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Preface

The human genome project has attracted a great deal of attention in recent years among the
general public as well as the scientific community. Although it is likely to be a number of years
before many of the expected benefits of the genomics revolution are realized, the impact of
these scientific breakthroughs on medicine is likely to become apparent quickly and will
transform the entire scene within a generation.

Recent advances in genomic and proteomic technologies open up new avenues in the
diagnoses and management of human diseases, and the application of these techniques may
initiate a paradigm shift in clinical medicine. Initially, polymerase chain reaction tests were
performed only in highly specialized or research laboratories. Presently, routine molecular
assays are widely performed in virtually all sections and specialties of the traditional clinical
laboratory, including oncology, hematology, immunology, and blood transfusion. Evolving
techniques of nucleic acid and protein microarrays may follow a similar path to the clinician in
the hospital. In human genetics, molecular techniques have brought forth new procedures for
increasingly specific, sensitive, fast, simple, reliable, automatable, and cost-effective diagnostic
and predictive DNA analysis. All of these modern nucleic acid technologies have significantly
simplified the routine assessment of patients in the genetics clinic. For instance, advances in
molecular biology and in genomics have made possible the early identification of persons at
increased risk of, e.g., a thrombophilic state, developing certain forms of cancer, or
degenerating neurological disorders.

In clinical microbiology, procedures based on nucleic acid analysis offer a more rapid,
simple, cost-effective, and universal approach to the identification of microorganisms. The
ability to rapidly and unambiguously characterize microbial pathogens suspected of causing a
disease can be critical to individual and public health. These molecular techniques are used
increasingly in diagnostic laboratories to supplement or replace traditional identification
methods, which are mostly based on microbial phenotypic characteristics. Molecular methods
for the detection of anti-microbial resistance strains or virulence factors are in development, in
field trial, or already in clinical use, and will supplement or replace traditional susceptibility
and toxin testing. The expansion of this technology to smaller institutions, hospitals, and point-
of-care testing will improve patient care and public health significantly.

Finally, genomics and proteomics will not only transform the diagnosis of diseases, but may
radically influence the treatment and even the prevention of diseases in the future. In
pharmacogenetics, the molecular analysis of the inherited nature of individual differences in
drug metabolism, disposition, and effects will help to optimize drug therapy on the basis of
each patient’s genetic constitution. Such personalized medicine will allow more effective
treatment of illness by using very specific diagnostics to provide actionable information to
clinicians and patients, combined with the use of a new generation of targeted and highly
effective medicines. Furthermore, identification of individual genetic susceptibility to
infectious diseases may have an impact on prevention strategies. There is doubt that in the
future, smart molecular diagnostic tools and the growing knowledge of genetic risk factors
will lead to improved diagnoses and treatment for the patient and reduced health care costs to
the society.



In view of these exciting developments, the Encyclopedia of Medical Genomics and
Proteomics brings together the state-of-the-art knowledge and practical expertise of leading
researchers and clinicians in the field, and provides a comprehensive overview on current
medical applications of modern nucleic acid and protein technology. The Encyclopedia is a
vehicle by which both scientists and the interested public can explore the most recent
developments in today’s genomic and proteomic medicine, and preview several of the
foreseen applications of tomorrow. The subject areas generally include molecular methods and
technologies in the diagnosis and management of infectious, neoplastic, and genetic diseases,
including predictive genetic and pharmacogenetic testing, as well as tissue typing for trans-
plantation medicine. Each entry includes descriptions and interpretations of state-of-the-art
developments, concepts, and applications that will be useful to individuals encountering the
field for the first time, or to experienced researchers updating or expanding their knowledge
of medical applications of current genomic and proteomic technology. Key references direct
the reader to timely and pertinent information sources.

It is the editors’ hopes that the Encyclopedia of Medical Genomics and Proteomics will help
health care providers, researchers, students, and nonprofessionals all better understand and
participate in this remarkable emerging field. Its online edition (www.dekker.com) is updated
regularly, to keep its information current.

The Encyclopedia of Medical Genomics and Proteomics resulted from the vision of Russell
Dekker and a dedicated and creative Advisory Board of over 25 members, representing
countries on all continents. The diligent efforts of this Board are deeply appreciated. We greatly
thank the authors of more than 300 entries which, as recognized experts in their fields, lend
their credibility and prestige to the Encyclopedia. In addition, we are indebted to the many
reviewers whose constructive suggestions and insights materially enhanced the quality of
individual entries and of the volume in total. We are especially grateful to the staff at Marcel
Dekker, particularly Alison Cohen, for superb leadership in the handling of massive cor-
respondence with the authors, reviewers, and the Editors.

To our readers, we offer you this oppurtunity:

¢ To the extent that you find the Encyclopedia useful, we’d like to hear why and how
(EDGP @dekker.com).

e To the extent that you find the Encyclopedia wanting, we also, and especially, want to
hear how you believe we can make it better (EDGP@dekker.com).

The Publisher as well as the Editors are committed to continual updating and refinement of
what we believe is a valuable resource for transmitting knowledge and understanding about
medical genomics and proteomics.

Jiirgen Fuchs, Ph.D., M.D.
Maurizio Podda, M.D.
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INTRODUCTION

The availability of a new International Standard, ISO
15189:2003, specifically designed for medical laborato-
ries, which contains requirements for both quality systems
and competence, should stimulate the adoption of this
standard and promote harmonization of accreditation
programs at an international level.

The increasing demand for accountability, accessibil-
ity, professional excellence, customer satisfaction, and
better cost management has underpinned the development
of systems for quality assurance and improvement in
healthcare, with an increasing focus on certification,
accreditation, and several other forms of external review
mechanisms. Moreover, many countries have introduced
or are about to introduce regulations for quality assess-
ment in laboratory services.

ACCREDITATION OF
MEDICAL LABORATORIES

Medical laboratories seek recognition as being compliant
with particular standards for a number of reasons. In some
countries, accreditation is mandatory and in others it may
be voluntary, but in any case it recognizes competence,
facilitates exchanges of services, provides a valuable
management tool, and ensures that the needs and
requirements of all users are met. Moreover, it may be
a precondition for a contract and an essential tool for
reassuring laboratory professionals who aim to practice in
accordance with accepted norms.!"! Table 1 shows the
main benefits of accreditation for the medical laboratory,
for the health-care system, and for patients.

The term ‘‘accreditation,”’ as applied to organizations
rather than to specialty clinical training, reflects the origins
of systematic assessment of hospitals against explicit
standards and began in the United States in 1917.1
According to the ISO/IEC Guide 2 definition, accreditation
is “‘a procedure by which an authoritative body gives formal
recognition that a body or person is competent to carry out
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specific tasks.”’'®! The distinction between certification and
accreditation represented, in the past, a source of debate and
concern. Certification activity is based upon standards such
as ISO 9001:2000 which delineate the ‘‘requirements for
quality-management systems’’ and are applicable to any
activity. Accreditation systems are based on standards that,
in addition to ‘‘requirements for quality systems,’’ take care
of ‘‘technical requirements’’ that relate to achieving
competence in all aspects of the specific activity, laboratory
medicine in our case. Until the recent publication of the ISO
15189:2003 International Standard ‘‘Medical laborato-
ries—Particular requirements for quality and competence,’’
there were no sector-specific ISO standards for quality
management and technical competence in medical labora-
tories.' This is the reason why medical laboratories, in the
past, had a choice between two separate and distinct lines for
achieving recognition. The first line focuses on ‘‘require-
ments for quality-management systems’’ that are, by
definition, applicable to any organization, and, generally,
it is represented by the ISO 9000:2000 series.””! The second
line, with its origin in assessing the technical competence of
a laboratory, is represented by ISO 17025:1999, a generic
standard used in the accreditation of testing or calibration
laboratory'® (Fig. 1). Alternatively, other programs for
laboratory accreditation are delivered by organization such
as Clinical Pathology Accreditation (CPA-UK)!"! or College
of Clinical Pathology (CAP) in the United States based on
professional standards that basically aim to evaluate and
improve technical competence. The availability of an
International Standard specifically developed for medical
laboratories should overpass any possible dispute and it
should harmonize the laboratory approach to quality
assessment and improvement. In fact, ISO 15189:2003
recognizes the importance of quality-management systems,
as described in ISO 9000:2000, as well as technical
requirements contained in ISO/IEC 17025:1999, but, in
addition, it contains specific requirements for an organiza-
tion, such as medical laboratories that, in addition to
analytical competence, have to assure consultative and
interpretative activities. The relationship between ISO
15189:2003, ISO/IEC 17025:1999, and ISO 9001:2000
is similar to that of a set of three ‘‘Russian dolls’’ (Fig. 2):




Table 1 Benefits of accreditation

a) Benefits for the laboratory
— Improving quality of the work
— Perfect documentation of the workflow
— Total quality management
— Education and increasing professional competence
— Focus on patients’ outcomes
— Encouragement to develop interdepartmental
cooperation
b) Benefits for the health-care system
— Improved quality of the system
— Perfect documentation
— Results comparability
— Personnel and equipment specifications
— Improved efficacy of laboratory services
— Competition based on quality among different
laboratories
c) Benefits for the patient
— Improving quality of the system
— Results comparability
— Transparency in information on laboratory quality
— Improved safety and trust
— Value for money

the inner doll being ISO 9001, the middle doll being ISO/
IEC 17025, and the outer, ‘‘all embracing doll,”” being ISO
15189.1%
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ISO 9001:2000 “QUALITY MANAGEMENT
SYSTEMS—REQUIREMENTS”

ISO 9001:2000 is one of a family of related quality-
management system standards (ISO 9000:2000, ISO
9001:2000, ISO 9004:2000)>*1°! that specifies require-
ments for an organization wishing to establish an effective
quality-management system that embraces the concept of
continuous improvement and to demonstrate its ability to
consistently provide a product that meets the users, needs.
This International Standard, however, does not provide
specifications for the report (product or service) itself, nor
the requirements for assessing the technical competence of
the medical laboratory to carry out the preexamination,
examination, and postexamination processes necessary to
produce the report. Therefore the individual laboratory has
to select and implement standards and processes that aim to
demonstrate competence and satisfy all users, without any
guidance, at least without the guidance of standards
recognized in the document itself.

ISO 17025:1999 GENERAL REQUIREMENTS
FOR THE COMPETENCE OF TESTING AND
CALIBRATION LABORATORIES

The introduction to this International Standard contains two
statements of importance to those laboratories making the

Fig. 1 Accreditation of medical laboratories: old and new standards.
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ISO 15189:2003
Medical laboratories— Particular requirements
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Fig. 2 Relationship between ISO 15189:2003, 180/IEC 17025:1999, and ISO 9001:2000. (View this art in color at www.dekker.com.)

choice between pursuing certification and/or accreditation.
It states that testing and calibration laboratories that comply
with ISO 17025:1999 will also operate in accordance with
ISO 9001:2000, but goes on to remind the reader that
certification against ISO 9001:2000 does not demonstrate
the competence of the laboratory to produce technically
valid data and results. The scope of this International
Standard includes a number of key issues. In particular, it

1) specifies the general requirements for the competence
to carry out tests and/or calibrations, including samples;

2) covers standard, nonstandard, and laboratory-devel-
oped methods;

3) is applicable to all testing and calibration laboratories
regardless of the number of personnel or extent of the
scope of its activities;

4) is for use by laboratories developing their quality,
management, and technical systems that govern and
improve their operations;

5) is for use by laboratory users, regulatory authorities,
and accreditation bodies who wish to recognize the
competence of an individual laboratorys;

6) does not cover compliance with regulatory and safety
requirements for the laboratory activities.

Limitations of ISO 17025:1999 are intrinsically related
to the differences between testing/calibration and medical
laboratories. Therefore aspects regarding preanalytical
phase, which is extremely important for the interpretation
and outcome of medical laboratory data, are practically
not addressed at all in that document. With regard to the
analytical phase, there is no mention in ISO 17025:1999
about requirements for internal quality control and
external quality assessment, whereas in the postanalytical

phase requirements for turnaround times, as well as for
STAT and critical results, are not addressed.

PECULIARITIES OF ISO 15189:2003

ISO 151189:2003 recognizes the major particularities of
medical laboratories in comparison to other chemical test
laboratories. In contrast to calibration and testing
laboratories, the methods applied in laboratory medicine
are a compromise between available amount of sample
material, turnaround time, test feasibility, and economical
reality. Table 2 summarizes the principal differences
regarding methods, sample size, validation of results, time
span between sampling and the availability of a result
(turnaround time), and measurement uncertainty.

Furthermore, there is an increasing relevance of ethical
problems related to the use of laboratory samples for
examination purposes other than those requested, to the
need to obtain informed consent by the individual patient
for some procedures, to the need to communicate results
to the requesting physician or to other parties with the
patient’s consent, and the responsibility of the laboratory
to ensure that results are correctly interpreted and applied
in the patient’s best interest.!' %!

STRUCTURE AND CONTENTS
OF ISO 15189:2003

The structure and contents of ISO 15189 follow that of
any ISO document. In particular, it contains both
normative and informative elements. The normative
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Table 2 Main differences between ISO/IEC 17025 and ISO 15189

Issue

Medical laboratories

Test and calibration

1. Patient preparation

2. Sample volume

3. Methods

4. Results

5. Measurement uncertainty

6. Turnaround time
7. Clinical advice

8. Ethical problems

Important issue

Essential for particular tests
Limited, mainly in particular
patients (children, neonates, etc.)
Methods are adapted to sample size
In vitro diagnostics and

developed ‘‘in house”’

Results used for patient care and
subjected to three (technical, biological,
and nosological) validation levels
Related to analytical and biological
quality specifications

Extremely important

Appropriateness of test request.
Interpretation of results

Increasingly important

Not relevant

Sample size adapted to the method

Methods standardized according
to national and international
standards

Pure analytical results and related
measurement uncertainty

Related to analytical quality
specifications

Not relevant

Not relevant

Limited to ‘‘state-of-the-art’’

measurement

elements describe the scope of the standard and set out its
provisions that can be expressed as requirements,
recommendations, or statements.!”! Informative elements
can be preliminary or supplementary. Preliminary
elements are those that identify the document, introduce
its content, and explain its background, its development,
and its relationship with other documents. Supplemen-
tary elements provide information intended to assist with
the understanding or use of the document. In the
introduction, some essential concepts are explained.
Firstly, it declares that laboratory services ‘‘include
arrangements for requisition, patient preparation, patient

identification, collection of samples, transportation,
storage, processing and examination of clinical samples,
together with subsequent validation, interpretation,
reporting and advice, in addition to the considerations
of safety and ethics in medical laboratory work.”” A
second important statement is that a second edition of
the standard is anticipated, aimed at more closely
aligning it with a second edition of ISO/IEC 17025
and with ISO 9001:2000. This emphasizes well the view
of accreditation as a dynamic process and the nature of
standards as ‘‘a changing world.”” Scope, normative
references, and terms and definition are described in

Table 3 Main clauses and primary subclauses of ISO 15189

4. Management requirements
4.1 Organization and management
4.2 Quality management system
4.3  Document control
4.4 Review of contracts
4.5 Examination of referral laboratories
4.6 External services and supplies
4.7 Advisory services
4.8 Resolution of complaints
4.9 Identification and control of nonconformities
4.10 Correction action
4.11 Preventive action
4.12 Continual improvement
4.13  Quality and technical records
4.14 Internal audits
4.15 Management review

5. Technical requirement
5.1 Personnel
5.2 Accommodation and environmental equipment
5.3 Laboratory equipment
5.4 Preexamination procedures
5.5 Examination procedures
5.6 Assuring quality of examination procedures
5.7 Post-examination
5.8 Reporting of results
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clauses 1, 2, and 3, respectively. The most interesting
element in these clauses is represented by the definition
of medical laboratories that, in turn, represent the
structures to which the document is addressed. Medical
laboratory is defined as ‘‘laboratory for the biological,
microbiological, immunological, chemical, immunohae-
matological, haematological, biophysical, cytological,
pathological or other examination of materials derived
from the human body for the purpose of providing
information for the diagnosis, prevention and treatment
of disease in, or assessment of the health of, human
being, and which provide a consultant advisory service
covering all aspects of laboratory investigations includ-
ing the interpretation of results and advice on further
appropriate investigation.”” It is clear therefore that ISO
15189 should represent the International Standard for the
accreditation of all different types of medical laborato-
ries that operate in the field of laboratory medicine. The
main clauses and primary subclauses of ISO 15189 are
shown in Table 3.

Very interesting informative elements are finally
included in Annex B ‘‘Recommendations for protection
of laboratory information systems (LIS)’’ and in Annex C
““Ethics in laboratory medicine.”’

ACCREDITATION PROGRAMS

As well stated by David Burnett,[z] there are four essential
elements in any accreditation system and they are
described as:

1. The Standards with which a laboratory has to comply
in order to gain accreditation.

2. The accreditation body which oversees the assessment
and grants accreditation.

3. The assessors or inspectors who seek to establish
compliance with the standards by conducting the
assessment.

4. The user laboratory which is required to, or
voluntarily seeks to, comply with the standards by
being assessed.

An increasing consensus has been reached to recom-
mend the adoption of ISO 15189 as the standard of
choice for medical laboratories that seek to receive ac-
creditation. Professional organizations (CPA) have im-
mediately declared the acceptance of the new standards,
whereas some accreditation bodies have been reluctant
to adopt this standard, but at a recent General Assembly
of the International Laboratory Accreditation Coopera-
tion (http://www.ilac.org), endorsed by the European
Cooperation for Accreditation (EA), the value of ISO

15189 as an alternative to ISO/IEC 17025 for laboratory
accreditation has been established. A recent survey in
Europe and elsewhere indicates than an overwhelming
majority of accrediting bodies are choosing ISO 15189
as the International Standard against which to accredit
medical laboratories.

Regarding the accreditation body, ISO 15189 states
that °“...a laboratory seeking accreditation select an
accreditation body which operates to appropriate stand-
ards and which takes into account the particular require-
ments of medical laboratories.”” Therefore it can be a
specific accreditation body with formal links with existing
national accreditation bodies, a subbranch of the national
accreditation body, specifically directed to use ISO 15189
for the assessment of medical laboratories, or a profes-
sional organization (CPA in the United Kingdom,
CCKLTest in the Netherlands, APL in Italy).

One of the major duties of the accreditation body is to
take care of the education, training, retraining, and
assessment of inspectors. Different types of inspectors
exist: full-time ‘‘peers,”’ part-time ‘‘peers,”” and external
inspectors. The advantages and disadvantages of the
different types of inspectors have been described. Taking
into consideration the particular nature of ISO 15189,
inspectors should assure the evaluation of technical
competence in addition to assessment of the quality
system."?! Therefore, they have to demonstrate compe-
tence in laboratory medicine and, in particular, in all
sectors of activity of the inspected laboratory.

CONCLUSION

The availability of a standard or set of requirements
against which practice can be measured is essential in
order to create a harmonization of practice in any field of
endeavor, but in the case of medical laboratories, the need
for harmonization is central to the health and welfare of
the individual patient. Therefore the availability of ISO
15189 should promote the harmonization of different
accreditation programs for medical laboratories through
the adoption of this International Standard and a mutual
recognition between the organizers of different accredi-
tation programs.
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INTRODUCTION

The renin—angiotensin system (RAS) is a cascade of
enzymatic reactions that finally leads to the formation of
angiotensin II (Angll). The protease renin, which is
secreted by myoepithelial cells in renal afferent arterioles,
cleaves the decapeptide angiotensin I (Angl) from the
liver-derived polypeptide angiotensinogen (AGT). Angl
serves as a substrate for the dipeptidase angiotensin-
converting enzyme (ACE) which not only generates
the octapeptide Angll but also degrades vasodilators such
as bradykinin and kallidin. Because Angll is a potent
vasoconstrictor and sodium-retaining hormone, the acti-
vation of ACE is followed by an increase in blood
pressure. Therefore, ACE inhibitors are widely used in the
treatment of hypertension. They effectively lower blood
pressure, reduce cardiovascular events,!'! and reduce
morbidity and mortality in congestive heart failure.'*!
Furthermore, ACE inhibitors have proven superior to
other antihypertensive drugs in protecting kidney func-
tion,** and they are beneficial for the kidney even when
systemic blood pressure is normal.””’

The human ACE gene is located on chromosome
17q23. Exons 4-11 (coding for the N-terminal domain)
and 17-24 (coding for the C-terminal domain) of the ACE
gene are highly similar, both in size and in sequence,
implying that there has been a gene duplication event
during evolution. The two forms of ACE are transcribed
from the same gene using different promoters, located on
exon 1 and on intron 12.

