the 
promoter and upstream exons in the CSB gene that prevented its expression and that of the 
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fusion protein.49 CS3AM is another UVSS patient with the same CSB mutation as UVS1KO.50 
A report of a patient with late onset symptoms of CS (at age 47), who has a mutation in CSB a 
few nucleotides downstream from the one in CS3AM or UVS1KO and in whose cells the CSB 
protein could also not be detected,47,51 is suggestive of a continuum between mild (as in UVSS) 
and severe (as in CS) disease, depending on the location of the mutation(s) and on other fac-
tors that have not been identified to date. In support of this idea, individuals with the identical 
mutation in the CSB gene can present with different phenotypes.52 Another possibility is that 
the UVSS patients with mutations in CSB, might develop CS symptoms later in life; to our 
knowledge, the oldest UVSS patient is about 40-years old.

The work of Nardo et al44 demonstrates that certain mutations in the CSA gene can also lead to 
UVSS. Thus, a picture emerges of dual roles for CSA and CSB: it is clear that functional CS proteins 
are required for TCR, but there appears to be a second activity that prevents developmental failure, 
premature aging and early death. Moreover, the activities involved in TCR of bulky DNA adducts 
and in resistance to oxidizing agents are uncoupled for both proteins. This concept is supported by 
the absence of CS-like phenotypes in XP-A individuals, who are defective in TCR and in global 
NER. The neurological degeneration observed in some XP-A patients is clinically distinct from 
that in CS individuals.

Another important conclusion drawn from the results described above is that CS is not caused 
by deficient TCR of bulky lesions, since UVSS individuals with defective TCR present no devel-
opmental/neurological problems at all. The molecular abnormalities that lead to the progressive 
developmental problems and neurological degeneration typical of CS have not been determined. 
The hypotheses include problems with basal transcription, global repair of oxidative DNA lesions, 
activation of hormones involved in growth and metabolism, transcriptional bypass of base lesions 
and TCR of endogenously induced DNA lesions.53

Many of the factors involved in TCR have been characterized and various mechanisms have been 
suggested, but the lack of an in vitro TCR assay has hindered the detailed biochemical analyses of 
the pathway. The work of several research groups has defined plausible protein complexes involved 
in the various steps in TCR in humans: RNA polymerase II, CSB and XAB2 are required for as-
sembly of the pre-incision complex, while CSA as a component of an E3 ubiquitin ligase complex, 
is required for post-incision events. Chromatin remodeling factors such as HMGN1 and p300 
might be needed for displacing nucleosomes that become re-established behind the translocating 
transcription complex, so that the polymerase can regress, exposing the lesion to repair complexes. 
Following recognition of the lesion, the TCR pathway requires NER factors for incision, removal of 
the damaged oligonucleotide, repair synthesis and ligation. Additional factors are being identified, 
for example NEDD4 that has been implicated in DNA damage-induced ubiquitination of the RNA 
polymerase II subunit RPB1, marking it for proteosomal degradation.54 Further studies, including 
the identification of the gene defective in the third complementation group of UVSS, are necessary 
to elucidate the role of the respective proteins in DNA repair and transcription pathways.

Conclusion
The diseases described in this chapter provide a glimpse into the extremely complex reactions 

that occur in cells when they are exposed to various types of photons. The skin, which is the most 
spatially extensive organ and the main target of sunlight, responds to photons with a variety of 
inflammatory, pigmentation, premature aging and neoplastic pathologies. The correlations be-
tween defective biochemical pathways and the corresponding hereditary syndromes have yielded 
important insights into a number of hereditary photodermatoses, particularly those related to 
DNA damage and repair, which can serve as a foundation for the design of innovative therapeu-
tic approaches. UVSS is a particularly good example that illustrates the importance of precisely 
defining novel disease phenotypes, which can then guide identification of and be correlated with 
specific genetic and biochemical abnormalities. However, the number of photodermatoses, both 
hereditary and acquired, for which the molecular pathophysiology remains unclear, suggests that 
there are still rich opportunities to elucidate the photobiology of skin.
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Trichothiodystrophy:
Photosensitive, TTD-P, TTD, Tay Syndrome
W. Clark Lambert,* Claude E. Gagna and Muriel W. Lambert

Abstract

Although the term, “trichothiodystrophy” (TTD) refers to the hair anomalies in this group 
of patients, this is a heterogeneous, multisystem disease in which any or every organ in 
the body may be affected.1-5 Neuroectodermal derived tissues are particularly likely to be 

involved. This term was introduced by Price et al in 1980 to designate patients with sulfur-deficient 
brittle hair, which they recognized as a marker for this complex disease and designated it as a “neu-
roectodermal symptom complex”.6 Patients with TTD have brittle hair and nails (associated with 
reduced content of cysteine-rich matrix proteins), ichthyotic skin and physical and mental growth 
retardation.7 Ichthyosis is usually apparent at birth but much less so after the first few weeks of life. 
Other frequently associated features include ocular cataracts, infections and maternal complica-
tions related to pregnancy. Atrophy of subcutaneous fat may also be present.

TTD occurs in a pattern of inheritance consistent with an autosomal recessive condition. 
The disease is extremely heterogeneous in severity and extent, with some patients showing no 
neurological deficiency.8 Others show severe, multisystem disease. Many patients die at a young 
age, most commonly due to infectious disease.1

TTD is part of a more broadly defined group of diseases identified as IBIDS (ichthyosis, 
brittle hair, impaired intelligence, decreased fertility and short stature). Photosensitive cases are 
also identified as PIBIDS (photosensitivity with IBIDS). Cases without manifest ichthyosis are 
also identified as PBIDS. These syndromes defy rigorous definition because of clinical variation 
between patients.5 The original two cases were described by Tay in oriental siblings, whose parents 
were first cousins; thus the disease is also known as Tay syndrome.9

The hairs in patients with TTD have a distinctive, diagnostically useful appearance on polarized 
light microscopy consisting of alternating light and dark bands known as the “tiger tail” anomaly. 
Diagnosis may be confirmed by sulfur content analysis of hair shafts, which shows decreased sulfur 
and cysteine content.5,7

Approximately half of patients with TTD have photosensitivity, which correlates with a nucle-
otide excision repair (NER) defect. These patients are designated as having trichothiodystrophy—
photosensitive (TTDP). Non-photosensitive patients are designated as having trichothiodystrophy—
nonphotosensitive (TTDN). Skin cancer is very rare in sun-sensitive TTD.5,10

Clinical Manifestations
TTD is part of a complex and often clinically challenging group of diseases affecting skin, hair, 

nails and frequently displaying ichthyosis (increase, usually with malformation, of the superficial, 
cornified layer of skin). As noted above, not all patients within the formal definition of TTD are 
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photosensitive. However, some of the other entities within this broad disease spectrum, outside 
this definition of TTD, are also photosensitive,11 including a group of diseases falling within a 
syndrome known as ichthyosiform follicularis atrichia with photophobia (IFAP).12 Like TTD, IFAP 
may also manifest neuropathological features.13

Faghri et  al performed an extensive systematic literature review, finding 112 patients with 
trichothiodystrophy.1 They ranged from 12 weeks to 47 years of age. In addition to hair abnor-
malities, there were developmental delay/intellectual impairment (86%), short stature (73%), 
ichthyosis (65%), abnormal characteristics at birth (55%), particularly low birth weight and length, 
ocular abnormalities (51%; primarily cataract), infections (46%), especially pulmonary infections, 
photosensitivity (42%), maternal pregnancy complications (28%) and defective DNA repair 
(37%). Hypogonadism and microcephaly are also characteristic. As seen in autosomal dominant 
ichthyosis vulgaris, flexural areas of the arms and legs may be spared. Decrease in subcutaneous fatty 
tissue is seen in some patients. In women, breast tissue may be completely absent despite normal 
nipple development. As seen in Cockayne syndrome, the face of TTD patients may have an aged 
appearance due to lack of subcutaneous fat. In the Faghri, et al series of 112 patients, there were 
19 deaths in patients under 10 years of age, 13 of which were attributed to infection.1 This repre-
sented a 20-fold higher rate of mortality than that of the general US population. The spectrum of 
clinical features varied widely, from mild disease with only hair involvement to severe disease with 
profound developmental defects, recurrent infections and a high mortality at a young age. A very 
rare temperature sensitive form of TTD, which is more severe when pyrexia (fever) is present, has 
been reported.14,15 TTD has been described in whites, blacks and Asians.3,9

In patients with skin cancer or one or more precancerous entities such as actinic keratoses, 
xeroderma pigmentosum (XP) or the XP/TTD overlap syndrome should be considered. In pa-
tients with subcutaneous fat atrophy but limited or no epidermal, nail or hair changes, Cockayne 
syndrome should be considered.

Xeroderma Pigmentosum/Trichothiodystrophy Overlap Syndrome
Two patients with overlapping features of both XP and TTD have been reported; a 3-year-old 

girl with sun sensitivity and retarded mental and physical development and a 28 year-old woman 
with sun sensitivity, cutaneous dyspigmentation and skin cancer.16 Both patients had a compound 
heterozygous mutation in the ERCC2/XPD gene. Cultured cells from the former patient showed 
barely detectable levels of NER associated with UVB radiation exposure. The other patient had a 
substantially higher rate of DNA repair following UVB exposure. In both patients, polarized light 
microscopy revealed a tiger-tail appearance of the hair. Analysis of the hair shafts from both patients 
showed levels of sulfur-containing proteins between those of normals and patients with TTD. 
Genetic association between XP and TTD has also been reported in three Italian families.17,18

Cockayne Syndrome/Trichothiodystrophy Overlap Syndrome
TTD shares some phenotypic features with other diseases, such as Cockayne syndrome (CS), 

having defective NER.19 However, we are not aware of any patient with overlap between TTD and 
CS. This may be a matter of how carefully clinical information has been documented and of who has 
done it. Dermatologists may miss a neurological sign and neurologists may miss cutaneous impair-
ments. These patients are best evaluated by a team of physicians in different specialties, preferably 
working together. We have reviewed XP/CS overlap syndrome patients elsewhere.20,21

Etiopathogenesis
The TTD phenotype has been identified to be caused by mutations in at least three different 

genes: (1) the overwhelming majority of patients have mutations in ERCC2/XPD (the Excision 
Repair Cross-Complementation group-2/Xeroderma Pigmentosum Complementation Group D 
gene);22,23 (2) a single family has had, instead, biallelic mutations in the ERCC3/XPB (the Excision 
Repair Cross-Complementation group-3/Xeroderma Pigmentosum Complementation Group B 
gene).24 These two genes encode the two helicase subunits of the transcription/DNA repair factor, 
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TFIIH (Transcription Factor for RNA polymerase II, subunit H, which is composed of at least 
10 subunit proteins). One ERCC2/XPD mutation associated with TTD has been shown to be 
temperature sensitive.15 Interestingly, it was found in a clinical situation in which the disease was 
only fully manifested when the patient was febrile.14,15

(3) A unique TTD complementation group has been identified by Stefanini et al,25 in cells 
from a patient described by Jorizzo et al.26 Stefanini et al showed that the cells from patients in 
this identified group could complement all known XP complementation groups and also that this 
complementation was not intragenic.25 Cells from this new complementation group were originally 
identified as “TTD1BR”. It was subsequently identified as “TTD2”, with the other known TTD 
cases at the time (all due to mutations in ERCC2/XPD) identified as in “complementation group 
TTD1”. Following the currently generally accepted revision in nomenclature proposed by Lehmann 
et al, this group is now known as TTD-A.27 However, these alternative nomenclatures may be seen 
in reviewing the older literature. This new complementation group of TTD (TTD-A) has been 
found to be caused by a mutation in the gene, GTF2H5/TTD-A, encoding a small protein, the 
newly identified 10th subunit of TFIIH, TFB5.28 The overall level of TFIIH in TTDA cells is 
also significantly depressed, presumably because TFB5, in addition to any other functions it may 
have, acts as a stabilization factor for TFIIH, protecting it from proteosomal degredation.29 Both 
immunoblot and immunofluorescence analyses revealed a strong reduction in the TFIIH con-
centration and normal TFIIH, microinjected into TTD-A cells, has a markedly reduced half-life. 
TFIIH, from TTD cells in this complementation group, functions normally in both DNA repair 
and transcription assays. Thus its reduced level in the TTD cells appears to be responsible for the 
TTD phenotype. DNA repair appears to be more severely affected than transcription in these cells. 
Petrini has suggested that this was because a minimal level of TFIIH may be needed to enact the 
switch from transcription to repair when the transcription machinery encounters DNA damage 
in transcription coupled repair.30

Depending on the mutation and possibly other components of the genetic background in 
individual cases, mutations in XP-B or XP-D cause XP only, TTD only, or, for XP-D, an overlap 
syndrome incorporating elements of both diseases, known as the xeroderma pigmentosum/tricho-
thiodystrophy overlap syndrome (XP/TTD syndrome). In their extensive review of reported cases, 
Faghri et al noted that complications of pregnancy and abnormal characteristics at birth were fre-
quent features of TTD, suggestive of a role of DNA repair genes in normal fetal development.1

Laboratory Diagnosis
In patients in whom the diagnosis of TTD is suspected, a hair pull should be performed and the 

hairs examined under a polarizing microscope. The hairs in patients with TTD have a distinctive 
appearance on polarized light microscopy consisting of alternating light and dark bands known 
as the “tiger tail” anomaly. Diagnosis may then be confirmed by analysis of sulfur content of these 
hair shafts, which should show decreased sulfur and cysteine content.5,7 This test is performed by 
a reference laboratory.

In photosensitive patients, biochemical testing includes obtaining fibroblast cultures for in 
vitro testing, although this is carried out at the research level at present. Cellular sensitivity to 
ultraviolet C (UVC) radiation is increased, as measured by vital dye exclusion, a metabolic assay 
such as a WST-1 test, or colony forming ability. Testing for unscheduled DNA synthesis (UDS) 
would be expected to produce a normal or a variable result, since the factor, TFIIH, plays a role 
in transcription coupled DNA repair, which comprises only about 15 per cent of total cellular 
DNA repair (which is responsible for UDS) following UVC exposure. Other DNA repair assays 
may also be carried out.

Most TTDP patients have been found to have a mutation(s) in the ERCC2/XPD gene, which 
should be probed first in attempting to establish a molecular diagnosis. If no mutation is found, 
ERCC3/XPB or GTF2H5/TTD-A may be probed. In all testing for TTD, it should be kept in mind 
that all expectations are based on a very small data base. One should expect the unexpected.
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Animal Model
An animal model has been described that has some relationship to TTD, but the phenotype 

is far from an exact match, despite the elegance of the model.31

Conclusion 
Trichothiodystrophy is a multifaceted disease characterized, in part, by brittle hair which 

shows a banded, “tiger tail” abnormality on polarized light microscopy and low sulfur content 
on biochemical analysis, either or both of which may be used to establish the diagnosis.  Other 
frequently encountered characteristics include developmental delay/intellectual impairment, 
short stature, ichthyosis, abnormal characteristics at birth (often accompanied by prenatal com-
plications), especially low birth weight and length, ocular complications, especially cataracts, 
and infections, especially pulmonary infections, which may cause death during childhood and 
which are primarily responsible for an increased mortality rate in affected children.  The disease 
varies widely in severity, with some patients extremely affected, whereas others show only the hair 
anomaly.  Approximately half of patients are sun-sensitive; the majority of these have a defective 
DNA nucleotide excision repair mechanism.  The overwhelming majority of sun-sensitive patients 
with identified genetic defects have been found to have mutations in ERCC2/XPD; a single fam-
ily has been found to have biallelic mutations in ERCC3/XPB.  These two genes encode the two 
helicases in the transcription/DNA repair factor, TFIIH, which contains at least ten proteins.  
The smallest group of genetically defined patients with TTD has been found to have a defect in 
third gene, GTF2H5/TTD-A, which encodes a small protein, TFB5, which is also a component 
of TFIIH that functions to prevent its proteosomal degradation.  
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Cornelia de Lange Syndrome
Jinglan Liu* and Gareth Baynam*

Abstract

Cornelia de Lange syndrome (CdLS) (OMIM # 122470, #300590 and #610759) is an 
autosomal dominant disorder that is classically characterized by typical facial features, 
growth and mental retardation, upper limb defects, hirsutism, gastrointestinal and other 

visceral system involvement. Heterozygous mutations in the cohesin regulator, NIPBL, or the 
cohesin structural components SMC1A and SMC3, have been identified in approximately 65% 
of individuals with CdLS. Cohesin regulates sister chromatid cohesion during the mitotis and 
meiosis. In addition, cohesin has been demonstrated to play a critical role in the regulation of gene 
expression. Furthermore, multiple proteins in the cohesin pathway are also involved in additional 
fundamental biological events such as double strand DNA break repair, chromatin remodeling 
and maintaining genomic stability. Here, we will discuss the biology of cohesin and its associated 
factors, with emphasis on the clinical manifestations of CdLS and mechanistic studies of the 
CdLS related proteins.

Clinical Characteristics
Introduction

Cornelia de Lange syndrome (CdLS) (OMIM #122470, #300590 and #610759) was initially 
described by Vrolik in 1849 in a child with severe oligodactyly.1 In 1916, Brachmann2 described an 
individual with an overlapping phenotype and in the 1930s Cornelia de Lange, a Dutch pediatri-
cian reported two unrelated girls with similar features and named the condition “degeneration 
typus amstelodamensis”.3,4 In honor of her formal characterization the eponym Cornelia de Lange 
syndrome is widely used.

CdLS is a dominantly inherited multisystem developmental disorder with locus heterogeneity. 
The facies are striking and may be one of the most useful diagnostic signs. The facial gestalt includes 
synophrys, long eyelashes, a depressed nasal root with an up-turned nasal tip and anteverted nares, a 
long philtrum, a thin upper lip, small widely spaced teeth, brachymicrocephaly, low-set and posteriorly 
rotated ears. Other characteristic findings include hirsutism; abnormalities of the upper extremities 
ranging from small hands and subtle phalangeal and metacarpal changes to severe forms of oligodac-
tyly and forearm truncation primarily involving the ulnar structures; gastroesophageal dysfunction 
and retardation of growth and neurodevelopment. (Fig. 1A-D).5,6 Other common findings include 
ptosis, myopia, intestinal malrotation, cryptorchidism, hypospadias, pyloric stenosis, congenital 
diaphragmatic hernias, cardiac septal defects, seizures and hearing loss. Mental retardation is typically 
severe; IQs range from less than 30 to 102 with an average of 53. Many patients also demonstrate 
autistic traits and other behavioural abnormalities including self-destructive tendencies, avoidance or 
rejection of social interactions and physical contact.5 The estimated prevalence is 1 in 10, 000;7 this 
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Figure 1. Typical phenotypic characteristics of CdLS. Panels (A-D) show manifestations in a 
severely affected 17 year-old girl. A,B) Note characteristic facial features (arched eyebrows, 
synophrys, long eyelashes, ptosis, short nose, long philtrum, thin upper lip, posteriorly 
angulated ears). C,D) Note severe oligodactyly with single radial digit, hypoplasia of ulnar 
structures and pterygia of antecubital region bilaterally. Panels E-H shows the characteristic 
mild phenotype in an 8 year-old girl. E,F) Note the characteristic facial features noted above 
(without the ptosis) but with much milder expression. G,H). Note the small hands with 5th 
finger clinodactyly and proximally placed thumbs bilaterally. Reprinted, with permission, 
from the Annual Review of Genomics and Human Genetics, Volume 9 (c) 2008 by Annual 
Reviews. www.annualreviews.org.
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may be an underestimate as the advent of molecular testing has broadened the reported phenotype.8 
There is marked variable expressivity and a milder phenotype has been described6,9-12 (Fig. 1E,F). 
With increasing recognition of milder phenotypes further isolated and familial cases have been 
identified.13-15 The mild phenotype is characterised by lesser psychomotor and growth retardation, a 
lower incidence of major malformations and milder limb anomalies12; it is estimated to account for 
approximately 20-30% of the CdLS population.12

CdLS in Adolescents and Adults
Kline et al16 presented a review of 59 North American adolescents and adults, ascertained 

through a multidisciplinary clinic with a mean age of 17 and 9 months (range 11-50 years) years. 
The majority of individuals were diagnosed in childhood. Almost all had growth below the 5th 
centile and approximately three quarters had microcephaly. The typical facial gestalt persisted whilst 
the facies coarsened and lengthened and premature graying was common. Seizures occurred in one 
quarter and typically commenced in childhood. Mental retardation was present in majority of the 
cases; 43% severe, 8% moderate to severe, 16% moderate and 16% were mild. Approximately 80% 
had gastrointestinal reflux, with approximately 50% requiring fundoplication; a similar number 
reported constipation. Reflux persisted or worsened, with some having complications including 
Barret oespohagus. Submucous clefts occurred in 14% and were often detected late. Approximately 
two-thirds had sensorineural hearing loss and one-third had chronic sinusitis. Myopia was com-
mon; cataracts and retinal detachment were noted in some. One quarter had leg length discrepancy, 
39% had scoliosis and reduced bone density was noted with occasional fracture. Most females had 
delayed or irregular menstrual cycle. Behavioural and psychiatric disturbances often deteriorated. 
70% had oppositional defiant disorder. Approximately 60% had a tendency for self-injury, one-third 
had aggression or a roaming type behavior and approximately two-third had sleep disturbance. 
Approximately half had mutations identified in NIPBL or SMC1A; whilst no clear genotype-phe-
notype conclusions could be drawn. Those with missense mutations were generally milder when 
compared to those with other mutations. The ascertainment bias in this cohort may have resulted in 
skewing towards the more severe end of the spectrum. A further study of the behavioural phenotype 
revealed an increased frequency of severe autism and compulsive behaviours in individuals with 
CdLS compared to those with comparable levels of mental retardation.17 Other adults with mild 
presentations have been ascertained following the diagnosis of a more severely affected child.18,19 
With increasing availability of molecular diagnosis the adult spectrum will likely broaden.

Prenatal Presentation and Recurrence Risks
A variety of findings have been reported throughout gestation. Low levels of maternal pregnan-

cy-associated plasma protein-A have been reported in the first and second trimesters.20-22 Abnormal 
ultrasonic findings included increased nuchal translucency in the first trimester23; growth restric-
tion, diaphragmatic hernia and other major organ malformations, characteristic facial profile and 
abnormalities of the extremities in the second trimester24-27; and intrauterine growth retardation 
and macrocephaly in the third trimester. Diaphragmatic hernia recurrently identified prenatally27-31 
and CdLS may be particularly considered in association with upper limb anomalies.27

The empirical recurrence risk has been estimated to be 1.5%.5 In known familial cases the recur-
rence risk is dependent on the mode of transmission—either autosomal dominant or X-linked 
dominant. Paternal gonadal mosaicism for a NIPBL mutation has also been reported.32

Molecular Genetics of CdLS
Roles of NIPBL, SMC1A and SMC3 in CdLS

Most CdLS patients have normal chromosomes except a few specific chromosomal rearrange-
ments that have been reported over the years.33,34 The dup 3q syndrome has long been considered 
as a phenocopy of CdLS due to clinical overlap35-39 and a critical region has been defined at 
3q26.3-q27,40-42 although the two entities can easily be differentiated on clinical examination. 
Several genes at these previously reported candidate regions were screened as potential CdLS 
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disease genes including: CHRD and SOX2 (3q27),43 SHOT (3q25-q26),44,45 GSC (14q32),43 
NAALADL2 (3q26.3) (which was found to be disrupted by a t(3;17))46 and NLGN1, a gene 
involved in synaptogenesis in the central nervous system; gene dosage of which has been impli-
cated in the mental retardation associated with the dup(3q) syndrome (35). Interestingly, none 
of these genes were found to be mutated among CdLS patients and the CDL1 locus at 3q26.3 
did not segregate in at least half of familial cases studied, questioning the veracity of this region 
as a CdLS locus.47 A genome wide linkage exclusion analysis, performed on 12 families, was able 
to narrow down candidate gene loci to 5 genomic regions, one of which mapped to 5p13.1 and 
corresponded to a locus involved in a de novo balanced t(5;13)(p13.1;q11.2) in a patient with 
CdLS. Screening of candidate gene identified a novel gene named Nipped-B Like (NIPBL) after 
its Drosophila homolog, nipped-b, heterozygous mutations in which were found to cause CdLS.48-49 
NIPBL is a regulator of the cohesin complex. For the first time this finding implicated the cohesin 
complex and its regulators to a developmental disorder. Shortly afterwards mutations in cohesin 
components, SMC1A and SMC3 were also found to cause CdLS.8,50

Molecular Genetics of NIPBL, SMCA1 and SMC3
Human NIPBL is located on chromosome 5p13, its full length transcript is approximately 10 

Kb with various smaller alternative transcripts and two protein isoforms reported being conserved 
in vertebrates.48,49 The NIPBL protein is referred as delangin. SMC1A is located at Xp11.22-p11.21 
and has been reported to escape X-inactivation in humans.51 SMC3 is located at 10q25. NIPBL 
transcripts are ubiquitously expressed in humans but with the highest expression found in heart and 
skeletal muscle.48,49 In situ hybridization on whole mount mouse embryos demonstrated NIPBL 
expression in developing limbs, craniofacial bones and muscles, the craniofacial mesenchyme sur-
rounding the cochlear canal, the respiratory and gastrointestinal systems, heart, renal tubules and 
genitourinary system concordant with the clinically involved systems in CdLS.48 Mouse Nipbl has 
been reported to be expressed in limb buds, branchial arch and craniofacial mesenchyme robustly, 
although other tissues and organs also show its expression at various levels.49 Xenopus tropicalis 
delangin is found throughout the ectoderm and in the mesoderm during gastrulation.52 UniGene 
cluster and EST expression studies revealed both SMC1A and SMC3 are universally expressed with 
some increased expression in certain tissues (http://smd-www.stanford.edu/cgi-bin/source).

Mutational analysis by sequencing of NIPBL exons and flanking intronic regions has been 
performed among various ethnic groups53-57 as has SMC1A mutation analysis.8,58 As expected, a 
wide variety of pathogenic mutations have been identified, but overall only approximately 50% 
of CdLS probands are found to carry an NIPBL mutation, most of which are point mutations, 
small insertions or deletions in coding regions or splice junctions. These mutations are assumed 
to produce either malfunctioning full length or truncated NIPBL proteins, consistent with 
haploinsufficiency.53 In rare cases, large genomic rearrangements have been found as have altera-
tions in the upstream noncoding region of the gene. For example, one affected girl and her mildly 
affected father have heterozygous deletion-insertion mutation in NIPBL 5'-UTR19 and multiplex 
ligation-dependent probe amplification (MLPA) has revealed a 5.2 Kb deletion encompassing 
exons 41-42 of NIPBL in another patient.59 Among NIPBL mutation-negative CdLS probands, 
approximately 8% (4% of total CdLS population) have been found to carry an SMC1A mutation.8 
One mildly affected adult male with CdLS was found to carry a de novo SMC3 mutation. At 
least 35% of clinically diagnosed patients with CdLS are not found to carry a mutation in any 
of these identified genes, suggesting the existence of other CdLS genes or potential alternative 
mechanisms of alteration in these known genes may be involved during pathogenesis.

Genotype/phenotype correlations are beginning to emerge but are mostly gross observations 
that individuals with missense mutations, or nonidentifiable mutations, tend to present a milder 
phenotype than those with truncating mutations and individuals with SMC1A mutations also 
tend to be milder and rarely, if ever, manifest structural organ or limb defects.8,53 At the cellular 
level, B-lymphoblastoid cells from CdLS patients, also manifest some phenotypic features; these 
include (1) 41% of metaphase spreads from NIPBL mutation positive probands, show precocious 
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sister chromatid separation (PSCS) while the same phenotype only appeared in 9% of control 
samples60 and (2) both fibroblast and B-lymphoblastoid cells, derived from CdLS patients, either 
with or without detectable NIPBL mutations, are more sensitive to DNA crosslinking agent, 
mitomycin C (MMC) and demonstrate decreased ability to repair double strand DNA breaks at 
G2 phase after X-ray exposure.61 Rare CdLS associated malignant cases such as Wilm’s tumor have 
been reported, but in general cancer is not a predominant manifestation.62

Cohesin Biology
The primary biological role, identified for cohesin is to control sister chromatid segregation 

during both, mitosis and meiosis cell cycles. Four evolutionarily conserved subunits form the 
core structural component of cohesin complex; two SMC (structural maintenance of chromo-
somes) proteins SMC1A and SMC3, a kleisin protein RAD21 (also called MCD1 or SCC1) 
and SCC3 (also called SA1/SA2 or STAG1/STAG2). Homologous genes to cohesin and its 
regulators were identified in several eukaryotic model systems including Saccharomyces cerevisiae, 
Schizosaccharomyces pombe, Drosophila melanogaster, Xenopus laevis and human.63

The protein structure of SMC1A and SMC3 is similar; each spans 1000-1500 amino acids 
and both contain globular domains at the N- and C-terminal ends and a globular hinge domain 
in the middle that separates the alpha helical structure. N and C termini fold at the hinge domain 
to form an antiparallel coiled-coil by bringing together the two halves of the alpha helix, which 
also subsequently form the head domain. Three highly conserved motifs, Walker A, Walker B and 
a signature motif were identified in the ATPase domain in cohesin head formed by the N and C 
termini.64,65 SMC1A and SMC3 dimerize at the hinge domains forming a V-shape structure most 
likely through a hydrophobic interaction. The N terminus of kleisin RAD21 subunit interacts 
with SMC3 head and the C terminus interacts with SMC1A head and ATP is required for the 
RAD21 and SMC1 association.66 RAD21 was therefore suggested as a central regulator of cohesin 
function because it simultaneously crosslinks the SMC heterodimer while locating closely to the 
ATPase active sites in cohesin heads and binds to the fourth known cohesin subunit, SCC3.67 
The maturely formed cohesin is a four subunit, ring like complex with globular hinge and head 
domains separated by ~45 nm of coiled coil (Fig. 2).

Cohesin binds to chromatin during G1/S phase in budding yeast; in vertebrates, binding hap-
pens during telophase of the preceding cell division. Additionally, cohesin binds at G2/M phase 
when double strand DNA breaks are created.68 The mechanisms by which sister chromatid cohesion 
is established is unclear, although it appears in yeast that the cohesin loading complex Scc2/Scc4 
(or adherin) and the acetyl-transferase Eco1/Ctf7 (the human homolog of which, ESCO2, which 
results in Roberts syndrome when mutated) are essential for this process.63,69 During or after DNA 
replication, replication factor C and DNA helicase are also required to establish cohesion (reviewed 
in ref. 70). In yeast, cohesin-associated regions (CARs) are scattered on average at 15-kb intervals 
on chromosome arms at transcriptional convergent sites which are usually AT-rich.71,72 Centromeres 
recruit more cohesin than other chromosomal sites.73,74 Although no consensus DNA sequence 
for cohesin binding has been illustrated, cohesin binding is enriched at heterochromatin75 and the 
chromatin surrounding a DNA double-strand break (DSB).76 Removal of cohesin starts from chro-
mosome arms in prophase and is completely finished by anaphase. Cohesins begin to disassociate 
from the arms during prophase while the pericentric cohesin is protected until the onset of anaphase. 
In vertebrates, both cohesin subunit, SA2 and RAD21 are substrates of Polo-like kinase 1 (Plk1) 
and the phosphorylation of SA2 as well as a functioning Wapl is particularly required for prophase 
removal.77-79 At the same time, Shugoshin/MEIS-322/Sgo180 and sororin81 are able to protect cen-
tromere cohesins. An evolutionally conserved protein Pds5/BimD/Spo76 interacting with Wapl, 
sororin and Eco1 is also involved in maintaining pericentric cohesion in prophase.82 Inactivation of 
cohesin and the complete dissolution of cohesin at anaphase onset enable faithful sister chromatid 
segregation. Securin and separase were identified as regulators of this event. Securin binds and inhibits 
the protease activity of separase (Esp1) before anaphase.83 At the beginning of anaphase, securin is 
degraded by APC (anaphase-promoting complex) and separase is activated.84 The active separase 
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cleaves RAD21 and the cohesin complex is further degraded.83 Mechanisms other than cohesin 
cleavage to ensure the complete inactivation of all cohesion have also been proposed.85

The human heterodimer NIPBL/SCC4 complex is evolutionarily conserved and required for 
loading of cohesin onto chromatin in both, mitosis and meiosis and to all chromosome regions 
such as heterochromatin, CARs, centromeres, DSBs, etc.76,86 Our understanding is incomplete as 
to how NIPBL loads cohesin onto DNA, as no such study has been reported to date. Through 
sequence homology analysis, the yeast homolog of NIPBL, Scc2 has been suggested to be a kinase87 
and mutations in Scc2 have greatly reduced Rad21 phosphorylation.88 NIPBL/SCC4 seems to be 
involved in all cohesin activities including SMC ATPase activation, hinge dimerization, chromatin 
binding and chromatin remodeling.89 In addition to NIPBL/SCC4, certain histone modifications 
and local chromosome structure are also targeted by cohesin.73,75,90 Distinct protein complexes 
such as MRX, CEN complexes and Rep, which are distinct from NIPBL/SCC4 can also recruit 
cohesin to specific chromosome regions.76,91,92

In summary, cells have elaborated mechanisms to regulate chromatin binding of cohesin 
temporally and spatially, most of these mechanisms are not fully known as yet. This complexity 
of regulation enables cohesin to perform diverse biological functions and mutations in genes, 

Figure 2. Schematic illustration of a single “open” cohesin molecule on a DNA strand in the 
“embracing” model. SMC1A and SMC3 (mutations in which have been identified in CdLS) 
are attached at their hinge domains. Coiled-coil arms connect the hinge domain to the head 
domain that contains ATP-binding cassettes crucial in the dynamic opening and closing of 
the ring structure mediated by the RAD21 and stromalin proteins. The cohesin regulatory 
proteins NIPBL (and interacting protein MAU-2) and ESCO2 (and putative interacting factor 
PDS5) involved in CdLS and RBS-SC phocomelia respectively are also indicated. Reprinted, 
with permission, from the Annual Review of Genomics and Human Genetics, Volume 9 (c) 
2008 by Annual Reviews www.annualreviews.org.
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encoding the associated major players are expected to contribute to multiple human diseases. 
Cohesin-independent mechanisms are also suggested to exist, as complete un-pairing of sister 
chromatids can not be achieved by simply knocking down cohesin. Condensin complexes, origin 
recognition complexes (ORCs), centromere complexes and DNA catenation, each has been re-
ported to have a role in mediating cohesin-independent sister chromatid cohesion.93-96

Cohesin and Its Accessory Proteins in Transcriptional Regulation
The Nipped-B protein, the homolog of cohesin loading protein Scc2 in yeast, was identified in 

Drosophila through a genetic screening for proteins that facilitated expression of the cut homeobox 
gene in the developing wing margin that is driven by a distant transcriptional enhancer located 
more than 80 Kb upstream of the transcription start site. Nipped-B alleviates the gypsy insulator 
function by assisting long distance promoter-enhancer interactions.97 Cut regulates Drosophila 
wing and limb development. Nipped-B null mutations are lethal to the fly, while heterozygous 
mutated Nipped-B results in reduced expression of cut protein with notch wing phenotypes.97 In 
Drosophila, heterozygous Nipped-B mutants do not show cohesion defects while homozygous 
Nipped-B mutants show only the defects right before death at the second instar stage, indicating 
sister chromatid cohesion is independent from cohesin regulated gene expression. Cohesin binds 
to chromosomes throughout interphase when gene expression also takes place. Cohesin binds 
to the cut regulatory sequences in cultured cells and to the cut locus in Drosophila salivary gland 
chromosomes.98 Reducing cohesin increases cut expression while reducing Nipped-B diminishes 
its expression in the emergent wing margin.98,99 Enhancer-promoter communication at the cut gene 
locus may be interfered with by cohesin binding, thereby inhibiting gene expression. Nipped-B 
is able to reverse these suppression effects by dynamically removing the bound cohesin.100 Scc4 
(mau-2 in other species) interacts with Scc2 and is also essential for sister chromatid cohesion in 
yeast. In Drosophila, Nipped-B was shown to interact with the Mau-2.101,102 In C. elegans, cells 
with RNAi knocked down of mau-2 have abnormal axonal migration without sister chromatid 
cohesion defects, while in human cultured cells, knocked down of human MAU-2 by RNAi does 
cause cohesion defects.102 Mau-2 mutations in C. elegans may have a similar effect as heterozygous 
Nipped-B mutations in Drosophila which may reduce gene expression and activity without obvious 
effect on cohesion.97,99 Compared to Nipped-B, Mau-2 expression alterations seem less critical, as 
partial knockdown of Mau-2 by RNAi in Drosophila had no effects on either cut gene expression 
or sister chromatid cohesion.99,102 Recently, homozygous Drosophila mutants of Smc1 or Scc3 
demonstrated defective axon pruning in the postmitotic mushroom body. The ecdysone steroid 
hormone receptor (EcR), an important factor for axon pruning, was found to have reduced protein 
expression in the mutants.103 Over-expression of EcR in the postmitotic neurons in those knockout 
flies could rescue the pruning defect, indicating that reduced EcR expression is primarily responsible 
for the pruning defect.103 The block of pruning could also be induced by knocking out another 
cohesion subunit Rad21 in the same neurons, indicating a complete cohesin complex is essential 
for pruning.104 As all the above observations occur in the postmitotic cells, chromosome segrega-
tion and cell cycle regulation are clearly not involved. In addition cholinergic neurons, lacking of 
Rad21, caused abnormal larva locomotion without obvious effects on mitosis.104 In other model 
organisms, such as zebra fish, the functions of Rad21 and Smc3 are needed for proper expression of 
runx1 and runx3 genes in early embryonic development.105 In humans, the Scc3 homolog STAG2 
was shown to be a transcriptional co-activator in the NF-kappa B signaling pathway.106 Another 
cohesion accessory protein Pds5B gene, is conserved from fungi to man, dynamically interacts 
with cohesin and is involved in establishment and/or maintenance of sister chromatid cohesion.98 
In Drosophila, there is a single pds5 gene and heterozygous pds5 mutations alter cut gene expres-
sion without effects on cohesion. Homozygous mutants have both, gene expression and cohesion 
defects.98 In mammals, there are two forms of Pds5 proteins. Homozygous Pds5B knock out mice 
show CdLS-like developmental abnormalities without cohesion defects, suggesting that changes 
in gene expression also likely underlie the Pds5B function in mouse development.107 Genome-wide 
chromatin immunoprecipitation experiments in human and mouse cells have revealed colocaliza-
tion of cohesin and CTCF, a zinc-finger protein with enhancer blocking/boundary activities.108-110 
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Knockdown of either cohesin or CTCF would influence gene expression levels in whole genome 
and knockdown of cohesin alone resulted in dys-regulated gene expression of CTCF targets.108,109 
Cohesin was therefore suggested to regulate gene expression through multiple mechanisms which 
are fairly similar to the regulatory mechanisms of CTCF.108,109,111 All the above observations suggest 
that cohesin and its accessory proteins can influence both gene expression and sister chromatid 
cohesion during development, but the latter may require more dramatic protein changes. Thus, gene 
expression appears to be more sensitive to subtle dosage alterations of the cohesin apparatus.

Genome wide chromatin immunoprecipitation (ChIP-on-chip) assays to examine the bind-
ing sites of Nipped-B, RNA polymerase II (Pol II) and cohesin subunit SMC1A in 3 different 
Drosophila cell lines has discovered that Nipped-B colocalizes with cohesin which supports the 
idea that it dynamically regulates cohesin binding.112 The preferential association of cohesin 
with transcribed regions suggests additional mechanisms by which cohesin binding might affect 
transcription and vice versa. The same study has also suggested that cohesin could interfere with 
both transcriptional activation and elongation, because cohesin binds to active Abd-B gene in 
Sg4 cells and some cohesin and Pol II peaks overlap within both, the Abd-B transcription unit 
and the regulatory region. Genes with distant regulatory elements, such as cut and Ubx, may be 
more sensitive to Nipped-B dosage because of the combined effects on activation and elongation. 
However, genome wide mapping of the cohesin and cohesin loading protein binding sites in yeast 
and Drosophila are conflicting. The reason for this could be that gene regulation through distant 
DNA elements does not play a major role in yeast and higher organisms may possess additional 
mechanisms for cohesin to bind in the genome and to regulate gene expression.113

Increasingly accumulated data suggest that the dys-regulated gene expression is in the etiol-
ogy of CdLS. CdLS probands, with missense NIPBL mutations usually are mildly affected while 
severely affected probands have protein truncating alleles53; in Drosophila, the expression of cut 
and Ubx are less affected in mutants with missense Nipped-B alleles similar to some CdLS-causing 
mutations than those with truncating or null alleles.114 Thus the milder effects of NIPBL missense 
mutations in humans could reflect milder effects on gene expression. Moreover, all identified CdLS 
probands which have heterozygous SMC1A or SMC3 mutations, are mildly affected. The mutations 
in SMC1A or SMC3 are either missense or small in-frame deletions and cell lines from probands 
with cohesin subunit mutations lack cohesion defects and produce normal levels of SMC1A.115 
More interestingly, the level of NIPBL mRNA was only reduced by 30% in both CdLS proband 
cell lines and heterozygous NIPBL knockout mice as well as in Nipped-B mutant flies.115 In sum-
mary, the slightly impaired NIPBL expression (�30%) or a single amino acid changes in SMC1A 
or SMC3 can lead to enormous effects on human development without considerable defects in 
sister chromatid cohesion. These findings further support effects of cohesin on gene expression and 
is likely the main contributor to the etiology of CdLS. This indicates that in addition to altered 
cohesin activity, abnormal gene expression could also be mediated through NIPBL or cohesin 
mutations, affecting the changes in the dynamics of the binding of cohesin to chromosomes.116

Cohesin and Chromatin Remodeling
Cohesin also forms stable associations with chromatin remodeling complexes in vivo.90 A human 

ISWI (SNF2h)-containing complex was copurified with cohesin and NuRD. The RAD21 subunit 
of the cohesin complex directly interacts with the ATPase subunit of SNF2h. Loading RAD21 onto 
chromatin might involve ATPase activity of SNF2h.90 Alu sequences specifically bind to RAD21, 
SNF2h and Mi2 demonstrating that Alu repeats may also act as cohesin binding sites. Modifications 
of histone tails may be associated to SNF2h/cohesin complex as well. Cohesin was shown to bind to 
AT-rich noncoding regions which are the bases of chromosome loops attached by chromatin fiber and 
flanked by genes, transcribed convergently in yeast.117 Yeast Sir2 protein recruits cohesin to multiple 
tandem rDNA arrays and suppresses chromatin recombination.118 Additional support for NIPBL (and 
cohesin’s) role in chromatin remodeling and epigenetic regulation came from the demonstration that 
NIPBL binds directly to the chromoshadow domain (CSD) of hetechromatin protein 1� (HP1�) 
with high affinity. The HP1� protein regulates epigenetic gene silencing by promoting and maintaining 
chromatin condensation. The HP1� chromodomain also binds to the methylated histone H3.119
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Other Cohesinopathies
Since NIPBL was first found mutated in �50% of CdLS probands,48,49 the term “cohesinopathy” 

was coined in 2004 to describe any human disorder that is due to mutations in cohesin or its acces-
sory proteins with manifestations that may or may not involve sister chromatid cohesion defects. 
At present, in addition to CdLS, there are three other multi-system genetic disorders that fit the 
above criteria, with all of them demonstrating abnormal sister chromatid pairing: (1) Roberts-SC 
phocomelia syndrome (RBS OMIM #268300; SC OMIM #269000) caused by mutations in 
the cohesin regulator ESCO2 (establishment of cohesion 1 homolog 2),120 (2) �-Thalassemia/
Mental Retardation Syndrome, X-Linked (ATRX OMIM #301040) caused by mutations in the 
ATRX gene on the X chromosome and (3) Rothmund—Thomson syndrome (RTS, also known 
as poikiloderma congenital) (OMIM #268400) caused by mutations in helicase gene RECQL4.121 
Recently, there has been mounting evidence that links mutations in genes involved in cohesion 
pathways to many forms of human cancer. For example, the WAPL protein is over-expressed in 
cervical cancers.122 SMC1A, NIPBL, SMC3 and STAG3, all have been suggested to play a major 
role in human colorectal cancers.123 Failed sister chromatid cohesin has been suggested to be a 
common pathway leading to chromosome instability in human cancers.123

Conclusion
CdLS is a dominant multi-system genetic disorder caused by heterozygous mutations in NIPBL, 

SMC1A and SMC3 which are key proteins in sister chromatid cohesion pathway. Although 
dys-regulated gene expression is most likely to be the underlying molecular mechanism, however, 
sister chromatid cohesion deficiency can not be excluded. Slightly reduced DNA repair capabil-
ity has also demonstrated in CdLS. Identification of additional underlying molecular pathogenic 
causes are needed in the remaining �35% of probands without identifiable gene mutations. As the 
first cohesinopathy ever identified, CdLS will serve as an excellent human disease model to study 
cohesin related biological mechanisms.
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Abstract

Neoadjuvant chemoradiation is used as a preoperative standard treatment for the majority of 
patients with Stage II/III rectal cancers and, in attempt to facilitate surgical intervention, 
reduce the rate of local recurrence and improve overall outcomes in patients suffering 

from this malignancy. However, this modality results in a wide range of clinical responses. In many 
cases, a pathological complete response is achieved, while in others, receiving the same form of 
treatment, the tumor continues to grow. The specific phenotype of the tumor plays a major role 
in rendering tumor cells a survival advantage to the cytotoxic effects of chemoradiation. Several 
factors participating in proliferation, cell cycle, apoptosis and hypoxia have been investigated under 
a variety of conditions in pre-irradiated tissues and post-irradiated tumors. Mutations in the genes 
of these pathways have shown to lead to resistance to chemoradiation. This chapter describes colon 
cancer with emphasis on the molecular mechanisms that may lead to chemoradio-resistance of 
cells with cytotoxically induced DNA injury in rectal cancer.

Introduction
Colon and rectal cancers are typically grouped and staged together. However, their preoperative 

and intraoperative management is vastly different. Due to the pelvic location of the rectum and its 
proximity to the anal sphincter and bladder as well as to sympathetic and parasympathetic nerves, 
patients with rectal cancers present a substantial surgical challenge compared to individuals suffer-
ing from colon cancer. The pelvic location of the rectum creates the reduced ability to obtain clear 
radial margins at the time of surgical resection.

Neoadjuvant modalities have been developed to downgrade rectal tumors and facilitate surgical 
intervention as well as decrease the rate of local recurrence.1 In spite of current aggressive multimo-
dality treatments, recurrence rate remains high (5-15%). The expected 5-year survival in patients 
who develop recurrent disease is a dismal 9%. Efforts to improve local control and survival in rectal 
cancer are the focus of multiple current clinical and preclinical research efforts.

Preoperative chemoradiation results in a significantly wide range of clinical response. From one 
side of the spectrum, 9 to 37% of patients are able to achieve a pathological complete response 
(pCR) after surgical intervention. At the other end of this wide range, up to 9% of patients do not 
respond to this treatment modality. In other cases, tumor continues to grow in spite of neoadjuvant 
treatment.2 The wide variations in the response of treatment are due to the tumor size, differen-
tiation and the molecular phenotype of rectal cancer cells. The relapse rate of up to 15% in early 
rectal cancers and the 90% mortality in patients with recurrence mandates a refinement of surgical 
techniques and optimization of the therapeutic ratios of radiotherapy and chemotherapy. In the 
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following discussion, we address the possible mechanisms leading to resistance to the cytotoxic 
effects induced by chemoradiation in rectal cancer.

Rectal Cancer: Metastasis and Survival Rates
Rectal cancer is one of the most common cancers amongst other human cancers. Over 40,000 

Americans are expected to be diagnosed with rectal cancer in 2009 with an expected mortality 
of approximately 7,000 individuals in the same year.3 Tumors located in the rectum, in terms of 
neoadjuvant management, are defined as cancers located within 12 cm from the anal verge by 
rigid proctoscopy according to the guidelines by the National Comprehensive Cancer Network 
(NCCN).4 Current sharp radial resection of the tumor [total mesorectal excision (TME)] is 
curative for small tumors [T1 or T2, N0 (Stage I)]. However, the risk of locoregional recurrence, 
distant metastasis and death increase with tumors extending through the muscularis propria [� T3, 
any N, any M (Stages II-IV)].

One retrospective study1 and one randomized control trial5 show that patients with Stage II and 
III benefit from neoadjuvant modalities. Following induction chemoradiation and resection that 
includes the mesentery which encircles the rectum (the mesorectum) [a total mesorectal excision, 
TME] has emerged as the gold-standard operation for the management of rectal cancer treated for 
cure. In the current era of a multidisciplinary approach for the management of rectal cancer, the 
distal margin for low rectal cancer does not require the historical 2.0-cm free margins and the goal 
is to perform a surgery without tumor involvement in the surgical margin distally.6 In distal rectal 
cancer in which the anal sphincter cannot be successfully cleared of margins or in patients with 
anal sphincter dysfunction, an abdominoperineal resection is the surgical treatment of choice.

Preoperative chemoradiation can downgrade tumors and facilitate surgical intervention, thereby 
theoretically decreasing the rate of locoregional recurrence because of a better ability to obtain 
radial margins.1 Unfortunately, induction chemoradiation has an unpredictable tumor response. 
A Cochrane study2 of 19 randomized control clinical trials, comparing preoperative radiation to 
surgery alone, demonstrated a clear improvement in local recurrence and a marginal improvement 
in overall mortality; the most effective dose was �30Gy. However, the magnitude of benefit was 
heterogeneous across the trials,2 and early complications included wound and perineal infections. 
Long-term complications were more serious such as venous thrombosis, femoral or pelvic fractures, 
intestinal obstruction, postoperative fistulas, as well as rectal and sexual dysfunction (Fig. 1).

Independent of the possible benefits from neoadjuvant chemoradiation, in terms of reduction 
of locoregional recurrence as well as a survival advantage, a major objective for this preoperative 
modality is to reduce the size of the tumor. This reduction might permit anal sphincter preservation 
as well as allowing the performance of a low anterior resection compared to an abdominoperineal 
resection.1 An objective parameter to determine the efficacy of the neoadjuvant regimen in patients, 

Figure 1. The wide response to preoperative ionizing radiation (IR) is depicted by the nar-
rowing of the arrow. There is a 9% to 37% complete pathological response depending on 
the study. Tumor size, grade, and the phenotype of the rectal cancer cells as well as the 
amount of IR administered and the mode of administration accounted for the wide range in 
tumor response. 
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affected with rectal cancer, is pathological complete response (complete obliteration of the tumor 
following preoperative chemoradiation; pCR). Results from a randomized Phase II trial, assessing 
combined chemoradiation for rectal cancer showed 28% of patients with complete pathological 
response and 78% with tumor downgrading.7

The presensitizing agents, including 5-fluorouracil (5-FU) and leucovorin were the only 
available agents prior to the year 2000. In less than a decade, the available modalities utilized as 
radiosensitizers have substantially increased, which include: irinotecan, oxaliplatin, capecitibine 
and bevacizumab. Several of these modalities are currently under studies. However, even with these 
agents, there is still a wide response to ionizing radiation. A review of selected studies, utilizing 
various agents in the neoadjuvant setting with patients with T3N0 rectal cancers, has shown a 
response rate between 9.0% to 37%.8

Neoadjuvant chemoradiation, in successfully eradicating larger tumors (T3 and T4), is limited 
by normal tissue tolerance, tumor sensitivity (i.e., tumor phenotype) and microscopic spread beyond 
the borders of the tumor. In addition, the local recurrence remains high (5-15%) with a 5-year 
survival of 9% in this cohort of patients. The wide heterogeneity in tumor response is primarily 
the result of the individual phenotype of the lesions. How the cells are able to escape the cytotoxic 
effects of chemoradiation and the DNA damage induced by drugs, in some cases more than oth-
ers, is dictated by the molecular phenotype of the cell and its ability to repair the DNA damage 
induced by a given agent. These observations point to an understanding of the molecular events 
leading to radio-resistance, such that those specific molecules can be targeted in order to obtain 
an improved response to radiation therapy and to reduce the side effects. If radiosensitive tumors 
can be identified, a selective and individualized form of chemoradiation could be instituted.

Mechanisms of Cell Death By Ionizing Radiation
Ionizing radiation results in DNA damage and exerts its therapeutic activity primarily by 

inducing DNA strand breaks of both types: single strand breaks (SSBs) and double strand breaks 
(DSBs).9 The DSBs are more difficult to repair than SSBs and thus apoptosis typically ensues 
following therapeutic application of chemoradiation to a tumor. In addition to strand breaks, 
radiation induces DNA damage of the following types: (1) DNA base damage; (2) DNA to pro-
tein cross-links; and (3) install replication forks. In addition, membrane damage leading to signal 
transduction may affect: (1) gene expression of cell cycle regulators; (2) growth factor production; 
and (3) oxidative stress pathway activation. Post-radiation induced cell death ensues via: (1) apop-
tosis, (2) necrosis, or (3) mitotic catastrophe. It is not clear which type of cell death predominates 
over other, but cells response differently to ionizing radiation depending on their phenotype.10 The 
classical pathway of radiation-induced cell death begins with DNA damage, which is identified by 
a DNA damage sensor. This induces to DNA repair systems, a transcriptional response and check 
point DNA damage. If the cells are unable to successfully repair the DNA damage, induced by 
IR, the cells undergo programmed cell death or apoptosis.9

Mechanisms of Resistance to Radiation in Rectal Cancer
Cell Cycle

Several mediators of the cell cycle have been implicated in colon carcinogenesis, including 
cyclin D1, the retinoblastoma protein, p53, as well as the cylcin dependent kinase inhibitors 
(CDKIs), p21 and p27. With regards to the cell cycle, p53, p21 and p27 have been extensively 
studied in rectal cancer.

A study undertaken by Lebe et al evaluated the prognostic significance of p53, p21 and p27 
in paraffin-embedded tissues from patients with rectal cancers (Stage I-IV). Examination of 45 
formalin-fixed, paraffin-embedded rectal cancer tissues, by immunohistochemistry (IHC) with 
antibodies specific for p53, p21, p27, demonstrated no clinicopathological association between the 
expression of these cell cycle mediators and tumor aggressiveness, metastatic potential, or survival 
in this cohort of patients.11 The only positive finding of this study was that p27 expression in the 
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rectal tumor correlated with hepatic metastasis.11 Whether p27 expression represented a mutated 
form of the protein was not clear in this study.

The mechanisms that lead to radiation response of tissues is dependent on several factors 
including: (1) proliferation kinetics of the cells (proliferation vs apoptosis); (2) Pressure of 
oxygenation of the tissue to be irradiated (i.e., hypoxia); (3) Intrinsic cell’s radiosensitivity (i.e., 
susceptibility of the cell to DNA damage); (4) DNA repair mechanisms.12

Proliferation Markers and Mitotic Index (Ki-67)
Pre-irradiated biopsy samples from rectal cancer patients have shown high to moderate Ki-67 

and PCNA immunostaining.12 In evaluating the post-irradiated tumors, all indices for proliferation 
have shown to decrease following treatment with irradiation and such response was associated with 
a decrease in tumor size by 50%. Additionally, the five year disease free survival was associated with 
high PCNA and high mitotic count.12 Another two studies have shown that high Ki-67 stain cor-
related with a positive response to IR.13,14 Nevertheless, the majority of analyses have consistently 
shown that proliferating nuclear antigen labeling index are poor indicators of a response to IR.8

p53, p21 and p27 and Apoptotic Index (AI)
The results from preclinical analyses have consistently indicated that wild-type p53 is essential 

for apoptotic cell death induced by IR.8 This notion was first reported in vitro in mouse thymo-
cyte cells, which showed that p53 was required for these cells to undergo IR-induced apoptosis.15 
Importantly, p53 mutant and wild-type cells were sensitive to other apoptotic cell death when 
induced by chemotherapeutic agents other than IR. This indicated that p53 is required for IR cell 
death in thymocytes, but not for every form of apoptosis.15 The required form of p53 wild-type 
in cell cycle arrest following gamma irradiation of colon cancer cells has also been documented.16 
Several other studies have replicated these observations in vitro and in vivo colorectal cancer.17,18 
However, the observations of a positive correlation between p53 and a good response to IR have 
not been universal as some studies have indicated that the status of p53 does not play a role in 
radiation response.8 Furthermore, some investigators have suggested that p53 mutations may 
render cells a more radiosensitive phenotype owning to a reduction in p53 DNA dependent 
pathway mechanisms.19

The half-life of wild-type p53 is short and may not be detected by a single point in time by 
IHC.20 Conformational changes of the p53 protein, resulting from mutations, could end up in 
protein stability and a longer half-life, which may allow for an increased ability for detection of 
this protein by IHC.8 Consequently, multiple observations by IHC in rectal cancer have failed 
to establish a significant relationship between the p53 status and spontaneous apoptosis or to 
tumor response to IR.

Phenotypic differences that confer variable response rates to IR in patients with rectal cancer 
have also been shown to be dependent on the mutation(s) in p53. While multiple mutations are 
localized in exons 5 to 8 of the p53 gene, it is the mutations of codon 288 in exon 8 that seem 
to lead to worse prognosis in rectal cancer.21 Thus, these specific mutations may be the reason to 
show a more resistant phenotype in patients with rectal cancer. If, however, a mutation in exon 5 
is present, in certain studies, it may not show resistance to apoptotic cell death following IR. Thus, 
p53 has been demonstrated to play a crucial role in cellular response to radiation in vitro and the 
wild-type p53 renders a radiosensitive phenotype in cells.

The importance of the p53-p21 axis in colon cancer was demonstrated in DLD-1 colorectal 
cancer cells. DLD-1 cells, with mutations in the p53 gene, expressed low levels of p21 protein fol-
lowing DNA damage with irradiation or treatment with chemotherapeutic agents.22 Additionally, 
colon cancer-p21 deficient cells are resistant to irradiation-induced cell death.23

Low levels or absence of p21 have directly been correlated with poor prognosis in patients 
with colorectal cancer.8 However, these observations have been challenged by other studies, which 
showed no correlation between p21 expression and colorectal cancer.11,24 For instance, some stud-
ies have shown that the levels of p21 correlated positively with a good pathological response25 
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and p21 expression was substantially reduced in radioresistant tumor cells.26 Other studies have 
evaluated the prognostic significance of p21 and demonstrated that increased p21 expression, after 
treatment, was associated with an improved 5-year survival.27 While other investigators showed 
that p21 was not useful in the post irradiated tumor samples in determining a good response 
to IR.28 Furthermore, A dual role for p21 has been suggested depending upon its wild-type vs 
mutational status. In wild-type p21 tumors, radiation-induced cell cycle arrest may prevent cells 
from programmed cell death.8 In this dual role, p21�/� tumors, which lead to cell cycle arrest, may 
render cells a radio-resistant phenotype; while p21�/� tumors undergo apoptosis and they regress 
following treatment with IR. 29

In support of this hypothesis is loss of p21 causing a substantial increase in radiation-induced 
apoptosis and p21-negative tumor xenografts responding better to IR.22,30 Radioresistant 
HCT116/p21�/� colon cancer cells were rendered a radiosensitive phenotype following treat-
ment with an antisense oligodeoxynucleotide (ODN) against p21. The resistant apoptotic 
phenotype of cells (treated with ODN and 10 Gy IR) and HCT116/p21�/� xenografts [treated 
with i.p administration of (ODN) and 15 Gy IR] was similar to that of HCT116/p21�/� cells 
and established tumors in nude mice.29 Thus, growth arrest was replaced by cellular apoptosis 
by p21 inhibition.29 While, this compelling evidence in preclinical studies suggests that a posi-
tive p21 status in pre-irradiated tumor biopsies would predict poor response to IR, this has not 
been observed in clinical studies. Whether the stability of detectable p21 by IHC represents a 
wild-type form or a mutated status of this protein (similar to the observation in p53), remains 
to be determined.8

Lack of immunoreactivity with antibodies against p53 and p27 was associated with poor re-
sponse to IR. The responsible mechanism was postulated to be the result of apoptosis induced by 
these proteins as level of p53 and p21 increased in tumor samples compared to biopsies following 
chemoradiation, which was thought to be the result of protein induction from DNA damage. 
Several other studies involving p27 have evaluated its prognostic potential in resected specimens 
following IR treatment. For instance, a decreased level of p27 or its absence was an independent 
predictor of poor survival in patients with rectal cancer who did not receive neoadjuvant chemo-
radiation.8 Similarly, high p27 protein expression correlated with improved outcomes and its loss 
with decreased survival and metastatic disease in patients with colorectal cancers.8

Other studies have demonstrated contrasting results. For example, a study showed that the 
median 5-year survival was significantly reduced in patients expressing p27 in the residual tumor 
following IR treatment.31 It was concluded that p27 expression may also allow cancer cells to escape 
apoptosis. Additionally, tissue microarray studies of early rectal cancers (T1-T2, N0), treated ex-
clusively by surgical intervention with analysis for p53, MDM2, p21, bcl-2 and p27, demonstrated 
that none of these tumor markers were important predictors of outcome with the exception of a 
trend towards metastatic potential in tumor biopsies negative for p27.32

Thus, several studies addressing cell cycle regulators as predictors for response to IR or as mark-
ers to determine outcome have had contradicting results. Positive CDKI status in pre-irradiated 
samples appears to be a good predictor of radiosensitivity in patient with rectal cancers. However, 
preclinical studies showed that p21�/� cells had a more radioresistant phenotype as a result of cell 
cycle arrest. Inhibition of p21 promoted apoptosis and radiosensitivity in cells and xenografts. 
The major problem of the clinical studies is the relatively low number of samples analysed and 
also the small percentage of positivity showed by the tissue samples for any given protein, hence 
it is difficult to predict with certainty the response to IR for those tumors that are not positive 
for these protein markers.

Apoptosis
Mutations in pro-apoptotic genes or over activation of anti-apoptotic proto-oncogenes are 

known to lead to resistance to radiation therapy in rectal cancer.33,34 Murine models of solid tumors 
demonstrated that their response to IR correlated with the ability of the cells to undergo apoptosis. 
The best correlation exists with the apoptotic index of pretreated tumor cells.35
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These studies also demonstrated the following findings: (1) not all tumors were susceptible to 
IR-induced apoptosis; (2) the apoptotic response was observed within few hours after treatment 
and this was followed by a decline in AI; (3) low doses of IR were more effective in achieving 
apoptosis and (4) tumors that achieved significant regression still had cells that were resistant to die 
by apoptosis following treatment. In these studies, spontaneous apoptosis in the untreated tumors 
had a better correlation to tumor regression compared to apoptosis in the irradiated tumors.36 
Another important aspect of this study was that the highest rate of apoptosis was achieved by 
smaller doses of IR given at intervals (Fig. 2).36

The prognostic significance of AI to determine disease free survival and recurrence was evaluated 
in 160 tumors of patients with rectal cancer at the time of curative surgery. High AI occurred in 
25% of tumors and AI did not demonstrate prognostic significance. However, p53, Bcl-2, tumor 
stage and gender were independent predictors of recurrence. Similarly, all variables with the excep-
tion of Bcl-2 predicted disease free survival.37

In a clinical study of patients from the health care region in the Swedish Rectal Cancer Trial,38 
Adell investigated the outcome in this population with regards to apoptosis in patients who did 
and did not receive short-term preoperative radiotherapy. The AI in pre-irradiated tumor biopsies 
was 0.3% compared to 1.1% in tumor samples of patients who had undergone surgical interven-
tion over two days following neoadjuvant radiotherapy. The main finding of this study was that 
tumors with high AI had low rate of local recurrence after surgery (with or without preoperative 
radiotherapy) compared to tumors with low AI. Patients who received neoadjuvant chemoradia-
tion did have a decrease rate of local recurrence. However, there was no change in tumor size even 
if the rate of apoptosis was increased in pre-irradiated vs post-irradiated samples.

A pivotal study that demonstrated the role of apoptosis in rectal cancer was conducted by Rodel’s 
group, who demonstrated that spontaneous apoptosis in the pretreatment biopsies was a good predic-
tor of pathological response, in accordance to the reports by Meyn’s observations.35 The apoptotic 
index in pre-irradiated tumor biopsies predicted relapse-free survival. AI was related to Ki-67, but 
not to p53 or Bcl-2.14

The prognostic value of intrinsic, compared to radiation-induced apoptosis was evaluated 
in 45 irradiated patients with rectal cancers and this was compared with 45 non-irradiated pa-
tients. Non-irradiated patients, with high intrinsic apoptosis, had low recurrence rates and also 
an increase in cancer specific survival, while IR increased apoptosis by 2-fold, this increase did 

Figure 2. Murine models of solid tumors were subjected to various doses of IR in a single vs. 
multiple doses. Apoptosis was examined following treatment with IR. The highest response 
to apoptosis was observed with solid tumors receiving low dose IR in divided doses. [Data 
from Meyn et al.]35
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not correlate either with local control or survival.39 Finally, the role of both intrinsic apoptosis 
and radiation-induced apoptosis as markers for prognosis in rectal cancer was examined by tissue 
microarray in 1198 tumor samples from the Dutch Total Mesorectal Excision trial. The rate of 
recurrence in patients, who received irradiation, was 5% compared to 10% in patient who did not. 
Non irradiated patients with high apoptosis rate had a decrease in local recurrence by 1.7-fold. 
While there was an increase in apoptosis in the irradiated tumors, this effect did correlate with 
prognosis (Fig. 3).40

NF�B
NF�B activation induced by IR exposure, was prevented by transfection of colorectal cancer 

cells WiDR, KM1214 and HT-29 with a mutated form of a regulatory molecule of the NF�B 
complex (AdCMV) I�B� or pretreatment with the proteosome inhibitor PS-341. NF�B inhibi-
tion was associated with an increase in apoptosis, with a maximal response 48 hours after irradiation 
of cells. Additionally, clonogenic assays demonstrated that NF�B inhibition was associated with 
a reduction in cell growth.41

Cusack’s et al has demonstrated that by inhibiting radiation-induced NF�B, apoptosis had 
increased and cell growth decreased in colorectal cancer cells. Radiosensitivity was demonstrated 
in colorectal cancer LOVO, WiDR and KM12L4 cells pretreated with the proteosome inhibitor 
PS-341 or AdCMV I�B�. Colorectal LOVO xenografts, pretreated with a single fraction i.p. 
administration of the proteosome inhibitor PS-341(1 mg/kg) followed by 6 Gy IR (four hours 
after PS-341 treatment) had an 84% reduction in tumor growth.41

Inhibitors of Apoptosis (IAPs: Survivin)
Cell lines with different sensitivities to IR demonstrated higher spontaneous and IR-induced 

apoptosis in radiosensitive SW48 colorectal cancer cells compared to the radioresistant SW480 
colorectal cancer cells. SW480 cells showed higher levels of survivin at base line 48 hours after 
treatment with IR; while, radiosensitive SW48 cells had low levels of survivin at base line and 
the levels of this protein did not increase with IR treatment. Intermediate IR responsive HCT15 
cell lines were in between these two cell lines, both in spontaneous apoptosis and survivin expres-
sion.42 Survivin expression was investigated by quantitative RT-PCR in all of these cell lines. 