ACE GENE POLYMORPHISMS

The most widely studied polymorphism of the ACE gene
is based on the presence (insertion, I) or absence
(deletion, D) of a 287-base-pair element in intron 16.19
Although the intraindividual plasma level of ACE is
rather stable, the prominent interindividual variation has
been linked to this I/D polymorphism,'® which accounts
for 47% of the phenotypic variance in healthy individ-
vals. It has been shown that Caucasian subjects with
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ACE-DD genotype have the highest, subjects with ID
genotype intermediate, and subjects with II genotype
have the lowest concentrations. These findings have
been confirmed in diverse populations including French
centenarians,!”’ Pima Indians,m and whites in the United
States."! However, they could not be replicated for
African-Americans, suggesting an important role for
ethnic background.'

The ACE gene I/D polymorphism genotyping method
originally published by Rigat et al.'®! results in a pref-
erential amplification of the D allele with a possible
mistyping of approximately 5% of ID heterozygotes as
DD homozygotes.''” One better technique is to use a
second pair of primers, which are located inside the
insertion-specific sequence as proposed by Lindpaintner
et al.'"% Another improved method has been published by
Evans et al.!''! and Ueda et al.""* They used a third primer
located in the insertion element that was added to the
reaction cocktail together with the first set of primers.
Addition of 5% DMSO and the application of a ‘‘hot-
start’” (i.e., initial heating at 95°C and using of wax
platelets in the PCR tubes) procedure highly improved the
specificity of the original protocol.

PHARMACOGENETIC IMPLICATIONS OF
ACE GENOTYPING: STUDIES IN
ESSENTIAL HYPERTENSION AND
CARDIOVASCULAR DISEASE

In patients with essential hypertension, the ACE gene
polymorphism and the response to treatment with ACE
inhibitors was subject to research in several clinical trials
(Table 1). Hingorani et al.'"*! and Dudley et al.""* could
not describe any correlation between blood pressure
response to an ACE inhibitor and ACE genotype in
individuals with essential hypertension. Nakano et al.l'>!
reported that blood pressure response to a single dose
of 50 mg captropril does not correlate with ACE geno-
type but rather with plasma renin activity. Stavroulakis
et al.'® showed that after treatment with fosinopril,
blood pressure reduction was significantly greater in DD
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Fig. 1 The renin—angiotensin—aldosteron system (RAS) and the role of the angiotensin-converting enzyme (ACE) with targets
for antihypertensive therapy (ACE inhibitors and AT1 antagonists). AT1 =angiotensin II type 1 receptor; AT2 =angiotensin II

type 2 receptor.

patients compared to ID or II individuals. On the
contrary, Ohmichi et al.''”! found that not only the
reduction in diastolic blood pressure was higher in II than
in ID or DD patients, but that the reduction in diastolic
blood pressure was inversely correlated with plasma
ACE activity as well. Sasaki et al.!'"® found that
regression of left ventricular hypertrophy and improve-
ment in diastolic filling induced by ACE inhibitor
therapy was more pronounced in the DD genotype group

than in the ID or II group. O’Toole et al.*”! investigated
the influence of the ACE genotype on the response to
ACE inhibitors in patients with heart failure. They found
a higher reduction in blood pressure in patients with
the II genotype than in the other groups. Interestingly,
this effect was only seen in patients treated with captopril
(25 mg t.d.s.) but not in those treated with lisinopril
(10 mg o.d.). In summary, the correlation between ACE
I/D gene polymorphism and the response to treatment

Table 1 Studies in patients with essential hypertension evaluating the response to ACE inhibitor therapy in relation to

ACE genotype

Reference Study drug

Phenotype

Positive effect in Il individuals
[17] Imidapril

[19] Lisinopril, captopril

Positive effect in DD individuals

[16] Fosinopril

[18] Enalapril

No effect of ACE genotype

[13] n.s.

[14] Atenolol, lisinopril, nifedipine SR
[15] Captopril

Reduction in blood pressure
Change in mean arterial pressure (captopril only)

Reduction in blood pressure
Regression of LVH and improvement in LVDF

Blood pressure response
Blood pressure response
Blood pressure response

LVH = left ventricular hypertrophy; LVDF = left ventricular diastolic filling; n.s. = not specified.
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with ACE inhibitors in cardiovascular disorders remains
highly controversial.

STUDIES IN RENAL DISEASE

The individual response to treatment with ACE inhibitors
is highly variable.'**! Therefore, several studies have been
conducted in which the efficacy of ACE inhibitor therapy
was studied in relation to ACE genotype in patients with
kidney diseases (Table 2). Yoshida et al.>!! studied the
response to ACE inhibitor therapy in 21 Japanese patients
with IgA-nephropathy, who were treated with lisinopril
(10 mg/day). After 4 years of therapy, only patients with
DD genotype showed a significant reduction in protein-
uria. These results were confirmed by Moriyama et al.[*?!
in patients with various renal diseases and by Ha et al.[**}
in patients with diabetic nephropathy. Those results are
also consistent with a study performed by Perna et al.!*¥
Proteinuria, change of glomerular filtration rate, and
progression to end-stage renal disease were effectively
reduced by treatment with ramipril in patients with the DD
genotype. Interestingly, ethnic background may play a
very important role as mentioned before, as three of the
four studies showing a more efficient reduction in

Table 2 Studies in patients with various renal diseases
evaluating the response to ACE inhibitor therapy in relation to
ACE genotype

Reference Study drug Phenotype

Improved effect of ACE inhibitor therapy in DD individuals

[21] Lisinopril Proteinuria
[22] n.s. Proteinuria
[23] n.s. Proteinuria
[24] Ramipril Loss of GFR

Improved effect of ACE inhibitor therapy in Il individuals

[25] Enalapril Loss of GFR

[26] Enalapril, Proteinuria
Losartan

[27] Enalapril Proteinuria

[28] Lisinopril Proteinuria

[29] Captopril Proteinuria

[30] Captopril Loss of GFR

No effect of ACE genotype on treatment response to

ACE inhibitor therapy

[31] Enalapril, Proteinuria
Lisinopril

[32] n.s. Proteinuria

[33] n.s. Proteinuria

n.s. = not specified; GFR = glomerular filtration rate.

proteinuria in DD individuals were performed in Asian
patients.[*!~%3

On the contrary, van Essen et a compared atenolol
and enalapril in 81 Caucasian patients with nondiabetic
renal disease. Patients with II and ID genotype showed
a significantly higher reduction in urinary protein
excretion than patients with DD genotype. These results
are consistent with studies performed by Gonzalo et al.”*®’
and by Haas et al.”” In the EURODIAB controlled trial
of lisinopril in insulin-dependent diabetes mellitus
(IDDM) (EUCLID),"! Penno et al.'*® reported the highest
increase in albumin excretion rate in II genotype patients
when treated with placebo. However, when treated with
lisinopril, patients with the II genotype showed the
slowest increase in albuminuria. These results in patients
with diabetic nephropathy were confirmed by Jacobsen
et al.'””®! In an observational follow-up study, patients
with IDDM and diabetic nephropathy were investigat-
ed during captopril treatment (12.5-150 mg/day).**! The
treatment effect on reduction in proteinuria was similar
in all genotype groups. Van der Kleij*"! studied the short-
term renal response to ACE inhibition in 61 patients
with nondiabetic renal disease and proteinuria >1 g/day.
Therapy consisted of either enalapril or lisinopril (10—
20 mg/day). The reduction of proteinuria by ACE inhi-
bition was not significantly different between the geno-
type groups, as has also been shown by Burg et al.”**! in a
prospective study and Bjorck et al.®¥ in retrospectively
analyzed data. In summary, as in the trials dealing with
essential hypertension, the correlation between ACE I/D
gene polymorphism and response to treatment with
ACE inhibitors in patients with renal diseases remains
highly controversial.

1.1231

CONCLUSION

Several questions regarding the clinical utility of ACE
genotyping remain unresolved. The clinical trials study-
ing the correlation of ACE genotype and response to
treatment with ACE inhibitors in patients with essential
hypertension or kidney disease do not give a clear
answer (Tables 1 and 2). Some of the studies have to be
dealt with great caution because of small patient numbers
and heterogeneous baseline characteristics. Even the
choice of ACE inhibitor might have influenced the
results of these clinical trials because it has been shown
that ACE inhibitors differ in their affinity to ACE.’¥
Finally, one has to consider if the ACE I/D polymor-
phism is the best of the hitherto described genetic
markers for pharmacogenomic studies, as its clinical
significance and its linkage to pathologies is still
controversial.'*>! Direct measurement of enzyme activity
may not only allow a better estimation of individual risk
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but provide a basis for more effective treatment with
ACE inhibitors as well.
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INTRODUCTION

Actinomyces species form part of the normal mucosal
flora of humans and many animals and are opportunist
pathogens involved in periodontal infections, soft tissue
abscesses, or actinomycosis. Management of established
actinomycosis usually demands surgical intervention and/
or long-term aggressive antimicrobial therapy. However,
clinical diagnosis and confirmation by microbiological
culture and conventional identification methods are each
notoriously problematical. In recent years, the application
of molecular techniques has greatly improved the
classification and identification of members of this genus.
In the future, direct detection of Actinomyces spp. in
clinical materials with specific DNA probes may over-
come many of the traditional clinical diagnostic problems.

ACTINOMYCES SPECIES
General Description

Actinomyces spp. are facultatively anaerobic gram-
positive bacilli that inhabit mucous membranes, particu-
larly those of the oral cavity, of humans and animals.'")
Cell and colony morphologies, aerotolerance, and growth
rates each vary considerably between species. At the time
of writing, the genus comprises some 29 species, 17 of
which have been classified since 1993 with the aid of
modern phylogenetic techniques. Recent studies indicate
heterogeneity within some species and the existence of
additional, as yet undescribed species.

Causative Agents of Actinomycosis

The principal agents of human actinomycosis are Actino-
myces israelii, Actinomyces gerencseriae, and the morpho-
logically similar Propionibacterium propionicum. The cells
of these species are filamentous, beaded, and branching
gram-positive rods. The organisms in vivo form character-
istic microcolonies with radiating filaments and clubbed
ends composed of both bacterial and host materials and
surrounded by neutrophils and foamy macrophages. In
wound exudates, microcolonies may be visible to the naked
eye as hard white or yellowish grains, commonly called
“‘sulphur granules.”” Actinomyces spp. are highly suscep-
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tible in vitro to a wide range of antimicrobial agents.
However, within microcolonies, the organisms are pro-
tected from the actions of these and of host defenses, and
this is thought to be a major pathogenicity factor. In the
laboratory, the above-named species may require up to 10
days of anaerobic incubation on a serum-containing me-
dium before characteristic white or beige ‘ ‘breadcrumb’’ or
““molar tooth’’ colonies are visible. Colonies may be very
gritty, pitting, and adherent to the agar. These growth
characteristics and the almost universal presence of con-
comitant organisms, commonly members of the oral flora,
can result in difficulties in laboratory isolation, identifica-
tion, and susceptibility testing.

Species Associated with Intraoral Diseases

Actinomyces spp. are early colonizers of various niches
within the oral cavity. Species commensal in the mouth
include A. israelii, A. gerencseriae, Actinomyces odonto-
lyticus, Actinomyces meyeri, Actinomyces naeslundii/
viscosus, Actinomyces georgiae and, probably, Actinomy-
ces graevenitzii. Some members of the genus, particularly
those of the A. naeslundii/viscosus complex, are known to
coaggregate with other bacteria and adhere to mammalian
cells by means of fimbriae. Consequently, they play an
important role in development of dental plaque. However,
despite numerous studies, their roles in the highly com-
plex processes of dental caries and periodontal diseases
remain somewhat controversial. The recently described
species Actinomyces radicidentis has been isolated, so far,
only from infected root canals.

Other Species

The natural habitats, prevalence, and clinical significance
of many recently described Actinomyces spp. have yet to
be established. For the majority of these species, few
isolates have been studied to date. However, it appears
that species including Actinomyces turicensis, Actinomy-
ces radingae, Actinomyces europaeus, Actinomyces fun-
kei, Actinomyces neuii, and Actinomyces urogenitalis are
principally involved in polymicrobial, superficial soft
tissue infections in humans but do not cause actinomyco-
sis. Natural habitats may include the genitourinary and
gastrointestinal tracts and lipid-rich areas of the skin. The
cell and colony morphologies of these species can be
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described as ‘‘nondescript’”” and may not resemble the
well-known forms of the classical Actinomyces spp.
Therefore, they may be easily overlooked in mixed
cultures and, consequently, are probably underreported
in clinical specimens.

CLINICAL FEATURES OF ACTINOMYCOSIS

Actinomycosis is a chronic suppurating disease, charac-
terized by cavitating abscess formation and, in the
advanced stages, by draining sinus tracts and considera-
ble tissue damage. The disease affects principally the
cervicofacial region. Thoracic, abdominal, and pelvic in-
fections occur less frequently but may result in serious,
occasionally life-threatening disease.!'! Onset is insidious,
early symptoms may be vague, and clinical diagnosis is
often difficult until overt signs appear. The medical lit-
erature abounds with cases of actinomycosis mistakenly
diagnosed as tuberculosis or carcinoma, many of which
were correctly diagnosed by histological methods only
after surgery. Other sites of infection include the brain,
lungs, and hepatic abscess. In cases of lacrimal cana-
liculitis, the tear duct becomes blocked by concretions of
Actinomyces or P. propionicum and associated flora.
Disease of the long bones or joints is rare but may be
extremely debilitating, widely disseminated, and intracta-
ble. Carriage of Actinomyces spp. is strongly associated
with intrauterine contraceptive devices (IUCDs) and may
progress to pelvic infection.

PREVALENCE

In developed countries, advanced cases of cervicofacial
actinomycosis are rare. The incidence of lesser infections
and actinomycosis of other sites is difficult to ascertain
but may be greatly underreported. The risk of pelvic
actinomycosis arising from [UCD usage has remained
controversial since the 1980s when the association of
Actinomyces spp. was first discovered. However, carriage
rates averaging 20% in millions of women using IUCDs
and few reported cases of disease suggest that Actinomy-
ces spp. are rare opportunist pathogens. Conversely,
periodontal diseases are widespread in the developed
world and Actinomyces spp. may play important roles in
their development.

PATIENT MANAGEMENT

In simple, promptly diagnosed actinomycotic infections
such as dental abscesses following surgery, a short course
of antimicrobial therapy may be curative. Actinomyces
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spp. are highly susceptible to a wide range of agents and
the pharmacokinetics of penicillin has made this the drug
of choice. Various other agents may be used in penicillin-
allergic patients, or where broad-spectrum cover for
concomitant organisms is required. In advanced cases of
actinomycosis, surgical debridement (ranging from drain-
age of abscesses to removal of major organs) together
with long-term (for months or years) antimicrobial
therapy and careful monitoring of signs and symptoms
may be necessary to effect a cure. Relapses are not
infrequent. In cases of lacrimal canaliculitis, manipulation
or incision to remove the physical blockage and systemic
antimicrobial therapy may be necessary.

Patients with IUCDs should be made aware of the
symptoms of pelvic inflammatory disease and advised
to consult their doctor if these arise. Asymptomatic
patients should be monitored regularly and IUCDs
replaced as recommended.

MOLECULAR CHARACTERIZATION
Classification

In common with many other genera, the classification of
Actinomyces has been revolutionized by the application of
16S rRNA nucleotide sequence analysis. Early results
were obtained by laborious reverse transcriptase meth-
ods.?! However, rapid advances in DNA amplification,
sequencing techniques, and data analysis software enabled
the comprehensive phylogenetic analysis of the genus."!
As a result, some former Actinomyces species have been
transferred to other genera (e.g., Arcanobacterium pyo-
genes) and some novel genera (e.g., Actinobaculum,
Varibaculum) and a plethora of novel species have
been described. These include, from human sources,
A. radingae, A. turicensis, A. europaeus, A. graevenitzii,
A. radicidentis, A. urogenitalis, A. funkei, and Actinomy-
ces cardiffensis. Additional novel species are indicated
both from organisms cultivated from clinical materials'
and from uncultivated clones.”>® Furthermore, these and
other studies have demonstrated extensive genetic hetero-
geneity within strains currently assigned to the A.
naeslundiilviscosus complex and, to a lesser extent, within
A. israelii, A. odontolyticus, and some other species.

The robustness of current classification is ensured by
the use of a polyphasic taxonomic approach, whereby
phylogenetic divisions are supported by those derived
from chemotaxonomic markers and phenotypic character-
istics. Determination of cell wall sugars and amino acids,
fatty acids, phospholipids, and menaquinones, and whole-
cell protein profiling by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) has been
utilized. Collectively, these analyses indicate that the
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genus Actinomyces represents at least three separate
genera, as yet to be formally classified.!”}

Many clinicians and clinical microbiologists view
taxonomic revisions as purely academic exercises—at
best, irrelevant, and, at worst, confusing. However, a
robust and discriminatory classification system, coupled
with reliable means of identification, is a prerequisite for a
meaningful analysis of prevalence, habitats, clinical
associations, and potential pathogenicity of microorga-
nisms. In addition, knowledge of genetic specificity and
diversity within target species is essential for the
development of DNA probes for direct detection of
pathogens in clinical materials.

Identification

Identification by genotypic methods is particularly
valuable for organisms such as Actinomyces spp., which
are poorly differentiated in conventional biochemical or
serological tests. Species-specific oligonucleotide probes
targeting ribosomal DNA have been developed both for
identification of cultivars and for direct detection, but
their value has been limited by the high degrees of
intraspecies genetic diversity occurring within Actinomy-
ces spp.®! Conversely, amplified rDNA restriction
analysis [ARDRA or polymerase chain reaction restric-
tion fragment length polymorphism (PCR-RFLP)] has
proved to be a highly discriminatory, practical, and cost-
effective method for differentiation of Actinomyces and
other facultatively anaerobic gram-positive bacilli to the
species or subspecies levels. In two small studies, the
restriction endonuclease Mnll was recommended.”'"}
However, in studies of over 600 clinical and some
veterinary isolates, banding patterns obtained from
separate digestions by Haelll and Hpall were ana-
lyzed.!'"'?) Neither enzyme alone was sufficiently
discriminatory, but, in combination, differentiated all
currently recognized Actinomyces, Arcanobacterium, and
Actinobaculum spp., some to subspecies level, and many
Propionibacterium, Lactobacillus, Bifidobacterium,
Gardnerella, Mobiluncus, and Eubacterium spp. Results
correlated well with those obtained by conventional
methods, but the latter lacked discrimination. Several
recently described species (e.g., A. funkei, A. urogenita-
lis) were recognized as being distinct from existing
species prior to their formal description by other workers,
and a number of novel species, including A. cardiffensis,
were detected. This method is now used routinely at the
Anaerobe Reference Laboratory of the National Public
Health Service for Wales for identification of nonsporing
gram-positive bacilli referred from throughout the UK.
Unfortunately, although only basic molecular expertise
and equipment are necessary to perform this method, it

Actinomyces spp.

remains impractical for use in the clinical laboratory for
identification of occasional isolates.

Methods for PCR-RFLP and 16S rDNA
Sequencing of Actinomyces Isolates

When an adequate and pure growth of the isolate has been
cultured, genomic DNA may be extracted without the
need for noxious chemicals or complex procedures. Boil a
1 pL loopful of the organism in 100 pL of Chelex resin
(5%) for 8-10 min. Centrifuge at 13,000 rpm for 10 min.
Use the supernate as target DNA. The almost complete
16S rRNA gene is amplified by PCR using ‘‘universal’’
primers pA (sequence AGAGTTTGATCCTGGCTCAG)
and pH (AAGGAGGTGATCCAGCCGCA) in 45 pL of
reaction mixture containing 1 U of Tagq polymerase, each
deoxynucleoside triphosphate at 200 mM, 20 pmol of each
primer, 2.25 mM magnesium chloride, 10 mM Tris—HCI,
50 mM KCl, 0.1% Triton X-100, and 5 pL of target DNA.
For amplification, denature at 92°C for 2 min, anneal at
55°C for 1 min, and extend at 72°C for 1.5 min x 30 cycles
with final extension for 5 min. Confirm the specific
product of approximately 1600 bp by electrophoresis in
1% agarose using an appropriate molecular size marker.
For DNA sequencing, purify the amplicon in a commer-
cial PCR purification kit and proceed using a standard Taq
dye-deoxy terminator sequencing kit and appropriate
primers. For identification by PCR-RFLP, no purification
step is necessary. Perform restriction endonuclease
digestion by mixing 12.5 pL of PCR product with 1 pL
of Haelll or Hpall (10 U/uL) and 1.5 pL of matched
incubation buffer. Mix and incubate at 37°C for 1.5-2 hr.
Add 3 pL of loading buffer to the reaction mix and
electrophorese 12 pl. of sample in a 3.5% Metaphor
agarose gel in TAE buffer with ethidium bromide (0.5 pg/
mL) at 5 V/cm for 1.75 hr. Run appropriate size markers
(e.g., 2 kb; Sigma, Poole, UK) at intervals alongside
samples. Destain the gel in deionized water for 10 min and
visualize under UV illumination. Analyze banding
patterns by visual comparison with those of reference
strains or, preferably, in a software package such as
GelCompar (Applied Maths, Kortrijk, Belgium).!'!!