Figure 3. Rectal cancer pateints with low intrinsic apoptosis had a much higher rate of local 
recurrance and recurrences occured earlier compared to the cohort that had high spontane-
ous apoptosis in pre-irradiated samples. Ionizing radiation indcued apoptosis, but this has no 
effect on prognosis. [Data from de Bruin et al.]40
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Transcriptional activity increased more substantially in SW480 cells, both at 24 hours and 48 hours 
at 2 Gy and 8 Gy. Furthermore intermediate in HCT-15 cells and did not change in SW48 cells 
treated with the same doses of IR during the same period of time. Consequently, there was a 
dose-dependent increase both of survivin mRNA expression and protein levels in radioresistant 
SW480 and HCT-15 cells. These observations indicate that survivin may act as a constitutive 
radioresistant factor in colorectal cancer cells.43

Studies on short interfering RNA (siRNA) inhibition of survivin demonstrated an increase in 
apoptosis and reduced survival in radioresistant SW480 and HCT-15 colorectal cancer cells follow-
ing IR-treatment.44 The cologenic assays data showed that survivin siRNA decreased cell viability, 
induced cell cycle arrest at G2-M, increased DNA double-strand breaks and resulted in an increase 
in radiosensitivity. Furthermore, these experiments also revealed that increased survivin levels were 
associated with a reduction in apoptosis in 59 tumors examined from patients with rectal cancers 
treated with chemoradiotherapy and this was related to a higher risk of tumor recurrence.44

Similarly, inhibition of survivin by specific synthetic single-stranded DNA antisense oligonucle-
otide (ASOs) showed substantial radiosensitization of SW480 cells as well as established SW480 
xenografts. SW480 cells, transfected with ASO, had higher spontaneous and IR-induced apoptosis 
and an increase of cell accumulation at the G2/M phase as well as an increase in DNA double 
strand breaks (DSBs).45 These studies indicate that survivin inhibition improves IR-induced cell 
death by mechanism beyond caspase-mediated apoptosis. Alternative pathways of cell death may 
include (1) mitotic arrest, (2) cell-cycle redistribution and (3) impairment in DSBs DNA repair.45 
Finally, survivin mRNA expression was examined in 20 patients by oligonucleotide microarray 
chips. Survivin mRNA levels were 4.2-fold higher in tumor tissue compared to normal mucosa. 
High surviving mRNA levels significantly correlated with an increased risk of tumor relapse.45

Conclusion
The results and discussion presented in this chapter point that the phenotype of the cell is 

paramount in determining the cellular response to the DNA damage induced by the cytotoxic 
effects of ionizing radiation. Rectal cancer is an important disease of DNA repair. Mutations of 
p53 prevent the cell from undergoing apoptosis and escape the DNA damage induced by ionizing 
radiation. A similar role of cyclin dependent kinase inhibitors has been shown to play in response 
to ionizing radiation. Several reports addressing cell cycle regulators as predictors for response to 
IR have demonstrated some inconsistencies. Arguments with regard to p53 lean towards an im-
portant role of wild-type p53 in pre-irradiated samples and a good response to IR. Positive CDKI 
status in pre-irradiated samples by IHC also seems to be a reasonable predictor of radiosensitivity 
in patients with rectal cancers. However, the results obtained have been different in preclinical 
studies where p21-positive cells had a more radioresistant phenotype, which was likely due to cell 
cycle arrest. Apoptosis is an important mechanism by which IR exerts its therapeutic response. 
Faulty apoptosis is known to render resistance to radiation therapy in rectal cancer. In vitro and 
in vivo data with regards to the NF�B-IAP axis of radioresistance, have shown consistently that 
the NF�B survival pathway leads to over expression of survivin and radioresistance. Ex vivo data 
support the role of survivin in raidoresistance. A complete understanding in DNA repair mecha-
nisms, especially those involved in DSBs repair is crucial in the development of therapies that 
take advantage of these mechanisms in the quest to radiosensitize tumors that become resistant 
to conventional therapeutic interventions.
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Abstract

Approximately 5-10 % of all cutaneous melanomas occur in families with hereditary 
melanoma predisposition. Worldwide, approximately 20-40% of kindreds with familial 
melanoma harbor germline mutations in the CDKN2A gene, located on chromosome 

9p21, which encodes two different proteins, p16INK4 and p14ARF, both involved in regulation 
of cell cycle progression and induction of senescence. In different populations several recurring 
CDKN2A founder mutations have been described. The risk of melanoma in CDKN2A mutations 
carriers varies between populations and is higher in regions with high sun exposure and high 
incidence of melanoma in the general population. Some CDKN2A mutations have been associ-
ated not only with melanoma but also with increased risk of other malignancies—most notably 
pancreatic carcinoma. A much smaller number of families have germline mutations in the CDK4 
gene on chromosome 12q14, encoding a cyclin dependent kinase which normally interacts with 
p16INK4A. The management of families with hereditary melanoma is discussed.

Introduction
The incidence of cutaneous malignant melanoma (CMM) is rapidly increasing in white skinned 

populations across the world.1 Therefore improved preventive strategies are needed. One essen-
tial task is to define high-risk groups for CMM, who may be enrolled in preventive programs. A 
particular high risk group is represented by members of families with hereditary CMM. In this 
chapter the clinical characteristics, genetic aspects and guidelines for management of familial 
melanoma (FM) will be presented.

Risk Factors for Melanoma
The major environmental risk factor for melanoma is exposure to ultraviolet (UV) irradiation, 

both long wavelength UVA (320-400 nm) and intermediate wavelength UVB (290-320 nm). 
The most consistent relationship between increased risks of CMM is seen with intermittent sun 
exposure, particularly in early life and a history of sunburns.2 The presence of large numbers of 
melanocytic nevi and atypical moles/dysplastic nevi (DN) are additional risk factors for CMM.3 
Other phenotypic risk factors include skin type with an inability to tan, large number of freckles, 
red or blond hair color, blue/grey eye color, actinic skin damage and a history of a previous pre-
malignant or skin cancer lesions (melanoma or nonmelanoma).4 In addition to environmental and 
phenotypic risk factors, genetic makeup also plays important roles.

Familial Melanoma—The Clinical Picture
It is estimated that 5-10% of all cases of CMM occur in families with FM.5,6 In popula-

tion-based studies 1-13% of melanoma cases reported were in individuals with one first-degree 
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relative suffering from CMM.7,8 Thus, according to a report from the Genetic Epidemiology of 
Melanoma Group (GEM), first degree relatives of individuals with CMM have increased risk 
of developing melanoma, with a cumulative risk of 6-7% at age 80.9

Families with increased melanoma risk have been recognized for nearly two centuries. The first 
description of CMM appeared in 1820 in which Norris reported a family in United Kingdom in 
which two members had CMM and several relatives had large moles.10 In 1978 Clark reported six 
melanoma prone families where both, patients and relatives, had large “funny-looking” nevi, which 
were designated as potential precursors of CMM (Figs. 1,2).11 It was named the “dysplastic nevus 
syndrome” (DNS).8 At the same time Lynch reported the same syndrome, which he named the 
“familial atypical multiple mole melanoma” (FAMMM) syndrome.12 The syndrome is also called 
the “atypical mole syndrome” (AMS).13

For the clinical diagnosis of DNS the established ABCD(E) criteria are useful. Nevi are judged 
as dysplastic nevus (DN) if they have an Asymmetrical form, irregular Borders, multi-Color pig-
mentation and a Diameter of �6 mm.14 A further criterion of DN is Elevation of the nevus, i.e., the 
simultaneous presence of macular and papular components.15 It should be noted that these criteria 
are also signs of early CMM. In a trained hand dermatoscopy (epiluminescence microscopy) is a 
useful technique to increase the diagnostic accuracy.16

Melanoma is diagnosed at an earlier age in FM patients, they have thinner tumors and a higher 
frequency of multiple primary melanomas than patients with sporadic melanoma.17 In some fami-
lies there is also an increased risk of pancreatic carcinoma (see below). In the original descriptions 
of melanoma families there was an association between melanoma risk and the DNS phenotype 

Figure 1. The FM-DNS phenotype. The back of a young woman belonging to a kindred with 
familial melanoma, who exhibits numerous dysplastic nevi. Reprinted from: Hansson J. Familial 
melanoma. Surg Clin North Am 2008; 88(4):897-916; ©2008 with permission from Elsevier.
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and DN were considered as precursor lesions of CMM11,18 However, it has now become clear that 
there can be variation between families as to whether they exhibit the DNS phenotype or not. 
Moreover, although DN may be precursor lesions of CMM (Fig. 2),19 CMM can also develop in 
individuals without DNS.20

Molecular Genetics of Familial Cutaneous Melanoma
Since 1997 the Melanoma Genetics Consortium, GenoMEL, has been active. GenoMEL is 

comprised of researchers worldwide, working on the genetics of familial CMM. The mission of 
GenoMEL is to identify melanoma susceptibility genes, to evaluate gene-environment interactions 
and to assess the risk of CMM and other cancers related to variations in these genes. Information 
on GenoMEL and its activities can be obtained at: http://www.genomel.org.

High Risk Melanoma Genes
CDKN2A

Studies have shown that affected members in some FM families harbor germline mutations in 
the CDKN2A gene on chromosome 9p21.21,22 The CDKN2A gene encodes two unrelated tumor 
suppressor proteins, which play key roles in cell cycle regulation (Figs. 3,4).2 The p16INK4 protein, 
encoded by exons 1�, 2 and 3 of CDKN2A, negatively regulates cell cycle progression by inhibiting 
the cyclin dependent kinases CDK4 and CDK6. Inhibition of the kinases prevents phosphorylation 
of the retinoblastoma protein, pRb and thereby entry into the S-phase of the cell cycle. A large 
proportion of melanomas contain BRAF gene mutations; the product of the BRAF activates the 
mitogen-activated protein kinase (MAPK) pathway and this is important for cellular growth, 
survival and migration.24 Interestingly, BRAF mutations are also very frequent in nevi.25 It has 
been suggested that p16INK4 functions as a barrier to melanoma development by causing senescence 
in nevus cells containing activating BRAF mutations.26,27 Germline loss of one CDKN2A allele 
would thus weaken this protective mechanism against melanoma development.28

Figure 2. Development of an early melanoma in a dysplastic nevus. During follow-up of this 
member of a kindred with FM a dark pigmentation arose in the lower part of this dysplastic nevus 
(arrow). Histopathological examination of the excised nevus showed that the darkly pigmented 
area corresponds to an early CMM: a superficial spreading melanoma with a tumor thickness of 
0.5 mm (T1a, according to the AJCC classification). Reprinted from: Hansson J. Familial melanoma. 
Surg Clin North Am 2008; 88(4):897-916; ©2008 with permission from Elsevier.



137Familial Cutaneous Melanoma

The second CDKN2A product, protein p14ARF, is encoded by splicing of an alternative exon 
1	 to exon 2 of the gene. This protein is translated in an Alternative Reading Frame (hence ARF) 
and lacks amino acid homology to p16INK4. p14ARF blocks HDM2-mediated degradation of p53. 
p53 is suggested to be involved in a second p16INK4-independent senescence barrier in melano-
cytes.29 Loss of p14ARF function may have the same effect as loss of p53 and the frequent loss of 
p14ARF in melanoma tumors, through deletions or other mutations may explain the relatively 
low frequency of TP53 mutations in melanoma.23,30,31 In addition p14ARF has been implicated 
in sumoylation of several binding proteins as well as inhibiting the transcriptional activator 
E2F-1 and promoting its degradation.32,33 Mutations in CDKN2A thus have the capacity to 
target negative regulators in two key signaling pathways, the pRb and p53 pathways, both of 
which have central roles in cell cycle regulation and act as senescence barriers.

A large number of different germline CDKN2A mutations have been identified in FM fami-
lies as well in patients with multiple primary CMM.34-37 The mutations are scattered throughout 
the gene without any specific hot spot. Most mutations have been reported in exons 1� and 2, 
consistent with the inactivation of the p16INK4 protein as the main predisposing factor for CMM. 
However, alterations, affecting exon 1	 only, have also been shown in melanoma families where 
also neural system tumors occur.38-42 Therefore it seems that mutations affecting either protein may 
be involved in development of FM.

Globally it has been estimated that approximately 20-40% of FM families are associated with 
germline CDKN2A mutations.43 GenoMEL carried out a large study of 466 families with at 
least 3 melanoma patients.44 Overall 41% of families had CDKN2A mutations, mostly involving 
p16INK4A, while mutations in CDK4 and in exon 1	 of CDKN2A, exclusively affecting p14ARF, 
occurred at equally low frequency (2-3%). Thus, although p16INK4A is most frequently mutated 
protein, the results are consistent with a role of both p16INK4A and p16ARF in melanoma suppres-
sion. In total 66 different CDKN2A mutations have been reported, of which 43 are unique while 
the remainder occurred in two or more kindreds. There were striking differences in mutation 

Figure 3. The CDKN2A locus on chromosome 9p21. This gene encodes two different pro-
teins: p16INK4A and p14ARF, respectively. p16INK4A is encoded by exons 1�, 2 and 3, whereas 
the p14ARF protein is encoded by alternative splicing of an alternative exon 1	 to exon 2. The 
two proteins have quite different amino acid sequences since they are translated in different 
reading frames. Reprinted from: Hansson J. Familial melanoma. Surg Clin North Am 2008; 
88(4):897-916; ©2008 with permission from Elsevier.
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patterns across geographical areas. Specific founder CDKN2A mutations have been found in 
several countries and the proportion of families with such mutations differed significantly among 
geographical regions (P � 0.0009). Thus, single founder CDKN2A mutations are predominant 
in Sweden (p.R112_L113insR, 92% of familial mutations),45 the Netherlands (c.225_243del19, 
90% of familial mutations)46 and Iceland (p.G89D).47 France, Spain and Italy have almost the 
same mutation frequency (p.G101W).48 Similarly, Australia and United Kingdom share the 
same most common mutations (p.M53I, c.IVS2-105A�G, p.R24P and p.L32P).

In another GenoMEL study of 385 families with 3 or more melanoma cases, frequency of 
germline CDKN2A mutations in different continents were analysed.47 Overall, 39% of families 
had CDKN2A mutations, ranging from 20% (32/162) in Australia, 45% (29/65) in North 
America and 57% (89/157) in Europe. The lower frequency of CDKN2A mutation in areas with 
high CMM incidence, such as Australia, may be explained by a higher frequency of clustering of 
sporadic cases, or cases associated with low-penetrance genes and/or high solar UV exposure.

CDK4
Germline mutations in the CDK4 gene on chromosome 12q14, encoding a cyclin dependent 

kinase, which normally interacts with p16INK4A, were first reported in 1996.49 To date, less than 
15 families with germline CDK4 mutations have been identified worldwide.50-52 In every case 
the mutation affected codon 24 where two different mutations have been described: p.R24C, 
p.R24H. These mutations abolish binding of CDK4 protein to p16INK4A and causes CDK4 to act 
as dominant oncogene.23,30,31 GenoMel studies have confirmed that germline CDK4 mutations 
are rare (about 2%) compared to CDKN2A mutations.44 The phenotype of the affected families 
seems to be similar to those with CDKN2A mutations.

Candidate Loci for Novel Genes Predisposing to Familial CMM
GenoMEL has carried out a study on microsatellite markers in 82 melanoma families, mostly 

from Australia and found a significant linkage to markers on chromosome 1p22,53 while Loss of 
Heterozygocity (LOH) studies indicated that a tumor suppressor gene may be present at this locus. 
Despite considerable efforts, so far no susceptibility gene has been identified.54 More recently a 
linkage analysis of three Danish kindreds, carrying both ocular and cutaneous melanoma, resulted 
in a possible linkage to markers on chromosome 9q21.32, but the putative gene responsible for 
the syndrome has not been identified.55

Risk of Melanoma and Other Cancers in Melanoma Families 
with Germline CDKN2A Mutations

For genetic counseling it is important to estimate the penetrance of a certain germline gene 
mutation, i.e.,the risk of developing the disease among carriers of the mutation. The penetrance of 
germline CDKN2A mutations for melanoma development in members of kindreds with FM has 
been the subject of a large collaborative GenoMEL study of members of 80 kindreds with FM from 
different parts of the world.67 Overall, CDKN2A mutation penetrance was estimated to be 0.30 (95% 
confidence interval (CI) � 0.12 to 0.62) by age 50 years and 0.67 (95% CI � 0.31 to 0.96) by age 80 
years. There was a significant increase in melanoma penetrance in individuals living in a location with 
a high incidence rate of melanoma (P � 0.003). Thus, by age 50 years CDKN2A mutation penetrance 
reached 0.13 in Europe, 0.50 in the United States and 0.32 in Australia; by age 80 years it was 0.58 in 
Europe, 0.76 in the United States and 0.91 in Australia. Thus, the same factors that affect population 
incidence of melanoma may also modulate CDKN2A penetrance, strongly supporting an interaction 
between germline CDKN2A mutations and environmental UV exposure.

As reported in a recent publication from the GEM study, the risk of melanoma in carriers 
of germline CDKN2A mutations in the general population is lower.56 The risk of melanoma in 
carriers of germline CDKN2A mutations was 14% by age 50, 24 % by age 70 and 28% by age 80. 
Thus, carriers of CDKN2A germline mutations in the general population seem to have a consider-
ably lower melanoma risk than those who belong to kindreds with FM. This is most likely due to 
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the influence of other unknown melanoma predisposing factors in FM, which interact with and 
increase the penetrance of CDKN2A mutations.

Apart from cutaneous melanoma, an increased risk for pancreatic carcinoma (PC) has been 
documented in several families, including families carrying the Dutch p16 Leiden mutation, 
the Mediterranean p.G101W and the Swedish p.R112_L113insR founder mutations.46,57-59 A 
recent study of 22 families, positive for the p16-Leiden founder mutation, showed an increased 
risk of cancer other than melanoma and nonmelanoma skin cancer, with a relative risk of 4.4, 
predominantly attributable to increased risk for pancreatic cancer with a relative risk of 46.6.60 
Although the risk of pancreatic cancer is lower than that of melanoma, a study of Dutch mela-
noma families showed nearly equal mortality rates due to melanoma and pancreatic cancer in 
these families.61

In a small number of families CMM and neural system tumors (NST) have been associated with 
large deletions of CDKN2A/ARF and/or mutations that affect p14ARF.38-42 In GenoMEL study, 
however, there was a marginally significant association of NST with mutations affecting the p14ARF 
transcript (p � 0.05), thus giving some support for the impact of germline p14ARF alterations and 
NST as well as melanoma.44 Furthermore, there was no significant association between CDKN2A 
germline mutations in families and the occurrence of uveal melanoma (p � 0.25).

Genetic Testing in Familial Melanoma
Genetic testing is widely used to identify individuals with hereditary predisposition for col-

orectal and breast/ovarian cancers, but genetic testing for CDKN2A mutations for melanoma is 
not routinely performed. However, CDKN2A mutation testing is becoming increasingly available. 
Members of melanoma families should be counselled for the advantages and disadvantages of genetic 
testing.62 Arguments against genetic testing include: (i) many melanoma families still lack identifiable  
germline mutations in known high-risk genes, therefore a negative test result is uninformative; (ii) 
the penetrance of germline mutations is still insufficiently characterised, making the implications of a 
positive test results imprecise; (iii) there is an increased risk of CMM also in family members without 
mutations in CDKN2A. A negative result could lead to false reassurance with a negative impact on 
preventive activities, although there is no evidence for this from other familial cancers.63,64

Arguments in favour of gene testing have been given: (1) provided the limitations of the test 
are explained to the family, the information presented may be valuable to them; (2) a positive test 
result may improve the compliance of the family to enter in preventive programs; (3) a negative 
test result of a member of a FM family, where a relative has died from CMM, will be reassuring 
to the individual.

Gene testing for melanoma should only be offered by a certified genetic counselling service. 
Gene testing for germline CDKN2A mutation should only be considered where there is reason-
able likelihood of finding reliable results. It is not possible to define exact criteria for FM testing, 
due to the variability between different populations for the penetrance of CDKN2A mutations.65 
However, the current data indicate that, in moderate to high melanoma incidence areas, individuals 
fulfilling the following criteria are appropriate candidates for testing:

cancer among first- or second-degree relatives on the same side of the family.

Management of Familial Melanoma
There is a long-standing consensus that members of FM kindreds should be invited to par-

ticipate in preventive programs and a consensus statement on the management of FM has been 
published by GenoMEL.66

To identify patients with FM it is important to question every newly diagnosed CMM patient 
for family history of melanoma and other malignancies. Diagnoses of CMM and other cancers 
should be verified, preferably through histopathology reports, as well as age at diagnosis. When a 
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family history of melanoma has been established a careful extended pedigree of the family should 
be established in collaboration with the proband of the family (Fig. 5).

Due to the limitations of testing for germline CDKN2A mutations, it is recommended that 
members of melanoma families are offered preventive measures regardless of CDKN2A mutation 
status. At least all first degree relatives of CMM patients should be invited to participate in the 
preventive program.

Primary Prevention
An integral part of primary prevention is educating the family members for protection from 

the harmful effects of sun exposure. Efforts should aim to reduce sun exposure to all members of 
melanoma families, particularly in their early life. Parents should be educated for sun protective 
measures specially for children,68,69 including the use of sun-protective clothing, hats and sunglasses, 
avoidance of sun exposure during peak UV levels and absolute avoidance of sunburns. The issue 
of use of sunscreens remains controversial and hence may be considered as a supplement to other 
sun protective measures.70

Secondary Prevention of CMM
Since many melanomas develop from precursor lesions such as DN and since melanomas which 

are detected and treated early have an excellent prognosis, there is a clear role for monitoring of 
pigmented skin lesions in members of melanoma families. Family members should be instructed 
for self examination of skin and also be given the opportunity to participate in regular screening 
programmes. Information regarding the significance of change in shape and size of pigmented le-
sions should be given and instruction on the ABCD(E) rules may also be useful.14,15,74 However, it 
should be noted that these criteria do not apply for every melanomas, since considerable fraction of 
early melanomas have a diameter less than 6 mm.75 Moreover, since a proportion of CMM tumors 
arise apparently de novo and not by progression of a precursor lesion, the individuals must also be 
informed to be watchful for novel skin lesions.73

Commencing at age 10 years, members of kindreds with familial CMM should have a baseline 
whole-skin examination, including scalp and external genitals. The examination should focus on 
detection and characterization of nevi and any suspected melanoma lesions. Photographs of the 
entire skin as well as close-up pictures of DN are very useful for follow-up. Family members should 
be followed with skin examinations approximately every 6 months, at least until the nevi are stable 
and the individual is judged competent in self-surveillance. Subsequently, the individual should 

Figure 5. Pedigree of a familial melanoma kindred with both CMM and pancreatic 
carcinoma in which affected members carry the Swedish CDKN2A founder mutation. Reprinted 
from: Hansson J. Familial melanoma. Surg Clin North Am 2008; 88(4):897-916; ©2008 with 
permission from Elsevier.
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be examined annually or have prompt access to the health provider as necessary. Dermoscopy can 
be helpful during skin examinations.16,71,72

Any changing nevus should be considered for excision for histopathological examination. There 
is, however, no justification for prophylactic removal of nevi, since the probability of progression 
to melanoma is low for every individual lesion.73

There are reports which indicate that preventive measures may result in early diagnosis of CMM 
and tumours with small thickness can be detected during follow-up.76-78 In a report on long-term 
follow-up of 844 members of 33 kindreds with FM, of which 19 had germline mutations in either 
CDKN2A or CDK4, 86 new CMMs were identified.79 Of these, 72 were classified as early lesions 
with an average thickness of 0.3 mm. Similarly, in an analysis of 2,080 family members of 280 
Swedish FM kindreds who were followed between 1987 and 2001, 41 CMMs were detected dur-
ing the follow-up. Of these 15 (37%) were in situ tumors and 27 of the 41 CMMs (66%) lacked 
vertical growth phase and metastatic ability.80

Pancreatic Carcinoma Surveillance
At present there are no methods to detect pancreatic cancer at a curable stage.81-83 Endoscopic 

retrograde cholangiopanceratography (ERCP) is considered the golden standard for visual-
ization of pancreatic carcinoma. However, due to the risk of serious complications such as 
bleeding, intestinal perforation or pancreatitis, ERCP cannot be used in routine surveillance. 
Endoscopic ultrasound (EUS) is a novel technique which may be able to detect early PC and 
precursor lesions.81 More recently MRI, combined with cholangiopanceratography (MR/
MRCP), has been proposed as a screening tool. The benefit of such screening programs need 
to be investigated in prospective studies and there are a number of research programs in the US 
and Europe addressing this.

Conclusion
Considerable advances have been made in our understanding of familial melanoma, and guide-

lines for management of melanoma families and genetic testing for germline CDKN2A mutations 
have been developed. However, more research is important to further characterize the interaction 
between inherited mutations, and environment factors as well as individual phenotype. Also, 
gene-gene interactions between CDKN2A and risk modifying genes need to be further explored. 
Moreover, the genetic background for the majority of kindreds with familial melanoma is still 
unknown. Further investigations aimed at identifying novel melanoma predisposing genes in 
families without mutations in known high risk genes should be prioritized.
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Abstract

Several DNA repair pathways have evolved to recognise and repair DNA damaged by  
exogenous and endogenous agents, in order to maintain genomic integrity. Defects in these 
pathways can lead to replication errors, loss or rearrangement of genomic material, muta-

tion or cancer and eventual death. The creation of many diverse lymphocyte receptors to identify 
potential pathogens has evolved by breaking and randomly resorting the gene segments coding 
for antigen receptors. Subsequent steps utilise the ubiquitous repair proteins. Individuals with 
defective repair pathways are increasingly recognised with immunodeficiency, many of whom 
exhibit radiosensitivity. Our understanding of the role of repair proteins in the development of 
adaptive immunity by VDJ recombination, antibody isotype class switching and affinity matura-
tion by somatic hyper-mutation has made significant progress over the last few years, partly by the 
identification of new genes involved in human disease. We describe the mechanisms involved in the 
development of adaptive immunity relating to DNA repair and describe the clinical consequences 
and treatment developments of primary immunodeficiency resulting from such defects.

Introduction
DNA is constantly exposed to exogenous and endogenous damaging agents. Consequently, 

a number of DNA repair pathways have evolved to recognise and repair this damage in order to 
maintain genomic integrity. Defects in these pathways can lead to replication errors, loss or rear-
rangement of genomic material, mutation or cancer and eventual death. During adaptive immune 
development, three specific mechanisms, critical for the development of T- and B-lymphocyte 
receptor rearrangement, immunoglobulin class switch recombination (CSR) and somatic 
hypermutation (SHM) require repair to DNA damage that has been introduced during these 
processes. This chapter details the molecular mechanisms, clinical presentation and treatment 
of human primary immunodeficiency disorders associated with defects in normal DNA damage 
recognition and repair.

Role of DNA Repair Proteins in Adaptive Immunity
Generation of Lymphocyte Antigen Receptors

An effective immune response necessitates recognition of a wide array of foreign antigens, 
requiring the generation of �1018 genetically diverse cells, each with a unique receptor that 
recognises a unique antigen/MHC combination. In higher organisms, these genetically diverse 
receptors are created by breaking, randomly resorting and joining DNA sequences, coding for 
the antigen capture region of the receptor, by adapting the ubiquitous DNA repair mechanisms 
that maintain genome stability.
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VDJ recombination is a site-specific event occurring at 6 loci: the T-lymphocyte (cell) receptor 
(TCR) �, 	, � and � chain loci and the B-lymphocyte (cell) receptor (BCR) immunoglobulin 
heavy (IgH) and � or � light chain (IgL) loci. Recombination occurs between component variable 
(V), junction ( J) and for TCR	, TCR� and BCR IgH loci, diversity (D) gene segments, with 
fused VJ or VDJ coding sequence which is subsequently joined to a constant (C) region segment 
through RNA splicing. Two recombination activating gene proteins, (RAG1/2) initiate this process 
by introducing site-specific DNA-double strand breaks (dsbs) at recombination signal sequence 
(RSS) sites either side of the segments to be rearranged, during the G1 phase of the cell cycle.

After the introduction of DNA-dsb at the coding sequence/RSS junction, two types of DNA 
ends arise; coding sequence ends that reconstitute the Ig and TCR genes are generated as hair-
pin intermediates, whereas noncoding signal ends containing the motifs targeting site-specific 
cleavage are generated as blunt double stranded (ds)-DNA ends. DNA-dsbs are repaired using 
the ubiquitous nonhomologous end joining (NHEJ) repair pathway. The KU70/KU80 het-
erodimer binds DNA ends, present at RAG1/2-generated coding ends and recruits DNA-PKcs 
that phosphorylates and activates Artemis endonuclease activity to process the coding sequence 
hairpin intermediates. Following cleavage, both coding and signal ends are directly ligated by 
the XRCC4/DNA ligase 4/Cernunnos-XRCC4-like factor (XLF) complex. Further diversity 
between coding joins is created by asymmetric nicking of the hairpin bends and by deletions, 
mutations and addition of nontemplated nucleotides to processed coding ends by terminal 
deoxynucleotidyl transferase (TdT) and DNA polymerase �1 (Fig. 1). Rejoining of signal ends 
does not require DNA-PKcs or Artemis.

Although artemis-mediated cleavage of coding joint hairpins does not require ATM or 
MRN,2 ATM does have important roles in stabilising DNA-ends in the RAG postsynaptic cleav-
age complex, facilitating NHEJ repair of VDJ recombination associated breaks.3-5 ATM, NBS1, 
γH2AX and 53BPI are associated with RAG-induced DNA-dsb in developing lymphocytes and 
localise to DNS-dsb and the chromatin region surrounding the recombining loci.6-10 ATM may 
contribute to the efficiency of VDJ recombination by activating cell cycle checkpoint proteins, 
to enable monitoring of recombination intermediates. In the absence of ATM, lymphocytes with 
RAG-induced DNA-dsb may enter the S phase of cell cycle, leading to a reduction in productive 
VDJ recombination and an increased number of abnormal translocations involving Ig and TCR 
loci (chromosome 7/14 translocations).11 VDJ recombination is not completely abolished if any 
of the 7 NHEJ proteins are impaired, as an alternative end-joining pathway exists in which the 
frequent use of microhomology and excessive deletions are characteristic. RAG proteins play an 
essential role in the joining phase of V(D)J recombination, but allow a small degree of alternative 
NHEJ activity.12

Receptor recombination occurs in the thymus and bone marrow respectively for T- and 
B-lymphocytes. Early lymphocyte progenitors move to the site of development and undergo 
successive stages of lineage commitment, intense cellular proliferation and selection, generating 
a functional lymphocyte receptor repertoire. Between critical developmental stages including 
VDJ re-arrangement of the T-lymphocyte 	 and � chain and B-lymphocyte IgH and IgL chain, 
the lymphocyte precursors undergo intense proliferation. During this phase, cells experience the 
normal replicative stress of proliferating cells, thus accumulating abnormal replication intermedi-
ates, which are normally resolved by Bloom syndrome helicase and associated proteins.

Immunoglobulin Class Switch Recombination
Maturation of the antibody repertoire is a necessary mechanism for optimized antibody 

responses with high antigen affinity. Antibody maturation occurs mostly in the germinal cen-
tres of the secondary lymphoid organs, following antigen and T-lymphocyte-driven activation; 
B-lymphocytes undergo intense cell proliferation, dividing every 6-8 hours and accumulating 
abnormal replication intermediates acquired during the normal replication of proliferating cells 
and resolved by Bloom syndrome helicase and associated proteins. CSR is a somatic DNA ar-
rangement process, which leads to a switch in the IgH C region of the BCR, expressed from the 
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Figure 1. VDJ recombination. Please see legend on following page.
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region encoded by C� to a downstream C region such as that encoded by C�, C� or C�. This 
results in the production of antibodies of different isotypes (IgG, IgA and IgE) with the same 
V(D)J specificity and therefore the same antigen affinity.13 Activation-induced cytidine deami-
nase (AID), a B-lymphocyte-specific enzyme critical for CSR, induces DNA-dsb, to initiate 
CSR.14,15 AID selectively deaminates cytosine (C) residues to uracil (U) in the switch (S) and V 
regions.16 Uracil DNA-glycosylase (UNG) removes U, producing an abasic site, which is cleaved 
by one of the base excision repair enzymes to create a DNA single strand break (DNA-ssb).17,18 
The mismatch repair (MMR) proteins MSH2-MSH6 recognise U at U:G mismatched bases 
and create a further DNA-ssb.19 If U is on the complimentary strand to a previous DNA-ssb, 
a DNA-dsb results, enabling CSR to occur.20 ATM is associated with MMR factors, including 
MSH2, MSH6, MLH1 and PMS2.21 PMS2, possibly coupled with MHL1 as a heterodimer, may 
convert AID/UNG—induced DNA-ssb into the DNA-dsb required for CSR by stabilizing the 
recombination intermediate.22,23 A significant role for the Bloom syndrome helicase is unlikely 
during CSR,24 although it does interact with MLH1 and MSH6 and so could conceivably be 
involved in the process.22,25,26 CSR DNA-dsb repair is achieved mainly through NHEJ during 
the G1 phase of the cell-cycle,27 although an alternative end-joining mechanism is used when 
there is impairment of NHEJ.28 ATM is required for efficient CSR, although exact function 
remains unclear. A number of factors involved in CSR are phosphorylated by ATM, including 
NBS1, Mre11, �H2AX and 53BP1, foci of which can be detected at the DNA-dsb switch region 
during CSR.29-31 One role of ATM may be to recruit or activate these factors and organize the 
damaged DNA ends for subsequent repair steps, or arrest cell cycle progression until the repair is 
complete. ATM may have a more direct role in the end-processing step through phosphorylation 
of a nuclease that participates in NHEJ, i.e., Mre11 or Artemis. Artemis is downstream in the 
ATM signaling pathway for repair of a subset of radiation-induced DNA-dsb, but dispensable 
for ATM-dependent cell-cycle checkpoint arrest1 and appears dispensable for processing of 
DNA-dsb for efficient CSR,33 although may be required for repair of the CSR-related chro-
mosomal breaks at the Ig locus.34 The altered pattern of CSR junctions in Artemis-deficient 
patients also suggests that Artemis is required in the predominant NHEJ pathway during CSR.35 
The functional role of Artemis in CSR probably relies on its endonuclease activity on 3
 or 5
 
overhangs, rather than hairpin structures. Deficiency in MRE11, NBS1, KU70/80 DNA-PKcs 
and DNA ligase 4 appears to alter the balance between the predominantly used NHEJ and 
alternative end-joining mechanism in CSR DNA-dsb repair, suggesting that these proteins are 
also involved directly or indirectly in CSR.36

Little is known about the proteins or mechanism involved in the alternative end-joining mecha-
nism. Poly (ADP-ribose) polymerase 1 (PARP-1) is involved in many cellular responses including base 
excision repair (BER) and possibly HR.37 It may be involved in the alternative end-joining pathway, 

Figure 1, viewed on previous page. VDJ recombination. A) DNA is uncoiled at transcription 
factories within the cell, where the associated recombination and repair proteins colocalise. B) 
The lymphoid specific recombinase activating gene 1 and 2 (RAG1/2) proteins recognise and 
bind the recombination signal sequences (RSS) that flank the VDJ gene segments and introduce 
site-specific DNA-dsb. C) The phosphorylated blunt signal ends and the covalently sealed hairpin 
intermediate of the coding end are held together by the RAG complex. D) The MRN complex 
binds the broken DNA ends and activates ATM which initiates cell cycle arrest and attraction 
of the repair proteins. H2AX, 53BP1 and RNF168, with other proteins stabilise the damaged 
chromatin. E) (i) Ku70/Ku80 heterodimer binds the coding ends and recruits DNA-PKcs and 
Artemis, which is required to open the hairpin intermediates. The covalently sealed hairpin 
intermediate is randomly nicked by the DNA-PKcs/Artemis complex, which generates a single 
stranded break with 3
 or 5
 overhangs. (ii) XRCC4, DNA ligase 4 and cernunnos-XLF (C-XLF) 
co-associate and are recruited to the ends. The signal ends are directly ligated by the XRCC4/
DNA-LIG4/C-XLF complex. The opened hairpin intermediate is modified by polymerases, 
exonucleases and the lymphoid-specific terminal deoxynucleotidyl transferase (TdT), before 
(iii) being repaired and ligated by the XRCC4/DNA-LIG4/C-XLF complex. (Reproduced with 
permission of the Paediatric HSCT unit, Newcastle General Hospital.)
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with XRCC1 and DNA ligase III.38-40 Ligases I and III are required for microhomology-mediated 
end joining but it is unknown which is involved in alternative end-joining during CSR.41

The Bloom syndrome helicase may also play a role in CSR as it has been shown to associate 
with MHL1.26 MSH5 is also involved in CSR and may have a specific role in facilitating CSR 
between S� and S�.42

Somatic Hypermutation
CSR and SHM occur together in germinal centres with BCR/CD40 activation, although 

neither is a prerequisite for the other, because IgM may be mutated in the absence of any such 
feature in IgG or IgA isotypes.43 SHM introduces random mutations into the BCR V region 
resulting in minor conformational changes, enabling positive selection of B-lymphocytes, 
carrying a BCR with high antigen affinity.44 SHM is initiated by AID, by RNA editing of V 
region C residues to U.45 Repair of DNA-dsb is not an intermediate step during SHM. Instead, 
the MMR proteins MSH2-MSH6 are required to recognise single strand AID-induced U/G 
residues and to recruit the exonuclease EXO1 and DNA polymerase �, which causes G:C to 
T:A transversions.46 Whilst NHEJ is not employed in SHM, the MRN complex is involved in 
DNA cleavage at AID-induced abasic sites during SHM47 and NBS1 has a role in regulating 
strand-biased repair.35 Bloom syndrome helicase appears not to be involved in SHM.48

Genetic Defects Associated with Primary Immunodeficiency 
Syndromes

An increasing number of genetic defects in the DNA-dsb and -MMR pathways have been identi-
fied in humans, providing insight into the clinical phenotype of genomic instability on the immune 
system. Immunodeficiency is increasingly recognised as a feature of these syndromes (Table 1).

Genetic Defects Critical for Lymphocyte Development
Recombination Activating Gene 1 and 2

The recombination activating genes (RAG) 1 and 2 are critical for initiating DNA-dsb prior to 
VDJ recombination of TCR and BCR.49 Nonsense mutations in RAG1/2 give rise to a T-B-NK� 
severe combined immunodeficiency (SCID) phenotype with absent immunoglobulins. Infants 
classically present with viral or pneumocystis pneumonitis, persistent viral diarrhoea and growth 
failure, as with other forms of SCID. Missense mutations give rise to ‘leaky’ SCID, known as 
Omenn syndrome,50 characterised by lymphadenopathy, hepatosplenomegaly, erythroderma, alo-
pecia, agammaglobulinaemia apart from a raised IgE, T-lymphocytosis and absent B-lymphocytes 
with accompanying respiratory and gastrointestinal inflammation or infection and failure to 
thrive.51 T-lymphocytes are activated and show a restricted VB repertoire.52 Biopsies of affected 
skin demonstrate a histopathological pattern consistent with graft versus host disease, although 
T-lymphocytes are autologous.

Two further phenotypes of RAG deficiency have been described:-
 i. Normal immunoglobulin levels, specific antibody responses to some infectious agents or 

vaccine antigens, production of autoantibodies, a predominance of �� T-lymphocytes 
and development of Epstein-Barr virus (EBV)-associated lymphoproliferation.53,54

 ii. T- and B-lymphocytopenia, hypogammaglobulinaemia, recurrent viral infection, 
EBV-associated lymphoma and extensive granulomatous lesions, associated with com-
pound heterozygous mutations in RAG 1 and 2.55

Artemis Deficiency
Artemis is critical for VDJ recombination; null mutations in Artemis give rise to a T-B-NK� 

SCID phenotype,56 originally described in Athabascan-speaking native Americans.57 Bone mar-
row cells and fibroblasts, from these patients, exhibited increased cellular sensitivity to ionising 
radiation (IR) (radiosensitive, RS-SCID),58 but otherwise the clinical presentation is identical to 
RAG-deficient SCID.
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A further two clinical phenotypes are described due to hypomorphic mutations in Artemis.
 i. Infants may present with Omenn syndrome,59 analogous to the clinical presentation due 

to hypomorphic RAG mutations;
 ii. Patients may present with a progressive combined immunodeficiency (CID) in later 

infancy, characterised by recurrent sinopulmonary or gastrointestinal infection, T- and 
B-lymphopenia, hypogammaglobulinaemia and autoimmune cytopenias.60,61

Some patients show susceptibility to EBV-associated B-lymphomas.60 Chromosome 7:14 
inversions and translocations have also been described in these patients. No specific dysmorphic 
features or microcephaly have been noted. Artemis is not essential for viability as many patients 
with RS-SCID have complete loss of functional alleles.

DNA-PK Deficiency
One Turkish patient, of consanguineous parents, has been described with a homozygous 

3-nucleotide deletion and homozygous missense mutation in DNA-PKcs.62 At 5 months of age 
she presented with classical SCID symptoms of recurrent oral candidiasis and lower respiratory 
tract infections from the age of 3 months leading to hypoxia. She also had a large oral aphthous 
ulcer, but no microcephaly or developmental delay. She had a T-B-NK� SCID lympho-phenotype. 
The block in B-lymphocyte precursor differentiation was similar to that seen in Artemis- and 
RAG-deficient SCID, consistent with a defect in VDJ recombination. Fibroblasts were sensitive to 
gamma-irradiation, with a DNA-dsb repair defect comparable with that seen in Artemis-deficient 
cells. Coding joints showed long stretches of P nucleotides and an end-joining assay demonstrated 
increased microhomology use, similar to that seen in Artemis-deficient cells. She underwent un-
conditioned stem cell transplantation from an HLA-identical cousin leading to full reconstitution 
of all lymphocyte subsets.

DNA Ligase 4 Deficiency
The first patient to be described with DNA ligase 4 defect was clinically and developmen-

tally normal until T-lymphocyte acute lymphoblastic leukaemia developed. Disproportionately 
severe cytopenia followed treatment with the MRC-UKALL X protocol and standard chemo-
therapy consolidation therapy was omitted.63 Cranial irradiation prophylaxis led to an extreme 
reaction to radiotherapy, including marked and prolonged cytopenia, severe desquamation and 
death from radiation-induced encephalopathy.63 Subsequently, a number of patients have been 
described; six patients had microcephaly, developmental delay, growth failure, lymphopenia, 
hypogammaglobulinaemia and recurrent infection.64,65 Bone marrow hypoplasia was a feature 
in some of these patients. A further 3 patients have been reported with T-B-NK� RS-SCID, 
all with microcephaly and growth delay.66,67 Four patients with microcephaly and a CID 
phenotype have been reported, of whom two developed an EBV-associated diffuse large cell 
non-Hodgkin’s lymphoma and one developed T-lymphocyte acute lymphoblastic leukae-
mia.68-70 (Fig. 2). One patient presented with features consistent with Omenn syndrome.71 
The phenotypic spectrum ranges from normal individuals with extreme sensitivity to ionis-
ing radiation, CID with microcephaly and developmental delay (analogous to patients with 
Nijmegen breakage syndrome), to radiosensitive T-B-NK� SCID or Omenn syndrome. Other 
clinical features overlap with those seen in ataxia telangiectasia including photosensitivity 
and psoriatic-like lesions.64

In VDJ recombination assays moderate impairment of VDJ recombination has been observed 
in LIG-4 deficient fibroblasts: an almost normal frequency of coding and signal joint forma-
tion is observed, but fidelity of both coding and signal joint formation is impaired.64,67 These in 
vitro findings are less severe than the clinical immunodeficiency, suggesting that DNA ligase 4 
is required during lymphocyte development or homeostasis at stages beyond VDJ recombina-
tion, possibly to repair DNA damage that may occur during lymphocyte proliferation. Similar 
observations have been identified in patients with hypomorphic Artemis mutations.61 Patients 
with LIG 4 defects also show altered resolution of CSR junctions, with greater use of micro-
homology at S�-S� junctions.36
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Cernunnos-XLF Deficiency
Deficiency of Cernunnos-XLF, critical for lymphocyte receptor development, has been de-

scribed in eight patients;72,73 Cernunnos-XLF interacts with the XRCC4/DNA ligase 4 complex. 
The first 2 patients presented with T- and B-lymphocytopenia, with a normal number of NK 
cells.74 Subsequently, five patients with CID have been described;72 all had similar lymphocyte 
phenotype to the original kindred, but had low IgA and IgG. Two had raised IgM, suggesting 
a role for Cernunnos-XLF in CSR. Some patients were microcephalic with ‘bird-like’ dysmor-
phism, two exhibited autoimmune cytopenia and all suffered from recurrent bacterial and other 
opportunistic infections. Two had several chromosomal alterations, although chromosome 
7:14 translocations were not found. Lymphomas have not been described to date. However, a 
further patient has been described, who had similar morphological features of microcephaly, 
small stature and ‘bird-like’ facies. He suffered recurrent respiratory infections and demonstrated 
normal IgM, but low IgA and IgG levels and absent response to vaccine protein antigens. His 
lymphocyte phenotype was characteristic75 and he developed pancytopenia with tri-lineage 
marrow dysplasia, enteropathy and underwent successful haematopoietic stem cell transplanta-
tion at 10 years of age. The treatment became complicated by EBV-associated posttransplant 
lymphoproliferative disease.

Other clinical abnormalities described include bone malformations (low implantation of 
the thumb, hypoplasia of the middle phalanx of the fifth finger), nephroptosis and one patient 
demonstrated developmental delay, features that overlap with those described in DNA ligase 
4 syndrome.

In vitro coding and signal joint formation are reduced in patients compared to controls, 
with an increase in nucleotide loss at coding joins. The fidelity of signal joins was severely 
impaired in patient cells, with possible use of microhomology during joining,72 features previ-
ously described in LIG4 patients.63,66 VDJ deficiency in these patients is less severe than in the 
Artemis deficient radiosensitive SCID and probably accounts for the low numbers of T- and 
B-lymphocytes found in the patients. As in patients with LIG 4 syndrome, the in vitro findings 
are less severe than the clinical immunodeficiency, suggesting that Cernunnos-XLF may also be 
required during lymphocyte development at stages beyond VDJ recombination. There is now 
some evidence that Cernunnos-XLF is also important for cell replication-induced DNA-dsb 
repair.76 Thus, lymphocytes that have successfully rearranged one chain of the antigen receptor 
despite cernunnos-XLF deficiency may still be eliminated during the intense cell replication 
that occurs during lymphocyte development.

Figure 2. Right apical lung B-lymphocyte lineage lymphoma on (A) chest radiograph and 
(B) computerised tomography in a patient with DNA ligase 4 deficiency. (Reproduced with 
permission of the Paediatric HSCT unit, Newcastle General Hospital.)
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Primary Immunodeficiency Associated with Disorders in DNA-dsb Damage 
Sensing Proteins
Ataxia Telangiectasia

Ataxia telangiectasia (A-T) is a rare systemic autosomal recessive disorder caused by mutations in 
ATM, manifested by progressive cerebellar ataxia, oculocutaneous telangiectasia, gonadal sterility, 
general growth retardation and a high incidence of mainly lymphoid tumours.77 Patients normally 
present with cerebellar ataxia before telangiectasia are manifest. Recurrent sino-pulmonary infec-
tion can be a presenting feature and may be associated with a raised IgM and low or absent IgG.78 
Sinopulmonary infection combined with recurrent aspiration, can lead to chronic lung disease.79 
The incidence of infections is variable and correlates with the presence of two null mutations 
in ATM.80 Immunological responses to bacterial antigens are generally reduced, particularly to 
polysaccharide antigen.81 Lymphocytic interstitial pneumonitis has been described.82 Hepatic 
veno-occlusive disease has rarely been noted.83 Median survival of patients is 22 years.84 Thymic 
output is low; the peripheral T-lymphocyte population is biased towards terminally differentiated 
effector T-lymphocytes, as reflected by a low ratio of naïve to memory T-lymphocytes and also 
a skewed TCRBV repertoire of peripheral lymphocytes marked by oligoclonal expansions and a 
restricted TCRBV chain repertoire.85 Chromosomal inversions and translocations, particularly 
chromosome 7:14 translocations are seen in A-T. ATM deficiency does not result in a profound 
blockage in lymphocyte development, but fidelity rather than completion of VDJ recombina-
tion may be affected in the absence of ATM. B-lymphocyte repertoire is restricted and skewed by 
diffused oligoclonal expansions with normal VDJ joints. B-lymphocytes from AT patients have 
an intrinsic defect in switching from IgM to other Ig classes, due to a defect in CSR to the most 
distant immunoglobulin loci, reflecting the requirement of ATM for efficient recombination 
between immunoglobulin switch regions.86

Nijmegen Breakage Syndrome
Nijmegen breakage syndrome (NBS) has characteristic facial appearances with receding 

forehead, receding mandible and prominent midface (‘bird-like’ facies).87 Additional features 
include epicanthal folds, large ears and sparse hair with microcephaly and mild mental retardation. 
Patients are susceptible to B-lymphocyte lineage lymphomas and are prone to sino-pulmonary 
infection. Cellular immunity is consistently depressed in NBS patients with reduced T-lymphocyte 
proliferation. Lymphopenia is common and whilst CD8� lymphocytes are generally of normal 
number, there are reduced proportions of CD3 and CD4 T-lymphocytes.88 Agammaglobulinaemia 
is reported in about a third of NBS patients whilst in others the humoral immune deficiency is 
more variable. Deficiencies of either IgA or IgG4 or in combination are common.89 About 10% of 
patients have normal immunoglobulins. The immunodeficiency may result from reduced fidelity 
of VDJ recombination, as NBS1 is involved with ATM in inducing cell cycle arrest during this 
process.90 Frequency of VDJ recombination in NBS patients is normal however with normal IgH 
rearrangement. The deficiency of serum IgG and IgA with normal or raised IgM is likely due to 
impaired CSR.91,92 Photosensitivity has not been reported, but porokeratosis and noncaseating 
granulomas have both been reported albeit rarely.93,94

Chromosomal inversions and translocations, particularly chromosome 7:14 translocations 
are characteristic of NBS (Fig. 3). NBS and Fanconi anaemia (FA) share certain overlapping 
features.96,97 FA is an autosomal recessive chromosomal instability disorder characterised by 
developmental defects, progressive bone marrow failure and cancer susceptibility; patients 
develop primarily marrow failure and haematological malignancies but also squamous cell 
carcinomas. Thirteen genetic groups have been defined.95 FA as well as NBS cells are sensitive 
to DNA cross-linking agents such as mitomycin C (MMC) and diepoxybutane. Patients with 
FANCD2 subtype are sensitive to both MMC and IR. NBS1 and FANCD2 proteins interact 
and NBS cells show reduced monoubiquitynation of FANCD2. FANCD2 therefore functions 
at the intersection of 2 signalling pathways, one involving IR activation by ATM, the other 
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involving MMC activation by the FA complex.96 The enzyme/substrate interaction of ATM 
and FANCD2 accounts at least in part for the common clinical and cellular phenotypes of A-T 
and some FA patients. Patients with particular NBS1 mutations have certain features similar 
to FA,96,97 although immunodeficiency is more pronounced in NBS, presumably because of the 
role of NBS1 in VDJ recombination and CSR.

Ataxia telangiectasia-Like Disorder
Ataxia telangiectasia-like disorder (ATLD) is extremely rare with only 17 patients reported 

worldwide with mutations in hMRE11.98-101 Clinical features are similar to those in patients with 
A-T with progressive cerebellar ataxia that is of later onset and slower progression of the disease 
than of those with A-T.102 Telangiectasia is absent in ATLD and immunoglobulin levels are normal 
although deficiency in antigen specific antibodies has been reported, particularly to pneumococcal 
polysaccharide antigen.103 Some patients are microcephalic, although intelligence is normal. The 
gene defect in hMRE11 encodes for a protein that associates in the MRN complex and patients 
have features overlapping with both A-T and NBS. The absence of reported associated recurrent 
pulmonary infection due to immunodeficiency may reflect clinical variability as seen in A-T, or the 
type of mutation present, the majority of which are homozygous missense mutations. Given the 
role of hMRE11 in CSR, it would appear logical that a degree of hypogammaglobulinaemia may 
be seen in some patients. Defective CSR has been reported with reduced switching from S�-S� 
and an increased usage of microhomology at switch junctions.103

Figure 3. Karyotype from a patient with Nijmegen breakage syndrome showing (A) chromo-
some t(7; 14) re-arrangement (arrow), (B) chromosomal breakage following exposure to 50 
centiGray ionizing radiation, (C) multiradial formation (arrow) after 72-h culture following 
exposure to mitomycin C at 0.32 Ag/ml for 60 min, (D) chromosome breakage (arrow) follow-
ing lymphocyte culture with DEB for 72 h. (Reproduced with permission of Paediatric HSCT 
unit, Newcastle General Hospital.)
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RAD50 Deficiency
One patient has been described with features suggestive of NBS, in whom compound heterozy-

gous mutations in RAD50 (one of the components of the MRN complex) were found. One 
mutation created a premature stop codon, the other led to an abnormally large polypeptide.104 The 
patient had intrauterine growth retardation with microcephaly. Growth remained poor and she 
developed ‘bird-like’ facies. Delay occurred in speech development and subsequent follow-up has 
demonstrated moderate psychomotor retardation, with mild spasticity and a nonprogressive ataxic 
gait. She developed multiple cutaneous pigmented naevi and hypopigmented areas. She did not 
suffer from excessive infections and immunoglobulin levels were normal. Lymphocyte numbers 
and proliferations to mitogens were normal. Chromosomal instability with 7:14 translocations 
were noted and there was radiosensitivity.105 By 23 years of age she had not developed evidence 
of myelodysplasia or lymphoid malignancy. No report is available on the use of microhomology 
at V-J junctions. One report implicates RAD50 in fidelity of end-joining of VDJ signal join 
substrates.106 The phenotype of RAD50 deficiency resembles more closely that of NBS than A-T. 
Whilst immunodeficiency has not been reported in this patient, given the function of RAD50 in 
the MRN complex in TCR and BCR formation and in CSR, it is likely that immunodeficiency 
will be a feature of the expanded phenotype in a larger group of patients.

Radiosensitivity, Immunodeficiency, Dysmorphic Features and Learning 
Difficulties (RIDDLE) Syndrome

To date only one caucasian patient has been described with Radiosensitivity, Immunodeficiency, 
Dysmorphic features and Learning difficulties (RIDDLE syndrome).107 He presented with mild 
facial dysmorphism, short stature, learning difficulties and mild motor abnormalities. There were 
no oculocutaneous telangiectasia. At the age of one year he had low serum IgG levels, with normal 
IgM and IgA. By 3 years of age his IgG remained low but IgA and IgM were at normal levels. T- 
and B-lymphocyte numbers were normal. From the age of 3 years he was treated with replacement 
immunoglobulin and has remained well. His father has subsequently developed B-cell chronic 
lymphocytic leukaemia. Biallelic mutations in RNF168, a ubiquitin ligase, have subsequently been 
reported.108 Analysis of B-lymphocytes revealed increased levels of microhomology across the 
S�-S� and S�-S�3 switch regions with a reduced frequency of mutations and insertions, findings 
similar, although less severe, to those found in LIG4 deficiency and suggestive of abnormal CSR, 
although SHM was normal. Fibroblasts exhibited moderately increased sensitivity to ionising 
radiation and failed to localize 53BP1 to damaged chromatin. It is postulated that RNF168 may 
be playing a role in organising chromatin to facilitate long-range NHEJ, which is essential for CSR, 
but not VDJ recombination; thus explaining normal cellular immunity in the patient.109-111

Other Uncharacterised Disorders
A number of genetically undefined disorders, with phenotypic and cellular features charac-

teristic of NBS but with no mutations in candidate genes, have been described,112-114 suggesting 
defects in further DNA repair genes in human primary immunodeficiency may exist.

Human Primary Immunodeficiency Due to Genetic Defects in Class Switch 
Recombination and Somatic Hypermutation
Autosomal Recessive Hyper-IgM Syndromes

Three autosomal recessive hyper-IgM syndromes have been described due to defects in DNA 
break and repair mechanisms, which lead to decreased or abolished isotype switching and impaired 
somatic hypermutation (see also chapter by Kracker, Gardes and Durandy in this volume).

AID Deficiency
Activation-induced cytidine deaminase (AID) deficiency, an autosomal recessive disease due 

to mutations in AICDA, usually presents in early childhood with severe, recurrent infections, of 
which recurrent sino-pulmonary infections are the most common. Gastrointestinal infections 
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are also common.115,116 Despite this early presentation, many patients are not diagnosed and 
treated until the second or third decade of life.117 Massive lymphadenopathy, with giant germinal 
centres on histological examination are characteristic. Immunological features include raised IgM 
and low or absent IgA and IgG. There is an increased incidence of organ-specific autoimmune 
disease in these patients, particularly diabetes mellitus, polyarthritis, autoimmune hepatitis and 
Crohn’s disease.117 Although the precise mechanism of these features remains unresolved, it 
could include:
 i. Lack of inhibitory signalling through the Fc�IIB receptor to the B-lymphocyte, resulting 

in immune complex-mediated tissue damage;
 ii. Decrease in peripheral tolerance due to unregulated B-lymphocyte proliferation;
 iii. Compromised elimination of external antigen due to a lack of CSR and SHM, driving 

B-lymphocyte activation.118

Patients with impaired CSR but normal SHM have mutations in the carboxy-terminal region 
of AID protein and present with milder disease119 and a small subset of patients may present with 
autosomal dominant disease.120

UNG Deficiency
Three patients have been described with a defect in uracil-DNA glycosylase (UNG). Clinical 

presentation was similar to those with AID deficiency including recurrent respiratory tract infec-
tions from early childhood and lymphoid hyperplasia.121 Raised IgM and profoundly decreased IgA 
and IgG serum levels were found, with depressed antigen-specific antibody responses. A skewed 
pattern of SHM was found with almost all mutations being transitions (G�A, C�T).

PMS2 Deficiency
PMS2 forms a heterodimer with MLH1 to form hMut� which plays important roles in 

mismatch repair. Defects have been described in 3 individuals.23 In addition to raised serum IgM 
and decreased IgA and IgG with recurrent infections, café au lait spots and malignancy including 
leukaemias, lymphomas, cerebral tumours and colorectal tumours are characteristic.122,123 Increased 
levels of microhomology were found across the S�-S� switch junctions. SHM may have been 
mildly reduced.

MSH5 Deficiency
MSH5 has been implicated in IgA deficiency and common variable immunodeficiency.42 

Increased microhomology at S�-S� switch junctions was found in patients carrying disease-asso-
ciated MSH5 allelles, with fewer mutations at S�-S� switch junctions than in controls. The precise 
mechanism by which defects in MSH5 contribute to the abnormalities observed in CSR has not 
been worked out although a regulatory role is proposed.

Undefined Defects of Class Switch Recombination and Somatic Hypermutation
It is likely that further, as yet undescribed, gene defects give rise to a clinical picture of hyper 

IgM syndrome. Hyper IgM Type 4 has been described in 15 patients with characteristic features of 
recurrent respiratory and gastrointestinal tract infection, lymphoid hyperplasia and autoimmune 
features.124 CSR was defective, but SHM normal. AIDCA and UNG mutations were excluded 
in all patients.

A further clinical entity, consisting of increased radiosensitivity but normal checkpoint ar-
rest and NHEJ, increased levels of microhomology across S�-S� switch junctions and a skewed 
SHM toward transitions at G/C residues, has been described in 5 patients.125 All had recurrent 
respiratory infections; lymphoid hyperplasia and autoimmunity were also described. Raised IgM 
and decreased IgA and IgG levels were also noted. Genetic defect(s) in these cases have yet to be 
identified. A further group of patients has been identified, in whom recurrent bacterial infection, 
autoimmunity and lymphadenopathy are observed, although the lymphadenopathy was less 
marked than in AID-deficient patients. A lack of class-switched B-lymphocytes in these patients 
was observed, although SHM was normal. There was no sensitivity to IR.126
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Human Primary Immunodeficiency Due to Genetic Defects in Other DNA 
Repair Genes
DNA Ligase 1

To date, one patient has been described with two compound missense mutations in DNA ligase 
I.127,128 Clinical features, overlapping with those of Bloom syndrome and ataxia telangiectasia, 
included intrauterine growth retardation, general growth retardation, developmental delay but 
normal cognitive development, some dysmorphism with elf-like features, photosensitivity and 
immunodeficiency. Her immunodeficiency manifested as recurrent middle ear and chest infec-
tions from age 2 years, with evolving IgA deficiency, relative hypogammaglobulinaemia of IgG and 
normal IgM. She had an evolving lymphocytopenia with poor proliferative response to mitogens. 
During her teenage years her respiratory status deteriorated and secondary sexual characteristics 
did not develop. At the age of 17 years, patches of venous dilatation appeared on her skin mainly 
on the limbs and there was some bulbar conjunctival telangiectasia. Thyroid, pituitary and adrenal 
functions were normal. She developed hepatosplenomegaly and a liver biopsy showed lymphocyte 
infiltration of the portal tract suggesting lymphoma. Her splenomegaly became massive and she 
developed neutropenia and increasing lymphopenia. She had a severe cutaneous herpes zoster 
infection and died from pneumonia at the age of 19 years. No information on end-joining of VDJ 
substrates is available, or on the use of microhomology. An increase in the number of DNA-ssb 
and -dsb in newly replicated DNA molecules was seen in an immortalised fibroblast line, possibly 
because of the failure of dealing with damage at replication forks.129 The cause of the immunodefi-
ciency can only be hypothesised, given the paucity of data. In that (i) there is no current evidence 
linking DNA ligase 1 with VDJ recombination,130 (ii) DNA ligase I complexes with Nbs1 and 
(iii) DNA ligase I and Nbs1 colocalize at replication factories to repair DNA-dsb by homologous 
recombination at stalled replication forks,131 defects in DNA ligase I may be associated with failure 
to repair DNA damage during lymphocyte proliferation, rather than failure to complete NHEJ 
in TCR and BCR formation. The finding of low IgA and IgG, but normal IgM is tantalising and 
further work needs to be done to investigate what role, if any, DNA ligase I has in CSR.

Bloom Syndrome
Bloom syndrome is an autosomal recessive disorder characterized by proportionate pre and post-

natal growth deficiency, sun-sensitivity, telangiectatic, hypo- and hyperpigmented skin, predisposition 
to malignancy and chromosomal instability. There is an increased incidence of diabetes mellitus. 
Immunodeficiency, whilst common, is variable and generally not severe,132,133 although life-threatening 
infection may occur.134 Low concentrations of one or more immunoglobulin isotypes are found most 
frequently.132,133,135 Impaired T-lymphocyte proliferation, diminished CD4� T-lymphocyte numbers 
and impaired CD4� T-lymphocyte function have been observed in Bloom syndrome patients.132,136 
There is a characteristic increase in sister chromatid exchange on cytogenetic analysis (Fig. 4). The 
Bloom syndrome helicase appears not to play a role in VDJ recombination137,138 and has only a minor 
role to play in CSR, if any,139 although microhomology—mediated end joining was observed at 
S�-S�3 switch regions, possibly implicating Blm in the resolution phase of CSR.139

Treatment
Treatment for DNA-repair deficient primary immunodeficiencies depends on the clinical pre-

sentation and is generally the same as for similar disorders due to other underlying molecular defects. 
The degree of immunodeficiency varies from mild to severe B- and T-lymphocytopenia. Patients 
with B-lymphocyte deficiency can be treated with prophylactic antibiotics and immunoglobulin 
replacement therapy. However patients with severe T-lymphocyte deficiency require more aggressive 
therapy and haematopoietic stem cell transplantation may be recommended. In particular children, 
with recurrent infection and failure to thrive and those at risk of developing malignancy, may benefit. 
Because of the risk of generalised chromosome damage with radiotherapy, this should be omitted 
from conditioning regimens. The use of low intensity chemotherapy conditioning appears to favour 
a successful outcome.69,75,140,141 It is important to note that modified chemotherapy regimens, for the 
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treatment of lymphoid malignancy, are needed due to the high level of toxicity using conventional 
regimens.142 The incidence of secondary malignancies is more frequent in these patients so careful 
follow-ups are required. Gene therapy may be valuable treatment for some conditions, although 
clinical trials are yet to be perfected.143 Another novel approach to treatment under investigation is 
the use of antisense oligonucleotides to correct splicing, frameshift and missense mutations leading 
to production of missing or unstable protein to convert to partially or fully functional type.144

Conclusion
Much has been learnt about the molecular mechanisms of lymphocyte receptor formation, 

immunoglobulin isotype switching and the affinity maturation from the careful studies of hu-
man primary immunodeficiencies. Conversely, an understanding of the mechanisms has aided 
discovery of novel genetic immune defects in patients. Many questions still remain unanswered. 
Further studies on patients with these extremely rare diseases such as Ligase I deficiency, RAD50 
deficiency, RIDDLE syndrome and PMS2 deficiency will expand the clinical phenotype and give 
greater understanding of the role these proteins play in immune development. Key proteins of the 
DNA-dsb repair pathways, such as XRCC4, known to cause immunodeficiency in animal models, 
have yet to be linked to human disease. It is likely that further studies of milder antibody deficiencies 
will reveal further defects in MMR proteins responsible for SHM and antibody affinity maturation. 
An appreciation of the role that these defects play in immunodeficiency and in the wider biologi-
cal processes of other cells is likely to lead to better, more targeted treatments for these patients, 
for instance, modified chemotherapy conditioning regimens for patients with DNS-dsb repair 
defects undergoing haematopoietic stem cell transplantation, or use of antisense oligonucleotides 
to correct nonsense mutations by read-through compounds such as aminoglycosides.

Figure 4. Karyotype from a patient with Bloom syndrome showing (A) a symmetrical quadrid-
radial (arrow) and (B) increased numbers of sister chromatid exchanges (arrows). (Reproduced 
with permission of Paediatric HSCT unit, Newcastle General Hospital.)
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Abstract

The investigation of an inherited primary immunodeficiency, the immunoglobulin class 
switch recombination deficiency, has allowed the delineation of complex molecular events 
that underlie antibody maturation in humans. The Activation-induced cytidine deaminase 

(AID)-deficiency, characterized by a defect in Class Switch Recombination (CSR) and somatic 
hypermutation, has revealed the master role of this molecule in the induction of DNA damage, 
the first step required for these two processes. The description that mutations in the gene encod-
ing the Uracil-DNA glycosylase (UNG) lead to defective CSR has been essential for defining the 
DNA-editing activity of AID. Analysis of post meiotic segregation 2 (PMS2)-deficient patients 
gave evidence for the role of this mismatch repair enzyme in the generation of the DNA breaks 
that are required for CSR. Novel findings are awaited from the study of yet-genetically undefined 
CSR-deficiencies, probably leading to the identification of AID cofactor(s) and/or proteins in-
volved in CSR-induced DNA repair.

Introduction
Maturation of the antibody repertoire results in the production of efficient antibodies of various 

isotypes, via a two-step process. The first step occurs in the fetal liver or in the bone marrow in an 
antigen and T-cell-independent way. It is achieved by genomic rearrangement between Variable 
(V), Diversity (D) and Joining ( J) elements of the immunoglobulin (Ig) heavy chain gene and 
between V and J elements of the Ig light chain gene, resulting in the membrane expression by ma-
ture B-cells of a B-Cell Receptor (BCR) of the IgM and IgD isotypes.1 The second step is shaped 
in the secondary lymphoid organs and is driven by antigen and T-cell interaction. It involves two 
processes: immunoglobulin class switch recombination (CSR) leading to the production of anti-
bodies of various isotypes and Somatic Hypermutation (SHM), which results in the production 
of antibodies with high affinity for antigen.

CSR is accomplished by a DNA recombination event between two switch (S) regions, lo-
cated upstream of the C� (S�) and a target Cx region of another isotype (Sx) with deletion of the 
intervening DNA. By means of CSR, the C� heavy chain of Ig is replaced by a different Cx heavy 
chain, thus allowing the production of immunoglobulins of various isotypes with the same antigen 
affinity since the V region is left unchanged.2 Conversely, the SHM process modifies the antigen 
affinity (but not the isotype) of an antibody by introducing mutations in the V region at a very 
high frequency (1 � 10-3 bases per generation).3 Mutations are generally missense mutations but 
deletions or insertions can also occur. This step is followed by the positive selection and prolif-
eration of B-cells harboring a BCR with a higher affinity for antigen through a close interaction 
with antigen-loaded follicular dendritic cells4 and follicular B helper T-cells.5 Understanding the 
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molecular mechanisms and signals involved in CSR and SHM have recently benefited from the 
characterization of a group of inherited disorders, the Ig CSR-deficiencies. Patients with this con-
dition exhibit normal or high serum IgM levels, but markedly reduced serum levels of the other 
isotypes. Most of these patients also display impaired SHM generation. Besides the abnormalities 
in the T/B cooperation or the CD40 activation pathway,6-8 that give evidence for the master role 
for CD40L/CD40 interaction in both CSR and SHM, other CSR deficiencies are caused by an 
intrinsic B-cell defect. The recent elucidation of their molecular basis has provided considerable 
insight into the complex mechanisms that govern the antibody maturation in humans.