Molecular Detection from Clinical Material

To date, direct detection of Actinomyces spp. has been
applied principally to investigations of their roles in
intraoral diseases. In a study of the microbial composition
of supragingival and subgingival plaques in subjects with
adult periodontitis, Ximénez-Fyvie et al."*! used whole
genomic DNA probes and checkerboard DNA-DNA
hybridization as described by Socransky et al.l'*! to detect
the presence and levels of 40 bacterial taxa including
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A. israelii, A. gerencseriae, A. naeslundii genospecies 1
and 2, and A. odontolyticus. Actinomyces spp. were the
most prevalent of the 40 taxa in both supragingival and
subgingival habitats, and higher counts were detected in
supragingival sites.

Extensive studies designed to detect both cultivable
and noncultivable bacteria, including novel taxa, have
utilized PCR with all-bacterial or selective primers,
followed by cloning in Escherichia coli and sequencing
of clones. Together with checkerboard DNA-DNA
hybridization for selected taxa, this method has been used
to determine species identity for the investigation of
bacterial diversity in subgingival plaque™ and tongue
dorsa'® and species associated with childhood caries.!'!
Among the large numbers of novel phylotypes detected
in these studies, several Actinomyces spp.-like clones
were recognized. A. naeslundii and A. naeslundii-like
clones and A. gerencseriae were detected in cases of
refractory periodontitis and in healthy subjects. A. israelii
and A. georgiae were detected in healthy subjects and
A. odontolyticus was associated with refractory peri-
odontitis. In the study of childhood caries, it was
concluded that A. gerencseriae and other Actinomyces
spp. may play an important role in caries initiation.

The wide genetic diversity apparent within Actinomy-
ces spp. and particularly in the A. naeslundiilviscosus
complex has hindered the development of specific ribo-
probes for detection of pathogenic Actinomyces in clinical
specimens. Furthermore, such diversity indicates that
where investigations of pathogenicity factors, adherence,
etc. are based on only one or a small number of strains,
results should be treated with caution as these may not be
representative of the whole population.

To overcome problems of low sensitivity of specific
riboprobes, Kiyama et al.''! targeted a 756-bp Actinomy-
ces-specific fragment of the sialidase gene. As sialidase
activity facilitates adherence to buccal epithelial and other
mammalian cells, the presence of this gene is relevant to
bacteria associated with periodontal disease. The specific
DNA fragment was amplified by PCR prior to hybridiza-
tion with a digoxigenin-labeled probe. Universal detection
of a 625-bp highly conserved region of the 16S rRNA
gene acted as a control of the method, and it was found to
be highly sensitive and specific for the members of the A.
viscosus/naeslundii complex examined.

CONCLUSION

The application of modern genotypic methods has greatly
clarified the phylogenetic status of members of the genus
Actinomyces and has led to the recognition of many
additional species and subspecies. Identification of
Actinomyces spp. by PCR-RFLP with endonucleases
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Haelll and Hpall has proved to be a highly discriminatory
method, far superior to conventional biochemical tests.
PCR-RFLP is practical for testing small batches of clinical
isolates in the reference laboratory setting. Resulting
data will further aid the establishment of the natural
habitats, prevalence, and clinical significance of Actino-
myces spp. Meanwhile, in the field of oral microbiological
research, the use of cloning, sequencing, and DNA-DNA
hybridization continues to increase the knowledge of
the bacterial components of specific oral niches and to
aid in the elucidation of the complex etiology of peri-
odontal diseases.

The laboratory cultivation of Actinomyces spp. from
clinical material remains problematical. The direct
detection of the causative agents of actinomycosis, ideal-
ly from histological sections as well as microbiological
specimens, could greatly improve early diagnosis and
patient management. At present, success in this has been
limited, principally due to intraspecies genetic heteroge-
neity. Clearly, this is an area that warrants further research
and development.
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INTRODUCTION

Leukemia is a neoplastic proliferation of hematopoietic
cells. Leukemia can be classified as either myelocytic
(myeloid) or lymphocytic (lymphoid) depending on the
lineage of the leukemic cells. Leukemia can also be either
chronic or acute, depending on the clinical course and
on the predominant maturational stage of the malignant
clone. In this article, we will focus our discussion on acute
myelocytic (myeloid) leukemia (AML), the most common
acute leukemia found in adults.

Until recently, the leukemias have been classified
using a system proposed by the French—American—British
(FAB) Cooperative Group. Under this system, eight sub-
groups (MO to M7) have been defined for AML and three
subgroups have been designated for the acute lympho-
cytic leukemias (ALL). This classification also includes
the myelodysplastic syndromes (MDS) and the myelo-
proliferative diseases (MPD). The former category
includes the following five subgroups: refractory anemia
(RA), refractory anemia with ringed sideroblasts (RARS),
refractory anemia with excess blasts (RAEB), refractory
anemia with excess blasts in transformation (RAEBT),
and chronic myelomonocytic leukemia (CMMoL). The
MPDs include chronic myelogenous leukemia (CML),
polycythemia vera (PV), essential thrombocythemia (ET),
and myelofibrosis with myeloid metaplasia (MMM). The
above classification was established on the basis of
morphological, cytochemical, and immunological param-
eters. Several of the above disease entities are more or less
associated with specific chromosomal rearrangements,
selected examples of which are given in Fig. 1, courtesy of
Dr. J. Anastasi.

Although the FAB system has served as the gold
standard for classification of malignant hematological
diseases for a number of years, cancer centers are
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increasingly adopting the system proposed by the World
Health Organization (WHO), as further discussed below.

THE WHO CLASSIFICATION OF LEUKEMIAS
Harris et al.''l reported the WHO classification of neo-
plastic diseases of the hematopoietic and lymphoid tis-
sues in 1999. This system modifies and incorporates the
Revised European—American Lymphoma (REAL) clas-
sification™ and extends the principles underlying that
schema to the classification of myeloid diseases. Like
the REAL system, the WHO system attempts to clas-
sify neoplastic lymphohematopoietic diseases into dis-
crete entities with unique clinico-biological features. In
this way, the WHO classification is a conceptual improve-
ment over the FAB classification,”™® which primarily
relied on morphological criteria.

To divide the lymphohematopoietic neoplasms into
clinically relevant and biologically discrete entities,
multiple diagnostic modalities are employed in the
WHO system, including morphology, immunophenotype,
clinical history, and cytogenetic abnormalities. With
respect to cytogenetic and fluorescent in situ hybridization
(FISH) evaluations of AML, the WHO classification has
significantly upgraded the role of these modalities in
diagnosis, prognosis, and relevance to treatment decisions.
Within the acute leukemias, the major WHO categories
include therapy-related AML-MDS, AML with multi-
lineage dysplasia, and AMLs with recurrent cytogenetic
translocations in addition to AML not otherwise catego-
rized.!"! Thus cytogenetic data define one major group of
AMLs. The delineation of specific cytogenetic diseases
owes much to studies showing that cytogenetics could
predict response to therapy'’'!! and therefore could be
used to make treatment decisions.”'*!
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Fig. 1 Selected examples of specific chromosomal rearrangements associated with different AML subtypes. (From Ref. [18].)

CONVENTIONAL CYTOGENETICS IN
DETECTING RECURRING
CHROMOSOMAL ABNORMALITIES IN
HEMATOPOIETIC DISORDERS

Conventional cytogenetic analysis using G-banding is a
powerful technique that enables one to gain a complete
picture of the human genome at a glance (Fig. 2). Bone
marrow is the tissue of choice for conventional cytoge-
netic studies of acquired chromosomal abnormalities in
most hematological conditions. Nevertheless, a stimulated
culture of peripheral blood is sometimes performed

besides an unstimulated culture of the bone marrow to
ascertain whether an observed chromosomal abnormality,
when present in all sampled cells, is constitutional in
origin '3

The first consistent acquired chromosomal abnormality
that was associated with a single cancer type, CML, was
described by Nowell and Hungerford.">! The marker
chromosome, named the Philadelphia (Phl) chromosome,
in honor of the city where it was discovered, was later
found by Rowley!'® to be a reciprocal translocation
between chromosomes 9 and 22 using the G-banding
technique. This translocation, in which the c-abl oncogene
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Fig. 2 A normal G-banded male diploid karyotype. [Courtesy of Cytogenetics Department (Dr. H.F.L. Mark, Director), Presbyterian

Laboratory Services, Charlotte, North Carolina.]

on 9q34 is fused to the breakpoint cluster region (bcr)
locus on chromosome 22, results in a hybrid gene. Sub-
sequently, this gene produces a fusion protein with in-
creased tyrosine kinase activity and eventually leads to
myeloid cell transformation. Figure 3 is a simplified illus-
tration of the structural chromosomal rearrangement
giving rise to the Philadelphia translocation. It is given
special attention here because this reciprocal transloca-
tion mechanism was subsequently found to be a com-
mon theme: Many of the other structural chromosomal

K _N, 22q11.2 x
9g34

9 22 der(9) der(22)

Fig. 3 A simplified illustration of the structural chromosomal
rearrangement giving rise to the Philadelphia translocation.
Der(22) denotes the Philadelphia chromosome. Chromosomes

are not necessarily drawn to scale.

abnormalities found in acute myelocytic leukemia can be
explained by the same or similar paradigm. Because of
space limitations, the detailed breakage and reunion
events leading to the common translocations encountered
in the various AML subtypes will not be repeated here.
Instead, the reader is referred to the figures provided in the
products (probes) section of the Vysis website,"'”! as well
as in a review by Anastasi and Roulston."'®! Selected
examples of the common chromosomal translocations
encountered in AML are given in Fig. 1.

Many patients with AML have characteristic recur-
ring chromosomal abnormalities that were detectable in
metaphase preparations by conventional cytogenetics,
even before the advent of fluorescent (or fluorescence)
in situ hybridization (FISH). FISH is a powerful technique
for detecting both numerical and structural cytogenetic
abnormalities in nondividing (interphase) as well as
dividing (metaphase) cells. On the other hand, conven-
tional cytogenetics can only be performed when the
mitotic index is within acceptable limits (i.e., when there
is a sufficient number of metaphases to complete a mean-
ingful analysis). Another advantage of FISH is that a
large number of cells can readily be scored using the
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technique, whereas metaphase cytogenetic analysis is
cumbersome and labor intensive when analyzing beyond
the standard number of cells.!'>19-22

FLUORESCENT IN SITU
HYBRIDIZATION (FISH)

FISH is a molecular cytogenetic technique that enables the
detection of a probe that binds to homologous sequences
on a chromosome that is fixed on a glass slide. FISH can
be performed on a variety of specimen types such as
peripheral blood, bone marrow, and pathological sec-
tions.'*** Probes used for FISH for cancer applications
are most commonly locus-specific DNA probes or alpha-
satellite centromere enumeration probes, or a combination
of both. The different types of FISH probes and their
applications are extensively discussed elsewhere.[*327)

The technical steps involved in performing FISH
are similar to nonfluorescent in situ hybridization
techniques. Figure 4 depicts a simplified FISH procedure
used in many clinical and research cytogenetic laborato-
ries, whereas Fig. 5 is a simplified schematic representa-
tion of the detection of the Philadelphia translocation
using FISH. This translocation, characteristic of CML, is
used here as an example to illustrate the utility of FISH.
Variations of the same basic paradigm enable the detection
of most structural chromosomal rearrangements com-
monly found in AML and other hematopoietic disorders.
Other details associated with the principles and techniques
of FISH were described by Blancato and Haddad.”*”
Research and clinical applications of FISH in cancer
cytogenetics include detection of numerical chromosomal
abnormalities (aneuploidies), structural chromosomal
abnormalities such as translocations, inversions, deletions,
duplications, isochromosomes, derivative chromosomes,
dicentrics, rings, acentrics, double minutes, amplifications
and marker chromosome identification.”®>° FISH is
especially useful in studying a large number of non-
dividing cells for the determination of clonality, particu-
larly in suboptimal cancer preparations where the mitotic
index is low.1*"! Additional applications have been sum-
marized elsewhere.”””! Examples of clinical applications
of FISH to detect chromosomal abnormalities in AML are
further discussed below.

CLINICAL UTILITY OF FISH DETECTION OF
RECURRING NUMERICAL AND STRUCTURAL
CHROMOSOMAL ABNORMALITIES IN ACUTE
MYELOID LEUKEMIA

The convention established by the Fourth International
Workshop on Chromosomes in Leukemia**! serves as the

basis for the definition of a clonal abnormality. In clinical
cytogenetics, the presence of two or more trisomic or
structurally rearranged cells, or three or more monosomic
cells, is considered clonal.”*! Following this criterion, a
number of recurring clonal cytogenetic abnormalities have
been identified in AML based on G-banded studies alone.
Selected chromosomal abnormalities found in AML are
given in Table 1. The reader is referred to Refs. [6,18] for
details and more in-depth discussions.

There are three areas in which FISH is particular-
ly useful in the management of myeloid disease. Per-
haps most importantly, FISH is an important part of
the diagnostic workup of myeloid malignancy. As noted
above, the presence or absence of specific recurrent
cytogenetic abnormalities has a major impact on the
treatment of AML. Cytogenetically occult lesions,
detectable only by FISH, are known to occur,”?! and
these could potentially dictate the difference between
hematopoietic stem cell transplantation and simple
consolidation chemotherapy as postinduction treatment.
Moreover, the choice of postinduction chemotherapy is
to some extent influenced by cytogenetics, because high-
dose cytarabine has been shown to be most effective in
the setting of core-binding factor mutations, detected
cytogenetically as t(8;21) and inv(16)/t(16;16) chromo-
some rearrangements.*" In these diseases, high-dose
cytarabine is more strongly indicated than in other types
of AML.™!

Because FISH and traditional cytogenetic banding
techniques can have discrepant results,**33-%371 it ig
important to consider both techniques in the initial
cytogenetic assessment of AML. Consideration of the
strengths and weaknesses of both cytogenetic techniques
(FISH and conventional G-banding) makes it clear how
these two assays are complementary in the diagnosis of
AML. While FISH has the advantage of being able to
evaluate many more cells than conventional cytogenetics,
it has the requirement of a prior determination of
suspected cytogenetic abnormalities for which one will
probe. Because the number of reported cytogenetic
abnormalities in AML is large, one cannot search for all
such abnormalities at once. In practice, specific FISH
probes can be used when the clinical situation and/or
morphological criteria suggest specific abnormalities. For
example, an FAB diagnosis of acute monocytic leukemia
with bone marrow eosinophilia should prompt one to
FISH for chromosomes 8, 21, and 16. Acute myeloid
leukemia arising after an antecedent hematological
disorder should be evaluated with FISH for chromosomes
5,7, and g.37

FISH is equally important in follow-up of patients
treated with either transplant or chemotherapy.”® For
patients relapsing from standard dose consolidation
chemotherapy, high-dose antineoplastic therapy with
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Fig. 4 A simplified illustration of the FISH protocol. (From Ref. [25].)

allogeneic hematopoietic stem cell transplantation is the
only known curative modality. Because transplantation is
most successful when the disease burden is low, and
because FISH is, in general, a more sensitive test than
standard cytogenetics, FISH should be a standard part of

posttreatment monitoring in all patients with a history of
AML with known cytogenetic abnormalities.

In the posttransplant setting, donor lymphocyte infu-
sion (DLI) can be considered to treat relapsed disease.
Although this therapy is most useful in CML, it has been
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No FISH signal overlap, indicating
negative gene fusion results

FISH signal overlap, indicating
positive gene fusion results
(i.e., a chromosomal translocation)

Fig. 5 A simplified schematic representation of the detection
of a fusion gene resulting from a translocation using FISH.
Variations of the same basic paradigm enable the detection of
most structural chromosomal rearrangements commonly found
in AML and other hematopoietic disorders.

used in AML as well, wherein, again, treatment with the
smallest possible disease burden is felt to be the most
likely to succeed. As for postchemotherapy follow-up,
cytogenetics and FISH should be standard posttransplant
follow-up for all patients with a history of AML with
known cytogenetic abnormalities.

There is an additional use for FISH in the posttrans-
plant setting. Because a goal of hematopoietic stem cell
transplantation is to completely replace the host’s diseased
marrow with donor marrow, it is important to demonstrate
that this has in fact happened. Donor-host chimerism can
be followed by several methods, some of which are labor
intensive. In the case in which the donor and host are of
opposite sexes, FISH for the X and Y chromosomes can be
used to efficiently monitor for persistence, recurrence, or
disappearance of host hematopoiesis. This becomes
particularly important with the recent development of
nonmyeloablative preparative regimens and reduced
intensity transplants. Using these strategies, conversion
to complete donor chimerism can take up to several
months, and DLI may be given simply for persistent host
chimerism. In such a clinical setting, an accurate
assessment of the levels of donor and host chimerism is
crucial and is most simply performed, if the donor and
host are sex-mismatched, by FISH.

Finally, one word of caution needs to be mentioned.
FISH alone, while more sensitive than conventional
cytogenetics, is not a replacement for the standard assay.
A clinical error is to order FISH for known chromosomal
abnormalities without conventional cytogenetics. This

Table 1 Selected recurrent chromosomal abnormalities found in AML

Selected chromosomal abnormalities

Selected genetic loci Prognostic significance

inv(3)(q21q26), t(3;3)(q21;926), ins(3;3)(q26;q21q26)
Trisomy 4

Monosomy 5 or del(5q)

€(6:9)(p23:q34)

t(6;11)(q27;q23)

Monosomy 7 or del(7q)

Trisomy 8

1(8;21)(q22;922)

Trisomy 9

€(9:11)(p22:923)

Trisomy 10

Trisomy 11

11923 rearrangements

Trisomy 13

t(15;17)(q22;q11.2)

inv(16)(p13q22), t(16;16)(p13:;q22), del(16)(q22)
del(20q)

Trisomy 21

Trisomy 22

Trisomy X

-Y

No chromosomal abnormalities (normal cytogenetics)
Complex karyotype

Intermediate
Intermediate
Poor®
Intermediate
Intermediate
Poor
Poor
AMLI/ETO Good
Intermediate
Intermediate
Intermediate
Intermediate
MLL Intermediate
Intermediate
PML/RARA Good
CBFB/MYHI1 Good
Intermediate
Intermediate
Intermediate
Intermediate
Intermediate
Intermediate
Poor

Selected translocations in AML amenable to FISH detection are given in Fig. 1.
#Should not be confused with the so-called ‘‘5g-"’ chromosome. The latter abnormality, when part of the ‘‘5q-’" syndrome, carries a

good prognosis.
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will, of course, fail to detect potentially new diagnostic
chromosomal abnormalities, thus missing the opportunity
for early intervention in the setting of recurrent disease
prior to hematological relapse.

CONCLUSION

Cytogenetic analysis of chromosomes in cancer has been
exploited as a powerful diagnostic tool, as a means of
gaining prognostic information, and as a means of
identifying markers for the malignant clone useful in
follow-up."®! Despite the fact that the exact pathogenetic
significance of many chromosomal abnormalities is still
unknown and that many questions still remain unanswered
although clinical cytogenetics has become a formally
recognized scientific and medical specialty, cancer
cytogenetics has become established as a routine part of
the management of patients with leukemia, from diagnosis
and prognosis, through treatment, remission, relapse,
transplant, and posttransplantation care. In the not-too-
distant future, an exact identification of breakpoints and
gene loci involved in most, if not all, structural chro-
mosomal abnormalities implicated in cancer should be
possible. This will lead to the development and applica-
tion of more precisely targeted antineoplastic therapy
predicated by the results of FISH.
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Adeno-Associated Viral Vectors
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INTRODUCTION

Adeno-associated virus (AAV) vectors have several
advantageous features as gene delivery vehicles. Adeno-
associated virus does not cause disease or malignancy in
any animal species. Adeno-associated virus vectors do not
contain viral genes that could elicit undesirable cellular
immune responses and appear not to induce inflammatory
responses. Adeno-associated virus vectors can mediate
long-term gene expression when administered in vivo.
They may be best suited for infrequent delivery so that
any potential host antibody response to the AAV capsid
protein may be less inhibitory. An AAV vector has
progressed to phase II trials in cystic fibrosis patients and
other AAV vectors have now entered phase I trials for
several other clinical indications. The earlier work on
AAYV vectors and all the current clinical trials used AAV
serotype 2 as a prototype. Expanded understanding of
AAV biology and other serotypes likely will lead to many
more clinical applications of AAV gene therapies in the
next several years. Several extensive reviews of the
literature are available.