CSR Deficiency Caused by Activation-Induced Cytidine Deaminase 
(AID)-Defect

This condition is transmitted as an autosomal recessive (AR) disease, although a rare autosomal 
dominant (AD) transmission has been reported to be associated with some peculiar mutations 
(see below). The Activation-Induced cytidine Deaminase (AID) is a B-cell specific molecule only 
expressed in B-cells activated to CSR and SHM.9 Ectopic expression of AID in fibroblasts is able 
to induce CSR and SHM on a proper substrate, indicating that AID is the only B-cell specific 
component necessary for CSR and SHM.10,11 AID belongs to the cytidine deaminase family able 
to deaminate deoxycytidine (dC) into deoxyuracil (dU) residues. Besides its cytidine deaminase 
domain, AID possesses an APOBEC-like domain, a leucine-rich domain prone to protein-protein 
interaction, a nuclear localization signal (NLS) and a nuclear export signal (NES) located respec-
tively in the N and C ter parts, suggesting that AID, which is mostly expressed in the cytoplasm of 
activated B-cells, can shuttle into and off the nucleus.12-14 Moreover, AID presence is not maintained 
in the nucleus because of its rapid degradation by the proteasome.15 Although it has been firstly 
postulated that, according to its sequence similarity with APOBEC-1, AID was a RNA-editing en-
zyme,16 several pieces of argument are in favor of a direct activity of AID on DNA.17-22 Deamination 
by AID of dC to dU on single-stranded DNA during DNA S and V region transcription induces the 
DNA damage, necessary for both CSR and SHM. This DNA lesion step is followed by removal of 
dU by the Uracil-N glycosylase, an event that represents a physiologic trigger for the base excision 
repair pathway leading to the generation of DNA breaks.22-24 Since double strand DNA breaks are 
required at least for CSR, AID should act on both DNA strands. Indeed, it has been shown that 
AID can also act on DNA template strand in the transcription bubbles,21 or on double stranded 
DNA when DNA is super coiled.25 Recent data suggest that the protein kinase A (PKA) in the 
nucleus phosphorylates AID on single strand DNA of S regions and interaction between AID 
and PKA recruits the replication protein A (RPA), a single-stranded DNA-binding protein.26,27 
AID thus introduces the DNA damage by introducing uracil residues on DNA.

A deficiency in AID leads to both defective CSR and SHM, as shown by the phenotype of 
AID-deficient patients.28 In most cases, the disease is symptomatic from childhood and patients 
suffer mainly from recurrent bacterial infections of the upper and lower respiratory and digestive 
tract. Lymphoid hyperplasia is a prominent feature of the disease and is due to massive enlargement 
of germinal centres, that are filled of actively proliferating B-cells that co-express CD38, sIgM 
and sIgD, all markers of germinal centre founder cells. Such lymphoid hyperplasia, also affecting 
Peyer’s patches as consequence of intestinal microbial infections, is also found in AID knock-out 
mice.16,29 Autoimmunity (haemolytic anaemia, thrombocytopenia, hepatitis) affects about 20% 
of the patients, with the presence of auto-antibodies of IgM isotype.30

The proportion of memory (CD27�) B-lymphocytes is normal, despite the complete lack of 
SHM. B-cells are unable to undergo in vitro CSR upon activation by CD40-agonists and ap-
propriate cytokines and the CSR-defect has been shown to be located downstream from DNA 
transcription of S regions but upstream from DSB occurrence in switch (S) regions.31

AICDA mutations are scattered all along the gene (Fig. 1), resulting in an absence of AID ex-
pression as shown by immunohistochemistry in germinal centres and, dependent on the AICDA 
mutations, in a decrease or an absence of AID protein in EBV B-cell lines as shown by Western Blot 
analysis (A. Durandy, unpublished data). Examination of a cohort of 72 AID-deficient patients has 
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revealed unique features associated with specific mutations of AICDA. In particular, mutations in 
the C-terminal part of the gene result in the selective impairment of CSR, leaving SHM intact32 
(Fig. 1). Since these mutants exert a normal cytidine activity after transfection either in E. coli or in 
fibroblasts and mutations in the S� regions are normally found in murine B-cells lacking the C ter 
part of AID,33 it is postulated that the C ter part of AID should interact with a protein uniquely 
involved in CSR-induced DNA repair. In addition, while AID deficiency is usually inherited as 
an AR trait, nonsense mutations in the C-terminus part, that result in deletion of the NES, are 
associated with an AD inheritance34 (Fig. 1). Two, non mutually exclusive, hypotheses can account 
for this observation: (i) the deletion which affects the NES domain of the protein lead to nuclear 
accumulation of the mutant allele, overriding the normal allele function;12 (ii) the mutant allele 
exerts a dominant negative effect indicating that AID multimerization and/or a complex forma-
tion with other not yet defined partners is required for efficient CSR.

CSR Deficiency Caused by Uracil-N Glycosylase (UNG)-Defect
This description of a rare AR CSR defect, caused by mutations in the UNG gene strongly 

reinforced the hypothesis of a DNA-editing activity of AID.24 UNG has two isoforms, with 
2 different promoters, UNG1 which is ubiquitously expressed in mitochondria and UNG2 
expressed transiently in the nucleus of proliferating cells, including B-cells activated for CSR.24 
Indeed, UNG2 interacts with RPA on single strand DNA and mediates the uracil deglycosylation 
and removal23,35 leading to an abasic site which is eventually cleaved by the apurinic/apyrimidinic 
endonucleases, APEX1 and APEX2 as shown in mice.36 The SHM process involves different 
error-prone repair pathways leading to mutations in the V region: the mismatch repair (MMR) and 
Pol� for unprocessed U:G residues, the translesion synthesis polymerases for abasic sites, although 
the participation of polymerase� is controversially discussed and error-prone polymerases for nick 
repair.37-41 For CSR, cleavage of abasic site by the APEX and occurrence of DSB are required 
downstream from UNG activity.

Up till now, three cases of UNG deficiency have been reported in humans.24 The phenotype 
is identical to that of AID-deficiency, with an in vitro CSR defect located downstream from 
transcription but upstream of the DSB in S regions. Strikingly, in contrast to what is observed in 
AID-deficiency, the frequency of SHM was found normal, with a markedly skewed nucleotide 
substitution towards transitions on G and C residues. This abnormal pattern was likely due to the 

Figure 1. AICDA gene and mutations leading to CSR deficiencies. NLS: nuclear localization 
signal; NES: nuclear export signal; AR: autosomal recessive, AD: autosomal dominant.
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replication pathway occurring on the U:G residues, the few mutations arising on A:T residues 
being related to the activity of the MMR, MSH2-MSH6 and Pol�.23,42

In the three cases described above, both alleles were mutated, affecting both the active domain 
of UNG1 and UNG2 (Fig. 2). Two patients carried frame shift mutations that led to premature 
termination, whereas one patient was homozygous for a missense mutation (F251S). Interestingly, 
this mutation caused mislocalization of the mutant UNG2 protein to the mitochondria, rather than 
to the nucleus.43 Since UNG, a base excision repair, constitutes a major anti-mutagenic strategy, 
patients might be at risk for cancers, as observed in UNG-deficient mice.44

The description in humans of an Ig-CSR deficiency caused by UNG defect is reminiscent to 
what is observed in mice;23 however, the human CSR defect is much more pronounced, suggest-
ing the lack of any compensatory mechanism. Although the description of a CSR deficiency in 
UNG-deficient humans and mice strongly suggests that UNG activity is required for CSR, it has 
been proposed that UNG is only required as a docking protein.45

CSR Deficiency Caused by Post-Meiotic Segregation 2 (PMS2) Defect
Recent analysis of patients affected by PMS2-deficiency led to the first description of the role 

of this mismatch repair (MMR) enzyme in human CSR, in agreement with the previous descrip-
tion of PMS2-deficient mice.46-48 PMS2 belongs to the MMR pathway that recognizes and repairs 
mismatched nucleotides on DNA. There are two main MMR components: the MutS homologue 
(MSH1–6) and the MutL homologue (PMS2/MLH1/PMS1). The MSH2—MSH6 complex ap-
pears to recognize AID-induced mismatches which escape the UNG processing and to recruit the 
PMS2/MLH1 complex. PMS2 which possesses an endonuclease domain could therefore introduce 
a nick nearby of the mismatch repair leading to exonuclease EXO1 activity.49,50 Therefore, PMS2 
could be involved in the generation of DNA double strand breaks of S regions.

Four patients affected by homozygous nonsense mutations in PMS2 could thoroughly be 
studied (Fig. 3).51 As other patients carrying bi-allelic mutations in MMR genes, the main 
symptom of the disease was the occurrence of cancers from the first years of age.52,53 Presence of 
café-au-lait skin spots was also evocative of a MMR defect. The two youngest patients present 
both with decreased serum IgA levels, in one associated with low IgG levels and severe suscep-
tibility to bacterial infections. The two others, tested as young adults, only display a profound 
defect in IgG2 and IgG4 isotypes. However, no switched B-cells could be observed ex vivo 
and in vitro CSR towards IgA and IgE was defective, both observations arguing in favor of a 
B-cell intrinsic CSR defect. Accumulation of long lived plasma cells with age could compen-
sate this defective CSR, as already shown in MMR or UNG-deficient mice.42,54 As in AID and 
UNG-deficiencies, the CSR defect was located downstream from transcription and upstream of 
the occurrence of DSB in S regions. SHM frequency was slightly decreased in CD19�CD27� 
B-cell population, but the nucleotide substitution pattern was found normal.

Our data provide clear evidence that PMS2 plays an important role in Ig-CSR in humans. 
Because of a very severe Ig-CSR defect in UNG-deficient patients, we suspect that PMS2 acts 

Figure 2. UNG gene and mutations leading to CSR deficiencies.
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downstream from UNG in the same pathway, rather than being an alternative mechanism for 
base excision repair.

CSR Deficiency Caused by An Unknown DNA Repair Factor Defect
This CSR deficiency, although not yet molecularly defined, appears as likely transmitted as an 

AR disease since the M:F ratio is around 1 and consanguinity is observed in 20% cases. A CSR 
defect located downstream from the DNA cleavage step, characterizes this condition and suggests 
a DNA repair defect of switching B-cells, a hypothesis reinforced by the observation of tumor oc-
currence (non EBV-induced B-cell lymphomas) in 4 out of 45 patients. Moreover, a strong decrease 
of CD27�B-cells, a defect in switch junctions repair with a preferential usage of microhomology 
and especially a significant increased radiosensitivity of fibroblasts and EBV B-cell lines argue in 
favor of this hypothesis.55

DNA repair of S regions is achieved through a complex mechanism: it has been shown that 
upon CSR-activation and in an AID-dependent manner, the conformation of the Ig locus is modi-
fied, leading the S�-Sx regions to be in close proximity.56 The maintenance of this synapsis requires 
a multimolecular complex involving the phosphorylated �-H2AX- and the 53BP1 protein, the 
complex MRE11/RAD50/NBS1 and ATM,57-61 leading to i) cell cycle arrest and ii) DNA repair 
through the Non Homologous End Joining pathway (NHEJ).62-64 Since the involvement of all these 
molecules has been excluded in these patients, it is likely that (an) other(s) molecule(s), up to now 
undefined and deficient in these patients, play a role in CSR-induced DNA repair of S regions.

CSR-Deficiency in Molecularly Defined Syndromes Affecting  
the DNA Repair Machinery

a. As ATM and the MRE11/RAD50/NBS1 (MRN) complex are involved in S�-Sx synapsis 
maintenance and DSB DNA repair, a CSR deficiency was not unexpected in these syndromes 
caused by a defect in one of these molecules. ATM-(ataxia-telangiectasia: AT), MRE11-(AT-like 
disease: ATLD) and NBS1-(Nijmegen breakage syndrome)-deficiencies are associated with 
variable defect in CSR, a symptom sometimes preceding the neurological abnormalities in AT.65 
Study of recombined switch junctions in Ig gene locus indicates that the DNA repair does not 
occur properly during CSR.66 Normal SHM generation in AT and AT-like disorder confirms that 
neither ATM nor MRE11 are essential for DNA repair of V regions.67 A slightly abnormal pattern 
of SHM in NBS1 patients has been reported, but the role of this molecule in DNA repair of V 
regions remains obscure.68

b. Hypomorphic mutations in genes encoding the molecules of the NHEJ pathway are also as-
sociated to variable CSR deficiency, as shown by the serum Ig levels and especially by the defective 
DNA repair of switch junctions observed in patients. Indeed in ligase-IV or Artemis-deficient B-cells, 
switch junctions are repaired by using microhomology, strongly suggesting that, in the absence of a 
functional classical NHEJ pathway, an alternative end joining pathway can promote CSR.69-71

Figure 3. PMS2 gene and mutations leading to CSR deficiencies.
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Conclusion
The ongoing delineation of inherited CSR deficiencies is shedding new light on the complex 

molecular mechanisms that govern CSR and SHM. Briefly, according to data from mice models 
and from these human natural mutants, the different events required for CSR and SHM have 
been precised:
 a. Transcription of target DNA sequences: Transcription of specific RGYW sequences 

(R is A or G, Y is C or T and W is A or T) in S and V regions is required for both pro-
cesses. During CSR, activation of B-cells by cytokines activates the specific I promoter 
located 5' to the target C� or Cx gene and induce the synthesis and splicing of so-called 
germ line or sterile transcripts.72 This transcription step leads to the formation of RNA/
DNA hybrids on the template DNA strand, leading to DNA accessibility for DNA dam-
age.18,19,73 Transcription is also required for SHM,74 even if its induction has not been so 
far elucidated.

 b. DNA damage: DNA lesion is induced by AID which by cytidine deamination introduces 
uracil residues on single strand DNA. AID is phosphorylated by PKA on S region DNA 
and recruits the single strand DNA binding protein RPA. UNG, which also binds RPA, 
deglycosylates and removes the uracil residues from DNA, leading to an abasic site.

 c. DNA repair: During the SHM process, the AID-induced U:G mismatched residues, 
the UNG-induced abasic site and DNA nick are processed and repaired by the MMR 
pathway and error-prone polymerases, leading to introduction of mutations in the V 
region. CSR require the generation of blunt double strand DNA breaks which occur by 
a mechanism not yet completely elucidated. According to mice models, the APEX 1 and 
2 cleave the abasic sites induced by UNG, leading to staggered DSB. Downstream from 
UNG activity at least in humans, the U:G residues remaining on DNA are repaired by 
the MMR system, likely involving PMS2 endonuclease activity and its recruitment of the 
exonuclease EXO1. The staggered DSB are therefore processed into blunt DSB. Thereafter, 
DNA repair can occur, requiring (i) the generation and the maintenance of a synapsis 
between S�-Sx regions, (ii) cell cycle arrest (iii) NHEJ repair. However, study of patients 
affected by not yet characterized CSR deficiencies strongly suggests that other important 
factors play a role in generation or repair of AID-induced DNA damage.
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Ligase IV Syndrome
Dimitry A. Chistiakov*

Abstract

Ligase IV (LIG4) syndrome belongs to the group of hereditary disorders associated with 
impaired DNA damage response mechanisms. Clinically and morphologically, patients 
affected with this syndrome are characterized by microcephaly, unusual facial features, 

growth retardation, developmental delay, skin anomalies and are typically pancytopenic. The 
disease leads to acute radiosensitivity, immunodeficiency and bone marrow abnormalities. 
LIG4 syndrome arises from hypomorphic mutations in the LIG4 gene encoding DNA ligase 
IV; a component of the nonhomologous end-joining machinery, which represents a major 
mechanism of repair of double strand DNA breaks in mammals. The hypomorphic muta-
tions do not completely abolish but significantly reduce enzyme function. This results in 
impaired V(D)J recombination, the essential rejoining process in T- and B-cell development, 
in whose ligase IV plays the key role. As a consequence, patients with LIG4 syndrome fre-
quently develop multiple immune abnormalities, clinically overlapping with severe combined 
immunodeficiency syndrome. 

Ligase IV Syndrome: Clinical Features
Ligase IV (LIG4) syndrome (MIM 606593) belongs to the group of hereditary disorders 

associated with impaired DNA damage response mechanisms. This autosomal recessive disease 
is extremely rare. It is difficult to estimate the incidence of this disorder since LIG4 syndrome 
has been recognized only in few cases. Clinically and morphologically, patients affected with 
this syndrome are characterized by microcephaly, unusual facial features, growth retardation, 
developmental delay, skin anomalies and are typically pancytopenic.1 The disease leads to acute 
radiosensitivity, immunodeficiency and bone marrow abnormalities.2 LIG4 syndrome shares 
similar clinical phenotypes with other rare DNA damage response diseases such as Seckel syn-
drome, Nijmegen breakage syndrome (NBS) and Fanconi anemia (Table 1). Cell lines from the 
patients with LIG syndrome show pronounced radiosensitivity;3 however, unlike NBS cell lines, 
they show normal cell cycle checkpoint responses but impaired DSB rejoining. An unexpected 
V(D)J recombination phenotype was observed involving a small decrease in rejoining frequency 
coupled with elevated imprecision at signal junctions.3

DNA Ligase IV Is a Component of Nonhomologous End-Joining 
Pathway of DNA Repair

LIG4 syndrome arises from hypomorphic mutations in the LIG4 gene encoding DNA ligase 
IV (MIM 601837, EC 6.5.1.1), a component of the nonhomologous end-joining (NHEJ) ma-
chinery, which represents a major mechanism of repair of double strand DNA breaks (DSBs) in 
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mammals.6 DSBs are generally induced by ionizing radiation and during V(D)J recombination, 
the essential rejoining process that serves to rearrange the variable, diversity and joining segments 
in T- and B-cell development.7

NHEJ repair is a multistep process that requires the involvement of several proteins (Fig. 
1). Briefly, the heterodimeric Ku 70/80 protein binds to the DNA ends in a site where a DSB 
occurs. DNA-bound Ku serves to recruit the complex between Artemis and DNA-dependent 
protein kinase catalytic subunit (DNA-PKcs) and then activate its kinase activity as well as 
to attract binding the DNA ligase IV/XRCC4 complex to the DSB site. DNA-PKcs under-
goes autophosphorylation and also phosphorylates Artemis, which regulates its binding to 
DNA and is required for its function in DSB rejoining.8 The phosphorylation permits the 
Artemis/DNA-PKcs complex to function as an endonuclease allowing it to cleave both 5
 
and 3
 overhangs of any length.9 The DNA ligase IV/XRCC4 complex exists endogenously 
in a pre-adenylated form. Recruitment of the DNA ligase IV/XRCC4 complex to DNA 
causes inward translocation of Ku allowing the AMP moiety of the ligase-adenylate complex 
to transiently attach to the DNA end promoting ligation.10

Table 1. Clinical overlaps between LIG4 syndrome, Nijmegen breakage syndrome, 
Fanconi anemia and Seckel syndrome

Clinical Phenotype

Nijmegen 
Breakage 
Syndrome*

Fanconi 
anemia*

Seckel 
Syndrome*

LIG4 
Syndrome**

Microcephaly � � � �

Sloping forehead � � � �

Palpebral fissures Upslanting � Downslanting Upslanting

Epicanthic folds � � � �

Micrognathia � � � �

External ear abnormalities � � � �

Long/large nose � � � �

Long philtrum � � � �

Polydactyly � � � �

Clinodactyly � � � �

Sindactyly � � � �

Skin abnormalities � � � �

Mental retardation/developmental delay � � � �

Malignancy � � � �

Recurrent infections � � � �

Pancytopenia � � � �

Genital abnormalities � � � �

Radiosensitivity � � � �

Gene NBS1 FANC ATR LIG4
�Features present. �Features absent. *Features obtained from The London Dysmorphology 
Database.4 **Data taken from Ben-Omran et al.5
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DNA Ligase IV: Structure and Function
The LIG4 gene encompassing 10.9 kb and consisting of 2 exons and one intron was mapped at 

chromosome 13q33-q34.11 A cDNA encoding a polypeptide of 911 amino acids, with a predicted 
mass of 96 kDa, was first isolated from HeLa cells.11

DNA ligase IV has a complex structure formed by several domains (Fig. 2A). The enzyme 
contains a conserved ligase domain at its N-terminus and a tandem BRCT domain at its 
C-terminus.12 Interaction with XRCC4 requires the region between the BRCT domains and 
likely part of the BRCT domain.13 The first step of ligation involves the formation of a covalent 
AMP-enzyme intermediate with AMP being attached to the enzyme via a highly conserved 
lysine residue. The second step involves the formation of a DNA-adenylate complex followed 
finally by rejoining. All ATP-dependent DNA ligases have a modular structure of two domains, 
an adenylation domain (AdD) and an oligo-binding domain (OBD).14 The larger eukaryotic 
ligases such as ligase I and ligase IV also possess an additional N-terminal DNA-binding do-
main (DBD) that is required for efficient ligation and enables these ligases to encircle DNA.15 
Six conserved motifs, designated motifs I, III, IIIa, IV, V and VI, have been identified among 
covalent nucleotide transferases, of which five are found in the AdD. Motifs I, III, IIIa, IV and 
V are essential for ATP binding and the autoadenylation reaction. Motif I, encompassing the 
conserved lysine residue, forms the active site loop of the enzyme and constitutes part of the 
ATP binding pocket. Based on the crystal structures of a number of DNA ligase complexes, it 
has been proposed that ligases undergo profound conformational changes upon ATP binding 
and/or DNA binding.16 This is exemplified by the rotation of the OBD. Motif VI lies within 
the OBD, distant from the active site on AdD.17 However, upon ATP-binding this face of OBD 

Figure 1. The mechanism of the vertebrate nonhomologous DNA end joining (NHEJ) pathway. 
A double-stranded DNA break (DSB) formation induces Ku70/80 heterodimer binding to 
DNA ends in the DSB site. End binding by Ku allows holding the DNA ends in proximity. This 
step can be referred to as synapsis. Though Ku alone may not be able to achieve synapsis, 
there is some evidence that DNA-PKcs is capable of noncovalently holding on to each of 
the two DNA ends. For incompatible DNA ends generally generated by ionizing radiation, 
there is often need for nucleolytic processing. If so, Artemis:DNA-PKcs are likely to carry 
out most and perhaps all, such processing. For only a subset of DNA ends, end alignment 
can occur at chance sites of terminal microhomology of 1-4 nucleotides. End processing 
not only includes nucleolytic removal of sections of the DNA termini, but also the filling 
in of gaps by polymerases. Ligation is the final step and it requires a ligatable nick on each 
strand. Ligation in NHEJ is performed by the XRCC4:DNA ligase IV complex. Rejoining of 
a simple pair of DNA ends (blunt or compatible), may not require not require a nuclease or 
a polymerase.
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moves towards the active site and residues, including those from motif VI, participate in the 
adenylation reaction.16 Subsequently, the OBD moves away from the active site and swivels 
around placing motif VI far from the AdD, orientating the DNA-binding surface of OBD 
towards the now adenylated AdD.18 This switching is essential for the catalytic cycle as it most 
likely prevents the formation of nonproductive complexes between non-adenylated ligase and 
unnicked/unbroken DNA.

In a recent study, Marchetti et al19 identified a highly conserved motif in ligase IV called motif 
Va. The motif Va, which consists of 9 amino acids (codons 468-476), forms a loop-like structure 
on the surface of OBD and makes direct contact with the DNA. Experiments with genetically 
engineered mutants showed the involvement of two glycine residues at positions 468 and 469 
in adenylate complex formation in vitro, whereas the remaining residues in the motif Va do not 
play critical roles in DNA ligase IV-adenylate complex formation but significantly impair the 
double-stranded ligation activity.19

Figure 2. A) Structure of DNA ligase IV. The enzyme comprises three domains: the DNA-binding 
domain (designated in red), adenylation domain (green) and oligo-binding domain (yellow). 
The adenylation and oligo-binding domains constitute the catalytic domain. The highly 
conserved motif Va (colored as dark blue) forms a loop-like structure on the surface of the 
oligo-binding domain and makes a direct contact to the DNA helix (grey). B) Localization of 
mutations found in the LIG4 syndrome patients. The green regions (designated I-VI) represent 
conserved motifs identified in DNA ligases. Two C-terminal BRCT motifs and XRCC4-binding 
site (grey) are required for interaction with XRCC4. Two N-terminal polymorphisms (A3V and 
T9I) are designated in italic. Adopted from Marchetti et al.19 A color version of this figure is 
available online at www.landesbioscience.com/curie.
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Animal Models with Genetic Defects in Lig4
Lig4-deficient mice die on late embryonic stage from massive neuronal apoptosis, arrested lym-

phogenesis and multiple cellular defects.20 This could happen due to p53-directed apoptosis caused 
by unrepaired DNA damage since mice with double deficiency for Lig4/p53 is able to escape from 
the embryonic neuronal apoptosis but not from defects in lymphocyte development. Finally, the 
Lig4/p53 double null mouse routinely dies from pro-B lymphomas.20 Rad54/Lig4 double-mutant 
mice showed serious defects in cell proliferation due to the inability to repair spontaneous DSBs and 
maintain chromosome stability.21 Lig4 inactivation, along with other DSB repair factors and p53, 
caused embryonic medulloblastoma development accompanied with chromosomal rearrangements 
and amplification of genomic regions containing medulloblastoma-specific protooncogenes.22 
DT40 chicken B-lymphocyte cells knocked out for the Lig4 gene showed marked sensitivity 
to X-rays and DNA-damaging agents.23 Taken together, these findings suggest for a key role of 
DNA-ligase IV in NHEJ, which is vitally essential for cell growth and proliferation.

Since DNA ligase IV is essential, mutations identified in LIG4 syndrome are hypomorphic, 
that is they confer residual activity but impair NHEJ repair. In support of this, Sharpless et al24 cre-
ated a haploinsufficient mouse that lacked one copy of Lig4 on the basis of a tumor-prone Ink4a–/
Arf– strain double deficient for tumor suppressors, p16INK4a and p19ARF. These mice exhibited 
dramatically increased radiosensitivity and genome instability resulted in various chromosome 
aberrations and development of soft-tissue sarcomas. Therefore, lack of a single copy of Lig4 does 
not arrest but sufficiently alters NHEJ-mediated DNA repair of spontaneously generated DSBs 
that promotes loss of chromosome stability and tumorigenesis.

X-ray-hypersensitive mutant SX10 of mouse FM3A cells showed marked radiosensitivity due to 
the defective NHEJ DNA repair.25 The high vulnerability of this cell line to ionizing radiation was 
found to arise from the truncating mutation in Lig4 W471X that leads to loss of the C-terminal 
XRCC4-binding domain in the mutant enzyme. The functional properties of the W471 mutant 
have not been evaluated but this mutation is likely to be a null allele and results in nonfunctional 
unstable product. The mutation is dominant since it greatly impairs DNA repair in SX10 cells 
despite the presence of the normal functionally active copy of Lig4.

Recently, a murine model of LIG4 syndrome has been developed.26 The mouse strain has the 
hypomorphic Y288C mutation in the catalytic domain of Lig4 and exhibits clinical features 
similar to those for human disease, i.e., immunodeficiency, growth retardation, progressive loss of 
haematopoietic stem cells and bone marrow failure during ageing. The mutant protein is stably 
complexed with Xrcc4 but has an approximately two-fold less adenylation and DSB ligation 
activity. The mutation also affects Lig4 expression decreasing its level by five-fold. The impaired 
activity of the mutated enzyme led to stable increase in numbers of unrepaired DSBs that in turn 
decreased proliferative potential, increased turnover of the haematopoietic stem cell population, 
decreased self-renewal and hence promoted age-dependent decline in multipotent cells, which 
becomes manifested as loss of bone marrow cellularity and erythropoiesis.26

Ligase IV Mutations Causing LIG4 Syndrome in Humans
Mutation R278H

The R278H mutation has been first described by Riballo et al27 in cell line 180BR derived 
from a patient with lymphoblastic leukaemia who developed acute tissue reactions in response to 
radiotherapy. The R278H mutation lies within the highly conserved motif KxDGxR. The motif 
includes the lysine residue, which forms a covalent bond with AMP in the ligase–AMP complex 
and the R278H mutation in turn impairs the enzyme–adenylate complex formation that results 
in 10-fold reduction of the ligase activity (Table 2). The 180BR cells carrying this defect showed 
markedly reduced ability of DNA ligase IV to form an enzyme–adenylate complex but its ability 
to interact with XRCC4 remained unimpaired. Using in vitro expression assay for cell-free extracts 
from the 180BR cells, Riballo et al27 showed that the mutated enzyme retained residual adenylation 
activity at ATP concentrations exceeding 50-fold those necessary for the wild-type ligase. Thus, 
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the 180BR mutation severely inhibits, but does not abolish, the ability of DNA ligase IV to form 
an enzyme—adenylate intermediate and then reduces the rejoining activity.28 As a consequence, 
this cell line showed marked cellular radiosensitivity and defective DSB repair but surprisingly did 
not appear to be seriously defective in the ability to carry out V(D)J recombination.29

Mutation G469E
Another mutation, G469E, residing in the conserved motif Va,3 also greatly affected the 

DSB ligation reaction, reducing the adenylation activity of the enzyme by 100-fold (Fig. 2B).19 
The G468E mutant protein showed little functional activity either for adenylation or ligation 
activities, most likely due to a significant impact on conformation. G469, which is only slightly 
less buried in the OBD than G468, also appears to be important for protein conformation. The 
G469E substitution generates a protein with significantly reduced conformational stability that 
impacts upon activity.

Mutation M249V
This mutation has recently been described in a Japanese girl with a progressing combined im-

munodeficiency accompanied with non-Hodgkin’s diffuse large B-cell lymphoma.30 The patient 
had several clinical symptoms of LIG4 syndrome, i.e., microcephaly, growth delay, immune 
defects (decreased serum IgM and IgG, reduced numbers of T- and B-cells), radiosensitivity and 
skin abnormalities. She was double heterozygous for M249V and a 5-bp deletion at nucleotide 
position1544 that caused a frameshift at the amino acid position 424. The functional effect of the 
M249V mutation has not been evaluated yet. The methionine residue at amino acid 249 is located 
near an ATP-binding site and is conserved among other DNA ligases. Like R278H, the M249V 
mutation is expected to alter ATP-binding properties of the enzyme but should not completely 
abolish the activity. The residual activity of the mutant protein seems to be insufficient for proper 
V(D)J recombination during T-cell and B-cell development that resulted in serious immunode-
ficiency and B-cell malignancy developed in this patient.

Frameshift Mutation (K424FS)
A 5-bp deletion at nucleotide position 1270-1274, leading to a frameshift at K424 (K424FS), 

causes a premature stop codon 20 amino acids downstream. The heterozygous mutation was 
found in three patients,30,31 all exhibiting acute SCID phenotype. This putative truncated 
protein would lack the C terminus half of the protein including the two BRCT motifs and 
the XRCC4-interacting domain. The protein expression level of the K424FS mutant in skin 
fibroblasts, derived from one of those patients, was profoundly reduced and not detectable with 
C-terminus-specific antibodies.31 The frameshift mutation results in a nonfunctional product 
and therefore represents a null allele.

Mutation Q280R
The heterozygous Q280R substitution was found along with the frameshift mutation K424FS 

in two siblings, both affected with overt immunodeficiency.31 The Q280R amino acid change lies 
in the vicinity to the K273 active site, which is part of the conserved ligase motif (273-278) (Fig. 
2B). This mutation is hypomorphic since it does not alter ligase expression but seriously disturbs 
function of the enzyme. Fibroblasts from patients having Q280R mutation showed normal liga-
tion activity in vitro and a 30-fold decreased fidelity in NHEJ-mediated V(D)J recombination 
compared to the wild-type fibroblasts (Table 2).31 Due to location in the ATP-binding site, Q280R 
is likely to affect ligase function through impairment of the adenylation reaction.

Truncating Mutations (R580X and R814X)
O’ Driscoll et al3 found two truncating mutations (R580X and R814X), both were in heterozygous 

state. Ben-Omran et al5 reported a patient homozygous for the R814X mutation. The patient, who 
had clinical features of LIG4 syndrome, developed acute T-cell lymphoma and severe neutropenia 
persisted until his death from sepsis. Skin fibroblasts derived from patients carrying these mutations 
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were highly vulnerable to X-rays and UV exposure due to the impaired DSB repair. Peripheral 
blood lymphocytes isolated from these patients showed higher chromosome instability resulting in 
10-fold increase in spontaneous chromosome breakage and 2.5-fold decrease in fidelity of V(D)J 
recombination. Defects in V(D)J recombination caused severe immunodeficiency, pancytopenia and 
myelodisplasia in carriers of these mutations. R580X results in loss of the C terminus encompassing the 
two BRCT domains involved in XRCC binding (Fig. 2B). This truncation has deleterious effects on 
the mutated protein. Due to the loss of the bipartite nucleus localization signal sequence at position 
632-638, which targets DNA ligase to the nucleus, the R580X mutant protein was detectable only 
in cytoplasm and not in the nucleus where the enzyme is normally present.32 In addition, the R580X 
mutant is rapidly degraded due to the high instability. Therefore, the R580X mutation is likely to 
represent a null allele since the protein is not stably expressed, does not interact with XRCC4 and 
does not enter the nucleus.

R814X lies in the intervening region between two BRCT domains, which has been reported to 
be important for interaction with XRCC4 (Fig. 2B) and leads to the synthesis of the protein lacking 
one of two BRCT motifs.33 However, the presence of a single BRCT motif in the R814X mutant is 
enough to interact with XRCC4, but with significantly lower efficiency, since only �10% of XRCC4 
was co-immunoprecipitated with the R814X mutant enzyme.33 Due to the impaired binding to 
XRCC4, the R814X ligase also had markedly reduced adenylation and DSB rejoining activities which 
did not exceed 10-15% of the wild-type enzyme activity (Table 2). The R814X mutant is expressed at 
level not exceeding 10% of the wild-type enzyme, most likely due to the nonsense-mediated decay.3 
Heterozygous carriages of the R814X and G489 mutations could result in severe clinical outcome 
that caused rapid progression from hypoplasia to bone marrow failure and further required bone 
marrow transplantation.34

N-Terminal Polymorphisms (A3V and T9I)
O’ Driscoll et al3 described a patient carrying three homozygous sequence alterations (A3V, T9I 

and R278H) in LIG4. The patient had typical clinical features of LIG4 syndrome, i.e., a ‘bird-like’ 
face, microcephaly, global developmental delay, pancytopenia and severe skin abnormalities. Skin 
fibroblasts (cell line 411BR) taken from this patient exhibited high radiosensitivity and impaired 
profile of the NHEJ-mediated DSB repair. In 411BR cells, the mutant protein was normally expressed 
and could interact with XRCC4, but had impaired activity. Complexes between the mutated enzyme 
containing the N-terminal substitutions, A3V and T9I, with or without the R278H mutation and 
XRCC4 showed the same ability to interact with XRCC4. Complexes with the N-terminal substitu-
tions alone were also as efficient for nick ligation as the wild-type complex whereas no activity above 
background was detected with complexes harboring the combined A3V, T9I and R278H alterations.3 
These observations suggest that the impaired activity of the ligase containing all the three mutations 
primarily arises from R278H, while both N-terminal changes have no or moderate effect.

Further studies revealed that the N-terminal amino acid substitutions are actually two linked 
single nucleotide polymorphisms [SNPs; rs1806389 (A3V) and rs1805388 (T9I)], with frequency 
of a minor allele of 7% (A3V) and 19% (T9I) in the general population.35 These SNPs were shown 
to constitute a haplotype modulating risk of multiple myeloma, a malignant disorder of plasma cells 
characterized in 60% of cases, by aberrant class switch recombination.36 NHEJ and DNA ligation by 
ligase IV is important in all of these mechanisms of antigen receptor rearrangement. Although the 
A3V and T9I markers did not influence the ligase IV stability,3 they were predicted to be functional 
by increasing the hydrophobicity of the region.35 Girard et al32 showed that both polymorphisms do 
have a mild effect decreasing by 50% of the adenylation activity of the enzyme with a double muta-
tion (A3V � T9I) (Table 2). Furthermore, Girard et al,3 using a more precise approach to measure 
the DNA ligation activity of LIG4/XRCC4, found that a triple mutant (A3V � T9I � R278H) 
possesses a very low but still detectable residual activity in a nick ligation assay, which is less than 1% 
of the wild-type LIG4/XRCC4 activity. Therefore, in the triple mutant protein, R278H has a major 
impact abolishing the adenylation and ligation activities of the enzyme by �90-95%, whereas both 
N-terminal markers only slightly impair the enzyme function.
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LIG4 Mutations Associated with Severe Combined Immunodeficiency
Severe combined immunodeficiency (SCID) with sensitivity to ionizing radiation (RS-SCID) 

is typically caused by defects in the Artemis gene.1 Van der Burg et al37 recognized a patient with a 
new type of SCID carrying mutation in the ligase IV gene. The patient had no typical symptom of 
LIG4 syndrome such as microcephaly, neurological abnormalities or growth and developmental 
delay, but developed a clinical SCID picture characterized with extremely low levels of blood B-cells 
and radiosensitivity. The patient showed strongly impaired NHEJ resulted in delayed and aberrant 
V(D)J recombination occurred in B-cell precursors that caused severe abnormalities in B-cell de-
velopment and maturation.

The LIG4 mutation in the LIG4-deficient RS-SCID patient concerned a homozygous deletion 
of 3 nucleotides resulting in the deletion of glutamine at position 433. Q433 is located between two 
conserved stretches in the catalytic domain of LIG4 (Fig. 2B). The deletion resulted in undetectable 
levels of LIG4 protein, most probably due to instability of the mutated ligase. In addition to the 
deleterious effects on protein levels, the delQ433 mutation also greatly reduced efficiency of DSB 
repair affecting the ligation phase of V(D)J recombination, which resulted in an incomplete but 
severe block in precursor B-cell differentiation at the transition of the preB-I to the preB-II stage 
and strongly reduced numbers of B-cells in peripheral blood.37

Grunebaum et al38 reported a patient with Omenn syndrome, a fatal form of SCID, treated with 
bone marrow transplantation. She had serious abnormalities in the development of T-cell lineages 
showing low numbers of T-lymphocytes, highly skewed T-cell repertoire and markedly reduced 
T-cell-mediated immune responses. The patient carried three heterozygous mutations in LIG4: T9I 
SNP, H282L substitution near the ATP-binding site and a frameshift K424FS mutation that causes 
a downstream premature stop after codon 442.

The H282L and K424FS mutations were previously found at compound heterozygous state in 
two siblings developed overt immunodeficiency that caused �100-fold and 10-fold reduction in 
number of peripheral B- and T-lymphocytes, respectively, decrease in the variability of circulating 
immunoglobulins and impaired antimicrobial antibody responses.39 The precise functional effects 
of these two mutations have been not studied yet. Like R258H and Q280R, H282L could affect 
ATP binding by the ligase and influence the adenylation reaction. Since K424FS fully abolishes 
both expression and function of the enzyme, H282L seems to be hypomorphic and remains residual 
activity in the mutated protein. However, the repairing activity and fidelity of the H282L mutant 
is highly impaired during V(D)H recombination since Enders et al39 observed multiple aberrations 
in VH-JH joint segments.

Conclusion
Since LIG4 null-mutant mice are embryonic lethal20 and biallelic null mutations have not been 

described to date in LIG4-deficient patients, viability of the DNA ligase IV deficiency syndrome 
appears to require at least one allele with a hypomorphic mutation. Mutations R278H, Q280R, 
H282L, M249E located in the vicinity of the active site are typical hypomorphic because they 
do not affect ligase expression and remain residual but impaired activity of the enzyme at level of 
5-10% of that for the wild-type ligase. Carriers heterozygous for those mutations usually develop 
moderate defects in V(D)J recombination, mild immune abnormalities and malignancy. In con-
trast, mutations resided in OBD, i.e., in the C-terminal subdomain of the catalytic domain and in 
XRCC4-binding domain more dramatically inhibit the ligase function and also greatly decrease its 
expression. A truncating mutation R580X and a frameshift mutation K424FS resulting in loss of 
the C-terminal XRCC4-binding domain have deleterious effect on both expression and function 
of Lig4 and represent a null allele. Patients heterozygous for K424FS are reported to have acute 
defects in the development of B- and T-lymphocytes and show overt SCID phenotype.38,39

LIG4 syndrome defined by hypomorphic mutations in LIG4 shares common phenotypic fea-
tures with SCID caused by alterations in Artemis, NHEJ DNA repair protein. Similarly to LIG4 
syndrome, patients with hypomorphic mutations in Artemis exhibit impaired V(D)J recombina-
tion resulted in moderate defects in B- and T-cell development, mild immunodeficiency, reduced 
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numbers of lymphocytes, chromosome instability and malignancy (lymphoma).40,41 However, 
truncating mutations and deletions leading to deficiency for Artemis strongly increase SCID 
severity causing the development of RS-SCID, an overt form of combined immunodeficiency 
characterized by complete depletion of T- and B-cells and acute radiosensitivity.42,43

In conclusion, LIG4 syndrome and other related autosomal recessive disorders arisen from 
hypomorphic mutations represent a unique pathologic condition characterized by moderate but 
not deadly abnormalities. Like in any autosomal recessive condition, severity of LIG4 syndrome 
phenotype is determined by features of a mutational alteration. Missense (hypomorphic) muta-
tions remain a residual function and hence lead to mild dysfunction while nonsense (truncating) 
mutations generally fully abolish function and greatly increase disease severity.
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Abstract 

Muir-Torre syndrome (MTS) is an autosomal dominant genodermatosis that consists of 
unusual cutaneous sebaceous neoplasm, with or without kerathoacantomas and one or 
more low-grade visceral malignancies, with or without colonic polyps, in the absence 

of other predisposing factors. This chapter presents a review of the principal clinical and genetic 
findings in this syndrome and discusses its relation with Lynch syndrome.

Introduction
Muir-Torre syndrome (MTS) is an autosomal dominant genodermatosis that consists of unusual 

cutaneous sebaceous neoplasm, with or without kerathoacantomas and one or more low-grade 
visceral malignancies, with or without colonic polyps, in the absence of other predisposing fac-
tors.1 Diagnosis of MTS can be established in the absence of sebaceous tumours if the patient has 
multiple keratoacanthomas with multiple visceral malignancies and family history of MTS.

The first report of this syndrome was made by Muir et al in a 32- year-old man with cancer of the 
larynx, four separate synchronous primary carcinomas of the colon and two synchronous primary 
cancers of the duodenum.2 These were associated with intestinal polyps and multiple skin tumors in 
the face at histological examination five of these lesions were diagnosed as keratoacanthomas and 
one of them as sebaceous adenoma respectively. In the same year Torre independently presented 
to the New York Dermatologic Society, a similar case of a 57-year-old man with more than 100 
skin sebaceous tumors on the face, trunk and scalp together with a primary cancer of the ampulla 
of Vater and colonic cancer.3 Later Baker et al reported a similar case and suggested that these 3 
cases represented an example of a rare syndrome; this case was the first where a family history of 
cancer was well documented.4 Since 1967 several cases have been reported and in the latest review 
205 cases were found with 399 internal malignancies.5

The etiology of MTS has been controversial, although some authors believed that this syndrome 
was not related to other hereditary cancer syndromes,1,6,7 successive findings have demonstrated 
that this opinion is wrong. Lynch et al found sebaceous neoplasm in patients from four families, 
affected by hereditary nonpolyposis colorectal cancer and concluded that MTS was a clinical 
variant of this syndrome, also called Lynch syndrome.8 Four years later they described a patient 
with MTS who was a descendant of the Warthin’s family G, which is thought to be the first case 
of Lynch syndrome.9,10 This has been confirmed in several reports11,17 that have found germline 
mutations in DNA mismatch repair genes hMSH2 and hMLH1, in patients with MTS. These 
genes are the same that are mutated in Lynch syndrome.

The main clinical characteristic in MTS patients is the presence of cutaneous lesions which, at 
least in some cases, allow us to make the diagnosis before internal cancers develop.5 The histology 
of theses cutaneous lesions is the key feature in the diagnosis and has been explained below.
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Histopathology
The histopathological diagnosis of sebaceous neoplasm can be complicated. In a recent report 

on 20 patients, initially diagnosed as having sebaceous neoplasm, 8 had other clear cell neoplasm 
or sebaceous hyperplasias.18 When a histopathological diagnosis of sebaceous tumors is made the 
pathologist must keep in mind that the clinical management of these patients will require the 
performance of additional tests to rule out internal malignancies, with the cost and emotional 
stress for patients facing the possibility that they might have an occult tumor.

The diagnosis of sebaceous tumors requires one or more of these findings19:
 1. Cells with morphological characteristics, similar to those of sebocytes, from normal 

sebaceous glands. These cells have a pale foamy cytoplasm due to small lipidic vacuoles 
and the nuclei are scalloped owing to their compression by droplets of lipids (Fig. 1).

 2. Ducts that become keratinized in a similar manner to sebaceous ducts. A sebaceous duct 
is lined by a thin cornifying squamous epithelium with barely detectable granular zone 
that becomes more noticeable as the wall of the duct widens near the infundibulum of the 
folliculum-sebaceous unit. The keratinocytes of the sebaceous duct are arranged compactly 
and its luminal border is marked by distinctive crenulations.

 3. Sebum. This is a mixture of components that include sebaceous secretion, desquamated 
queratinocytes, yeasts and bacteria (Fig. 1).

The differential diagnosis includes others clear cell tumors, like clear-cell basal cell carcinoma, 
clear-cell squamous cell carcinoma, Paget disease, pagetoid Bowen disease, clear-cell hydradenoma, 
clear-cell syringoma, clear-cell syringoid carcinoma and skin metastases from renal cell carcinoma. 
The differential diagnosis also includes other sebaceous lesions that are not true tumors and have 
no relation with MTS, like sebaceous hyperplasia or nevus sebaceous of Jadassohn.

There is no uniform nomenclature in the classification of sebaceous tumors; some terminolo-
gies are obscured and the definitions may change between authors and this can lead to a wrong 
diagnosis; for example in a report,20 it was found that 42% of patients with sebaceous tumors have 
internal cancer, but in this article potentially confusing terminologies such as basal cell carcinoma 
with sebaceous differentiation and adenomatous lesions with features of sebaceous hyperplasia, 
epithelioma and keratin pearls were used.

The commonly used terminologies are the following:

Sebaceous Adenoma
Balzer and Menetrier21 were the firsts to use this term, but the first histological features of this 

tumor was described by Lever.22 This tumor is a well circumscribed neoplasm, mostly superficial and 

Figure 1. Sebaceous hyperplasia showing mature sebocytes and sebum. This lesion presents 
well defined sebaceous lobules connected to an infundibulum (Hematoxylin-eosin, x100).
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compound in its entirety of well differentiated sebocytes; also cells with basophilic cytoplasm and 
a big nucleus can be seen. These cells are similar to the basaloid cells of the basal cell carcinoma and 
are termed germinative cells (Figs. 2 and 3). One way to differentiate a sebaceous adenoma from 
a sebaceous hyperplasia is the presence of these cells and intermediate cells between sebocites and 
germinative cells. Nussen and Ackerman23 proposed that this tumor is a type of well differentiated 
sebaceous carcinoma, although this is not accepted by other authors.

Sebaceous Epithelioma
Lever introduced the term sebaceous epithelioma; this neoplasm was shown to have a 

medium grade of differentiation between sebaceous adenoma and the cystic variant of basal 
cell carcinoma.24 This terminology is confusing and some authors have used it as a synonym of 
basal cell carcinoma with sebaceous differentiation, whereas others have used it to refer benign 
neoplasm with sebaceous differentiation. At present this terminology is refrained from being 
used in most reports.25

Figure 2. Sebaceous adenoma. Superficial lesion with mature sebocytes nevertheless seba-
ceous lobules are irregular. (Hematoxylin-eosin, x40).

Figure 3. Sebaceous adenoma. Mature sebocytes predominate but germinative cells and 
intermediate cells are present. (Hematoxylin-eosin, x400).
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Sebaceoma
Troy and Ackerman introduced this term to differentiate between sebaceous epithelioma (a 

benign neoplasm with sebaceous differentiation) and basal cell carcinoma with sebaceous differ-
entiation.26 This neoplasm can be differentiated form sebaceous adenoma because the germinative 
cells predominate over sebaceous cells and are located deeply in the dermis. It is a well circumscribed 
neoplasm without signs of malign neoplasm and can be differentiated from sebaceous carcinoma. 
Sebaceoma and sebaceous adenoma are widely accepted terminology in the literature.

Basal Cell Carcinoma with Sebaceous Differentiation
This terminology has been used as synonym of sebaceous epithelioma. The true basal cell 

carcinoma with sebaceous differentiation must have architectural characteristics of basal cell 
carcinoma with at least some areas of sebaceous differentiation. Most cases of basal cell carcinoma 
with sebaceous differentiation described in the literature, are in fact clear-cell basal cell carcinomas 
or sebaceous glands trapped as a result of tumour growth.27

Sebomatricoma
Sanchez-Yus et al reviewed the literature about the confusing terminology concerning sebaceous 

tumours.28 They concluded that there was no significant difference between sebaceous adenoma 
and sebaceoma; both were benign neoplasm with variable amount of sebocytes and germinative 
cells and with different grades of differentiation. They proposed a new terminology that comprised 
both and named it sebomatricoma. This has been supported by others Spanish authors, but has 
not been widely accepted.18,29

Sebaceous Carcinoma
The first description of sebaceous carcinoma is attributed to Allaire in his doctoral thesis.30 

This is a rare neoplasm classified into two groups: an eyelid aggressive variant and a non-eyelid 
benign form. More recent observations indicate that this distinction is inappropriate because 
there are non-eyelid tumours associated with metastasis and appreciable mortality.31 Nevertheless 
a population-based study has shown significant clinical differences between eyelid and non-eyelid 
form of sebaceous carcinoma.32 For example the non-eyelid form is more frequent in men and 
associated with a significant risk of other primary cancers than the eyelid variant. These data fur-
thermore suggest heterogeneity in the aetiology of sebaceous carcinoma and perhaps we should 
maintain the distinction between both variants. Sebaceous carcinoma is distinguished from other 
sebaceous neoplasm because it has pleomorphism, mitotic activity with abnormal mitotic figures 
and architectural characteristics of malign neoplasm (Fig. 4).

Keratoacanthoma
This is a common subtype of squamous cell carcinoma. Keratoacanthoma is characterized by 

well differentiated cells with eosinophilic cytoplasm and tendency towards keratination. A central 
plug and symmetrical architecture are also present. In patients with MTS there are multiple lesions, 
sometimes with sebaceous differentiation. For diagnosis of MTS with multiple keratoacathomas, 
a family history of MTS syndrome must be available.

Clinical Features
MTS is a rare disease and the clinical and epidemiological aspects of this disease have mainly 

been reported in reviews and small series in the scientific literatures.1,5,7,33,34 All these studies 
are retrospective and there are no population based studies on MTS. The data obtained from 
these studies have limitations. A review showed 205 cases of MTS, in whom 399 internal 
malignancies has been diagnosed.5 The median age for the appearance of the skin lesions was 
53 years, with a range from 23 to 81 years and the median age for the detection of the initial 
internal neoplasm was 50 years, with a range from 23 to 81 years.7 Most cases of MTS involve 
white patients, with no epidemiologic data on the disease in Asian and African population.35 
The low incidence of sebaceous carcinomas in African population has been confirmed in the 
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studies by Dores et al.32 MTS is present in both sexes, with a small predominance in men (male 
to female ratio of 3:2).

The benign sebaceous tumors (sebaceoma, sebaceous adenoma or sebomatricoma) appear 
as small yellowish nodules or papules with smooth surface (Fig. 5). Clinically these lesions have 
been diagnosed as basal cell carcinomas or sebaceous hyperplasias. In other cases they have been 
diagnosed as xanthomas or juvenile xanthogranulomas, because of the yellowish colour and in rare 
cases show marked hyperkeratosis and the clinical characteristics of cutaneous horns.36 Benign 
sebaceous tumours appear as solitary lesions, yet in certain MTS patients multiple lesions may be 
present which are typical and sometimes may appear hundreds in a patient. The most frequent 
locations of these tumours are face and scalp but may be found in any part of the body.20 In rare 
cases some tumours are located in oral mucosa and parotid gland.37,38

Figure 4. Sebaceous carcinoma. Sebocytes are present between germinative cells that present 
nuclear pleomorphism and mitoses. (Hematoxylin-eosin, x200).

Figure 5. A small yellowish papule in the face of a 52 years old patient diagnosed of endome-
trium carcinoma and with a known family history of colorectal cancer. Biopsy of the lesion 
was diagnostic of sebaceous adenoma.
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The clinical diagnosis of sebaceous carcinoma is also difficult. In the eyelids, sebaceous 
carcinoma affects upper one more frequently than the lower and a recent report has shown 
no difference in incidence between men and women.32,39 Sebaceous carcinoma in the eyelid is 
presented as a growing nodule or tumour and are not ulcerated, but sometimes may simulate 
other diseases of the eyelid (Fig. 6). Clinical differential diagnosis includes benign diseases as 
chalazion,40 chronic blefaroconjunctivitis,41 dacryocystitis,42 or unilateral papillary conjunc-
tivitis.43 The inflammatory aspect of sebaceous carcinoma looks to be more frequent in those 
tumours that extend to conjunctiva, the neoplastic cells cause an inflammatory response,44 that 
can mimic inflammatory diseases. Non-eyelid sebaceous carcinoma usually affects face and 
neck of elderly people and may also affect any part of the skin,44 and other organs. There are 
cases of sebaceous carcinoma involving oral mucosa,45 salivary glands,46,47 breast,48 and also in 
dermoid cysts in the ovary.49 The non-eyelid sebaceous carcinoma predominates in men.32 In 
the skin, sebaceous carcinoma appears as a solitary nodule or plaque sometimes ulcerated. The 
clinical diagnosis is equivocal and in most cases has been diagnosed as squamous cell carcino-
mas or basal-cell carcinomas.44 Sebaceous carcinoma are associated with MTS and also with 
other causes such as HIV,50 immunodepression after organ transplant51 and after radiotherapy 
for retinoblastoma52 and other benign diseases.53,54 It is unclear whether immunosuppression 
induces the expression of a latent MTS phenotype or selects the emergence of a mutator 
phenotype and thus predisposes individuals to the development of sebaceous carcinomas.51 
Sebaceous carcinoma in MTS are less aggressive than their counterparts not associated with 
the syndrome. For example, they do not tend to display pagetoid spreading and seem less likely 
to metastasize.1

Fifty six percent of the skin lesions in Muir-Torre syndrome develop after diagnosis of the first 
internal malignant disease; 6% appear concomitantly and 22% occur as the first tumour of the 
syndrome.5 For this reason and also due the low frequency of this tumours and its relationship 
with internal cancers, it has been recommended that the presence of a unique sebaceous tumour 

Figure 6. Nonulcerated nodule in the lower eyelid of a 75 years old patient. This lesion was 
growing for two years. Biopsy of this lesion was diagnostic of sebaceous carcinoma.
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is enough to search for internal malignancies.55 It is difficult to specify the incidence of MTS in 
patients with sebaceous neoplasm due the infrequent occurrence of this tumour, the reports vary 
from 42% to 13’9%.20,56

In patients, diagnosed to have sebaceous skin tumours, a complete evaluation of their personal 
and family history of cancer must be made in order to search for clinical criteria of Lynch syndrome. 
These criteria are summarized in the Bethesda guidelines and the Amsterdam criteria. Nevertheless 
some patients with sebaceous tumours may have genetic mutation(s) but not fulfil Bethesda 
guidelines.57 For this reason it is important to use screening techniques of immunohistochemistry 
and microsatellite instability of the cutaneous tumours for selection of those patients and families 
that may follow screening programs for internal cancers. Internal malignancies, associated with 
MTS, are same as found in patients with Lynch syndrome variant II and therefore the screening 
protocols should be the same. Nearly half of patients with MTS had two or more visceral malignant 
diseases and 10% had more than four.35 Gastrointestinal cancers are the most common internal 
malignancies (61%), followed by genitourinary (22%). Other tumours may appear but are less 
frequent.5 The most common tumour is colorectal cancer; in these patients the site of origin was 
at or proximal to the spleenic flexure, in contrast to general population where colorectal cancer 
are distal. These patients have an early age onset of their visceral cancers but an improved survival 
when compared stage for stage with their sporadic counterparts. Other features described in MTS 
include hyperlipidemia and psoriasis-like lesions.58,59

Genetics of Muir Syndrome
MTS is a subtype of Lynch syndrome and the genetic features are the same, caused by autosomal 

dominant germline mutations in the mismatch repair genes, MSH-2 and MLH-1.11-17 Mutation 
in MSH2 protein is observed more frequently than in MLH1 protein in patients with MTS.57 
Vast majority of these mutations are truncating mutations that lead to a nonfunctional mismatch 
repair protein and are distributed over the entire gene with no evidence of a mutational hot spot.60 
The DNA mismatch repair system is critical for the maintenance of genomic stability. It increases 
the fidelity of single base mismatches and insertion/deletion loops that may arise during DNA 
replication. When this system fails a pronounced genetic instability occurs which could be detected 
by microsatellite marker analysis. Microsatellites are repetitive mononucleotide, dinucleotide, 
trinucleotide, or tetranucleotide sequences that are distributed over the whole genome. They are 
especially prone to replication errors because of their structure and when detected are microsatel-
lite instability.

Recent studies show that some patients with MTS have mutation in the MSH6 gene,61-64 the 
potential role of this gene, in the pathogenesis of MTS, may be more important than previously 
thought and when discovered alone, the typical microsatellite instability found in patients with 
MTS may be absent.64 Other mutation, linked to MTS phenotype was studied by Ponti et al; they 
found a patient with sebaceous adenomas, colon cancer, multiple colonic polyps and a papillary 
carcinoma of thyroid that was due to a mutation in the MYH gene, which is related to the attenu-
ated familial adenomatous polyposis. Since no other cases had been found as yet, the significance 
of this finding is uncertain.65

Conclusion
In this moment Muir-Torre syndrome should be considered a phenotypic variant of Lynch 

syndrome. The genetic findings are similar in both syndromes and have been described patients 
with Muir-Torre syndrome and a family history of Lynch syndrome. The clinical hallmark of this 
syndrome is the finding of sebaceous tumors, when present a search for internal tumors should 
be made.
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Abstract

Wilms’ tumor or nephroblastoma is the most frequent renal tumor in children and is 
associated with different congenital anomalies and syndromes. A significant number 
of studies in genetics and molecular biology have improved our understanding of this 

malignancy discovering as well how different genes play a critical role in the organogenesis process. 
Derived from these studies promising markers have emerged relating translational medicine with 
clinical prognosis, which has been traditionally defined by the histopathological changes and the 
tumoral stage.

During the last 40 years the therapeutic outcomes have improved after multi-centric and mul-
tidisciplinary efforts represented mainly by The National Wilms’ Tumor Study Group (currently 
the Renal Tumor Committee of the Children’s Oncology Group) from North America and the 
International Society of Paediatric Oncology from Europe and this has served as a role model for 
establishing similar trials for other pediatric tumors.

Our aim with this chapter of Wilms’ tumor is to present the state of knowledge in translational 
and clinical areas in a balanced perspective.

Introduction
In his monograph in 1899, Max Wilms first described 7 children with nephroblastoma.1 In 1877 

Thomas Richard Jessop was the first to perform a successful nephrectomy in a child with Wilms’ 
tumor, however the patient died 9 months after the surgery of recurrent disease.2 Wilms’ tumor was 
part of the original tumor group used for development of the “two-hit” model of tumor suppression 
by Knudson et al.3 The exact etiology of nephroblastoma remains to be elucidated, yet important 
advances in our understanding of kidney development have been derived from its study.

Epidemiology
6.1% of the malignant tumors diagnosed in childhood (0-14 years) are renal tumors. Wilms’ 

tumor is the most frequent renal tumor diagnosed in children of this group and is the second 
most frequent pediatric intra-abdominal solid organ tumor after neuroblastoma. In 2008, the 
Canadian Cancer Society/National Cancer Institute of Canada reported its incidence as 7.9 cases 
per million per year. It is more frequent in females, with a male to female ratio of 0.8.4 The National 
Cancer Institute of Surveillance, Epidemiology and End Results (SEER) Program have reported 
an incidence of 7.3 cases per million per year between 2001 and 2005 in the United States.5 The 
peak incidence of Wilms’ tumor occurs between 0-4 years reaching 15.6-17.2 cases per million 
per year. The 5-year survival with appropriate therapy is 92%.4
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Genetic Basis and the Molecular Mechanism of the Disease
WT1

This tumor suppressor gene is harbored in the 11p13 locus and was cloned in 1990. This region 
also contains the PAX6 gene related to the Wilms’ tumor, aniridia, genitourinary abnormalities 
and mental retardation (WAGR) syndrome.6 It encodes a 55 kDa transcription factor with 4 
zinc fingers domains and a region rich in proline and glutamine and is involved in Wilms’ tumor 
development.7 The mechanism of how WT1 leads to Wilms’ tumor formation remains unclear.

Isoforms
For WT1, 24 isoforms have been described and associated with different areas of the protein: 

exon 5 variants, KTS forms, AWT1 transcript with alternative exon 1, one isoform starting at 
the end of intron 5 and other alternative isoform with upstream CTG start codon, internal ATG 
start codon at the end of exon 1 and a residue in exon 6.8 All these possible isoforms may have 
different roles. Some have different locations inside the cell9 and the KTS isofoms are the only 
variations present in all vertebrates. Mice lacking anyone of these isoforms present with severe 
kidney defects and die soon after birth. However, mice lacking exon 5 are fertile and viable.10 The 
complexity derived from isoforms for proteins encoded by the same gene and of course their dif-
ferent functions limit the studies, using cDNA and the complete understanding of the function 
of each of these isoforms.

Transcription Regulator
WT1 is a transcriptional activator and suppressor, depending of which isoform and/or cell 

line is analyzed.11 The repressor domains are located in amino acid residues 71-180 and activa-
tor domains in residues 180-250. Another additional suppressor domain has been described at 
N-terminus of the repressor domain.12 The variability in activation or repression may depend on 
the construct evaluated and may represent on the biological interactions with different molecules 
like CBP (CREB binding protein), TP73 (tumoral protein 73), CIAO1 (ciao 1 protein), UBE21 
(ubiquitin conjugating enzyme E2I) and other proteins less characterized.13

Developmental Role
After demonstrating that WT1-null mice fail to develop normal kidneys,14 several studies 

have emerged showing the WT1 presence in mature organs, tumors, developing tissues and adult 
tissues.15 WT1 is expressed in the kidneys, gonads, spleen, mesothelial linings of thoracic and 
abdominal organs. It is likely that these tissues undergo a transition between mesenchymal and 
epithelial differentiation. During kidney formation WT1 can be detected in the metanephric 
mesenchyma and especially in the nephrogenic mesenchyma, which is closer to the mesenchymal 
area affecting the ureteral bud during the branching process and tubulogenesis.13 After kidney 
formation is complete, WT1 expression is only detected in the podocytes.16,17

Tumorogenesis
It is not clear which role WT1 plays in Wilms’ tumor formation as WT1 mutations occur in 

the germline of only 15% of sporadic Wilms’ tumor patients.18 However some possible mechanisms 
have been described; cancers, in which WT1 is expressed, generally are derived from epithelial 
cells. WT1 helps to maintain the mesenchymal-epithelial balance. In Wilms’ tumor the cells are 
derived from mesenchymal tissue and WT1 forces the cells toward an epithelial state.8 Tumor 
cells with WT1 mutations can escape the apoptotic process and be exposed to additional events, 
with respect to these mechanisms.13

WT2
This gene occupies the locus 11p1519 and has classically been associated with overgrowth 

syndromes like Beckwith-Wiedemann syndrome.20 However, recent studies have suggested the 
association of WT2 in all the individuals with Wilms’ tumor after demonstrating constitutional 
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defects in 11p15 as one of the most common causes.21 This area of the chromosome is closely 
associated with the Insulin-like Growth Factor II (IGF-II) and IGF-II is a potential candidate 
for WT2.18

WT3
The gene 16q exhibits loss of heterozigosity in 17-20% of Wilms’ tumors and has been as-

sociated with E-cadherin as the tumor suppressor derived from this region.22 WT3 has also been 
associated with WT1 and WT2 with early genetic changes in the nephogenic rests, which may 
lead to nephroblastoma formation.23

WTX
This gene is harbored in chromosome X and is inactivated in 30% of the Wilms’ tumors and 

seems to follow the “one hit hypothesis”. In males inactivation of the single copy of X chromo-
some and in females the inactivation of the active copy follow a monoallelic pattern leading to 
increased tumorogenesis.24

p53 and Others Apoptosis Associated Markers
The p53 tumor suppressor gene is not involved in the pathogenesis of Wilms’ tumor25 and 

less than 5% of Wilms’ tumors have a mutation in this protein. However, it is present in 75% of 
tumors with anaplasia and predicts a poor prognosis.26 The role played by Bax, Bcl-2 and Bcl-X 
in Wilms’ tumor remains unknown, but the ratio Bcl-2/Bax expression and the blastemal Bcl-X 
have been associated with survival outcomes and appear to have some prognostic significance.27 
However other studies have presented contrary findings.28

	-Catenin
Mutations in 	-Catenin have been reported in 50-60% of pediatric tumors, 15% of adult 

tumors,29 and were identified simultaneously in 19 of 20 patients with mutations in WT1. This 
significant association seems to follow different pathways.30 Koesters et al showed a possible link 
between 	-Catenin and the WNT signal transduction pathway through WNT 4.31

Growth Factors
A number of studies have reported the alterations of growth factors in patients with nephro-

blastoma. Insulin-like growth factors have been detected in Wilms’ tumor and its implications 
are unknown. Expression of transforming growth factor � may play a role in the proliferation of 
Wilms’ tumor, but the mechanism is unclear.32 Vascular endothelial growth factor (VEGF) has been 
clearly associated with tumoral vascular proliferation and specifically VEGF-C has demonstrated 
in Wilms’ tumor and its protein expression appears to have prognostic value.33

Cell Adhesion Molecules
Neural cell adhesion molecule (NCAM) has been suggested as a cancer stem cell marker. 

Cells positive for NCAM, using immunostaining, were localized in the blastema and are highly 
clonogenic and overexpress Wilms’ tumor genes and TOP2A. In addition, treatment of these 
cells with Etoposide and Irinotecan showed down-regulation of NCAM.34 CD44 is a transmem-
brane glycoprotein with different isoforms present in normal kidney tissue and Wilms’ tumor 
cells; specifically the blastemal CD44v5 has been correlated with clinical progression and tumor 
related death.35

Other Markers
Multidrug resistant associated permeability glycoprotein (P-gp) expression in Wilms’ 

tumor has been controversial due to methodological reasons and the results of a number of 
studies are inconclusive.32 The presence of renin has been detected by different authors in 
nephroblastoma,36,37 and more recently has been demonstrated that WT1 regulate the renin 
gene transcription,17 which may explain in part, the hypertension and high levels of renin in 
Wilms’ tumor patients.
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DNA Repair
The literature in DNA repair in Wilms’ tumor is scanty; however the presence of microsatellite 

instability (MSI) was reported, suggesting that DNA mismatch repair might play a role during the 
pathogenesis of Wilms’ tumor.38 In addition the expression of DNA mismatch repair proteins like 
hMSH2, hMLH1 and p21(waf1) have been studied on Wilms’ tumor,39 but unfortunately initial 
results showed no association with tumor treatment response.39

Familial Wilms’ Tumor
1-2% of Wilms’ tumor cases cluster within families and is inherited as an autosomal domi-

nant trait with incomplete penetrance.40 Usually the familial Wilms’ tumor is diagnosed at more 
advanced age and stage than the sporadic cases. Three loci have been associated with most but 
not all the familial Wilms’ tumors: WT1 (11p13), FWT1 (17q12-q21) and FWT2 (19q13).41 
However, secondary to the variability in terms of penetrance and genetics, the underlying cause 
remains unknown.