ADENO-ASSOCIATED VIRUS

Adeno-associated virus is a small, DNA-containing
parvovirus that has been isolated from humans and other
animal species.!'™ Several serotypes of AAV have been
isolated from humans and nonhuman primates.!"*! Adeno-
associated virus is defective and replicates only in host
cell nuclei when certain functions are provided by a
coinfecting helper adenovirus (Ad) or herpesvirus.!"* The
mechanism of the helper function is not clearly defined
but only a limited set of adenovirus genes, E1, E2A, E4,
and the VA RNA are required.!"! Adeno-associated virus
has a broad host range but the efficiency of transduction
with AAV vectors of different serotypes varies because of
differences in cell receptors utilized for entry, cellular
trafficking of AAV particles, and uncoating of the viral
genome in the cell nucleus. For AAV to replicate, or to
function as a gene delivery vehicle, the uncoated single-
stranded DNA genome must be converted to a double-
stranded molecule to permit transcription and gene
expression. Adeno-associated virus infection of cultured
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cell lines in the absence of helper functions results in
persistence of the viral genome as a latent provirus which
exhibits a high preference for integration at a specific
region on human chromosome 19, but the efficiency and
specificity of this process are mediated by the AAV rep
gene.'” Adeno-associated virus vectors have no rep gene
and do not integrate efficiently."!

Adeno-associated virus particles are stable to heat and
withstand robust purification procedures. Each particle
has a protein coat and contains one linear, single-
stranded DNA genome, but equal numbers of AAV
particles contain a strand of either ‘‘plus’” or ‘‘minus’’
complementary sense, and both types of particle are
equally infectious. The AAV2 DNAM has one copy of
the 145-nucleotide-long inverted terminal repeat (ITR) at
each end enclosing two open reading frames for the rep
gene and cap gene, respectively. The ITR sequences
provide cis-acting functions for replication and encapsi-
dation. The family of four rep proteins, Rep78, Rep68,
Rep52, and Rep40, and the family of the three capsid
proteins, VP1, VP2, and VP3, provide trans-acting
functions for replication and encapsidation. In the
presence of a helper such as adenovirus'?! the AAV
single-strand genome is converted to a duplex replicating
form (RF) then amplified to a large pool of progeny RF
molecules that are precursors to encapsidated progeny
genomes. In a single growth cycle of several days, AAV
may yield in excess of 100,000 particles per cell. This
large burst size is important for high specific productivity
in vector production.

Design and Production of AAV Vectors

Adeno-associated virus vector production was enabled by
the molecular cloning of double-strand AAV DNA into
bacterial plasmids followed by transfection into helper
virus-infected mammalian cells."'"®! This results in
replication of the AAV genome free of any plasmid
sequence to yield AAV particles. For AAV vector
construction, the cis-acting ITR sequences must be
retained and the unique sequence is replaced with foreign
DNA."®! There is a limit of about 5 kb of DNA that can
be packaged in an AAV vector particle. Production of
AAYV vectors in host cells can be accomplished entirely by
DNA transfection-based methods or by cell-based systems
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that do not require DNA transfection.!"*! Both approaches
can give a specific productivity in excess of 10* vector
particles per cell, but the cell-based systems may be more
amenable to scale-up for commercial production.

In DNA transfection-based systems, human 293 cells
are transfected with DNA plasmids containing the AAV
vector cassette, the rep and cap genes, and the adenovirus
E2A, E4, and VA genes. Alternatively, stable producer
cell lines that contain the rep and cap complementing
genes and the vector genome are infected with Ad.
Producer cell lines are readily scalable AAV, but a new
producer cell line must be generated for each individual
AAV vector. A third approach uses a packaging cell line
containing a rep—cap gene cassette that is then coinfected
with an Ad/AAV hybrid virus, which is an E1 gene-
deleted Ad containing the AAV-ITR vector cassette, and
Ad to provide El. After infection, the rep—cap genes, the
AAV-ITR cassette is amplified and packaged into AAV
particles. The same packaging cell line can be used for
production of different AAV vectors simply by changing
the Ad/AAV hybrid virus. Variations of these methods use
herpes simplex virus (HSV) in the production of AAV
vectors by utilizing a hybrid virus in which the AAV rep—
cap genes were inserted into the HSV genome. Insect cells
may be used with baculovirus vectors containing rep—cap
gene cassettes or the AAV-ITR vector cassette to produce
AAV vectors. Adeno-associated virus vector purification
is generally accomplished by chromatographic methods,
including ion exchange and affinity resins."! Adeno-
associated virus vector amounts and concentrations are
measured by the number of vector genomes that are
encapsidated, and thus protected from digestion by
DNAse, and are expressed in units of DNAse-resistant
particles (DRP).

AAV Vector Genome Metabolism

A complex pathway of events!'! impact the function of
AAYV vectors such as the availability of specific cell-
surface receptors, cellular trafficking, and potential
diversion of AAV particles into a ubiquitin-mediated
proteosome degradation pathway, and delay in uncoating
in the cell nucleus. The uncoated single-strand genome
must be converted to a duplex molecule. Following this, a
succession of additional events result in the vector
genome being converted into larger, mostly circular
concatemeric molecules.

Single-strand to double-strand conversion step may be
rate-limiting, but this can be overcome by using self-
complementary vector genomes that are not more than
half the size of the AAV genome. These genomes are
packaged as a dimeric molecule equivalent to a RF formed
during vector genome replication. Upon uncoating, these
molecules reassociate (‘‘snap back’’) to duplex molecules
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with pseudo zero-order kinetics.'”! The ability of AAV
vectors to form concatemers also extends the capacity of
AAV vectors in a ‘‘dual-vector’” system. Expression
cassettes up to 9 kb in size can be divided between two
AAV vectors, and coinfection forms concatemers to
generate an intact expression cassette.'®!

Wild-type AAV, in cell culture, integrates into human
chromosome 19, but this process requires the rep gene
which is not present in AAV vectors. In contrast, a variety
of animal models show that, in the absence of selective
pressure, AAV vectors persist predominantly as circular
concatemers. The circularization appears to involve
recombination between ITRs.””! The majority of these
concatemers are episomal and integrated copies of vector
in organs such as liver or muscle may be rare."'%'"! The
relative rarity of integration is of importance in assessing
the safety profile of AAV vectors for clinical applications.

In Vivo Targets for AAV Vectors

The preferred in vivo targets for AAV vectors are cells
that are nondividing or turnover relatively slowly. Early
studies using AAV2 vectors demonstrated transgene
expression in organs such as lung, muscle, liver, brain,
and retina">~'* with persistence for months to years. The
relative hierarchy of transduction efficiencies by individ-
ual serotypes is not fully clarified, but several other
serotypes show enhanced efficiency in various organs.!"
Additional efforts are underway to modify the AAV
capsid sequences to alter or enhance targeting of specific
cells."!

Clinical Applications

Administration of AAV vectors does not appear to induce
significant innate or proinflammatory responses, and in
the absence of any viral genes cellular immune responses
against the viral components are not readily evoked.
Adeno-associated virus vectors may be used mainly for
clinical applications requiring only infrequent delivery,
but potential humoral immune responses against the viral
capsid, either preexisting in the human population or
induced by vector administration, must be considered.!"#
It will require studies in humans to determine how
neutralizing antibody responses to AAV vector capsids
might impact applications of AAV vectors. There have
been few, if any, documented reports or indications of
toxicity mediated by AAV vectors in animal studies or
human clinical trials.

The toxicity of an AAV vector has been extensively
tested for a vector expressing the cystic fibrosis
transmembrane regulator (CFTR) protein following de-
livery of these AAV-CFTR vector particles directly to the
lung in rabbits and nonhuman primates.!'®! The favorable
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safety profile of AAV-CFTR in the preclinical studies was
predictive of a similar safety profile observed in the
clinical trials. Adeno-associated virus—cystic fibrosis
transmembrane regulator was the first AAV vector
introduced into clinical trials and it has been tested in a
series of trials in CF patients by delivery to the lung, the
nasal epithelium, and the maxillary sinus, and has now
completed an initial phase II trial in the lung. The phase II
multidose, double-blinded, placebo-controlled, and ran-
domized trial was conducted in 37 CF patients with mild
CF disease.l'” Patients received three doses (1013 DRP
per dose) at monthly intervals, administered by inhaled
aerosol. Multidose administration was safe and well
tolerated, and met the primary endpoint of safety of
repeated delivery. There was a significant treatment-
related effect of positive increase in pulmonary function
as measured by FEV1 at 30 days and a trend to a decrease
in the proinflammatory cytokine IL-8 in the lung which
was significant at 14 days.

A clinical study of intramuscular injection of an AAV2
vector expressing human FIX in adults with severe
hemophilia B was recently completed and showed a
low-level expression of FIX in transduced muscle and
some possible modest changes in clinical endpoints
including circulating levels of FIX and reduced frequency
of factor IX protein self-administration by two patients.!'®!
A second phase I clinical trial with the same AAV2-FIX
vector has been initiated in hemophilia B patients, but in
this trial the vector is administered via hepatic artery
injection to target the liver which may be the natural
source of FIX production.

Several clinical trials of AAV vectors in the central
nervous system have begun. Patients suffering from
Parkinson’s disease (PD) are being administered, by
coinjection into the subthalamic nucleus (STN) region of
the brain, two different AAV2 vectors each expressing
one of the isoforms of glutamic acid decarboxylase.!')
Canavan disease is a childhood leukodystrophy that
results from an autosomal recessive mutation in the gene
for aspartoacyclase (ASPA) that causes accumulation of
the toxic metabolite N-acetyl-aspartate. A clinical trial is
underway in patients aged between 3 months and 6 years
who are being administered an AAV2-ASPA vector in up
to six sites in the frontal, varietal, and occipital regions of
the brain.?"!

Hereditary emphysema results from mutations in the
gene for the protease alpha-1-anti-trypsin (¢x1AT), and a
clinical trial of intramuscular administration of AAV2-
olAT vector in patients with this disease has begun.*"
Rheumatoid arthritis (RA) is a chronic autoimmune
disorder that causes significant disability including
inflammatory joint disease, and TNF-o is a clinically
validated target. In an induced arthritis model in Lewis
rats, administration of an AAV vector encoding soluble
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rat TNF receptor:fc fusion gene, either systemically
(intramuscular), or locally (intraarticular), resulted in
profound suppression of arthritis.*?! Based upon this, a
phase I double-blind, placebo-controlled dose escalation
trial has begun in patients with rheumatoid arthritis to
assess the safety of intraarticular injection of an AAV2
vector expressing a soluble human TNF receptor:fc fusion
gene. The long-term durability of transgene expression in
the muscle suggested that AAV vectors may have utility
as vaccines.”> An AAV2 vector expressing HIV genes,
administered by intramuscular injection, is currently
being tested in phase I clinical trials in seronegative
subjects in Europe.

CONCLUSION

There is increasingly rapid progress in developing
therapeutic applications of AAV vectors. The early
clinical testing of AAV vectors for the treatment of CF
was extremely important in initiating the regulatory
environment for AAV vectors and demonstrating the
inherent good safety profile of AAV vectors. As more
groups have extended investigations to additional in
vivo models, the potential utility of AAV vectors as
therapeutic gene delivery vehicles has gained more
widespread interest. The development of more sophis-
ticated production systems for AAV vectors has
enhanced both the quantity and quality of vectors that
can be produced. Additional work to understand the
intracellular metabolism of AAV vectors and modify
the transduction efficiency by judicious choice of
serotype or by modification of the capsid structure will
expand the use and potency of AAV vectors. It is likely
that in the next few years there will be a significant
increase in clinical testing of AAV vectors for
additional therapeutic applications.
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INTRODUCTION

Over the last decade gene therapy has evolved as a
promising method for the treatment of many diseases.
To deliver the genetic material into cells, a viral vector
can be utilized. One of the most efficient vectors available
at this moment is the adenovirus. Incorporation of specific
transgenes into the genome of the adenovirus ensures
that the genetic material will be delivered into the nu-
cleus after viral infection. One multigenetic disease which
receives much attention in the research area is cancer.
Many attempts are made to tackle this still largely incurable
disease with gene therapy. The adenovirus may serve as a
vector to deliver toxic genes to the malignant cells, but, on
the other hand, this virus can also be used as a tool by itself
to kill these cells. In the latter approach, the virus may
replicate specifically in tumor cells, causing cell lysis and
release of new virus progeny.

THE ADENOVIRUS AS GENE
THERAPY VECTOR

Our understanding about the biology of the adenovirus has
increased enormously in the last decades, and today this
virus is commonly used as a vector for gene transfer.!')
This knowledge about the adenovirus has led to a fast
progression in the development of new gene therapeutic
agents. The adenovirus is known for its efficient infection
of dividing and nondividing cells, resulting in an efficient
delivery of therapeutic genes to the site of action. Other
advantages for the use of adenoviral vectors are the
possibility to produce these viruses in very high titers and
that they are relatively harmless.

To increase the safety measurements of adenoviral
vectors in gene therapy, most adenoviral vectors used are
unable to replicate. This elimination of replication is
caused by the deletion of the E1A and E1B region of the
adenoviral genome. This region is necessary for the
adenovirus to replicate. The E3 region of the adenoviral
genome may also be deleted to increase the space in the
genome available for the insertion of transgenes up to
7.5 kb. The E3 region is not required for replication of the
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adenovirus, but includes genes that are able to interfere
with the defense system of the host cell after infection.

Currently, the realization that clinical applications of
adenoviral vectors encounter limitations becomes more
and more clear. Although adenoviruses are among the
most efficient vectors used in gene therapy, they are not
always efficient enough. This is especially true for cancer
gene therapy, where it is necessary to kill every tumor
cell, otherwise the malignant tissue will reoccur. One
intratumoral injected dose of adenoviral vectors will infect
maximally 10% of the tumor cells, thus the therapeutic
effect will be limited. Another major limitation of
adenoviral vectors is the biodistribution of the adenovirus.
When administrated intravenously, the majority of the
virus ends up in the liver, where it can cause severe liver
toxicity. Therefore a large proportion of research is
conducted on the untargeting of the liver.

There are two main routes to untarget the liver and to
achieve the specific gene therapeutic effect in particular
sites of the body. The first one is transductional retargeting
and the second one is transcriptional retargeting. Trans-
ductional retargeting changes the cell entry route of the
virus, whereas transcriptional retargeting restricts the
expression of genes to the target cells (Fig. 1).

RETARGETING OF ADENOVIRAL VECTORS

The adenovirus contains a protein capsid with protruding
fibers. These fiber proteins form a trimer and the C-
terminal region of these fibers is called the fiber knob. The
fiber knob recognizes and binds to the host cell via the
coxsackievirus—adenovirus receptor (CAR), which is
present on many cell types. Upon binding to CAR,
secondary interactions between the adenovirus and cell
surface receptors cause the internalization of the adeno-
virus. By shielding or modifying the fiber of the
adenovirus, the native tropism can be altered. One
possibility is to construct bispecific antibodies that on
one side bind to the adenoviral fiber knob and on the other
side will bind to an antigen present on target cells. This
way, the adenovirus will be retargeted to cells that express
this specific antigen. A second possibility is to construct
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Fig. 1 To achieve transgene expression specifically in the tissue of interest it is possible to either change the homing of the virus
(transductional retargeting) or to alter the expression profile of the transgene (transcriptional retargeting). (View this art in color at

www.dekker.com.)

an adenobody, fusing an antibody directed against the
fiber knob with a ligand for a receptor present on the cell
type of interest. A third possibility to modify the tropism
of the adenovirus is to genetically alter the fiber knob
itself. It is possible to genetically insert sequences to be
expressed within the fiber knob that are recognized by a
certain receptor present on the cell type of interest without
modifying the interactions within the trimer itself.
However, it has to be noted that although interactions
between the CAR receptor and the adenoviral fiber knob
play an important role in cell uptake in vitro, these
interactions might not play a crucial role in vivo.!”!
Adenoviral particles containing a mutation within the
fiber knob which abolished binding to the CAR receptor
were systemically administrated in nonhuman primates.
Surprisingly, the biodistribution of this ablated adenovirus
was similar compared to the nonmodified adenovirus.
This study showed that other receptors such as the heparan
sulfate glycosaminoglycans (HSG) might play an impor-
tant role in liver uptake. The construction of an adenovirus
which is ablated for interactions between the virus and the
HSG receptors can be a promising way to untarget the
liver. Another approach to prevent uptake by the liver is
PEG-ylation of the adenovirus.®! Coating of the adeno-
virus by polyethylene glycol (PEG) will shield the adeno-
virus and prevent uptake by the liver. It is feasible to bind
a homing device onto the PEG. This way the PEG-ylated
adenovirus will be directed to the site of interest.'!
Besides transductional retargeting of the adenovirus to
the tissue or cell type of interest, it is also possible to
transcriptionally retarget the adenoviral vector. Transcrip-

tional retargeting is the modification of the transgene
expression profile to increase the specificity of gene
transcription towards a certain tissue or cell type. Such
increased specificity can be obtained by placing the gene
of interest under control of a tumor- or tissue-specific
promoter. This way, the gene of interest will only be
transcribed in cells where the promoter is active.

ONCOLYTIC ADENOVIRUSES

In the battle against cancer it is very important to kill
every tumor cell present; otherwise, the remaining
malignant cells will continue to grow and form new
tumors. Although adenoviral vectors are one of the most
efficient vectors used, one injected dose is thought to
infect maximally 10% of the tumor cells. Thus it is
necessary to increase the efficiency of adenoviral
infection. An approach to increase this efficiency is to
allow the virus to replicate, thereby increasing the amount
of infectious particles. Replication of the adenovirus
inside these cells will eventually lead to cell lysis, thereby
releasing newly formed virions within the tumor mass.
The subsequent viral generations will continue this cycle
of infection, replication, and cell killing, thereby killing
more and more tumor cells, resulting in the elimination of
the tumor mass. Obviously, adenoviral replication should
be confined to the tumor cells. Adenoviruses that can only
replicate inside malignant cells are termed conditionally
replicating adenoviruses (CRAds)."!
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Two different approaches can be distinguished in
constructing CRAds, generating either type I or type 1I
CRAds. Type I CRAds contain a specific deletion in the
adenoviral genome based on genes that are differentially
expressed between tumor and normal cells. Due to this
mutation normal cells are not permissive to adenoviral
replication. In tumor cells this host cell defense mecha-
nism is deregulated, thereby creating the perfect environ-
ment for the virus to replicate.

A well-known example of a type I CRAd is the
adenovirus Onyx-015, also known as dl1520.°! This
virus contains a deletion in the adenoviral E1B-region.
As mentioned before, the E1IA and EIB regions are
important for the replication of the adenovirus. The
adenoviral E1B 55-kDa gene codes for a protein that
inhibits p53 function which is an essential step in viral
replication. Onyx-015 is deleted for E1B 55 kDa, and thus
unable to inhibit p53. Therefore in normal cells, where p53
is functionally present, Onyx-015 will not be able to
replicate as p53 cannot be inhibited by this virus. How-
ever, in most tumor cells the function of p53 is already
disturbed and the ability of the virus to inactivate p53 is
not required anymore. This causes selective adenoviral
replication in p53-deficient tumor cells. At this moment,
phase I, II, and III clinical trails have been conducted with
limited success.

Type II CRAds are adenoviruses where the expression
of genes essential for adenoviral replication are under the
control of a tumor-specific promoter. When this promoter
is active, expression of this gene will result in replication
of the virus. These promoters should mainly be active in
tumor cells to ensure that replication predominantly
occurs inside the malignant tissue. An example of a
tissue-specific promoter is the prostate-specific antigen
(PSA) promoter which is highly active in PSA-producing
prostate cells and shows limited activity in other tissues.
Placing a gene essential for replication directly under the
control of the PSA promoter directs adenoviral replication
primarily to prostate cells that express PSA.' Thus this
adenovirus will replicate inside prostate (tumor) tissue
while sparing the other tissues. At the moment, phase I
and II trials are being conducted. Another example of a
tumor-specific promoter is the telomerase promoter, which
is active in more than 80% of all tumors. An adenovirus
which has the expression of a replication essential gene
under control of the telomerase promoter can therefore
replicate in a broad range of tumor types. Other examples
of tissue- or tumor-specific promoters are the epithelial
gycoprotein-2 promoter, which is active in most epithelial-
derived cancers making it a good candidate for the
treatment of many tumor types, and the tyrosinase
promoter, which is highly active in melanoma cells.

Although the theoretical idea behind type I and type 11
CRAds is very attractive, some drawbacks exist. In the
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case of an adenovirus where the expression of the
replication essential gene E1 was restricted to melanoma
cells using the tyrosinase promoter, replication was shown
to be specific for melanoma cells at low infectious units.
However, at a higher dosage replication was also
demonstrated in nonmelanoma cells.!”! This loss of
specificity might be due to the presence of adenoviral
promoter-like sequences upstream of the tyrosinase
promoter. These sequences may interfere with the specific
regulation of the tyrosinase promoter, causing activation
of transcription in cells which lack actual tyrosinase
promoter activity. Another possibility is the presence of
El-like proteins inside the cell, compensating for the lack
of adenoviral E1 expression in nonmelanoma cells.

DOUBLE-CONTROLLED CONDITIONALLY
REPLICATING ADENOVIRUSES

After the systemic administration of adenoviral vectors,
most of the virus ends up in the liver. When adenoviral
replication is not strictly restricted to certain cell types or
tissues, severe liver damage might occur due to adenoviral
replication and consequential lysis of the liver cells.
Because of this importance to restrict adenoviral replica-
tion, solutions have to be found for the observed aspecific
replication of CRAds. One solution is a double-controlled
conditionally replicating adenovirus (dcCRAd).®! In a
dcCRAd not one but two replication essential genes are
controlled by two tumor-specific promoters. For example,
both the adenoviral E1A and E1B genes have been placed
under the control of two different tumor-specific pro-
moters. Also, studies have already been conducted with
both the E1A and the E4 gene under control of two
different tumor-specific promoters.'”’ E1A, E1B, and E4
are all examples of adenoviral genes that are essential for
replication of the adenovirus. The approach of a dcCRAd
preferentially includes a more general promoter. For
example, the telomerase promoter which has shown
activity in more than 80% of all tumors and which is
inactive in liver cells. The telomerase promoter might
work in concert with a tissue-specific promoter such as the
tyrosinase promoter to restrict the expression of two genes
essential for adenoviral replication. Only in melanoma
cells which contain both telomerase and tyrosinase
activity will replication occur.

Another approach for designing a dcCRAd is to
combine a type I and a type Il CRAd. On one hand, these
adenoviruses contain a deletion in the adenoviral genome
to prevent replication in cells without a disturbed cell
cycle. On the other hand, these viruses also contain a
tumor-specific promoter to restrict the expression of
adenoviral genes essential for replication to cells where
this promoter is active.
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CONCLUSION

Adenoviruses can be utilized as a vector for the delivery
of genetic material into cells. They possess many valuable
characteristics, making them good candidates as gene
therapy vectors. However, a major obstacle for clinical
applications of adenoviral gene therapy vectors is the
biodistribution of the virus. When administrated system-
ically, over 90% of the administrated adenovirus ends
up in the liver where it can cause liver toxicity. Two
different approaches are being pursued to deal with this
problem, referred to as either transductional or transcrip-
tional retargeting.

Transductional retargeting is focused on preventing the
liver uptake. Either by modifying or shielding the fiber
knob, thereby inhibiting binding to the CAR receptor, or
by shielding the complete adenovirus by means of PEG-
ylation. The next step is the addition of a homing device
for retargeting to the tissue or cell type of interest.

Transcriptional retargeting does not prevent liver
uptake, but gene expression will only occur in the target
tissue or cell type. This can be accomplished by placing
the transgene under the control of a tumor- or tissue-
specific promoter. When genes essential for adenoviral
replication are placed under control of such a promoter
selective replication will occur, thereby enhancing the
efficiency of infection.

By combining these two fields of expertise it is
possible to construct an adenovirus that, on one hand,
circumvents the liver because it is transductional retar-
geted and homes to the tissue of interest. On the other
hand, this adenovirus will selectively express the trans-
gene in the targeted tissue.!'”! This means that specificity
is increased and therefore it is possible to systemically
administrate a higher dosage of the adenovirus, increasing
the efficiency of adenoviral gene therapy. It is also
feasible to transductionally retarget CRAds. In this case
more infectious viral particles will reach the tumor
environment, increasing the initial infectious dose and
subsequent infection efficiency.

Although much progress is made in the transductional
and transcriptional retargeting of adenoviral vectors, there
are still hurdles to overcome. Success in the clinic using
CRAds is not convincing. One problem might be that
tumors not only consist of tumor cells but also of
connective tissue impairing the spread of the adenovirus
throughout the tumor tissue. However, the combination of
adenoviral vectors and chemotherapy seems to result in
synergistic antitumor effects. Compared to other nonviral
and viral vectors, the adenovirus is among the most
efficient vectors currently used and is relatively harmless.
Progress is made very rapidly and the use of adenoviruses
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in the clinic is a promising method for the treatment
of cancer.
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INTRODUCTION

Alagille syndrome (AGS; Mendelian Inheritance in Man
118450) was described more than 30 years ago as a genetic
entity characterized by five major features: chronic
cholestasis owing to paucity of interlobular bile ducts,
peripheral pulmonary stenosis, butterfly-like vertebrae,
posterior embryotoxon, and peculiar facies. Alagille
syndrome is inherited in an autosomal dominant manner.
The high variability of phenotypic findings led rapidly to a
modification of the definition. It is widely accepted that
individuals presenting with three of the five main features
are considered to have AGS. As initial descriptions, minor
less-frequent features were added to the list of criteria
including other manifestations involving previously iden-
tified targets such as the vascular system, the bones, and the
eye, and those involving previously unspecified organs or
tissues such as the ear, the pancreas, the kidney, and the
intestine. The disease-causing gene is Jagged1 that encodes
a protein belonging to the family of Notch ligands. There
are now more than 226 described intragenic mutations of
the JAGGEDI (JAGI) gene, none corresponding to the
intracellular part of the protein. JAGI mutations are
identified in roughly 70% of patients meeting criteria for
AGS leaving 30% of patients with no detectable alteration
of the coding sequence. As most often in human disease
there is no genotype/phenotype correlation.

The expression pattern of JAGI had enabled the
manifestations already observed to be explained and to
open a field for investigations to evidence other system
involvement. The role of the Notch signaling pathway
during normal liver and bile duct development is still
unclear and the mechanism of action of the mutated JAGI
gene remains to be elucidated.”! Haploinsufficiency is
supported by the entire deletion of JAG I in few patients, but
a dominant negative effect of a truncated JAGI protein
cannot be excluded.

CLINICAL DESCRIPTION

The syndrome was initially described as the association of
five major features: paucity of interlobular bile ducts,
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peripheral pulmonary artery stenosis, butterfly-like verte-
bral arch defect, posterior embryotoxon, and a peculiar
facies.!!! However, minor features such as renal abnor-
malities, skeletal defect, high-pitched voice, and mental
and growth retardation were also described. In addition,
some patients occasionally present with clinical features
including other arterial stenosis, small bowel atresia,
deafness, and diabetes.!?!

Because of the variable expressivity of the syndrome,
individuals presenting with three of the five main features
are considered to have AGS.I" All associations are
observed and liver or heart manifestations may be absent.
Liver and heart involvement are present in 95% of the
patients, posterior embryotoxon in 80%, and vertebral
arch defect in 65%.!

Hepatic Manifestations

In a series of 163 children with liver involvement,
132 presented with neonatal cholestatic jaundice, and
among the 31 patients who did not present with neonatal
jaundice 5 became jaundiced later.”*! Neonatal cholestasis
may be complete with acholic stools. The evolution is
characterized by persistent or intermittent icterus, but
usually biological cholestasis persists. Pruritus, hypercho-
lesterolemia, xanthomas, and fat-soluble vitamin malab-
sorption are nonspecific consequences of the cholestasis.
In some patients, unexplained attenuation or disappear-
ance of pruritus and xanthomas occurs along with de-
crease in cholesterol level. Bile duct paucity is usually
demonstrated by liver biopsy. This biopsy could be
unnecessary in patients with complete syndrome.*!

Cardiovascular Manifestations

Peripheral pulmonic stenosis is the characteristic cardio-
vascular abnormality of AGS, but complex intracardiac
disease especially tetralogy of Fallot is not uncommon.
The incidence of more diffuse vascular disease, including
aortic coarctation or stenosis of other main arteries, is
probably underestimated."
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Vertebral Abnormalities

Although vertebral abnormalities have no functional
consequences, they are important because they are useful
for diagnosis. They consist of a defect of fusion between
the two anlagen of the vertebral body giving the aspect of
butterfly-like vertebrae. They are mainly observed at the
dorsal level.

Ocular Manifestations

The most common finding in AGS patients is posterior
embryotoxon, which is the more minor form of eye anterior
chamber abnormality. Posterior embryotoxon has no
consequence on visual acuity and is present in 10-15%
of normal individuals. All the spectrum of eye anterior
chamber abnormalities may be observed including glau-
coma. Retinal changes such as pigmentary retinitis were
formerly ascribed to vitamin deficiency, but progressive
blindness may occur even with normal vitamin level.®!

Peculiar Facies

Although the specificity of peculiar facies has been a
matter of debate, there is a facial resemblance among the
patients who have a prominent forehead, deep-set eyes,
mild hypertelorism, a straight nose, and a small pointed
chin without true dysmorphy.

Renal Manifestations

Renal abnormalities are observed approximately in 60%
of AGS patients and could be considered as a sixth major
feature. Tubular acidosis is frequent during infancy and
usually disappears, but renal failure may occur in adult-
hood. Abnormalities of renal development such as renal
cysts are common.*’~!

DIFFERENTIAL DIAGNOSIS

The diagnosis of Alagille syndrome is primarily based on
the presence of at least three out of the five main features.
The differential diagnosis of each feature of the syndrome
will result in a very long and tedious list. Association of
butterfly vertebra and cardiac defects has been reported in
patients with deletions of 22qll. Atrial septal defect
associated with eye anterior chamber anomaly may be
observed in Turner syndrome.

The main issue of differential diagnosis concerns
diagnosis of neonatal cholestasis. The incidence of neo-
natal cholestasis is thought to be 1 in 2000 live births; the
incidence of extrahepatic biliary atresia is between 1 in
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8000, and 1 in 15,000 live births; and AGS incidence is
probably between 1 in 70,000, and 1 in 100,000 live
births. Complete and permanent acholic stools lasting
more than 7 days suggest extrahepatic biliary atresia but
may be observed in AGS. Even if biliary hypoplasia has
been evidenced by microscopic examination of the biliary
remnant of AGS patients, true atresia has never been
observed. Moreover, it has been suggested that prognosis
is worse in AGS patients who had undergone hepato-
portoenterostosmy. Therefore it is important to look for
extrahepatic features of AGS before surgery; conversely,
cardiac abnormalities may be associated with biliary
atresia, and needle liver biopsy is helpful in such
situations where timing for surgery is crucial for prognosis
of extrahepatic biliary atresia.'¥!

MANAGEMENT AND PROGNOSIS

Most of the time the diagnosis is suspected in an infant
with heart defect or cholestasis.
The diagnosis relies on:

e Clinical examination: facies, icterus, xanthomas,
cardiac murmur, and liver enlargement.

o Chest radiographs: butterfly-vertebrae.

« Ophthalmologic examination: embryotoxon and other
anterior chamber anomalies, retinitis.

Further evaluation includes:

Renal ultrasound examination and function tests.
Ear examination and audiogram.

There is no specific treatment, and except for the
presence of complex congenital heart diseases the pre-
sence or severity of a clinical feature carries no predic-
tive value.

Complex cardiac disease may require surgery; pulmo-
nary stenosis is usually well tolerated and does not
progress. When liver involvement is present, careful
nutritional management is mandatory especially if liver
transplantation is indicated. Supplementary lipid-soluble
vitamins must be given regularly either orally or by
intramuscular injections. Relief of pruritus is a major
problem; ursodeoxycholic acid may be used but rifampi-
cin and opioid-antagonists are more effective. The prog-
nosis of liver disease is worse in children who present with
neonatal cholestatic jaundice. However, severe liver
complications are possible even after late onset of liver
disease, demanding follow-up throughout life. Liver
transplantation is eventually necessary in roughly 30%
of patients.!>*!
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Spontaneous intracranial bleeding is a widely recog-
nized complication, and AGS patients are at special risk
for bleeding, either spontaneous or during surgery or other
medical procedures. This should be taken into account
before deciding on an invasive procedure."'”!

MOLECULAR GENETICS

The autosomal mode of transmission with reduced
penetrance suggested by analysis of a limited number of
families was confirmed by a segregation analysis. The
proportion of sporadic cases when both parents are clin-
ically normal was estimated to be 50%. These findings
and the variability of expression of disease within families
make genetic counseling difficult until the identification
of JAGI mutations.!'¥!

JAGT1 Is So Far the Only Responsible Gene

Identification of deletions of the short arm of chromosome
20 allows assigning AGS locus to 20p12. JAGI gene was
mapped to this region, and mutations in the coding
sequence were identified in AGS patients.'' !

Catalogue of the Mutations of the JAG7 Gene

Most of the published data were obtain by SSCP followed
by sequencing of exons with modified profile. There are
now more than 226 described intragenic mutations of the
JAGGEDI gene, none corresponding to the intracellular
part of the protein and there is no clustering or
“hotspots.”m] Most of the mutations (66%) introduce
premature stop codon, but all kinds of mutations including
total gene deletion (5%), missense (14%), and splicing
(15%) have been observed."'*! A number of polymor-
phisms have been described and in the absence of a
functional study, the distinction between missense
mutations and polymorphism relies on the usual criteria.
Most of the missense mutations are in the EGF-like
repeats, the cysteine-rich region, or affect amino acids
conserved in JAG1. JAGI mutations are identified in
roughly 70% of patients meeting the criteria for AGS,
leaving 30% of patients with no detectable alteration of
the coding sequence.!'*'”!

Transmission and
Phenotype—Genotype Correlation

Two thirds of the JAG/ mutations are de novo. No
phenotypic difference is observed between patients with
or without visible rearrangement in 20p12, neither be-
tween patients with and without an identified mutation in
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JAGI. Furthermore, the number and the severity of the
features vary among patients carrying the same mutations
even within the same family. A significant frequency of
mosaicism for JAGI mutations has been reported.?!

Normal and Abnormal JAG7 Gene Product

JAGI gene encodes a transmembrane protein belonging to
the family of Notch ligands. Notch signaling pathway
seems to control the ability of a broad spectrum of
precursor cells to progress to a more differentiated state
both during development and oncogenesis."'®'” Analysis
of JAGI expression during human development demon-
strates that renal manifestations and other miscellaneous
features previously described were not coincidental.!'®!

The mechanism causing AGS may involve haploin-
sufficiency or a dominant negative effect. Most of the
mutations (70%) introduce premature stop codon, which is
expected to result in truncated secreted proteins. Such
truncated Notch ligands in Drosophila have a dominant
negative effect.!'”! However, corresponding mRNA may
be degraded by nonsense mediated RNA decay, resulting
in a haploinsufficiency state comparable to the entire
deletion of the gene.”

JAGI mutations are identified in 70% of AGS patients;
although alteration outside the coding sequence is still
possible, the involvement of other components of Notch
signaling pathway either as another disease-causing gene
or as a modifier is very likely. This hypothesis is
supported by recent demonstration that hypomorphic
allele of Notch2 may be both responsible for bile duct
paucity and acts as a genetic modifier of Jagl haploin-
sufficiency in a mice model.!*"!

GENETIC COUNSELING AND
PRENATAL TESTING

There is a general agreement for considering that genetic
testing is not necessary for the diagnosis of AGS which
relies mainly on clinical examination. But genetic testing
of the proband is mandatory before genetic counseling.
This testing includes karyotyping and fluorescent in situ
hybridization (FISH) looking for deletion, and if negative
sequencing of JAG/ gene coding sequence exists.

Genetic Counseling
Risk for the sibs of a proband
If a mutation of JAGI is present, prenatal genetic testing

is available, and testing of the parents will allow to
determine whether the mutation is transmitted or de novo.
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If the mutation is transmitted, the risk in sibs is 50%.

If the mutation is de novo, the risk for sibs is not null
because of possible germline mosaicism (estimated to
be 8% in a series) but no figure could be precise.

If there is no mutation, clinical examination of the
parents including liver function tests, cardiac evaluation,
chest radiograph, and ophthalmologic examination must
be undertaken. The presence of AGS peculiar facies in the
parents must be considered with caution if isolated.

If one parent is considered as affected, the risk for sibs
is 50%.

If there is no affected parent, determined through genetic
counseling as mentioned above, the risk for sibs is not
null but difficult to assess.

Risk for offspring of a proband

The offspring of an AGS patient has a 50% chance of
inheriting the syndrome.

Prenatal testing

Prenatal molecular testing, if available, can be per-
formed on cells obtained by chorionic villous sampling
at 10-12 weeks of gestation or amniocentesis at 16—18
weeks of gestation.

Fetal ultrasound examination may show cardiac defects
and kidney abnormalities.

In all cases, due to high variable expressivity, it is
impossible to predict the number and the severity of the
features in affected sib or offspring of a proband.

CONCLUSION

Alagille syndrome was initially described as the associ-
ation of five major features: paucity of interlobular bile
ducts, peripheral pulmonary artery stenosis, butterfly-like
vertebral arch defect, posterior embryotoxon, and a
peculiar facies. Because of the variable expressivity of
the syndrome, individuals presenting with three of the five
main features are considered to have AGS. There is a
general agreement for considering that genetic testing is
not necessary for the diagnosis of AGS which relies
mainly on clinical examination. But genetic testing of the
proband is mandatory before genetic counseling. This
testing includes karyotyping and FISH looking for
deletion, and if negative sequencing of JAG! gene coding
sequence exists. In all cases, due to high variable
expressivity, it is impossible to predict the number and
the severity of the features in affected sib or offspring of a
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proband. JAG! mutations are identified in 70% of AGS
patients, although alteration outside the coding sequence
is still possible, involvement of other components of
Notch signaling pathway either as another disease-causing
gene or as a modifier is very likely and is under study.
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INTRODUCTION

Allele-specific oligonucleotide (ASO) hybridization was
first applied to probe genomic DNA samples for the
presence of point mutations causing sickle cell anemia and
o -antitrypsin deficiency. In both cases, the authors used
nonadecanucleotides (19-mers) as ASO probes. Although
one probe was complementary to the normal allele, the
second one matched the mutant allele. Because a
mismatched base pair decreases the stability of a nucleic
acid duplex, appropriate adjustment of the hybridization
and washing temperatures permitted discrimination be-
tween the normal, mutant, and heterozygous genotype. With
genomic DNA samples, this technique could have been
used only for the genotyping of single copy genes. Once the
polymerase chain reaction (PCR) has been introduced, this
approach could be adapted to almost any genomic
fragment by using diverse sources of amplifiable DNA.
Single nucleotide polymorphisms as well as small
insertions or deletions (for simplicity, collectively referred
to as SNPs) are the greatest source of genomic variability.
Most mutations causing hereditary disorders belong to this
category as well. Because of their functional impact and/
or their usefulness as markers in mapping and association
studies, SNPs are frequently typed in the context of
population genetic surveys as well as in diagnostic and/or
genetic epidemiological analyses. The wide applicability
of ASO hybridization (especially in its combination with
PCR), the absence of need for costly investments, and
straightforward laboratory implementation made this
technique very popular as a routine genotyping tool.

EXPERIMENTAL

Genotyping by ASO applies to previously ascertained
polymorphisms and/or mutations and is not intended to
discover new DNA variants. Through PCR amplification,
one aims at a single polymorphic site, but it is also
customary to target a number of variant sites residing
within a longer amplifiable DNA segment''! or even those
scattered on unrelated genomic fragments that can be
simultaneously amplified in a multiplex PCR."!
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Following PCR, amplicons are immobilized on a solid
support by dot blotting and ultraviolet (UV) fixation,’
usually in duplicates to allow parallel probing of both
alleles with the corresponding ASO probes. Typical result
of ASO hybridization is illustrated in Fig. 1. SNPs are
usually biallelic; even if they are not, the same detection
principles apply to triallelic sites or small haplotypes
composed of two polymorphic sites, one next to another,
except that more than two probes could then be needed.
Usually ASO probes are designed as 15-mers to 20-mers,
with the polymorphic site in the middle of the sequence
and not less than three nucleotides from the end. The
shorter is the oligonucleotide probe, the more pronounced
is the effect of mispairing at the polymorphic site, thus
facilitating discrimination between the alleles. However,
an overall duplex stability counts as well; too short a
probe could render a signal of a fully matched complex
unstable and compromise its detection. In our hands,
15-mer ASO probes worked well, whereas more than
20-mers were also recommended by others.