Wilms’ Tumor Associated Syndromes
Beckwith-Wiedemann Syndrome

This is an overgrowth syndrome defined by the presence of macroglossia, macrosomia and 
abdominal wall defect. Due to the variable clinical manifestations, the diagnosis is established 
if three features are present, including the above criteria or the presence of hemihyperplasia, ear 
anomalies, visceromegaly, renal abnormalities, embryonal tumors, neonatal hypoglycemia, cleft 
palate and a positive family history.42

Children with this syndrome have increased risk of the development embryonic tumors, such 
as nephroblastoma, hepatoblastoma, neuroblastoma or rabdomyosarcoma. The reported frequency 
for such malignancies in Beckwith-Wiedemann syndrome vary from 4-21%.43 Most tumors are 
detected before the age of 4 and rarely after 10 years of age. A meta-analysis reported by Rump 
et al stratified groups based on imprinting patterns and the relation with risk of tumor develop-
ment. Although the study included all the embryonic tumors, 67% were Wilms’ tumors and the 
overall risk was 5-10%. The higher risk of tumor development was represented by patients with 
loss of imprinting of H19 with a risk estimated at 35-45% and the group with loss of imprinting 
of LIT1 and H19 (uniparental dysomy 11p15) was 25-30%.43 The results of this meta-analysis are 
encouraging several research analyses have been published showing epigenetics as a tool for the 
prediction of tumor risk.44 Limitations in these studies do not allow use of the molecular markers 
to guide tumor surveillance. The actual recommendation for tumor surveillance for patients with 
Beckwith-Wiedemann syndrome consists of abdominal MRI at diagnosis and quarterly evaluation 
with abdominal ultrasound until the patient is 8 years of age and serum alpha fetoprotein until the 
5 years of age, taking into account the higher levels of alpha fetoprotein in children.42

WAGR Syndrome
The syndrome involving Wilms’ tumor, complete or partial aniridia, genitourinary anomalies 

(cryptochidism or ambiguous external genitalia) and mental retardation (WAGR) was initially 
described by Miller et al in 1964.45 Cytogenetic analyses have associated WAGR syndrome with 
deletions at 11p13, specifically the contigous genes PAX6 and WT1.6,7 However, it seems that 
patients with aniridia who have a deletion in WT, have a higher risk to develop Wilms’ tumor 
than those without the deletion.46 Patients with WAGR are at high risk of renal failure, reaching 
36% according to the study combining the National Wilms’ Tumor Study Group and the United 
States Renal Data System.47

Denys-Drash Syndrome
This syndrome is classically described with the triad of Wilms’ tumor, nephropathy and geni-

tourinary abnormalities, which are variable from mild alterations to pseudohermaphroditism.48,49 
The disease is associated with WT1 mutation in exon 9 (zinc finger III) and exon 8 (zinc finger II) 
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affecting directly the recognition of DNA sequences.50 In podocytes WT1 regulate the expression 
of key components of the cytoskeleton like filamentous actin leading to morphological changes,51 
and abnormal proliferation.16 The nephropathy is diagnosed before the 18 months and the histo-
logical glomerular characteristic is diffuse mesangial sclerosis.52

Perlman Syndrome
This is a disorder characterized by neonatal macrosomia, polyhydramnios, nephromegaly, 

renal dysplasia, nephro-blastomatosis, distinctive facial appearance and predisposition to Wilms’ 
tumor.53,54 The clinical overlap with other overgrowth syndromes has been emphasized. The mo-
lecular bases are unknown. Perlman syndrome is considered an autosomal recessive condition and 
most of these patients die during the neonatal period.55,56

Histopathology
Macroscopic Features

Wilms’ tumors cells are generally soft and friable and special care is required when section-
ing to avoid transfer cells to the margins or other areas. It is recommended to collect samples for 
additional studies like electron microscopy in glutaraldehyde and frozen section for molecular 
genetic studies.57 Recommendations of particularly valuable sections to demonstrate the relation-
ship between tumor and extension have been described.58 Nephroblastomas usually are spherical 
masses with grey or tan color. Areas with necrosis are more frequent when treated preoperatively. 
Extension to the renal vein has been described as well.

Microscopic Features
Wilms’ tumor classically presents a triphasic appearance with blastemal, epithelial and stromal 

elements. The relative proportions of these components vary widely, making difficult the interpre-
tation of biopsies.59 The morphology of epithelial component is described as tubular, rosette-like 
and glomeruloid structures. The blastemal component manifest small round blue cell tumor with 
ovoid cells, high nuclear-cytoplasmic ratio, nuclear overlapping, closely packed nuclei and mitoses. 
Different patterns like diffuse, serpentine, nodular and basiloid for the blastemal component have 
been described. The stromal component may vary between hypocellular, loose areas of immature 
stellate cells within myxoid background to closely packed spindle cells recapitulating primitive 
mesenchyme. Occasionally components like fat, cartilage, glial and osteoid tissues are present.59

Nephroblastomas should be classified into favourable and unfavourable histological types and 
this is based on the presence or absence of anaplasia. The criteria for diagnosing anaplasia include 
the finding of atypical mitoses, nuclear enlargement (three times the size of adjacent cells mini-
mum) and hyperchromasia. It is present in about 5% of tumors, is rare in children under 2 years 
and increases to up to 13% beyond 5 years of age.60 Anaplasia is classified as focal or diffuse. Focal 
anaplasia occurs in only one region of the tumor which is completely resected and not present in 
vascular extensions or metastatic sites. On the other hand, diffuse anaplasia includes multifocal 
anaplasia, anaplasia at an extrarenal site, in a random biopsy and marked nuclear atypia. Studies 
based on these criteria showed that diffuse anaplasia has poorer prognosis than focal anaplasia.60,61 
Anaplasia has been associated with resistance to chemotherapy but seems not be generated or 
affected for it.61 It is not yet known whether anaplasia is a marker for tumor aggressiveness or 
facilitates dissemination.

Two large scale groups have stratified the Wilms’ tumor histology. The National Wilms’ Tumor 
Study Group and Children’s Oncology Group (NWTSG and COG) from North America uses 
this anaplasia classification, but the other group The International Society of Paediatric Oncology 
(SIOP) from Europe, analyze the risk as shown in Table 1.

Nephrogenic Rests and Nephroblastomatosis
Nephrogenic rests are defined as persistent metanephric tissue after 36 weeks of life and are 

considered a premalignant lesion. They are found in less than 1% of routine infant biopsies but 
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are noted in at least a third of all sporadic tumors and at higher rates in syndromes predisposing 
to Wilms’ tumor.63 Nephrogenic rests are classified as perilobar, which surround a mature renal 
lobe; intralobar, which are inside the lobe itself; and combined, presence of perilobar and intralo-
bar rests.64 Nephroblastomatosis is defined like presence of diffuse and multifocal nephrogenic 
rests.64,65 NWTS reported 41% of unilateral and 99% of bilateral Wilms’ tumors were associated 
with nephrogenic rests.63 The risk of metachronous Wilms’ tumor in children with less than 
1 year-old, diagnosed with unilateral tumor and nephrogenic rests is 15 times more than without 
rests, especially if the rests are perilobar.66 Hyperplastic nephrogenic rests are very similar histo-
logically and radiologically to Wilms’ tumors and the one differentiating factor is the lack of a 
pseudocapsule in the former lesion.67

Clinical Features
Wilms’ tumor usually presents as a painless abdominal mass detected by the caregiver, 30% 

may have hematuria and 25% hypertension.68 Symptomatic patients can present bleeding or 
tumor rupture causing pain. Macroscopic hematuria may indicate collecting system or ureteral 
compromise.69 Some patients may present with atypical symptoms secondary to compression of 
surrounding structures (10%) or invasion to vascular structures (4%). About 4% of tumors show 
vena caval or atrial involvement while renal vein involvement is seen in 11%. These symptoms 
include varicocele, hepatomegaly, ascites and heart failure.70 Wilms’ tumour can be associated 
with paraneoplastic syndromes, such as polycythemia, von Willebrand disease (8%),71 factor VII 

Table 1. Revised SIOP pathological classification of renal tumors of childhood62

A. For Pretreated Cases
a. Low-risk tumors

 Mesoblastic nephroma
 Cystic partially differentiated nephroblastoma
 Completely necrotic nephroblastoma

b. Intermediate-risk tumors
 Nephroblastoma-epithelial type
 Nephroblastoma-type
 Nephroblastoma-mixed type
 Nephroblastoma-regressive type
 Nephroblastoma-focal anaplasia

c. High-risk tumors
 Nephroblastoma-blastemal type
 Nephroblastoma-diffuse anaplasia
 Clear cell sarcoma of the kidney
 Rhabdoid tumor of the kidney

B. For Primary Nephrectomy Cases
a. Low-risk tumors

 Mesoblastic nephroma
 Cystic partially differentiated nephroblastoma

b. Intermediate-risk tumors
 Non-anaplastic nephroblastoma and its variants
 Nephroblastoma-focal anaplasia

c. High-risk tumors
 Nephroblastoma-diffuse anaplasia
 Clear cell sarcoma of the kidney
 Rhabdoid tumor of the kidney
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deficiency72 and may produce ACTH.73 Nonspecific symptoms, such as fever, weight loss, mal-
aise and anorexia may be related with Wilms’ tumour. Syndromes associated with Wilms’ tumor 
include hemihypertrophy, mental retardation, macrosomia, aniridia, genital malformations and 
nephropathy depending of which syndrome is present.

Imaging Studies
Ultrasonography

Abdominal or renal ultrasound is the first imaging test for Wilms’ tumor and allows for accurate 
identification of the renal mass, compromise of adjacent organs and tumour thrombus with exten-
sion into the renal vein and/or inferior vena cava especially when using color Doppler.74 Typically 
the tumor is large with solid hyperechoic masses and cystic areas. When associated with diffuse 
nephroblastomatosis, a thick hypoechoic band can be detected with the ultrasound.75

Despite the lack of evidence in terms of improved survival for Wilms’ tumor screening in pa-
tients with genetic syndromes, this practice has been widespread. Considering the clear difficulties 
to obtain prospective trials, some recommendations have been proposed: (1) offer surveillance to 
children with more than 5% risk of Wilms’ tumour; (2) patient reviewed by a clinical geneticist; 
(3) surveillance to be carried out until the age of 5 years except for Beckwith-Wiedeman syndrome,76 
Simpson-Golabi-Behmel syndrome and some familial tumors, in which case the surveillance should 
continue until the age 7; (4) surveillance should involve renal ultrasound every 4 months at the 
local centres by a radiologist with experience in paediatric ultrasonography; (5) detected lesions 
should be treated at a centre with experience and expertise in Wilms’ tumor.77

Computed Tomography (CT) and Magnetic Resonance Imaging (MRI)
These imaging modalities of the abdomen and pelvis are necessary if delineation of tumour 

extension is considered relevant for treatment. Many European centers treat patients based on 
ultrasound findings alone. Usually CT is preferred over MRI, as the patients do not require seda-
tion and CT is more widely available. On CT the tumor is heterogeneous and enhances less than 
the normal renal parenchyma. On MRI the tumor appears heterogeneous and hypointense on 
T1or hypo-isointense with respect to the renal cortex with hyperintense necrotic or cystic areas 
on T2. Contrast enhanced studies are necessary to assess the contralateral renal unit. Both stud-
ies are useful for extension of tumor thrombus.74,75 Retrospective data suggests that patients with 
positive nodules on CT and negative chest X-ray can present higher recurrences rates and current 
protocols mandate radiographic imaging of the chest with a CT scan.78,79 In addition, both CT 
and MRI can incorporate 3D imaging that allow the surgeon to visualize the spatial relationships 
of the tumor and surrounding organs and vasculature and hence avoid unexpected intraoperative 
injuries in cases with complex anatomy.80 MRI can help in differentiating nephrogenic rests from 
Wilms’ tumors and with the prevailing concept of ALARA (as low as reasonably achievable) radia-
tion dose there is an increasing role of MRI in following bilateral tumors and assessing response 
to chemotherapy.81,82

Staging
Wilms’ tumor is staged depending of the anatomical extension of the tumor and staging guides 

therapy. There are two staging systems SIOP and NWTSG and COG. (Tables 2 and 3).

Treatment
Critical improvements in the survival of Wilms’ tumor patients have been achieved during 

the last century, with the initial 2-year survival being 0% and with contemporary therapy it now 
reaches almost 100%.84

Surgery
A proper transperitoneal radical nephrectomy plays the primary and critical role in curing 

patients with Wilms’ tumor. A thorough exploratory laparotomy is carried out. Bloody peritoneal 
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fluid is considered a sign onf major spillage and upgrading to Stage III.85 During the procedure 
special care is needed to avoid spilling tumor cells, which can affect recurrence rates. Preoperative 
chemotherapy can shrink the tumor and decrease the risk of tumor spill.86 Studies suggest that 
contralateral exploration is not required if preoperative CT or MRI demonstrate a normal kidney. 
When feasible, preliminary renal artery and vein ligation is advisable. Resectability should be based 
on intraoperative findings and not on imaging, with the exception of suprahepatic caval thrombus. 

Table 2. SIOP staging criteria for renal tumors of childhood after chemotherapy62

Stage Criteria

I Tumor limited to the kidney or surrounded with pseudocapsule (resection margins 
“clear”)
Tumor may protrude into collecting system but without infiltrating walls
Renal vessels are not involved
Intrarenal vessels may be involved
Note: percutaneous core needle biopsy does not upstage

II Tumor extends beyond the kidney into perirenal fat (resection margins “clear”)
Tumor infiltrates the renal sinus vessels but is completely resected
Tumor infiltrate to adjacent organs or vena cava and is completely resected

III Incomplete excision of the tumor (gross or microscopical margins positive)
Any abdominal lymph nodes are involved
Tumor rupture before or during surgery
Tumoral peritoneal implants
Tumor thrombi present at resection margins
Tumor biopsy (open) prior surgery or chemotherapy

IV Haematogenous metastases or lymph nodes positive outside abdomino-pelvic region
V Bilateral renal tumors at diagnosis

Table 3. NWTSG and COG staging system for renal tumors before chemotherapy83

Stage Criteria

I Tumor confined to the kidney completely resected
II Tumor extends beyond the kidney but is completely resected
  Penetration of capsule
  Invasion of renal sinus vessels
  Biopsy before removal
  Spillage of tumor locally during removal
III Gross or microscopic residual tumor remains, include:
  Inoperable tumor
  Positive surgical margins
  Tumor spillage in peritoneal surfaces
  Transected thrombus
  Lymph node metastases
IV Haematogenous metastases or lymph nodes metastases outside abdomen
V Bilateral renal Wilms’ tumors
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Wilms’ tumor frequently are adherent but not invading adjacent organs and major resection of 
adjacent organs should be avoided if possible in favour of preoperative chemotherapy if suspected 
intraoperatively. Clipping at the time of resection is recommended to mark areas of residual tu-
mor and resection margins. Patients with suprahepatic extension of tumor thrombus should be 
biopsied and managed with prenephrectomy chemotherapy. Routine lymph node sampling from 
the hilum, peroicaval and paraaortic areas and removal of suspicious nodes should be performed, 
but a formal lymphadenectomy is not recommended.87

The importance of nephron sparing surgery in Wilms’ tumor is unclear. Most of these patients 
present large and central masses with only 10% of them suitable for a safe procedure. After consid-
ering the probability of higher local recurrences, surgical morbidity in some series and equivalent 
results to radical nephrectomy in others, nephron sparing surgery should be reserved for patients 
with tumors in solitary kidney, bilateral disease and in those known to be at increased risk of 
metachronous tumors like BWS and aniridia. In patients with a unilateral tumor and a normal 
contralateral kidney, nephron sparing surgery remains controversial.88,89

National Wilms’ Study Group
The NWTSG was set up in 1967 to study the biology and genetics of Wilms’ tumor, to de-

velop stratified treatment protocols based on disease extent and to study whether an intergroup 
mechanism was feasible. This group proposed radical nephrectomy to diagnose and stage the 
disease before chemotherapy. NWTS-1 demonstrated that the combination of actinomycin D 
and vincristine had better results than each medication alone in Stages II and III.90 NWTS-2 
demonstrated for Stage I disease 6 or 15 months of chemotherapy have similar outcomes and 
for Stage IV disease the addition of adriamycin to the chemotherapy regimen improved survival 
from 63 to 77%.91 NWTS-3 showed that patients with Stage I disease, receiving either 10 weeks 
or 6 months of chemotherapy, have no statistically significant differences in survival. For patients 
Stage II disease radiotherapy did not add any survival advantage to chemotherapy. For Stage III 
disease no differences in survival was noted in patients receiving 1000 vs 2000 cGy and the addition 
of cyclophosphamide did not improve survival for Stage IV patients with unfavourable histology.92 
NWTS-4 demonstrated that actinomycin D and adriamycin can be safely administrated in pulse 
intensive regimens, reducing severe hematological toxicities and cost85,93 NWTS-4 demonstrated 
the increased risk of recurrence if no lymph node sampling was done for suspicious lymph nodes 
and if tumor spill occurs.87 Finally NWTS-5 concluded that loss of heterozygosity for chromosomes 
1p and 16q identify a high risk group for relapse and death independent of stage and histology.94 
This last study also assessed nephrectomy alone without adjuvant chemotherapy for patients under 
2 years of age with a tumor less than 550g and Stage 1 favorable histology. An overall survival of 
98% was achieved but the COG is planning a similar trial to confirm these findings. The NWTSG 
was incorporated to the COG in 2001, which involves most of the oncological centers for children 
in North America. However there is an ongoing Late Effects Study which continues to collect 
data on long-term survivors. Regular follow-up post treatment and nephrectomy involves yearly 
blood pressure and urine protein assessments with a serum creatinine every 5 years. The presence of 
aniridia and intralobar nephrogenic rests is associated with a higher incidence of renal failure.47

International Society of Paediatric Oncology
The SIOP incorporates most of the paediatric oncology centres in Europe. The hallmark of 

this group is the neoadjuvant chemotherapy followed by nephrectomy. Moreover Stage IV tu-
mors do not receive lung irradiation if there is a complete remission achieved with preoperative 
chemotherapy.95 SIOP-1 reported no significant differences in survival between preoperative or 
postoperative radiotherapy and increased number of abdominal recurrences was associated with 
tumor rupture.96 SIOP-2 was a nonrandomized study, which confirmed that tumor rupture during 
surgery occurred more often if the patients did not receive neoadjuvant chemotherapy.97 SIOP-5 
was a randomized trial which showed that chemotherapy alone was as good as radiotherapy to 
prevent tumor rupture.98 SIOP-6 revealed that for Stage I Wilms’ adjuvant vincristine and act 
inomycin D 17 weeks vs 38 weeks had similar survival and that therapy should be risk adapted.95 
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SIOP-9 showed that neoadjuvant chemotherapy of 4 vs 8 weeks is equivalent.99 In addition, pa-
tients with total tumor necrosis after chemotherapy had excellent outcome.100 SIOP 93-01 showed 
that shortening of postoperative chemotherapy from 18 weeks to 4 weeks in patients with Stage 
I disease and with anaplasia, intermediate risk did not affect the effectiveness and the reduced 
secondary chemotherapy effects.101

Analysis of NWTS and SIOP Protocols
The main issue for the treatment of patients with Wilms’ tumor is the time when the nephre-

ctomy should be done, after or before chemotherapy. The SIOP supports a delayed nephrectomy 
and the NWTSG and COG supports early intervention. Advantages of a delayed procedure are 
low risk of tumor rupture,102 but has disadvantages, such as treating patients without a clear diag-
nosis and inaccurate staging.103 Downstaging of the tumor with preoperative chemotherapy can 
reduce the overall treatment burden and toxicity and also allow treatment escalation in those with 
a poor clinical or histological response.92,96 On the other hand, advocates of the NWTS approach 
site the higher relapse rate in SIOP-6 Stage II node negative patients who possibly had occult 
Stage III disease to begin with and did not receive adequate treatment due to the downstaging. 
Prechemotherapy nephrectomy increases the risk of tumor rupture,104 however it seems to be more 
accurate for staging. Tumor spillage due to rupture is important in relapse free rates but has not 
shown any effect on overall outcome. Only one randomized trial has been published addressing the 
best time for surgery in this population and despite some methodological weaknesses, the timing 
of early or delayed surgical intervention did not significantly affect the 5-year overall survival (early 
89.0% vs delayed 79.6%).105 The error rate in SIOP-9 was 5% which included 1.6% with benign 
pathologies who received preoperative chemotherapy.106 The UKW3 trial attempts to incorporate 
a prechemotherapy prenephrectomy core needle biopsy to avoid blind treatment but there have 
been concerns regarding bleeding and needle track recurrences.107

Bilateral Wilms’ Tumor
The presence of bilateral and synchronous Wilms’ tumor occurs in 4-6%.108 For these patients 

the risk of renal failure is important and efforts to preserve the renal function must be carried out. 
Both the SIOP and NWTSG-COG have recommended initial chemotherapy. Partial nephrec-
tomy should be done if feasible, without compromising resection margins. Patients with bilateral 
tumors treated with partial nephrectomy have an 8.2% recurrence rate vs 1.5-2.5% recurrence 
rate in unilateral tumors undergoing radical nephrectomy. However, local recurrences were not 
associated with positive margins.108 Recently, it has been reported by the NWTSG that a group of 
patients with bilateral Wilms’ tumor have been treated successfully with chemotherapy showing 
complete radiological response.109

Adult Wilms’ Tumor
This is a rare tumor and usually the diagnosis is made histopathologically after surgery and no 

clinical or radiological differences with other tumors are noted. The literature is scanty and is mainly 
represented by case reports, however Izawa et al reported an analysis of 128 cases based on previ-
ously published cases and showed that adult Wilms’ tumor has poorer prognosis than paediatric 
counterpart. The overall survival was 68% and more aggressive therapy than that recommended 
for the paediatric population is suggested, especially for those with unfavourable histology and 
better survival may be achieved by closely following pediatric therapy protocols.110

Conclusion
The NWTS-5 demonstrated the critical role that genetics changes play in Wilms’ tumor, not 

only in relation with the origin, but with the survival and prognosis.94 Considering these findings, 
further research evaluating treatments based on genetic markers may direct individualized therapy 
for each patient rather than grouping patients for therapy based upon risk factors like stage and 
pathology alone.
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Cerebro-Oculo-Facio-Skeletal 
Syndrome
Hiroshi Suzumura* and Osamu Arisaka

Abstract

Cerebro-oculo-facio-skeletal (COFS) syndrome is an autosomal recessive inherited 
disorder characterized by congenital microcephaly, congenital cataracts and/or mi-
crophthalmia, arthrogryposis, severe developmental delay, severe postnatal growth 

failure and facial dysmorphism with prominent nasal root and/or overhanging upper lip. This 
syndrome is now recognized as a disorder belonging to the spectrum of inherited defects in 
Nucleotide Excision Repair (NER) resulting in profound photosensitivity. In COFS syndrome, 
as in Cockayne syndrome, DNA repair is impaired in the transcription-coupled NER pathway, 
but not in the global genome NER pathway. Fourteen cases so far described as COFS syndrome 
have been studied at the molecular levels. All mutations have been found in Cockayne syndrome 
gene, CSB, xeroderma pigmentosum genes, XPD and XPG and ERCC1 gene involved in the 
transcription-coupled NER pathway.

Introduction
Cerebro-oculo-facio-skeletal (COFS) syndrome is an autosomal recessive inherited disorder 

that was initially described by Pena and Shokeir.1 This syndrome is now recognized as belonging 
to the spectrum of inherited defects in Nucleotide Excision Repair (NER) resulting in profound 
photosensitivity.

Clinical Features
COFS syndrome is characterized by the following features:

Head and Face: Microcephaly (95%), prominent root of the nose (100%), sloping forehead, 
large pinnae, overlapping lower lip, micrognathia, small mouth, cleft palate, high-arched 
palate, short neck.

Eyes: Deep-set eyes with blephalophimosis or microphthalmia (90%), nystagmus, cataracts 
and hypertelorism.

Limbs: Flexion contractures (especially involving the elbows and knees), camptodactyly, 
syndactyly, single palmar crease (30%), longitudinal groove in the soles (70%), rocker 
bottom feet due to vertical talus (70%), osteoporosis.

Brain and Neurological: Progressive demyelination of the brain, reduced white matter of 
the brain with gray mottling, hypogenesis or agenesis of the corpus callosum, cerebellar 
hypoplasia, intracranial calcification, generalized hypotonia, hyporeflexia or areflexia, 
mental retardation, sensorineural hearing loss.
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Others: Small for gestational age (50%), widely set nipples (50%), shallow thorax, congenital 
heart disease (patent ductus arteriosus, ventricular septal defect etc.), kyphosis or scoliosis 
(70%), acetabular hypoplasia, coxa valga, short umbilical cord, genitourinary hypoplasia, 
cryptorchidism.

Recently, new diagnostic criteria have been proposed by Laugel et al.2

Clinical Criteria: Congenital microcephaly, congenital cataracts and/or microphthalmia, 
arthrogryposis, severe developmental delay, severe postnatal growth failure and facial 
dysmorphism with prominent nasal root and/or overhanging upper lip.

Genetic Criteria: DNA repair defect in the transcription-coupled NER (TC-NER) 
pathway.

Prognosis
Infants with COFS syndrome usually need oxygen supplementation for respiratory distress 

during the neonatal period. Tube feeding is required for feeding trouble. Severe failure to thrive 
and developmental delays are seen and most infants die by 4-5 years old due to the recurrent 
respiratory infection.1

Differential Diagnosis
Neu-Laxova Syndrome

The main features of Neu-Laxova syndrome are microcephaly, micrognathia, arthrogryposis, 
overlapping fingers, edema of the skin, brain malformations and lethal prognosis. These symptoms 
are closely related to those of COFS syndrome. Severe kind of skin problems are common in 
Neu-Laxova syndrome, but is usually absent in COFS syndrome.3 However, one case of COFS 
syndrome, complicated by congenital ichthyosis, has been described.4 Silengo suggested that 
Neu-Laxova syndrome and COFS syndrome may represent different degrees of clinical expression 
for the same autosomal recessive mutation.3

Micro Syndrome (Warburg Micro Syndrome)
This syndrome was first reported by Warburg as autosomal recessive syndrome manifested 

with microcephaly, microcornea, cataracts, mental retardation, optic atrophy and hypogenitalism. 
Graham reported that NER analysis of cultured fibroblasts was a useful tool to differentiate Micro 
syndrome from other similar disorders.5 Patients with Cockayne syndrome (CS) and COFS syn-
drome, both show hypersensitivity of fibroblast cells to ultraviolet (UV) irradiation due to defect 
in NER, but patients with Micro syndrome show normal NER. Graham also demonstrated that 
Micro syndrome should be distinguished from other similar clinical disorders by the presence of 
significant visual impairment and cortical blindness, frontal polymicrogyria, thin corpus callosum 
and cortical atrophy.5

Cockayne Syndrome
This autosomal recessively inherited disorder is characterized by low to normal birth weight, 

severe growth retardation, microcephaly, brain demyelination with calcium deposits, cutaneous 
photosensitivity, pigmentary retinopathy, cataracts and sensorineural hearing loss. Cells from 
patients with CS display increased sensitivity to cell death from UV radiation, with delayed 
recovery of DNA synthesis after UV. CS is caused by mutations in either the CSA or CSB genes, 
resulting in a selective defect of TC-NER.6 Global genome NER (GG-NER) is typically normal 
in CS patients.7

Distinguishing between COFS syndrome and early-onset or Type 2 CS8 is some time difficult.2,9 
Cutaneous photosensitivity is noted in patients with CS, but not in patients with COFS. COFS 
syndrome is associated with eye defects, whereas CS is not. Progressive demyelination with brain 
calcification in the severe infantile form of CS is quite similar to that is seen in COFS syndrome.10 
Laugel et al consider that COFS syndrome represents a different and even more severe part of the 
CS spectrum than early-onset CS.2
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Cataract, Microcephaly, Failure to Thrive, Kyphoscoliosis (CAMFAK) 
Syndrome

CAMFAK syndrome was first reported in patients characterized by cataracts, microcephaly, 
failure to thrive and kyphoscoliosis. Associations with arthrogryposis, brain calcification and 
mental retardation have also been reported.11 This syndrome might represent early-onset CS 
(Type 2 CS) or COFS syndrome.

Martsolf Syndrome
This syndrome is characterized by severe mental retardation, cataracts, short stature and 

hypogonadism.12 Feeding problems, microcephaly, low nasal bridge, short philtrum and microg-
nathia are also evident. Patients with Martsolf syndrome do not show complications of severe 
facial dysmorphism including microphthalmia. No clinical photosensitivity is present and NER 
analysis has not yet been described. Inheritance is autosomal recessive.

Genetic Basis and the Molecular Mechanism
To date, 14 cases of COFS syndrome have been diagnosed and have also been described at the 

molecular level.2 All these COFS patients showed an identical DNA repair defect in the TC-NER 
subpathway. All mutations have been found either in CSB, in xeroderma pigmentosum, XPD or 
XPG, or ERCC1 genes involved in the TC-NER pathway. Laugel et al have suggested that the term 
COFS syndrome should be reserved for those patients with similar DNA repair defects.2

COFS1: ERCC6 Gene (CSB) at 10q11
Meira et al studied 3 COFS patients from the Manitoba aboriginal population. None of these 

patients showed clinical photosensitivity. Fibroblast cell lines, derived from two patients, revealed 
features indistinguishable from those of CS.13 Cell lines from these patients were more sensitive 
to killing by UV radiation than cells from a control individual. Furthermore, normal levels of 
GG-NER were present. Fibroblasts from these COFS patients manifested delayed recovery of 
RNA synthesis after exposure to UV radiation, indicating that sensitivity to killing after UV 
radiation resulted from defective TC-NER. Sensitivity to killing by UV radiation was abolished 
by transfection with wild-type CSB cDNA. They also detected identical deletion mutations in 
the CS group B (CSB) gene in 3 patients with typical COFS syndrome phenotype. Of 3 patients, 
two were dizygotic twins and identical mutation was observed in one CSB allele in the parents of 
1 patient. This mutation was also detected in DNA obtained from tissues of three other COFS 
syndrome patients. On the basis of these findings, they suggested that COFS syndrome represents 
an allelic, clinically severe form of CS.

Laugel et  al reported 3 patients with genetically confirmed COFS syndrome who showed 
mutation in the CSB gene.2 One of the three patients showed clinical photosensitivity with wide-
spread facial erythema. DNA repair studies on cultured fibroblasts from all 3 patients showed 
severe decrease in recovery of RNA synthesis after UV irradiation, indicating a defect in TC-NER 
pathway. UV sensitivity studies showed increased sensitivity of fibroblasts to UV irradiation. 
Unscheduled DNA synthesis (UDS) assay revealed that GG-NER was normal in all 3 patients. 
Mutational analysis showed that mutation in CSB gene was present in all 3 patients (homozygous, 
n � 1; heterozygous, n � 2).

COFS2: ERCC2 Gene (XPD) at 19q13.2-q13.3
Graham et al reported a COFS syndrome patient with mutation in a third DNA-repair gene, 

XPD.9 Cutaneous photosensitivity was noted in this patient. Fibroblasts from the patient showed a 
10-fold increase in UV sensitivity, comparable to that in patients with severe xeroderma pigmentosa 
(mutation in XPB or XPG). The overall rate of NER (both GG-NER and TC-NER) activities 
were severely impaired and reduced to 1-2%, comparable to that in the most severe cases of XP 
(mutation in XPB or XPG gene) as restoration of NER activity occurred after fusion with cells 
from XPB and XPG, but not after fusion with cells from XPD patients.
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Two heterozygous missense base transition mutations in the XPD gene were revealed in a pa-
tient suffering from COFS. In prenatal diagnosis of a subsequent pregnancy, Graham et al showed 
that a deficiency of DNA-repair synthesis in chorionic villus cells existed. They concluded that 
UV-sensitivity tests in cases with suspected COFS syndrome are important for the initial diagnosis 
and proposed that patients with UV-sensitive COFS syndrome should be included within the 
spectrum of impaired NER disorders.

COFS3: ERCC5 Gene (XPG) at 13q33
Hamel et al reported a male infant with severe early-onset CS (with typical features of COFS 

syndrome) who was small for gestational age.7 He showed hypersensitive skin reaction to sun 
exposure. Other complications included fibroblasts from the patient total failure to recover to the 
rate with which RNA synthesis after UV irradiation occurs. DNA replication after UV exposure 
was also abnormally depressed. UV sensitivity by cell survival assay was more severe than usually 
observed in cells from CS patients. UV-induced UDS was �4% of that in normal cells, indicating 
a strong impairment of NER characteristic of XP, but not of CS. When cells from the patients of 
various XP complementation groups were fused to the cells from the patient, UDS was restored to 
normal levels after fusion with cells from XP group B and D, but not with XPG cells. This result 
shows the involvement of the XPG (ERCC5) gene in incision function in the NER process. Hamel 
et al emphasized the importance of performing extensive DNA repair studies in cases of suspected 
early onset CS or COFS syndrome.7

COFS4: ERCC1 Gene at 19q13.2-q13.3
Jaspers et al reported the first case of human inherited ERCC1 deficiency with clinical features 

compatible with a diagnosis of COFS syndrome.14 Although the clinical features were very severe, 
cells showed only moderate hypersensitivity to UV and relatively mild impairment of NER, 
compared with cells from patients with CS-B or XP-A. UV-induced UDS was reduced to 15% 
of normal and RNA synthesis recovery after UV exposure was reduced to 13% of normal. Cells 
were four fold more sensitive to UV than were normal fibroblasts. They also showed two point 
mutations on the coding region of ERCC1 and both parents were heterozygous for the respective 
mutations.

Laugel et al emphasized that COFS patients with mutations in the XPD or XPG gene are 
characterized by particularly pronounced cutaneous photosensitivity and by repair defects in 
both TC-NER and GG-NER.2 They also analyzed 5 cases of suspected COFS syndrome showing 
normal DNA repair capacities and all 5 patients did not fulfill at least one of the clinical criteria 
they proposed, with some patients whose DNA repair capacities were normal showing additional 
features of cardiac or renal malformations, or muscular dystrophy. They suggest that testing of 
NER be undertaken in newborns or infants suspected of falling within the COFS-CS spectrum, 
whenever microcephaly, cataracts, postnatal growth failure and notably reduced development are 
present. Where TC-NER is deficient and GG-NER is normal, analysis of the CSB gene should 
be undertaken first. Where TC-NER and GG-NER are both deficient, XPD, XPG, or ERCC1 
genes should be analyzed.