In a classical ASO protocol, great emphasis is made on
the choice of the hybridization temperature to discrimi-
nate between fully matched and mismatched probes.'!
Hybridization is carried out a few degrees below the
melting temperature (77,) of the fully matched probe. In
practice, the specificity (i.e., discrimination between the
alleles) is achieved through posthybridization washes that
selectively eliminate the mismatched, less stable probe
from the target. The washing temperature, time, and salt
concentration are experimentally determined and are
typically ‘‘personalized’” in each laboratory. In an
alternative dynamic ASO protocol,'® rather than using
constant temperature, the hybridization step covers a
temperature gradient, from above the melting point down
to room temperature (75-30°C), such that each probe has
an opportunity to find its optimal hybridization condi-
tions. To prevent the formation of the mismatched
complex between the labelled probe and the opposite
allele, the unlabelled opposite oligonucleotide is added in
15-fold or greater excess to the hybridization mixture.
Such blocking of the mismatched binding by using the
opposite allele probe as a competitor has been used
before.”®! It appears that the dynamic ASO makes full
use of the presence of the competitor. The limitation in
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Fig. 1 ASO hybridization of G/A polymorphism at position 80
in RFC1 (reduced folate carrier) described earlier by Laverdiere
et al."™! The PCR product of 207-bp encompassing GgoA
polymorphic sites was transferred in duplicate to a HYBOND
N* (Amersham Pharmacia Biotech) membrane. Identical twin
membranes were hybridized with the ASO probe specific for
the Ggo (5’ gcacacgaggCgecg) or Agy (5 gcacacgaggtgecg).
Hybridization with ASO-specific probe was carried out at
45°C in a x20 excess of the nonlabeled probe for the other
variant allele.

the probe design is that both of them have to be from the
same strand, ideally of the same sequence and differing
only at the polymorphic site. However, the ASO for one
allele serves, at the same time, as the competitor for the
second allele, and vice versa. Following hybridization, dot
blots are removed from the solution, rinsed at room
temperature to wash out excess nonbound radioactivity,
and exposed. No additional specificity-increasing washes
are required. The most important advantage of dynamic
ASO is that the same hybridization conditions work for
most of the systems. As a consequence, multiple hybrid-
izations can be simultaneously carried out in the same
hybridization oven, disregarding different 7}, values of the
ASO probes used.

Suggested Protocols
Dot blotting

Twenty microliters of post-PCR mixture is denatured by
the addition of 180 pL of 0.4 M NaOH, 20 mM EDTA,
which may include 4 pL. of 0.02% Orange II (optional
spotting dye used to trace the blotting accuracy). Equal
portions of the resulting solution are spotted in parallel on
two previously water-wet Hybond N* nylon membranes
(Amersham Pharmacia Biotech), thus creating two exact
dot blot replicates of the analyzed DNA segments.
Manifold is usually used to transfer DNA onto the
membrane but direct spotting can also be used. DNA is
then fixed on the membranes by UV irradiation (e.g.,
using light of 254 nm at 120,000 pJ/cm? in Stratalinker
1800; Stratagene) and the membrane is subsequently
washed to remove NaOH and excess salt.
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Hybridization

Membranes are prehybridized at 75°C for 30 min (Boekel
Big Shot hybridization oven) in 25 mL of 1x SSPE
[150 mM NaCl, 10 mM NaH,PO, 1.1 mM EDTA, pH 7.4,
0.75 M NaCl, 70 mM Tris/HCI, pH 7.4, containing 1%
sodium dodecyl sulfate (SDS) and 200 pg/mL heparin].
ASO probe (15-mer) is 5'-labeled using y—[3ZP]—ATP
(6000 Ci/mmol; Amersham Pharmacia Biotech) and T4
kinase (Gibco BRL). Usually the volume of hybridiza-
tion mixture is increased by 5 mL for each additional
membrane. The ASO probe is added to the hybridization
mixture to a final concentration of 50 pM accompanied
with the opposite allele competitor at 750 pM. Hybrid-
ization is then carried out at a decreasing temperature by
letting the oven cool down to 30°C and leaving 30 min for
equilibration at this temperature. After two brief washings
in 2x SSPE containing 1% SDS at room temperature,
the membranes are exposed at —80°C with intensifying
screens or read by Phosphoimager. Most of the poly-
morphisms do not require any special adjustment of this
protocol and work outright. If the background appears
too high and simple shortening of the time of exposure
does not help, it can be eliminated: 1) by increasing the
competitor/probe ratio; 2) by increasing the probe con-
centration (keeping the same competitor/probe ratio); or
3) by decreasing the amount of dot-blotted target DNA.
Rarely, design of new ASO probes is required.

TECHNICAL COMMENTS
Probe Design

1. It is known that both strands of the DNA are not
necessarily equivalent as probes in hybridization. This
effect was observed with longer probes'® but also
applies to short oligonucleotides. Purine-rich oligo-
nucleotides have a tendency to be better binders to a
longer template than their pyrimidine-rich equiva-
lents."'” The former would maintain a more rigid
structure, stabilized by stacking interactions because
of the presence of purines, thus favoring template
binding. The latter that are more coiled need addi-
tional energy to adopt helical extended structure con-
sistent with double-stranded duplex formation. Note
that pyrimidine-rich complement within a longer
template is stabilized by stacking with its nearest
neighbors from 5 and 3’ sides through a dangling-
ends effect, such that it is less coiled than its isolated/
naked oligonucleotide complement. In conclusion,
choosing (+) rather than (—) strand for ASO design
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may modify the kinetics of duplex formation and its
stability, and can be used to improve the test.

2. Although the rule of thumb is to place the probed
polymorphic site in the middle of ASO, it is advisable
to readjust its position if both flanking sequences
differ in stability because of uneven composition in
(G+C)/(A+T) and/or unequal redistribution of py-
rimidines and purines.

Hybridization Conditions

1. Hybridization of short oligonucleotides is usually very
fast, requiring milliseconds rather than minutes to
occur. Hybridization times prescribed by the protocol
reflect the time needed to equilibrate the temperature
and concentrations and to assure the uniform contact
of hybridization solution with the membrane.

2. Note that for a 500-nucleotide-long amplification,
100 ng of PCR product, typically found in a 10 pL.
reaction aliquot, corresponds to 0.32 pmol. When
applied per single spot, it leads to about 30 pmol of
the target DNA on a single 96-spot membrane.
Therefore the probe at 50 pM concentration or
1.25 pmol/25 mL is in shortage as compared to the
target. Thus, increasing the number of membranes
may require an increase in probe concentration, or
decrease in the concentration of spotted PCR products
to keep background low and signal-to-noise high.

CONCLUSION

First ASO application in sickle cell anemia'? and o-
antitrypsin deficiency!'*! were subsequently expanded,
since the advent of PCR, to a variety of systems.!'*! It was
used to analyze disease-causing mutations,'"” study the
mechanism of carcinogenesis,!'® or distinguish different
haplotypes of the major histocompatibility locus.''”! ASO
hybridization also found large application in studies of
candidate susceptibility loci in complex disorders,!'®'! as
well as in investigations of genetic variants predisposing
individuals to adverse drug reaction.!'! ASO takes advan-
tage of the difference in stability between the fully comple-
mentary and the mismatched DNA duplex. This difference
is used to distinguish between allelic states differing as
little as by a single nucleotide. Typically, two oligonucle-
otide 15-mer ASO probes are designed, each complemen-
tary to one of the alleles. In a classical protocol, hybrid-
ization is carried out at a temperature favoring the
formation of a fully matched duplex, whereas the binding
specificity is essentially obtained through stringent post-
hybridization washes. In a dynamic ASO protocol, hybrid-

Allele-Specific Oligonucleotide Hybridization

ization starts well above the melting point and a decreasing
temperature gradient is applied. The labelled probe
“finds’’ its target during the cooling of the hybridization
mixture. Formation of the mismatched complex is
prevented by the presence of the competitor probe that is
fully complementary to the opposite allele. ASO hybrid-
ization finds application in diagnostic and genetic epide-
miological surveys, is reliable, and is easy to implement.
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Alpha-1-Antitrypsin Deficiency
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INTRODUCTION

Alpha-1-antitrypsin (AAT), also referred to as SERPIN Al,
is the most abundant serine protease inhibitor (PI; serpin) in
human plasma. It is a glycoprotein with broad inhibitory
capacity against a variety of serine proteases and its main
physiological target is neutrophil elastase. The three-
dimensional structure of AAT and other serpins has pro-
vided major insights into the mechanism of inhibition of
cognate proteases. AAT is a globular protein with an ex-
posed reactive center loop (RCL). The protease docks on to
the RCL, and cleavage of a methionine—serine bond at
positions 358-359 in the loop results in a major confor-
mational change. The loop inserts into a space in the
A-sheet as a strand, and the protease then moves to the
opposite pole of the molecule. During this translocation
process, the catalytic site of the serine protease is distorted
so that it is rendered inactive (Fig. 1). The PI complex is
then rapidly removed from the circulation. This is a very
efficient mechanism for controlling serine protease activity.

GENETIC VARIATION

The AAT gene is highly polymorphic. Historically,
variants were characterized by gel electrophoresis of
serum and initially divided into three groups according to
their migration [medium (M), fast (F), and slow (S)], and,
conventionally, these variants are preceded by PI. With
advances in electrophoresis technology, further variants
were identified based on migration characteristics in a pH
4-5 isoelectric focusing (IEF) gel. Anodal variants were
assigned letters from the beginning of the alphabet.
Several bands are observed on IEF, resulting from the
degree of glycosylation. In a pH gradient of 4-5, AAT
variants migrate as two major bands designated 4 and 6,
and three minor bands 2, 7, and 8.

The migration of these bands is altered by amino acid
substitutions (Fig. 2). At least four common M subtypes
have been identified (designated M1-M4), with two other
rare M subtypes (M5 and M6) and two common deficiency
variants (designated S and Z) also arising from single-base
substitutions. Other rare deficiency variants are character-
ized by a combination of the letter of the most closely
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migrating variant, and the origin of the place of the oldest
living carrier. Examples of some of the variants in which the
mutations have been characterized are shown in Table 1.

A mean normal plasma concentration of less than
11 uM is classified as deficient, and concentrations for the
different common variants are typically in the range of
20-53 pM for MM, 18-52 uM for MS, 24-48 pM for SS,
15-42 pM for MZ, 10-23 puM for SZ, and 3.4-7.0 pM for
7Z7.*! The range of concentrations for PI ZZ falls well
below this threshold, as does the very lower end of SZ,
and both contribute as risk factors for disease. PI Null
variants are rare, and there is considerable heterogeneity
of mutations that cause them (Table 1).

THE AAT GENE

The 12-kb gene is located on the long arm of chromosome
14 in a cluster of other serpins, and two major promoters
have been identified: one for hepatocytes,”! the cell type
accounting for most of the circulating AAT, and the other,
which is effective in other tissues such as monocytes and
lung alveolar epithelial cells.” The gene is made up of
four coding exons and three noncoding exons, and, during
mRNA expression, the noncoding exons are differentially
spliced. A diagrammatic representation of the gene is
shown in Fig. 3.

AAT GENE REGULATION

AAT is an acute-phase protein, and plasma concentrations
can increase two- to threefold during inflammation. These
increases are mainly mediated by the cytokines interleukin-
6 and oncostatin M.”! In hepatocytes, basal expression is
regulated by the hepatocyte 5’ promoter, but during the
acute-phase response, a 3’ enhancer plays a major role in
modulating the cytokine-induced response.!®!

AAT DEFICIENCY AND DISEASE

Homozygous Z individuals are predisposed to developing
childhood cirrhosis!”! and pulmonary emphysema in early
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alpha 1-
antitrypsin
Fig. 1 Interaction of the protease trypsin with AAT. Trypsin

docks on to the exposed RCL, cleaves the RCL, and the loop
inserts into a sheet. The protease is then translocated to the
opposite pole of the molecule and the active site of the protease
is distorted. (See Ref. [1].)

adult life, particularly in cigarette smokers.®! The Z
variant is prevalent in northern Europeans, with a
frequency of about 1.5% in Sweden and Norway, and
greater than 2% in Denmark, Latvia, and Estonia.' It is
extremely rare in Asian and African populations. The Z
protein is synthesized normally, but tends to polymerize in
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hepatocytes. The polymerization results from an intermo-
lecular interaction in which one RCL inserts into a space
in the A-sheet. The Z mutation favors polymerization and
the accumulated aggregates cause damage to the hepa-
tocytes, which can result in childhood cirrhosis.!'”! Only
about 3% of PI Z individuals develop severe liver disease
that often requires liver transplantation—the only effec-
tive treatment for them.!''! In a prospective screening
study carried out in 200,000 newborns in Sweden, 120
children with PI ZZ were followed up.''*! Eighteen
percent of the PI Z children developed clinically
recognizable liver abnormalities, 7.3% had prolonged
obstructive jaundice with marked evidence of liver
disease, 4.1% had prolonged jaundice with mild liver
disease, and 6.4% had other abnormalities suggestive of
liver disease such as hepatomegaly, splenomegaly, or
unexplained failure to thrive. The most common presen-
tation is the ‘‘neonatal hepatitis syndrome,”” which is
characterized by conjugated hyperbilirubinemia and
raised serum transminases. Features of cholestasis gener-
ally appear between 4 days and 2 months of age, and can
persist for up to 8 months. About 14-29% of individuals
with neonatal hepatitis syndrome have been found to have
AAT deficiency. Most of these cases resolve without
apparent long-term consequences.

The association with pulmonary emphysema is related
to cigarette smoking, highlighting an important interac-
tion between genetic and environmental factors. This is
thought to arise from the action of neutrophil elastase, a
major protease of neutrophils released during an inflam-
matory state. Deficiency of AAT, its major inhibitor,

MIZ S8 MI1S SZ YN/

Fig.2 AAT PI types separated according to their isoelectric point. A pH gradient of 4-5 is used and the variants migrate as two major
bands, designated 4 and 6, and minor bands 2, 7, and 8. Variation in migration results from amino acid substitutions. The Z variant
migrates toward the cathode and the S variant has an intermediate position to M and Z.
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Table 1 Normal and deficiency variants of AAT

Alpha-1-Antitrypsin Deficiency

Allele Base allele Exon Mutation
Normal AAT alleles

M1 (Ala 213)

M1 (Val 213) M1 (Ala 213) III Ala 213 GCG 6 Val GTG
M3 M1 (Val 213) \% Glu 376 GAA 6 Asp GAC
M2 M3 11 Arg 101 CGT 6 His CAT
M4 M1 (Val 213) II Arg 101 CGT 6 His CAT
Deficiency alleles

Z M1 (Ala 213) A% Glu 342 GAG 6 Lys AAG
S M1 (Val 213) 111 Glu 264 GAA 6 ValGTA
M heerleen M1 (Ala 213) \' Pro 369 CCC 6 Leu TC

M malton M2 II Phe 52 TTC 6 delete

M Palermo M1 (Val 213) I Phe 51 TTC 6 delete

S iiyama M1 (Val 213) 11 Phe 53 TTT 6 Ser TCC
Null alleles

QO bellingham M1 (Val 213) 111 Lys 217 AAG 6 stop 217 TAG

QO hongkong

M2 v Leu 318 TC 6 5’ shift 6 stop 334 TAA

The mutations shown are not an exhaustive list of variants, but represent the more common ones described.

results in progressive lung damage, because elastase has
the propensity to destroy the connective tissues of the
lung, causing destruction of the normal architecture of air
spaces, thus reducing the surface area for gaseous
exchange. Indeed, it was this association that led to the
identification of AAT deficiency as a genetic disease. The
methionine residue in the RCL is susceptible to oxidation,
resulting in methionine sulphoxide, and the latter is a
poor inhibitor!'* of neutrophil elastase, with a potency of
1/2000 that of the native inhibitor. The oxidation is more
likely to occur during inflammation, and this may
exacerbate genetic deficiency.

Pulmonary function is well preserved in early adult life
in nonsmoking PI ZZ individuals. Pulmonary function
declines naturally with age, but this rate of decline is
markedly accelerated in PI ZZ individuals. Chronic ob-

AAT
Monocyle I_!qxum-) e
P - Promoter
Promoter
i Exon 1A Exon 1B Exon 1C

structive pulmonary disease (COPD) in AAT deficiency
generally occurs in the age range of 25-40 years, although
not all PI ZZ individuals develop COPD. Larsson'"*! esti-
mated that smoking shortens median survival by 23 years.

A number of other disease associations have been
described, although some of these are controversial. There
is a well-recognized association with panniculitis, which
responds to AAT replacement therapy. Other associations
include arterial aneurysms, pancreatitis, and renal disease.

AAT REPLACEMENT THERAPY

The potential to treat lung disease by replacement to
augment the lung antiprotease protective screen is
available either by the intravenous route or by inhalation

Exon 2 Exon 3

+——il

Monoeyte Hepatocyte
shart sile start sile

-

Fig. 3 A diagrammatic representation of the structure of the AAT gene. The coding exons are dark-shaded; untranslated exons are in
lighter shade; and the location of tissue-specific promoters and a 3’ enhancer is also shown.
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through the nasal route. Early studies (by Gadek et al.''))
demonstrated that intravenous administration of AAT was
feasible and biochemically effective. Studies have shown
that aerosol administration too is effective.'®!

Although these studies demonstrate biochemical effi-
cacy, it is not yet known whether they influence the
outcome of the chronic respiratory disease associated with
AAT deficiency. In a large study undertaken in the United
States, 1129 subjects with severe AAT deficiency were
monitored for 3.5-7 years. The 5-year mortality rate was
19%. The mortality rate was lower in those receiving
augmentation therapy,'’! suggesting that long-term re-
placement therapy may be beneficial. There are anecdotal
reports of successful treatment of panniculitis arising from
AAT deficiency.

LABORATORY DIAGNOSIS
OF AAT DEFICIENCY

Serum Quantification

Immunological methods are used to determine serum
AAT concentrations, and serum standards are used to
determine the concentration of the antigen in an unknown
sample. Neonates have significantly lower serum concen-
trations compared to adults. In one study, the mean
concentration observed in neonates for PI M was
23.8+5.5 uM, compared with the PI M adults, where
the concentration was 32.7+8.7 uM.I"® A concentration
of less than 11 pM can be used as a cutoff for deficiency
states, and provides a useful screening test. It is important
to ensure that these concentrations are observed in the
basal state in the absence of an acute-phase reaction. It is
therefore useful to measure concurrently serum C-reactive
protein (CRP), one of the most sensitive markers for the
acute-phase response, to exclude an acute-phase reaction.
The value of screening newborns and the general
population for deficiency remains controversial.

IEF and Genetic Testing

Many laboratories still use IEF to determine protein
type."®! This requires considerable expertise for the
interpretation of banding patterns and relies on sample
stability for reliable interpretation. The resolution can be
improved with ultrathin polyacrylamide gels"” and
sensitivity can be improved by immunoblotting. Many
laboratories use DNA-based methods involving polymer-
ase chain reaction and either allele-specific amplification,
for example, or the introduction of a restriction enzyme
site at the location of the Z variant.*'**! The DNA-based
assays are designed to look for the common deficiency
variants, S and Z, and will not detect rare variants. This is

45

a limitation of the tests, as rare variants may be falsely
reported as normal, and the use of serum AAT measure-
ments minimizes this likelihood, but does not completely
exclude it. DNA-based tests do offer a robust and reliable
method for detecting the common S and Z alleles.

CONCLUSION

Much progress has been made in understanding the
pathophysiology of AAT deficiency-related disease and its
natural history. These developments provide new opportu-
nities for developing specific treatments and may, in the
future, result in more widespread screening for deficiency
states if early intervention is shown to be effective.
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INTRODUCTION

Alpha-thalassemias are genetic defects, very common
among some populations, characterized by the reduction
(alpha™) or complete absence (alpha®) of alpha-globin
chain production. A large number of alpha-thalassemia
alleles have been described and their interaction results in
a wide spectrum of hematological and clinical pheno-
types, ranging from the silent carrier state to the very
severe condition of hemoglobin Bart’s hydrops fetalis
syndrome, which is lethal in utero or soon after birth.

PREVALENCE AND DISTRIBUTION

Alpha*-thalassemia is commonly found in Southeast
Asia, China, Africa, reaching a very high prevalence,
about 80%, in Papua (New Guinea).llJ In Mediterranean
and Middle Eastern countries alpha®*-thalassemia car-
rier state has an incidence of 5-10% (up to 30% in
Sardinia).””! Alpha®-thalassemia is found mainly in
Southeast Asia; where, as a consequence, the derived
clinical relevant genotypes (HbH disease and Hb Bart’s
hydrops fetalis) are also common. In Mediterranean and
African population alpha®-thalassemia is rare.

CLINICAL ASPECTS

Four clinical conditions of increased severity have been
described (Table 1). The silent carrier state results from
the presence of a single alpha-globin gene defect (—alpha/
alpha alpha) and is characterized in the newborn by a very
mild increased percentage (1-2%) of Hb Bart’s, a tetramer
of globin chains (gamma,), whereas in the adult may be
completely silent or associated with a moderate micro-
cytosis and hypochromia with normal HbA,.

Subjects with two residual functional alpha genes,
either in cis (——/alpha alpha) or in ftrans (—alpha/
—alpha) clearly show the alpha-thalassemia carrier state,
characterized in the newborn by a moderate increase (5—
6%) of Hb Bart’s, and in the adult by thalassemia-like red
blood cell indices with normal HbA, and HbF.
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HbH disease is a clinical condition resulting from the
presence of a single functional alpha globin gene (——/
—alpha) or (— —/alpha™'®“°" a]pha). As a consequence
there is a relative excess of beta globin chains, which form
a beta, tetramer (HbH). HbH is unstable and precipitates
inside the red cells and to some extent in erythroid
precursors resulting in premature erythrocyte destruction.
The syndrome of HbH disease shows a wide variability in
clinical and hematological severity. The most significant
features are microcytic and hypochromic hemolytic
anemia, hepatosplenomegaly, and jaundice. Subjects with
HbH disease may have acute episodes of hemolysis,
requiring occasional blood transfusions, in response to
oxidant drugs, fever, and infections.