Conclusion
COFS syndrome belongs to the spectrum of inherited defects in NER. In this syndrome the 

NER is impaired in the TC-NER pathway, but not in the GG-NER. Mutations have been found 
in CSB, XPD, XPG and ERCC1 genes involved in the TC-NER pathway. Genetic analysis and 
biochemical testing of proteins of NER pathway should be carried in newborns or infants suspected 
of falling within the COFS-CS disease.
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Dyskeratosis Congenita
Vineeta Gupta* and Akash Kumar

Abstract

Dyskeratosis congenita (DC) is an inheritable bone marrow failure syndrome characterized 
by reticulated hyperpigmentation, dystrophic nails and oral leukoplakia. Another name 
for the condition is Zinsser-Cole-Engman syndrome. Hematologic manifestations usually 

do not appear in childhood but later in early adulthood. Patients are also prone to carcinomas, 
particularly of the head and neck. The disease has X-linked or autosomal dominant/recessive 
inheritance. Early childhood variants (Hoyeraal-Hreidarsson syndrome) are associated with im-
munological abnormalities in the form of low T- and B-cell numbers. Four genes, namely DKC1 
(codes for dyskerin), TERC and TERT (code for telomerase) and NOP10, have been implicated 
in the pathogenesis; the short telomeres provide a marker for genetic linkage studies. Androgens, 
with or without granulocyte colony stimulating factor, have been tried in the treatment of the 
conditions with variable results. Stem cell transplantation from matched sibling donor is currently 
the treatment of choice. It requires modified nonmyeloablative conditioning protocols, since the 
patients with DC are prone to pulmonary and hepatic complications.

Introduction
Bone marrow failure is characterized by its inability to produce adequate number of mature 

erythrocytes, granulocytes and platelets causing peripheral blood pancytopenia. This in turn is 
manifested with anemia, bleeding or infection leading to significant morbidity and mortality. In 
some cases, only one or two cell lines may be affected. In majority of these cases (70%), the primary 
etiology remains unknown and they are classified as ‘idiopathic’. In some other cases, either virus 
or drug has been identified and suggested as the precipitating factor for bone marrow failure (15% 
cases). In other 10-20% cases, the disease is familial/inherited and presents with one or more so-
matic features. Another term which has been used for this group is ‘constitutional aplastic anemia’ 
and has been defined as “chronic bone marrow failure associated with other features, such as con-
genital anomalies, a familial incidence, or thrombocytopenia at birth”.1 However, the hematologic 
components may not always be evident at birth. Bone marrow failure may present at variable time 
after birth including adulthood in some cases. In the last one decade significant insight has been 
gained into the pathophysiology of these conditions. It has helped in better understanding of the 
genetic mechanisms involved in the disease process.

Some studies have reported the incidence of the inherited conditions in patients presenting 
with bone marrow failure/aplastic anemia. It was found to be approximately 30% in two studies.2,3 
In a study conducted at our centre, the incidence was approximately 10% in 55 children presenting 
with aplastic anemia in the age group of 1-14 years.4

Fanconi anemia is one of the best recognized inherited bone marrow failure syndrome. 
Some other conditions include, DC, Schwachman-Diamond syndrome, amegakryocytic 
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thrombocytopenia etc.5 In this chapter, the inheritance, clinical features, molecular biology, 
treatment and outcome of DC will be discussed.

Clinical Features
DC is characterized by a triad of reticulated hyperpigmentation of face, neck and shoulders, 

dystrophic nails and mucosal leukoplakia. A number of nonmucocutaneous abnormalities of 
dental, gastrointestinal, genitourinary, neurological, ophthalmic, pulmonary and skeletal systems 
have been described. The condition is also known as Zinsser-Cole-Engman syndrome. The clinical 
features may appear during childhood with skin pigmentation and nail changes appearing first. The 
median reported age at diagnosis is around 15 years. Hematologic manifestations normally do not 
appear in childhood. Half of the patients develop aplastic anemia usually by the age of 20 years. 
Majority of the patients develop bone marrow failure by the age of 30 years. In a registry of DC 
patients, the cumulative incidence of marrow failure was 94% by the age of 40 years.6 However, in 
some patients (silent carriers in DC families) no hematologic manifestations may appear.

Early childhood variants of DC are the Hoyeraal-Hreidarsson syndrome characterized by 
intrauterine growth retardation, developmental delay, microcephaly, cerebellar hypoplasia, immu-
nodeficiency and bone marrow failure and Revesz syndrome which has exudative retinopathy in 
addition to above features.6 In a classic case, a 5 year-old boy presented with reticulated pigmenta-
tion over chest, dystrophic nails and oral leukoplakia with aplastic anemia.7

Patients may have ocular abnormalities in the form of epiphora (excessive tearing), blepharitis, 
cataracts, conjunctivitis, ectropion, glaucoma, strabismus and loss of eyelashes. Dental caries and 
loss of teeth at an early age have been reported. Intracranial calcifications have also been noted. 
Osteporosis, fractures, scoliosis and aseptic necrosis may also be present. Urinary tract disor-
ders include phimosis, hypospadias, penile leukoplakia and horseshoe kidney. Gastrointestinal 
anomalies are esophageal strictures, bifid uvula, umbilical hernia and anal leukoplakia. Pulmonary 
complications are interstitial pneumonitis and pulmonary fibrosis. Hypoplastic testes in males 
and vulvar leukoplakia in females have also been reported.

Genetics of DC
DC appears to have an X-linked inheritance and the male to female ratio is 4.5:1. Based on 

this observation it is supposed to have three modes of inheritance:
 1. X-linked recessive: appears to be the most likely mode of inheritance as the disease has 

been reported in single-male cases, male siblings and males with maternal male cousins.
 2. Autosomal recessive: Females with sporadic inheritance, consanguineous families and 

brother-sister sets have been reported.
 3. Autosomal dominant: Few families have been described where males and females were 

affected after two to three generations with disease passage through both sexes.
X-linked inheritance can be identified with Xq28 restriction fragment length polymorphism 

and mutation analysis. Patients in the dominant group are of older ages at diagnosis and may have 
milder form of disease with fewer complications like aplastic anemia and cancer.

Genetic Defects
Lymphocytes from patients with DC do not show significant difference in the chromosomal 

breakage as compared to normal controls in response to clastogenic agents like Mitomycin C, 
bleomycin and gamma-irradiation. They are also prone to develop spontaneous chromosomal 
rearrangements like translocations, dicentrics and tricentrics in the absence of above compounds. 
In this respect the condition is similar to Fanconi anemia and can be considered a chromosomal 
instability disorder.8

The diagnosis of DC can easily be made when the patient has the diagnostic triad but no he-
matologic manifestations. The difficulty arises when patient has hematologic features in the form 
of thrombocytopenia or pancytopenia without physical findings. In such situations the diagnosis 
is facilitated by examination of the length of telomeres in leucocytes using flow-cytometry with 
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fluorescence in situ hybridization (flow-FISH). Patients with acquired aplastic anemia may 
have short telomeres in granulocytes but patients with DC have short telomeres in all subsets of 
leucocytes. This test has both sensitivity and specificity of 90% in distinguishing DC from unaf-
fected relatives and other bone marrow failure syndromes and may be considered the equivalent 
of chromosomal breakage test for Fanconi anemia.

Four genes have been identified in DC; one is X-linked DKC1, which codes for dyskerin 
protein. This protein is responsible for ribosomal RNA production, ribosomal assembly and 
maintenance of telomere length.9,10 It is located close to nucleoli gene and has a role in the survival 
of cells that are highly proliferative like skin and bone marrow, the major tissues that are involved 
in the disease process.

The other genes involved are two autosomal dominant, TERC and TERT, which code for the 
mRNA for telomeres and telomerase enzyme respectively and one autosomal recessive, NOP10. 
These gene products are part of the telomere maintenance pathway by which the ends of chromo-
somes are prevented from shortening substantially with each cell replication. It has been suggested 
that DC may be a disease of the telomere maintenance rather than ribosomal biogenesis. Very 
short telomeres have provided a marker for linkage analysis studies. Bone marrow failure may 
be associated to premature shortening of telomeres, reducing the proliferative potential of the 
hematopoetic stem cells. Approximately 60% of the patients with DC lack mutation in either of 
the four known genes.11

Immunological Abnormalities
The cell mediated immunity has been found to be abnormal as evidenced by the absence or 

delayed hypersensitivity to skin test antigens and impaired response to mitogenic stimulation in-
volving in vitro tests.12 In another study markedly depressed CD4:CD8 ratio (0.38) and decrease 
in absolute CD4 positive cells were found.13 Interstitial pneumonia, due to Pneumocystis carinii 
infection, has also been reported. A wide range of immunoglobulin abnormalities have also been 
reported including diffuse hypoglobulinemia, decreased IgG and IgA with slightly decreased IgM 
and increased IgG.13 One study demonstrated severe B lymphopenia, decreased immunoglobulin 
M (IgM) levels and reduction in T-cells in members of a large family.14 In rare instances, it can also 
present as Severe Combined Immunodeficiency (SCID) with complete absence of B and natural 
killer cells and may be a part of Hoyeraal-Hreidarsson syndrome. An infant with T�B-NK-SCID 
with marrow failure was reported who underwent sibling bone marrow transplantation.15 In an-
other study in our laboratory a child suffering from DC had normal immunoglobulin levels and 
no evidence of infection.16

Treatment
Androgens treatment is recommended for patients suffering from significant cytopenias. The 

treatment guidelines are similar to recommendations for Fanconi anemia.(see Chapter 10 of ref. 8). 
Oxymetholone can produce improvement in hematopoetic function in some patients. The treat-
ment has to continue for long time in patients who respond to androgens. However, failure may 
occur after a prolonged treatment. Response to granulocyte colony stimulating factor (G-CSF), 
granulocyte-macrophage colony stimulating factor (GM-CSF) and erythropoietin has also been 
reported in some patients. However, combination of androgens and G-CSF has been reported 
to cause splenic peliosis and rupture.17 Immunosuppression with antilymphocyte globulin and 
cyclosporine has been tried in patients without HLA-matched sibling and some improvement in 
hemogram noted.18 Six months later the patient died of respiratory complications. Another choice 
of treatment is stem cell transplantation (SCT) from a HLA-matched sibling. As the siblings may 
be silent carriers, examination of telomeres in leucocyte subsets is highly recommended to avoid the 
use of a donor whose stem cells may fail to engraft. The rate of complications, such as pulmonary and 
vascular complications, has been high following allogenic SCT in DC patients probably because 
of preexisting pulmonary disease in a proportion of patients with DC. The preparative regimens 
may require modifications and agents causing pulmonary toxicity (radiotherapy, busulphan etc.) 



218 Diseases of DNA Repair

may not be used. Non myeloablative Fludarabine based protocols have given encouraging results.19 
The follow-up is short to evaluate long-term toxicity and the natural course of the disease. It may 
be that correction of the telomerase defect is essential for the treatment of the disease, therefore, 
SCT may be performed on carefully selected patients. Supportive care with blood products and 
antibiotics may be provided to patients with aplastic anemia. Є-aminocaproic acid (0.1 g/kg) may 
be given every 6 hourly for symptomatic bleeding.

Prognosis and Outcome
The prognosis of patients with DC is not promising. Patients with autosomal dominant disease 

have milder form of disease and consequently a better outcome. Those with X-linked disease have 
a more severe course. The cause of death is usually complications of aplastic anemia, or failure of 
bone marrow transplantation or development of malignancies.

Approximately 15% of the patients of DC studied developed cancer. Majority of the cases 
had squamous cell carcinoma which included cancers of the oropharyngeal and gastrointestinal 
tracts. Hodgkin’s lymphoma, adenocarcinoma of the pancreas and skin cancers have also been 
reported.6 The cancers developed at a median age of 30 years whereas the median age of develop-
ment of aplastic anemia was 11 years. The patients who developed aplastic anemia were younger 
as compared to those who developed cancers. However, leukemia and myelodysplastic syndrome 
have been reported rarely in patients with DC.

Conclusion
Dyskeratosis congenita (DC) is an inherited bone marrow failure syndrome characterized 

by a triad of reticulated hyperpigmentation, dystrophic nails and oral leukoplakia. Inheritance is 
autosomal recessive/dominant or X linked recessive. Four genes namely, DKC1, TERC, TERT 
and NOP10 have been implicated in the pathogenesis. Clinical features may appear during child-
hood but hematologic manifestations appear late usually in second decade. Some variants may 
have associated immunological abnormalities. Oxymethalone has been used in the treatment 
with variable results. Immunosuppressive treatment and stem cell transplantation (SCT) from 
matched sibling donor have also been tried, although rate of complications following SCT have 
been high. Prognosis of patients with DC is not very promising. Cause of death is bone marrow 
failure or development of malignancies.
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Abstract

Retinoblastoma (Rb) is a malignant tumor that originates from developing retina. Diagnosis 
is based on clinical signs and symptoms and is usually made in children under the age of 
five years. Mutations in both alleles of the RB1 gene are a prerequisite for this tumor to 

develop. In most patients with sporadic unilateral Rb, both RB1 gene mutations occur in somatic 
cells and are not passed over to offspring (nonhereditary Rb). Almost all patients with sporadic 
bilateral and virtually all patients with familial Rb are heterozygous for RB1 gene mutations that 
cause predisposition to Rb (hereditary Rb). In families, Rb predisposition is transmitted as an 
autosomal dominant trait (familial Rb). In addition to Rb, patients with hereditary disease also 
have an increased risk of tumors outside the eye (second cancer). This risk is enhanced in patients 
who have received external beam radiotherapy. Analysis of genotype-phenotype associations 
has shown that the mean number of tumor foci that develop in carriers of mutant RB1 alleles 
is variable depending on which functions of the normal allele are retained and to what extent. 
Moreover, phenotypic expression of hereditary retinoblastoma is subject to genetic modifica-
tion. Identification of the genetic factors that underlie these effects will not only help to arrive at 
a more precise prognosis but may also point to mechanisms that can be used to reduce the risk of 
tumor development.

Clinical Aspects
Epidemiology of Retinoblastoma

Retinoblastoma (OMIM# 180200) is a malignant tumor of the eye that originates from cone 
precursors cells of the developing retina.1 The estimated incidence is between 1 in 15,000 to 20,000 
live birth children.2,3 It is not yet clear if the incidence of retinoblastoma is the same worldwide.4 
Environmental factors, which may account for different incidence figures, have no known role in 
the etiology of Rb.5 Specifically, neither HPV nor any other pRb-inactivating human DNA tumor 
viruses play a role in the development of this tumor.6 In most children, diagnosis is made under 
the age of five years. In adults, Rb is very rare. It has been suggested that tumors diagnosed after 
childhood age developed from preexisting progenitor lesions (retinoma, see below).7,8

Diagnosis of Rb
Diagnosis of Rb is based on clinical signs and symptoms. Most often, the first presenting sign is a 

white pupillary reflex (leukocoria). Strabismus is the second most common sign and may accompany 
or precede leukocoria. Usually, diagnosis of Rb is established by examination of the fundus of the 
eye using indirect ophthalmoscopy. Additional diagnostic tools such as computer tomography scan 
(CTS), magnetic resonance imaging (MRI) and ultrasonography may be required for differential 
diagnosis and staging. If tumor material was obtained, histopathology can confirm Rb.
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Presentation and Family History
Most patients (60%) have Rb in one eye only (unilateral Rb). Occasionally, multiple tumor 

foci can be found (unilateral multifocal Rb). In about 40% of the cases, both eyes are affected 
(bilateral Rb) usually with more than one focus per eye (bilateral multifocal Rb). In children 
with bilateral Rb, diagnosis is made earlier than in children with unilateral Rb (median age at 
diagnosis 11 and 22 months, respectively). A few children, most with bilateral Rb, also develop 
pinealoblastoma (trilateral Rb). With respect to histological appearance and age at diagnosis, this 
brain tumour is similar to Rb and, therefore, pinealoblastoma is often not regarded as a second 
tumour (see below).

Patients with unilateral Rb most often have sporadic disease, i.e., no other case of Rb has been 
noted in their family. About 75% of patients with bilateral Rb are also sporadic, in the remainder 
(25%) there is a positive family history (familial Rb). Examination of the fundus of the eye in all 
first degree relatives of children with Rb is required to identify retinal scars or quiescent tumors 
(retinomas). The presence of such lesions in a relative indicates familial disease.9

Therapy and Prognosis
Compared to other solid neoplasms, Rbs are small at the time of initial diagnosis. Treatment 

depends on tumor stage, the number of tumor foci (unifocal, unilateral multifocal or bilateral 
disease), localization and size of the tumor(s) within the eye, presence of vitreous seeding and the 
age of the child. Treatment options include enucleation, external-beam radiation, cryotherapy, 
photocoagulation, brachytherapy with episcleral plaques. The latter are effective treatment options 
when the tumor size is limited (�5 mm) and the tumor is not complicated by extensive exudative 
retinal detachment, recurrences or widespread vitreous seeding. Novel treatment options include 
systemic chemotherapy combined with local therapy. Following successful treatment, children 
require frequent follow-up examinations for early detection of new intraocular tumors. If the 
tumor(s) have not invaded extraocular tissues, treatment is usually successful. In spite of recent 
improvements, metastasized Rb is often fatal.

Second Cancers in Patients with Hereditary Rb
Incidence of Second Cancers

Epidemiological studies have shown that patients with hereditary Rb have a lifelong increased 
risk for developing neoplasms outside of the eye (second non-ocular cancers). In larger series with a 
sufficient number of older survivors of Rb the incidence rate per year was estimated at 0.5 to 1%.10 
According to the largest study published so far the cumulative incidence for new malignancies 50 
years after the diagnosis of Rb is 36% (95% CI 31-41%).

Spectrum of Second Cancers
Most second cancers are ostosarcomas that arise from the skull or long bones (ratio of 

observed to expected incidence [standardized incidence ratio] � 406 [95% CI � 318-511]). 
Sarcoma of the soft tissues and malignant melanomas are also frequent (SIR � 140, bzw. 30).11 
The spectrum of soft tissue sarcomas in patients with Rb is dominated by leiomyosarcoma, a 
histopathological subtype that is normally rare.12 Patients who received radiation often show 
tumours of the nasal cavities and the orbits. In general, the spectrum of second cancers is broad 
and, according to recent studies, also includes tumours of epithelial origin (lung SIR � 3,2; 
bladder SIR � 7,9; colon SIR � 8.1).

Subcutaneous lipoma are benign neoplasms that are not infrequent in otherwise healthy 
adults. The frequency of these tumours is increased in adult survivors of hereditary Rb (about 4% 
of patients).13 Moreover, Rb patients with lipoma most often develop several of these tumours.14 
Although lipomas do not progress further to malignant tumours, observations suggest that lipomas 
are more frequent in patients who develop sarcoma. This implies that the risk of second cancers is 
variable among patients with Rb, an idea that is also backed by the observation of familial cluster-
ing of patients with second cancers (see genetic risk factors below).
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Development of Further Tumours after a Second Tumour
Abramson et al15 have studied the incidence, timing, pattern and survival as the result of a 

third, fourth and fifth nonocular tumors in survivors of Rb after diagnosis of a second cancer. They 
showed that the incidence rate of tumours in patients with multiple neoplasms is increased and 
that the latency between diagnoses decreases with the number of tumours. Moreover, the kind 
and localization of the second cancers in these patients was linked to the kind and localization 
of third, fourth and fifth nonocular tumors. These observations indicate that variation of risk of 
second tumours is site-specific.

Ionising Radiation as a Risk Factor
Exposing children to ionising radiation increases the risk of cancer later in life. The New York 

Group has first shown in 1993 that external beam radiotherapy (EBRT) dramatically increases 
the risk of radiation induced malignant tumors in the radiation field for patients with hereditary 
Rb. According to recent studies the relative risk is about 3.1 compared to patients not exposed to 
external beam radiation; thus indicating a synergistic interaction.16 However, for the individual 
patient the risk attributable to radiation is variable and is likely to be influenced by the radiotherapy 
technique used, radiation doses and field and, possibly, age at therapy.17,18

Chemotherapy as a Risk Factor
The risk of malignant neoplasms is increased in children who received chemotherapy for the 

treatment of cancer. There are a few cases of acute myelogenous leukemia (AML) in children with 
Rb who had received chemotherapy.19 However, risk of second cancers in Rb patients treated with 
chemotherapy has not been studied systematically yet.

Genetic Risk Factors
The spectrum of oncogenic mutations that cause hereditary predisposition to Rb is heteroge-

neous. With respect to the manifestation of Rb, distinct genotype-phenotype associations have been 
identified. On average, the number of Rb foci in a patient is associated with the type of oncogenic 
germ line mutation: alterations that create premature stop codons almost invariably cause bilateral 
multifocal Rb (complete penetrance). In contrast, some missense, in-frame and splice mutations 
are associated with fewer tumor foci (often unilateral Rb only) or mutation carriers do not develop 
Rb (incomplete penetrance).20 Familial clustering of second neoplasms in only some families with 
Rb suggests that the risk of second tumours is dependent on genetic factor(s).

Molecular Genetics
The importance of hereditary factors has been recognized since the 19th century. Familial 

aggregation of Rb was noted as early as 1821.21 After treatment was improved, more patients 
reached adult age and had children with Rb. Thus it became evident that familial Rb follows an 
autosomal dominant mode of inheritance. Initially all cases were regarded as hereditary but later 
it was recognized that in a significant proportion of patients, with sporadic Rb, the etiology is 
nonhereditary.22

Hereditary and Nonhereditary Rb is Caused by Two Mutations
In 1971 Knudson proposed a model to explain the genetic mechanisms underlying hereditary 

and nonhereditary Rb.23 According to his hypothesis, both the hereditary and nonhereditary form 
of Rb are caused by two mutations (two-hit hypothesis):

by second mutations that occur in somatic cells.

Identification of the RB1 Gene
Molecular analyses showed that two mutations required for Rb to occur target the tow alleles at 

one gene locus on chromosome 13q14.24,25 The second mutation, which precedes tumor formation, 



223Retinoblastoma

often results in loss of one allele via mitotic recombination or other chromosomal mechanisms that 
lead to loss of heterozygosity (LOH) at polymorphic loci on chromosome 13q14. The cDNA of the 
RB1 gene was reported in 1986.26 The RB1 gene (accession number L11910) consists of 27 exons 
that are scattered over 183 kb of genomic sequence on chromosome 13q14. At its 5
-end, the RB1 
gene has a CpG-island, which is normally unmethylated. Another CpG island, which is located in 
intron 2 and is derived from a processed pseudogene, shows parent of origin specific methylation. 
The promoter region at the 5
-end contains binding motifs for transcription factors Sp1 and ATF 
but no TATA or CAAT-elements. In tissues, investigated so far, the gene is transcribed into a 4.7 kb 
mRNA. The open reading frame, which starts in exon 1 and is terminated in exon 27, spans over 
2.7 kb and is followed by a 2 kb untranslated region. Another mRNA, which is transcribed from 
the paternal allele only, starts with the alternative exon 2B with a possible translation start site in 
exon 3. Homologs of the human RB1 gene have been identified in a wide variety of organisms and 
show a high level of sequence similarity in translated regions. The part of the gene that encodes the 
domains for the A/B pocket (see below) has a homolog also in higher plants (mat3).

The RB1 Gene Encodes a Pocket Protein
The complete ORF encodes pRb, a 928 amino acid nuclear phosphoprotein migrating at 110 

kD in SDS-PAGE when hypophosphorylated. pRb is a member of the pocket protein family 
that also includes p107 and p130 (for recent reviews see 27-29). These proteins share significant 
sequence similarity in two discontinuous areas that constitute the A/B pocket. Conditional 
on the phosphorylation status at multiple serine and threonine residues in other regions of the 
protein, the A/B pocket can bind to members the E2F-family of transcription factors and other 
nuclear proteins that contain the LxCxE peptide motif (such as histone deacetylases 1 and 2). 
The C-terminal region of pRB contains a nuclear localization signal and a cyclin-cdk interac-
tion motif that enables it to be recognized and phosphorylated by cyclin-cdk complexes. The 
C-terminal region can also bind to the nuclear c-Abl tyrosine kinase and to MDM2, which are 
proteins with oncogenic properties.

The role of pRb, that is understood best, is its function as a gatekeeper that negatively regu-
lates progression through G1 phase of the cell cycle. During the G1 phase of the cell cycle pRb 
is hypo-phosphorylated. When hypo-phosphorylated, the pocket proteins act as transcriptional 
cofactors and, by recruiting chromatin remodeling enzymes, repress the proliferation-promoting 
activities of different sets of E2F transcription factors. Beginning in late G1 and continuing to 
the M phase pRB is phosphorylated by G1 cyclin-dependent kinases. Phosphorylation results 
in derepression and activation of the respective subsets of E2F dependent gene promoters. In 
addition to control the G1-S cell cycle transition, pRb can induce apoptosis, in response to 
genotoxic stress and has important roles in directing differentiation and cell fate specification 
during embryogenesis.

Tumor Genetics of Rb
The development of a Rb focus in a heterozygous patient appears not to be an immediate 

consequence of a mutation of the second allele. This view is supported by the finding that, in 
addition to mutations of the RB1 gene, Rbs often show alterations at other loci. This has led to 
the suggestion that additional mutations (third mutations, M3) are required for development of 
this tumor.30 Molecular studies have identified several candidate genes that may be the functional 
targets of the recurrent genomic copy number changes that are observed in Rbs.30

Phenotypic Consequences of RB1 Gene Mutations
Mutation of RB1/rb1, but not of the other pocket protein genes is consistently associated with 

tumor predisposition in both humans and mice. RB1 gene mutations have been identified in more 
than 2000 patients with Rb (RB1-LDSB). Almost all types of mutations have been identified 
including translocations, deletions, insertions, point mutations and epigenetic mutations (hyper-
methylation of the CpG-island in the promoter region at the 5
-end of the gene).
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Genotype-Phenotype Associations
Heterozygous carriers of oncogenic RB1 gene mutations show variable phenotypic expres-

sion.20 Patients may develop tumors in both eyes or in one eye only (variable expressivity). Some 
carriers show no Rb at all (incomplete penetrance). According to the two-hit hypothesis, varia-
tion of phenotypic expression is to be expected because the development of an individual tumor 
focus depends on the chance occurrence of a second somatic mutation. However, a quantitative 
analysis of phenotypic variation in families with retinoblastoma shows that stochastic effects can 
account for only a part of the observed differences. It is now well established that penetrance and 
expressivity of hereditary retinoblastoma depend on the nature of the predisposing mutation.

The majority of mutations that have been identified in patients with hereditary retinoblas-
toma are nonsense or frameshift mutations. These mutations are located in exons 1 to 25 of 
the RB1 gene. With rare exceptions, nonsense or frameshift mutations in internal exons (2 
to 25) are associated bilateral retinoblastoma. Occasionally, such a mutation is identified in 
a patient with isolated unilateral retinoblastoma or in a unilaterally affected parent of a child 
with bilateral retinoblastoma. However, in some of these patients the mutation is present in a 
mosaic state. This parallels the findings in several other disorders with dominant inheritance 
where, compared to the phenotype in heterozygous mutation carriers, mosaicism is associated 
with milder phenotypic expression. In some genetic diseases, e.g., adenomatosis polyposis 
coli, mutant alleles with nonsense and frameshift mutations are associated with distinct phe-
notypic expression depending on the location of premature stop codon within the causative 
gene. Genotype-phenotype of this kind have not been observed in hereditary retinoblastoma 
where the site of the internal premature stop codon within the RB1 gene seems to have little 
or no effect on phenotypic expression. Possibly, such a genotype-phenotype association is not 
to be expected because available data suggest that transcripts of RB1 alleles with internal pre-
mature stop codons are recognized by nonsense-mediated decay, which is a posttranscriptional 
surveillance mechanism that causes degradation of mutant transcripts. Consequently, in cells 
heterozygous for a mutation that triggers nonsense mediated only transcripts of the normal al-
lele are left and this results in a haploinsufficient situation. Interestingly, no mutation has been 
identified in the two terminal exons of the RB1 gene (exons 26 and 27) although this region 
contains two CGA-codons, which are potential hot spots of nonsense mutations. However, 
according to what is known from other genes, premature stop codons in these regions will not 
trigger nonsense mediated decay. This suggests that mutant pRBs with late C-terminal trunca-
tion may have sufficient tumor suppressive activity to prevent development of retinoblastoma. 
Interestingly, families with deletions or insertions in exon 1 that result in a frameshift can show 
incomplete penetrance.31

Premature termination codons can also result from splicing errors that are caused by point 
mutations in intronic or exonic sequences. As is expected from the genotype-phenotype associa-
tions outlined above, splice mutations that result in out-of-frame exon skipping typically are 
associated with complete penetrance. However, this is only valid for point mutations that alter 
invariable splice signals. Mutations that affect splice signal in exons or less conserved intronic 
splice signals can be associated with milder expressivity and incomplete penetrance.32

Carriers of missense and small in frame length alterations are expected to express mutant 
transcripts that are not recognized by posttranscriptional surveillance mechanisms. However, it 
is important to investigate the effect of supposed missense and inframe mutations on the RNA 
level because mutations in exons may result in altered splicing. For most reported missense and in 
frame mutations in the RB1 gene, such data are not available. Although the effect of individual 
mutations may be uncertain, the phenotypic expression that is associated with missense and in 
frame mutations is well distinguished from that of alleles with premature termination codons. 
Typically, heterozygous carriers of missense and in frame mutations show incomplete penetrance 
or milder expressivity. The amino acids that are substituted, deleted, or inserted in consequence 
of these mutations are most often part of the A/B pocket of the pRB. A few in frame mutations 
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have been identified outside of regions that code for the A/B pocket, including deletions of exon 
4 and of exon 24-25.33,34 Functional studies have shown that mutant pRB expressed from alleles 
that are associated with incomplete penetrance show only a partial loss of normal function.34-36 
As noted above it is plausible that mutation of the second RB1 allele in a heterozygous patient is 
not sufficient for development of an Rb focus. Its conceivable that a retinoblastoma precursor cell 
that has mutations in both alleles of the RB1 may have various fates. The probability of progression 
towards retinoblastoma (vs apoptosis/differentiation) may reduce if residual pRB function is left 
because of weak mutations.

Other Factors That Modify Phenotypic Expression
Most of the phenotypic variation that is observed between Rb families can be explained by 

the different functional consequences of the various RB1 gene mutations. However, between 
families with identical mutations nonrandom differences of phenotypic expression have been 
observed (interfamilial variation). For example, there are two unrelated retinoblastoma families 
that both segregate an identical splice mutation, which results in skipping of exon 1337,38 and 
that both show incomplete penetrance of retinoblastoma. However, only in one family muta-
tion carriers have developed multiple subcutaneous lipoma. Lipoma are benign neoplasms of 
adipose tissue that, compared to the general population, occur more frequently in adult patients 
with hereditary retinoblastoma.13 In the family with the lipoma/retinoblastoma, penetrance 
of lipma is almost complete whereas in the other family none of the carriers of the identical 
mutation has developed lipoma. This shows that predisposition to lipoma is not caused by the 
splice mutation per se but is due to a heritable modifying effect. As the lipoma phenotype was 
found to be linked to the mutant RB1 allele the modifying effect is most likely due to a genetic 
factor in cis relative to the mutant RB1 allele. It is conceivable that predisposition to second 
cancers, which are an important health problem in patients with retinoblastoma, is also subject 
to modifier effects. This would be consistent with the observation that second tumors are not 
associated with specific RB1 gene mutations.

Another modifier effect has been identified in two families that have the same base substi-
tution in intron 6 of the RB1 gene. This mutation results in a premature termination codon 
because of exon skipping. Contrary to what is expected from the genotype-phenotype associa-
tions outlined both families show incomplete penetrance. Intriguingly, most mutation carriers 
that have received the mutant allele via the maternal germ line are unaffected whereas almost all 
mutation carriers that have received the mutant allele via the paternal germ line have developed 
retinoblastoma. It is not known yet if this parent-of-origin effect is mechanistically connected 
to the imprinted CpG-island in intron 2 of the RB1 gene.

Endophenotypes Observed in Rb Patients
Cells from patients with diverse hereditary cancer predisposition syndromes show hyper-

sensitivity to ionizing radiation in vitro. Cellular hyper-radiosensitivity responses are most 
pronounced in those cancer syndromes where the causative genetic alteration affects DNA 
repair and cell cycle regulatory pathways.39 As patients with hereditary Rb are functionally 
hemizygous for a gene that codes an important cell cycle regulator that has a role in mitotic 
fidelity and DNA repair, nonnormal response to ionizing radiation is to be expected. In fact, at 
the organismal level, patients with hereditary Rb that received external beam radiation show 
an increased risk of second cancers (see above). Various in vitro cellular responses have been 
documented in heterozygous carriers of RB1 gene mutations.39 However, an enhanced sensi-
tivity for cell killing and G1-phase arrest after acute gamma irradiation was also observed in 
primary fibroblasts from unaffected (RB1 homozygous normal) parents of Rb patients. At the 
molecular level, unirradiated fibroblast cultures from these family members showed distinctive 
gene expression profiles.40 It was hypothesized that the aberrant responses in RB1 homozygous 
normal relatives are due to genetic variation at other loci.41,42
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Conclusion
Retinoblastoma (Rb), a chidlhood malignant tumor of the eye, is the paradigm of hereditary 

tumor predisposion syndromes. Hereditary predisposition to retinoblastoma is an autosomal domi-
nant trait that is caused by mutations in one allele of the retinoblastoma (RB1) gene. Development 
of individual tumor foci is initiated by mutational loss of the second allele (Knudson’s two-hit 
hypothesis). The different functional consequences of the various predisposing (first) RB1 gene 
mutations are associated with penetrance and expressivity of hereditary retinoblastoma. In addition 
to retinoblastoma, patients heterozygous for RB1 mutations have a lifelong increased risk for cancer 
outside of the eye most notably ostosarcomas, sarcoma of the soft tissues, and malignant melanomas. 
Risk of second tumor is increased in pateints who received ionizing radiation. Findings in vitro 
show aberrant cellular responses following acute irradiation in patients with retinoblastoma. So 
far, no association of second cancer and specific RB1 mutation has been detected.
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