The severity of HbH disease correlates with the degree
of alpha chain deficiency. Therefore the more severe
phenotypes are associated with interactions involving
nondeletion alpha-thalassemia defects of the dominant
alpha, gene including — —/alpha C°™'™ SPU" 3lpha,
— —/alpha™*°" alpha , — —/alpha™" alpha.”®! In general,
patients with HbH disease can survive without any
treatment. However, folic acid supplementation is recom-
mended by some clinicians. Oxidant drugs should be
avoided because of the risk of hemolytic crisis. In the
presence of hypersplenism splenectomy may be per-
formed, but the potential complications of severe life-
threatening venous thrombosis should be considered. Two
peculiar types of HbH disease have been reported. One is
acquired, associated with myelodisplasia, and character-
ized by the presence of classical HbH inclusion bodies in
red blood cells, often detectable levels of HbH and a
severe microcytic and hypochromic anemia. The struc-
tural analysis of the alpha globin genes and of their
flanking regions are normal, and a downregulation of the
alpha genes by mutation in trans-acting genes has been
proposed. The other is the alpha-thalassemia associated
with mental retardation syndromes, which includes two
different forms.* The first is characterized by a relatively
mild mental retardation and variable facial and skeletal
abnormalities. This form, known as ATR 16 syndrome,
is due to extended deletions (1 to 2 Mb) of the short arm of
chromosome 16. A second group of patients has a complex
phenotype with quite uniform clinical features (hyper-
telorism, flat nasal bridge, triangular upturned nose, wide
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Alpha-Thalassemia

Table 1 Clinical phenotypes and corresponding genotypes of alpha-thalassemia

Clinical phenotype

Genotype

Silent carrier
Alpha thalassemia trait

HbH disease

Normal or mild microcytosis
Microcytosis hypochromia

Moderate (rarely severe) microcytic
hypochromic haemolytic anemia,

—alpha/alpha alpha

— alpha/ — alpha

— —/alpha alpha

alpha™® alpha/alpha alpha
— —/—alpha

— —/alpha™ alpha

hepotosplenomegaly, mild jaundice

Hb Bart’s hydrops fetalis syndrome

Very severe anemia oedema,

=

hepatosplenomegaly, death in utero or

soon after birth

nd=nondeletion.

mouth, genital abnormalities) and severe mental retarda-
tion. These patients did not show structural changes of
the alpha cluster and the transmission is X-linked (ATR-
X syndrome). Mutations in an X-encoded gene, the
XH2gene, a member of the SNF2 family of helicase/
ATPases. It has been suggested that this gene is involved
in a wide variety of cellular processes, such as transcrip-
tional regulation, recombination, replication, and DNA
repair.!*!

Hb Bart’s hydrops fetalis syndrome is the most severe
form of alpha-thalassemia. In most of the cases it is
associated with the absent function of all four alpha globin
genes (——/— —). The affected fetus cannot produce any
alpha globin to make HbF (alpha,gamma,) or HbA
(alphasbeta,). Fetal blood contains only Hb Bart’s
(gamma,) and small amounts of hemoglobins Portland
(zetagamma, and zetapbetay). The resulting clinical
features are those of severe anemia leading to asphyxia,
hydrops fetalis, and stillbirth or neonatal death.””! Other
congenital defects have been reported, including cardiac
skeletal and urogenital abnormalities. Maternal compli-
cations during pregnancy have been reported, including
mild preeclampsia (hypertension and fluid retention with
or without proteinuria), poly-oligo-hydramnios (increased
or reduced accumulation of amniotic fluid, respectively).
At present there is no effective treatment for Hb Bart’s
hydrops fetalis syndrome. Attempts of intrauterine trans-
fusions or in utero hematopoietic stem cell transplantation
have been unsuccessfully performed.

DIAGNOSIS

Identification of alpha-thalassemia carriers is difficult
because they do not have typical changes in HbA2 or HbF.
Carriers with —alpha/alpha/alpha and — —/alpha alpha
genotypes have always reduced MCV and MCH, while
—alpha/alpha alpha carriers may have normal red cell

indices or only slightly reduced MCV and MCH. The
hemoglobin pattern is normal.

Reliable diagnosis of the alpha-thalassemia carrier
states can only be achieved by DNA analysis with PCR-
based methods or globin chain synthesis analysis that
shows an alpha/beta ratio lower than 0.9 (see below
““Molecular Diagnosis of Alpha-Thalassemia’’).! Iden-
tification of alpha®-thalassamia carriers is important for
the prevention of Hb Bart’s hydrops fetalis syndrome. In
the newborn the electrophoretic detection of the fast
moving band of Hb Bart’s is an indication of the presence
of alpha-thalassemia. However, in some carriers Hb Bart’s
may be not detected.

HbH is easily detected as a fast-moving band by
cellulose acetate electrophoresis. Another simple and very
sensitive test consists in the detection of inclusion bodies
in the red blood cells which can be generated by
incubating peripheral blood with supravital stains.'®!
Determination of alpha globin genotype by molecular
methods is useful for prognosis of HbH disease, as the
nondeletion forms are more severe than the deletion
forms."™! In the neonatal period subjects with HbH disease
genotype can be detected by hemoglobin electrophoresis
because they have elevated levels (—25%) of Hb Bart’s.
Hb Bart’s hydrops fetalis syndrome can be prenatally
identified by DNA analysis, fetal blood analysis, or using
ultrasound (cardiothoracic ratio greater than 0.05).1%"]

MOLECULAR GENETICS

The human alpha globin genes are duplicated and mapped
in the telomeric region of chromosome 16 (16p 13.3),in a
cluster containing an embryonic zeta,, three pseudogenes
(pseudo zeta;, pseudo alpha,, pseudo alpha,) and one gene
(theta;) of unknown function (Fig. ). The alpha
complex is arranged in the order of its expression during
the development. There is a remarkable homology
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Fig. 1 Structure of alpha globin gene cluster and most common deletion alpha-thalassemia defects. (View this art in color at

www.dekker.com.)

between alpha, and alpha; gene maintained during
evolution through repeated rounds of gene conversion.!
The level of transcription of the two alpha genes differs,
encoding the alpha, gene two to three times more alpha
globin than alpha, gene."'”! The different expression of
the two alpha genes has implications for the amount of
hemoglobin variant present in carriers of alpha; or alpha,
globin mutations, and for the pathophysiology of the
deletional and nondeletional forms of alpha-thalassemia.
The presence and integrity of a DNA region, known as
HS40, located 40 kb upstream of the alpha globin gene
cluster are critical for the expression of alpha globin
genes."'!! Deletions of this regulatory element produce
alpha-thalassemia, although both alpha globin genes on
the chromosome are intact. A deletion, removing the
alpha 1 globin and the theta-globin genes, that results in
the transcription of an antisense RNA, leading to silencing
of alpha, gene and in the methylation of its CpG island,
has been recently reported as a novel mechanism of
human genetic disease.'”

Deletion Alpha-Thalassemia

Alpha-thalassemia is caused most frequently by deletions
of DNA that involve one or both alpha globin genes. The
most common deletions remove a single alpha globin
gene, resulting in the mild alpha*-thalassemia phenotype
(—alpha/alpha alpha). These deletions are produced by
unequal crossing over within two highly homologous
regions, extending for about 4 kb, that contain alpha,
and alpha, gene.!'*! Reciprocal recombination between
Z boxes results in a chromosome with a 3.7-kb deletion
containing only one alpha gene (—alpha®’), whereas

recombination between X boxes produces a 4.2-kb
deletion (—alpha*?) (Fig. 1). As a consequence of these
recombinational events, chromosomes containing three
alpha globin genes are produced."'*! The —alpha®’ and
—alpha*? deletions are the most common alpha *-thalas-
semia determinants. Other rare deletions totally or partial-
ly remove one of the two alpha globin genes.

Extended deletions, from 100 to over 250 kb, removing
all or part of the cluster including both alpha globin genes
and sometimes the embryonic zeta, gene, result in al-
pha°-thalassemia and hence no alpha chain synthesis
occurs. Illegitimate recombination, reciprocal transloca-
tion, and truncation of chromosome 16 are the molecular
mechanisms responsible for these deletions. More than 15
different alpha®-thalassemia deletions have been described,
the most common being the Southeast Asian, Filipino, and
Mediterranean types (Fig. 1). Two deletions [ — (alpha)’?
and — (alpha)®*] removing the alpha — 2 and partially the
alpha, globin gene also result in alpha®-thalassemia.

Several different deletions involving the HS-40 reg-
ulatory region but leaving both alpha genes intact have
been reported and all result in alpha®-thalassemia.!'¥!

Nondeletion Alpha-Thalassemia

Less frequently, alpha-thalassemia is determined by
nondeletion defects, which include single nucleotide
substitutions or oligonucleotide deletions/insertions in
regions critical for alpha globin gene expression.''¥
Several molecular mechanisms (abnormalities of RNA
splicing and of initiation of mRNA translation, frameshift
and nonsense mutations, in-frame deletions, and chain
termination mutations) have been described, the majority
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occurring in the alpha, gene and producing alpha®-
thalassemia. Hb Constant Spring, the most common
nondeletion defect that is present in Southeast Asian
population, results from a mutation in the stop codon of
alpha, globin gene (TAA—CAA, stop—Glu). The
change of the stop codon to one amino acid allows mRNA
translation to continue to the next in-phase stop codon
located within the polyadenilation signal. The result is one
alpha chain variant (Hb Constant Spring) elongated by 31
amino acids which is produced in a very low amount
(~1%). The instability of the mRNA due to disruption of
the untranslated region may be the reason for the reduced
production of Hb Constant Spring.'"’

As for beta globin gene, mutations of alpha genes
which result in the production of hyperunstable globin
variants, such as Hb Quong Sze, (alpha 109 Leu— Pro)
Hb Heraklion (alpha 137 pro— 0), and Hb Agrinio (alpha
29 Leu—Pro), that are unable to assemble in stable
tetramers and are thus rapidly degraded, might produce
the phenotype of alpha-thalassemia.'*!

PRENATAL DIAGNOSIS

Prenatal diagnosis is always indicated for the prevention
of Hb Bart’s hydrops fetalis syndrome for the severity of
the disease and even to avoid severe maternal complica-
tions during pregnancy.

HbH disease is not considered to be among those
hemoglobinopathies targeted for prevention.!!

MOLECULAR DIAGNOSIS
OF ALPHA-THALASSEMIA

The presence of alpha-thalassemia, suspected on the basis
of hematological and/or clinical findings [i.e., micro-
cytosis with normal HbA, and F and normal serum iron
status in carriers; microcytic and hypocromic hemolytic
anemia with RBC inclusion bodies and a fast-moving
band (HbH) at the hemoglobin electrophoresis; presence
of Hb Bart’s in the newborn], should be confirmed, if
requested, by globin gene synthesis or even better by
globin gene DNA analysis.

The exact definition of the genotype with molecular
methods is relevant for genetic counseling in carriers and
for prognosis in HbH disease patients. In the last few years
several approaches based on polymerase chain reaction
(PCR) have been developed for the detection of the most
common deletional and nondeletional types of alpha-
thalassemia (for references, see Ref. [16]).

The common deletion alpha®- or alpha™*-thalassemias
are detected using two primers (specific for each deletion

Alpha-Thalassemia

type), which flank the deletion breakpoints. Amplifica-
tion occurs only in the presence of the deletion, whereas it
does not occur in normal subjects because the two primers
are separated by too great a distance. This approach is
known as GAP-PCR. As a control, DNA from a normal
subject is simultaneously amplified using one of the
primers flanking the breakpoint and a primer homologous
to a DNA region deleted by the mutation. The less
common deletion alleles have to be identified by Southern
blot analysis.

Nondeletional forms of alpha thalassemia are detected
by selective amplification of alpha; and alpha, genes,
followed by restriction enzyme analysis, when the
mutation creates or abolishes a cleavage site [i.e., Ncol
for T— G alpha, initiation codon mutation, Hphl for the
—5 bp (donor) alpha, IVSI-1 deletion, Msel for Hb
Constant Spring] or by Dot Blot analysis or ARMS with
specific oligo-probes. A strategy for the diagnosis of all
the known point mutations, which involves the combined
application of denaturing gradient gel electrophoresis
(DGGE) and single-strand conformational analysis
(SSCA), followed by direct DNA sequencing, has been
reported.!'”!

Multiplex PCR assays including up to seven alpha-
thalassemia deletional alleles or common Southeast Asian
nondeletional alleles have been recently described and
seem to give robust and reproducible results.!'®!

CONCLUSION

Alpha-thalassemias are common hemoglobinopathies,
very heterogeneous at clinical and molecular level. Four
different clinical conditions of increased severity have
been described: the silent carrier state, alpha-thalassemia
trait, HbH disease, and Hb Bart’s hydrops fetalis syn-
drome. HbH disease is a moderate, very rarely severe,
microcytic, and hypochromic hemolytic anemia, whereas
Hb Bart’s hydrops fetalis syndrome is a condition
not compatible with postnatal life. Deletion defects
are more common than nondeletion defects. The carrier
state is suspected by hematological methods, but the
precise identification is possible with several PCR-based
procedures or globin chain synthesis analysis. Prenatal
diagnosis is only indicated for Hb Bart’s hydrops feta-
lis syndrome.
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Alzheimer’s Disease, Familial, Early Onset

Beatriz Marcheco Teruel
National Center of Medical Genetics, Havana, Cuba

INTRODUCTION

Alzheimer’s disease (AD; OMIM no. 104300) is a
progressive and degenerative disorder that attacks the
brain, which was first described by Alois Alzheimer.!"!
Alzheimer’s disease is the most common type of dementia
and is a major cause of death and disability in developed
countries. The main symptoms of the disease are memory
loss, cognitive impairment, deterioration of motor skills,
and withdrawal from social contact. The clinical diagnosis
can be difficult to establish and it is only confirmed by
postmortem microscopic examination of the brain. The
typical features of the neuropathological examination are:
cerebral cortical atrophy, the presence of amyloid plaques
in the extracellular space composed mainly of B-amyloid
(AP) peptide, deposition of amyloid in the wall of blood
vessels, and the presence of intraneuronal neurofibrillary
tangles, consisting of hyperphosphorylated microtubule-
associated protein tau.

Alzheimer’s disease can be familial or sporadic and its
complex etiology comprises both genetic and environ-
mental factors. In most cases, the symptoms of the disease
appear after 65 years of age (late-onset form); however,
around 5% of all AD cases have an early onset (i.e., before
age 65 years).>! Sixty-one percent of patients with early-
onset AD had a positive family history and 13% had
affected individuals in at least three generations. A
prevalence of early-onset AD of 41.2 per 100,000 for the
population at risk (i.e., persons aged 40-59 years) has been
reported.™! The disease has severe emotional and financial
consequences for individuals, families, and society.

CLINICAL DESCRIPTION

The early-onset form of AD generally runs in families
with multiple affected individuals and it is mostly in-
herited as an autosomal dominant trait. The disease
usually begins in the 40s or early 50s with a relatively
rapid progression.

Alzheimer’s disease is characterized by gradual loss of
memory, decline in other cognitive functions, and de-
crease in functional capacity. Other common symptoms
include confusion, poor judgment, language disturbance,
agitation, withdrawal, and hallucinations. Some patients
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may develop seizures, Parkinsonian features, increased
muscle tone, myoclonus, incontinence, and mutism.”>%
Survival disease is variable in patients with AD, and they
usually die of infections, with death occurring approxi-
mately 10 years after the onset of symptoms.

The clinical diagnosis of AD is based on criteria
defined in the Diagnostic and Statistical Manual of Mental
Disorders (DSM-III-R, American Psychiatric Associa-
tion 1987) and the criteria of the National Institute of
Neurological and Communicative Disorders and Stroke
and Alzheimer’s Disease and Related Disorders Associ-
ation Work Group (NINCDS-ADRDA).'”! The NINCDS-
ADRDA criteria provide guidelines for a clinical diag-
nosis of probable and possible AD. A diagnosis of definite
AD can be confirmed by neuropathological examination
of the brain tissue either from biopsy or autopsy material.
The criteria of the Neuropathology Task Force of the
Consortium to Establish a Registry for Alzheimer’s Dis-
ease (CERAD)™® have been commonly used to set the
neuropathologic diagnosis of AD.

Differential diagnosis could be established in the first
instance between the familial and sporadic forms of the
disease over the basis of the presence of a positive family
history and by taking into account that familial and
sporadic cases appear (clinically and pathologically) to
have the same phenotype. Other genetic causes of early-
onset dementia as well as prion disease, fronto-temporal
dementia, and CADASIL should be considered.

MANAGEMENT

There is currently no cure or prevention for AD because
its basis are still not well understood. Pharmacological
agents and psychosocial intervention may help to manage
each symptom and provide temporary improvement in
cognitive functioning for some patients. Cholinesterase
inhibitors such as Tacrine (with hepatotoxic effects),
Aricept, Exelon, and Remynil are the most used.
Nonsteroidal antiinflammatory drugs (NSAIDs), estrogen
replacement therapy (ERT), and lipid-lowering agents are
also being investigated.

Effective management of AD also comprises educa-
tional information, counselling, and emotional support for
patients, caregivers, and other family members.
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Alzheimer’s Disease, Familial, Early Onset
MOLECULAR GENETICS

Studies focusing on large families with the rare, early-
onset, autosomal dominant form of the disease led to the
discovery that mutations in the amyloid precursor protein
(APP)! Presenilin 1 (PSENI),""“" and Presenilin 2
(PSEN2)!!? genes cause AD.

Although these autosomal dominant families represent
only a small percentage of the total AD cases, functional
studies of the effects of the identified mutations have
become an important way to dissect the causes and
underlying disease mechanisms leading to AD. Mutations
in all three genes produce an increase of plasma amyloid
(AB42),!"3 which forms the core of neuritic plaques found
in brains of people with AD.

The APP gene in chromosome 21 (region 21ql1.2—
q21.1) was the first gene to be associated with early-onset
familial AD (AD1).1"* The original clue came from the
observation that individuals with Down syndrome, who
have chromosome 21 trisomy, invariably develop the
clinical and pathological features of AD if they live over
30 years.!"!

The APP gene has 19 exons and encodes the amyloid
precursor protein (AP) of 695-770 amino acids, which is
proteolytically cleaved to form A, the major component
of amyloid plaques in the brain tissue. All APP mutations
(16 mutations) occurs in exons 16 and 17.

AD1 accounts for no more than 10-15% of early-onset
familial AD." The mean age of AD1 onset is around the
early 50s, with a range from 43 to 62 years."!

Mutations in PSENI (AD3) located in chromosome 14
(region 14q24.3) are responsible for 30-70% of the AD
cases with familial early onset. PSENI gene contains 10
protein-coding exons and is predicted to encode a
serpentine protein (467 amino acids) with 7-10 trans-
membrane domains. To date, at least 130 different
mutations have been described in the PSENI gene in
more than 200 unrelated families (Fig. 1). Most mutations
lie in exon 7 (28 mutations), exon 5 (27 mutations), and
exon 8 (23 mutations). The majority of these are missense
mutations giving rise to the substitution of a single
amino acid (AD mutation database; http://molgen-ww.
uia.ac.be/admutations/).

It has been speculated that most AD-related mutations
result in a gain of function. Mutations in PSEN] alter the
processing of BAPP by preferentially favoring the
production of potentially toxic long-tailed AP peptides
ending at residue 42 or 43.1'°!

PSENI mutations are associated with the earliest age of
onset (29-62 years) of the three early-onset form genes."!
It has been described that families of different ethnic
backgrounds with the same mutation also exhibit similar
ages of onset.
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The PSEN2 gene (AD4), a rare cause of early-onset AD
(2% of all early-onset familial AD), is located on
chromosome 1 (region 1q31-g42) and it was found using
sequence homology strategy to the PSENI1. The nine
mutations in the PSEN2 gene resulting in AD have been
identified in 15 families with a broad range of onset age
(40-88 years).[3’12’18’19]

The high similarity in clinical and neuropathological
features between the early-onset familial and ‘‘sporadic’’
late-onset AD suggests that similar pathophysiological
factors are involved.

In the near future, it is probable that other AD genes for
early-onset familial AD will be identified because familial
pedigrees with several affected members with the early-
onset autosomal dominant form and not known mutations
in the previously reported genes have been described.*”

MOLECULAR GENETIC TESTING

Currently, molecular diagnostic tests are available for AD.
With regard to PSEN1 (AD3), it is possible to perform
mutation analysis, sequence analysis, and mutation
scanning on a clinical basis. For identification of a PSEN]
mutation, a history of early-onset AD and another family
member (principally a first-degree relative) also with
early-onset AD is relevant.

The PSEN2 gene is well characterized, but only nine
mutations have been found; most of them are point
mutations in the coding region, causing an amino acid
change. On one of these mutations (a substitution of an
isoleucine for an asparagine at codon 141), the DNA
sequence change (AAC vs. ATC) creates a Sau 3a
restriction enzyme cleavage site, whose mutation is easy
to detect. For PSEN2, sequence analysis and mutation
scanning are available on a clinical basis.

Forty-three families with 16 APP (AD1) mutations
have been defined. It is probable that because of the
limited number of affected individuals, the molecular
genetic testing is available only on a research basis by
direct DNA study.

GENETIC COUNSELING

In general, genetic testing for AD, diagnosis or disease
prediction, is a controversial point and is presently
recommended in rare, early-onset familial cases with
presumable autosomal dominant inheritance only."*!)
Such a testing is not useful in predicting age of onset
and severity of symptoms.
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Fig. 1 (A) Pedigree of a large Cuban family with early-onset familial AD. Haplotypes corresponding to the chromosome 14q24.3

region are shown. Filled (black) symbols represent demented individuals. Gender and age are not revealed for reasons of confidentiality.
which is predicted to cause an amino acid change from leucine to methionine in the transmembrana 3 domain (TMIII) of the Presenilin 1

Filled (black) bars indicate disease haplotype. (B) Direct sequencing revealed a heterozygous base change C A (C520A) in exon 6,
protein. (From Ref. [17].) (View this art in color at www.dekker.com.)
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Most individuals diagnosed with AD have had an
affected parent or at least a second-degree relative with
early onset of the disease.

The offspring of an affected individual has a 50%
risk of having inherited the altered gene; such a chance
is much lower when the parents of probands are clini-
cally unaffected.

Predictive Testing

Many relatives whose family members suffer from the
disease wonder about their personal risk of developing
AD, but as for Huntington’s disease, no prevention or
efficient cure is available for AD and predictive testing of
AD will become a profound dilemma for individuals at
high risk for the disorder. The consequences of providing
potentially devastating information to the individual and
the family should be weighed against the principles of
autonomy and self-determination of the family members.

Prenatal Diagnosis

For AD mutations, if the disease-causing allele of an
affected family member has been previously identified, it
is possible to carry out prenatal diagnosis by analysis of
DNA extracted from fetal cells obtained by chorionic
villus sampling or amniocentesis at 10-12 weeks of
pregnancy or 16-18 weeks, respectively. In general,
request for prenatal testing for adult-onset diseases is
not common and many factors affect the uptake of
prenatal testing for single gene conditions such as age of
onset, severity of the disease, certainty of the test, and,
especially, possibility of treatment. The decision is also
influenced by legal and social rules of different countries
and societies.

CONCLUSION

This review has focused on some of the most important
aspects in understanding the occurrence of early-onset
familial AD. Genetic factors are of established importance
and are being intensively studied. If we are able to
elucidate all the mechanisms leading to AD at the
molecular level, then it will be possible to develop
strategies for prevention and effective treatments either
through targeted drugs or other environmental interven-
tions. It will make be possible to improve the use of DNA
testing to confirm a diagnosis of AD, or to make
predictive statements for an individual about the particular
risk of developing AD later in life.
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Aminoglycoside-Induced Deafness
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INTRODUCTION

Our understanding of the genetic basis of aminoglycoside-
induced deafness (AID) has greatly improved during the
past 15 years. The discovery of the first mitochondrial
mutation (A1555G) in 1993, leading to susceptibility to
aminoglycoside ototoxicity, was the most remarkable suc-
cess in this area. Many individuals from different parts
of the world have since been identified with this mutation,
suggesting that the number of people at risk for ototoxicity
may be considerably high, especially in some populations.
Two other mutations in the mitochondrial 12S ribosomal
RNA (rRNA) gene, C1494T and 961delTinsC(n), have
been implicated to cause AID.

OVERVIEW

Aminoglycoside antibiotics are used for the treatment of
aerobic gram-negative—and, less commonly, gram-posi-
tive—bacterial infections. Streptomycin, the first amino-
glycoside introduced in the 1940s, is still in use as first-
line antituberculosis drug. Gentamycin, tobramycin, and
amikacin are more commonly used in developed
countries.!"?

The ototoxicity associated with the use of aminoglyco-
sides was recognized soon after they became available, for
which a loss of 15 dB or more at any frequency in one or
both ears is a commonly used description.'

Aminoglycosides can cause deafness in almost all
mammalian species when given in massive doses.
However, individuals who experienced hearing loss
following short-term aminoglycoside use at regular doses,
sometimes with a family history of AID, were indicative
of a genetic mechanism. It was first suggested in 1989 that
the genetic defect might be in the mitochondrial DNA
based on the reported pedigrees of AID."! It was later
clearly demonstrated that the inheritance pattern was
matrilineal in a district of China where 167 of 763
(22%) deaf individuals had a history of aminoglycoside
exposure. Three Chinese families with histories of AID
and an Arab-Israeli family with maternally inherited
nonsyndromic deafness (not associated with aminoglyco-
side exposure) were used to discover the genetic defect in
the mitochondrial DNA.!'! As a result of this effort, an
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A — G transition at position 1555 of the 12S rRNA was
identified.!"!

A1555G MUTATION IN THE 12S rRNA GENE

A1555G mutation can induce hearing loss in the presence
or absence of exposure to aminoglycoside antibiotics. It
was homoplasmic in almost all of the reported cases,
although a low level of heteroplasmy has been reported.

There are currently available polymerase chain reac-
tion (PCR)-based screening tests for this mutation.
Following are the details of a simple PCR-restriction
fragment length polymorphism (RFLP) test:'"!

Primers

Forward 5'-CCGCCATCTTCAGCAAACCCT-3.
Reverse 5-TGAAGTCTTAGCATGTACTGCTCG-3'.

Following amplification, PCR products are digested
with the Alw26l restriction enzyme, of which one
cleavage site is abolished when A1555G is present.

Biochemical and Molecular Evidence
for the Pathogenicity of A1555G

Because aminoglycosides bind the small rRNA and exert
their effect by inhibiting or inducing errors in protein
synthesis, it is not surprising that mutations in the
corresponding 12S rRNA in humans are responsible for
AID.M Aminoglycosides bind at, or near, two regions of
the Escherichia coli small TRNA and these regions,
brought together in the secondary and tertiary structures,
surround the decoding site of the ribosome (Fig. 1A).

The A1555G mutation introduces a new base pair at a
region of the human 12S rRNA (Fig. 1B and C).
Disruption of the base pairing at the corresponding region
in E. coli results in resistance to aminoglycosides.!"! It was
experimentally shown that the A1555G RNA analog
stoichiometrically binds aminoglycosides with high affin-
ity, whereas the wild type construct does not.'!

In vitro experiments have confirmed the role of
A1555G in AID.'®! Lymphoblastoid cell lines obtained
from individuals of the original Arab-Israeli family
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Fig. 1 Wild-type aminoglycoside binding site in E. coli 16S
rRNA (A) and human 12S rRNA (B) (numbers are in E. coli
numbering system in A). Positions of the A1555G (C) and
C1494T (D) mutations.

showed a lower growth rate, mitochondrial protein
synthesis, total oxygen consumption, and respiratory
chain complexes-dependent respiration compared with
control cell lines.'™ The severity of mitochondrial dys-
function in the mutant cell lines was correlated with the
presence or absence of hearing loss in persons carrying the
mutation.'®” Exposure of the cells to high concentrations
of aminoglycosides significantly decreased the rates of
growth and translation.!®”” When the mitochondria with
A1555G was transferred into human mtDNA-less cells,
the transformant cells exhibited significantly lower
growth rate, mitochondrial protein synthesis, and sub-
strate-dependent respiration compared with control cells.
These decreases were very similar in deaf and hearing
members of the family with the mutation, suggesting that
the nuclear gene(s) plays an important role(s) in deafness
phenotype.'®!

Epidemiology

Because A1555G can be found in persons with completely
normal hearing, AID, progressive and late-onset high-
frequency hearing loss, and congenital- or prelingual-
onset severe to profound deafness without aminoglycoside
exposure, it is difficult to obtain its true frequency in
a given population. Although A1555G was originally
described and frequently found in patients coming from
families in which other relatives also have AID, sporadic
cases with or without AID,™'" patients coming from
families with hearing loss showing maternal inheritance,
or one of the forms of Mendelian inheritance without AID
is reported.!'"-'%

Aminoglycoside-Induced Deafness

The proportion of cases with mutation among patients
with AID has ranged from 3% to 44%!"*'* in dif-
ferent populations with different ascertainment strate-
gies (Table 1). If there is a family history of AID'"* or
maternal inheritance in the pedigree,''!! the possibility of
finding this mutation increases. A number of studies have
demonstrated that A1555G is associated with different
mitochondrial haplotypes,'''**! although founder effects
have also been identified in some families,'””' implying
that this mutation has arisen several times in the past and is
not limited to a certain ethnic group.

It is important, yet difficult, to find the frequency of
A1555G in the hearing population. Based on their results
of screening in matrilineal pedigrees, Lehtonen et al.!'®!
estimated that the minimum frequency of A1555G was
4.7/100,000 in northern Finland. Tang et al.**' studied
anonymized 1173 blood samples obtained for newborn
screening in Texas and identified one positive result
(9/10,000). Similarly, in a study from New Zealand,™®
A1555G was found in 1 of 206 unselected samples.
However, it should be noted that the A1555G mutation
was not found in approximately 1500 control samples
studied as control in different populations.'"-'!172!]

Phenotype Associated with
the A1555G Mutation

Hearing loss usually manifests itself within 1-3 months
following—sometimes even one dose of—aminoglyco-
side use.*”! The onset and severity of hearing loss are
unrelated to age at the time of exposure. The hearing loss
is sensorineural (originating from the cochlear lesion) and,
in most cases, is symmetrical—almost always involving
the high frequencies.'*”) The vestibular system appears not
to be involved.

A significant portion of individuals with A1555G has
normal hearing for their entire life in case they have not
been exposed to aminoglycosides. In the absence of
aminoglycoside exposure, the probability of an individual
possessing the mtDNA A1555G mutation developing
hearing loss has been estimated to be 40% by the age of
30 years, and 60% by the age of 60 years.""!

Genetic Modifiers Implicated in
A1555G-Related Deafness

The original Arab—Israeli family and additional families
with A1555G without AID suggested the presence of a
nuclear modifier gene. Extensive search using different
linkage strategies yielded a region on chromosome 8,
around the microsatellite marker D85277.12%

The common deafness gene GJB2 and mitochondrial
A7444G mutations have been reported to act as mod-
ifiers for A1555G in some studies,?!*"! although further
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studies failed to confirm these results in other popula-
tions.!'?!

C1494T MUTATION IN THE 12S rRNA GENE

The homoplasmic C1494T mutation was recently identi-
fied in a large Chinese family with AID and maternal
inheritance."'¥ Twenty of 39 matrilineal relatives, who
are supposed to carry the mutation, exhibited hearing loss.
Clinical data have shown that the treatment with amino-
glycosides can induce or worsen deafness in matrilineal
relatives. The mutation occurs at a position where the A
at position 1555 can make a pair with the mutant base
(Fig. 1D). Additional data indicated that the cell lines
derived from carriers showed a lower rate of total oxygen
consumption and a significant increase in doubling time
with the high concentration of aminoglycosides. Nuclear
background probably plays a role in the deafness phe-
notype and AID with the C1494T mutation.'*!

OTHER MUTATIONS IN THE 12S rRNA GENE

Deletion of a T at position 961 and insertion of varying
numbers of G were observed in a patient during a search in
the mtDNA in 35 sporadic Chinese cases with AID."*”!
The same mutation was not detected in 799 control
samples.”*® This mutation was later found in an Italian
family, in which five maternal relatives became deaf after
aminoglycoside exposure.”*'! However, in a recent study,
961delTinsC(n) was detected in 7 of 1173 anonymized
blood samples in the United States.”*! This result suggests
that either the role of this mutation is questionable in AID,
or the population at risk for AID is extremely high in the
United States.

The T1095C mutation was found in two Italian
families.""***! In one family, the proband had Parkinson’s
disease, neuropathy, and a history of AID.? The second
family with matrilineal inheritance of hearing loss
included two maternal relatives of the proband who had
histories of AID.'"”! More data are needed to draw a firm
conclusion about the role of this mutation in AID.

CONCLUSION

The multinational occurrence of the A1555G mutation,
with high frequencies in some countries, makes the AID
associated with this genetic change a public health
problem. Until more precise data are available on the
frequencies of this mutation and mechanisms of its action,
in coordination with the nuclear or mitochondrial genome,

Aminoglycoside-Induced Deafness

a detailed family history for deafness, especially amino-
glycoside-related deafness, will help decrease the number
of cases with AID. Currently available PCR-based tests
may be used when an aminoglycoside treatment is
necessary. Using widely available, precise, less expensive,
and rapid molecular screening tests for already known
mutations in population screening is open for discussion.
Identification of other genetic changes will certainly help
create better strategies for large-scale screening.
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INTRODUCTION

Several technologies for probing genetic variation have
emerged in the past 20 years, many of which incor-
porate in vitro enzymatic DNA amplification by the
polymerase chain reaction (PCR) in its modern, Tag-
polymerase-based incarnation. Among them, amplifica-
tion refractory mutation system (ARMS)-PCR stands out
for its speed, simplicity, versatility, and low cost. Since
its concurrent inception by six separate groups working
independently,"'®' these features of ARMS-PCR have
established it as arguably the single, most popular geno-
typing technique. Evidence of this abounds in the scien-
tific literature despite some confusing nomenclature issues
that persist today (Table 1). The popularity of ARMS-PCR
is also apparent by its continuous development over the
years (Table 2). Today, ARMS-PCR embraces all formats,
from single tube to array, and all conceivable applications,
from SNP to universal genotyping.

AN OVERVIEW OF ARMS-PCR: FROM
PRINCIPLES TO PRACTICE

Principle and Formats of ARMS-PCR

Accurate genotyping requires stringent allelic discrimina-
tion. ARMS-PCR relies on 3'-end primer mismatching to
achieve a high degree of allelic specificity. As shown in
Fig. 1, the original two-tube incarnation of ARMS-PCR
utilizes five primers—two of these are allele-specific and
complementary to the polymorphic site at their 3’
terminus, while a common companion primer serves to
yield an allele-specific amplification product. Because
Tag DNA polymerase lacks 3'—5" exonuclease activi-
ty,l”) allelic specificity is conferred by its inability to
efficiently extend 3’ end-mismatched primers. Because
most known SNPs are biallelic, two reactions (each
containing either one of the allele-specific primers) are
required for definitive genotype assignment. An addition-
al pair of irrelevant, fully matched primers, yielding an
amplicon of different size serves as internal control to flag
false-negative reactions (i.e., those resulting from ampli-
fication failure).
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Single-Tube ARMS-PCR

Table 2 lists key features of ARMS-PCR and those of
numerous subsequent modifications. The initial crucial
limitation of having to perform two PCR reactions to
establish a single biallelic genotype, along with the
associated requirement for an internal control reaction,
were soon overcome with the development of various
single-tube formats. Here both allele-specific primers
are present in the same reaction and allelic discrimi-
nation is achieved by either varying the length of
these primers’®'% or by engineering them to amplify on
opposite directions and produce amplicons of different
lengths.!' =13

Two-Reaction ARMS-PCR

While single-tube ARMS-PCR arguably represents a more
refined, cost-effective, and high-throughput format, it also
requires additional expertise, particularly in primer design.
It is perhaps for this reason that conventional two-tube
ARMS-PCR continued to evolve and has remained pop-
ular to date. Substantial modifications have been described
that aimed at increasing both assay sensitivity!'*! and spec-
ificity."">'%! The concept of multiplex universal genotyp-
ing (MUG;"™), which renders ARMS-PCR applicable to
any type of genomic variation and particularly useful for
defining mixed (i.e., single-nucleotide and length) poly-
morphic haplotypes, is the latest addition to an expanding
collection of conventional ARMS-PCR formats.

Microarray ARMS-PCR

The advent of microarray technology promises to deliver
rapid, high-throughput genotyping through the develop-
ment of solid-phase, miniaturized assay formats. The
forerunner of microarray ARMS-PCR came in the form of
allele-specific primer extension, where arrayed allele-
specific primers are queried with multiplex preamplified
template DNA containing the polymorphisms of interest in
the presence of reverse transcriptase and a mixture of
ribonucleotides, one of which is fluorescently labeled.
Practical difficulties in performing solid-phase PCR, as
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Table 1 Alternative designations for ARMS-PCR

Method designation Reference
Mutation-specific PCR [1]
Amplification refractory mutation [2]
system (ARMS)

Allele-specific PCR (AS-PCR) [3-5]
PCR amplification of specific alleles (PASA) [6]
PCR with sequence-specific primers (PCR-SSP) [39]

well as the markedly higher signal-to-noise ratio achieved
with RT, were the principal reasons for its use here instead
of DNA polymerase. These limitations were recently over-
come with the development of a two-phase, on-chip PCR
platform that achieves simultaneous multiplex amplifica-
tion of genomic DNA and immobilized allele-specific
primer extension using Tag DNA polymerase.'®!!

Design and Optimization
of ARMS-PCR Assays

With its numerous formats, ARMS-PCR offers unparal-
leled flexibility in the design of genotyping assays. Major
initial considerations guiding the design process itself
include the number and type of genetic variation(s) under
study; available equipment, personnel, and expertise in
primer design; desired sample throughput; and cost. Once
a suitable ARMS-PCR format has been selected, the issue
of allele-specific amplicon detection should be separately
addressed (reviewed elsewhere in this volume). The
design process is complete following customization of
the assay to the polymorphisms of interest (primer design),

Table 2 Comparison of different platforms for ARMS-PCR
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optimization of PCR conditions, and troubleshooting of
any problems.

Optimization and Troubleshooting

For all its merits, ARMS-PCR is subject to the same
limitations that apply to conventional PCR. Problems such
as mispriming and primer dimer formation can be
minimized by using suitable software for basic primer
design. Complications in basic primer design arising from
polymorphisms lying close to the SNP of interest can be
overcome by strategically incorporating deoxyinosine (dI)
residues into the primer sequence. !

Since the original description of ARMS-PCR, several
authors have shown that primer 3’-terminal mismatch
discrimination with DNA polymerases is not absolute;
extension of such mismatches does occur, albeit at a much
lower rate than that of a perfectly matched primer.
Extension efficiency depends on several factors, primarily
the nature of the mismatch'**°~* as well as its sequence
context,ml template abundance,®! and ANTP concentra-
tion.""*!! DNA-dependent DNA polymerases generally
achieve better allelic discrimination than reverse tran-
scriptases. 2!

While optimization of the PCR reaction itself is typically
straightforward, the potential for discrimination failure
occasionally necessitates troubleshooting of ARMS-PCR.
Initial measures should focus on readily modifiable reac-
tion components and might include reducing the number of
amplification cycles,'** the amount of template DNA,*!
dNTP concentration,'"®! or performing the reaction un-
der rapid-cycle conditions.”® In rare instances where
these measures would fail or prove difficult to implement
(e.g., when running multiplex reactions or pooled DNA),

Method designation Format Special features Reference
ARMS-PCR (AS-PCR; PASA) Two tube — [1-6]
ADPL AS-PCR Single tube Seminested design [8]
PAMSA Single tube — 9]
Asymmetric AS-PCR Two tube Seminested design [14]
Mutagenically separated AS-PCR Single tube Intraprimer mismatches [10]
Competitive blocker AS-PCR Two tube CB primers [15]
Gap-ligase chain reaction Swo tube Taq ligase [16]
Bidirectional PASA Single tube Tailed AS primers [11]
PCR-CTPP Single tube Tailless primers [12]
Tetra-primer ARMS-PCR Single tube Long, tailless primers; asymmetric design [13]
Microarray ARMS-PCR Array Solid-phase platform [18,19]
MUG-PCR Two tube Universal genotyping platform [17]

Abbreviations: ADPL =allele discrimination by primer length; PAMSA=PCR amplification of multiple specific alleles; CB=competitive blocker;

CTPP=confronting two-pair primer; MUG=multiplex universal genotyping.
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Fig. 1 Principle of ARMS-PCR (see text for details). (From Vamvakopoulos, J.E., 2001. A potential role for interleukin-1 in chronic
allograft rejection. PhD thesis. University of Cambridge, U.K.) (View this art in color at www.dekker.com.)

further action should involve modification of the allele-
specific primers®*?*>2"2 5ryse of depository oligos.*”
ARMS-PCR relying on intercalating fluorescent dyes
for amplicon detection may require additional trouble-
shooting aimed at minimizing nonspecific fluorescence
from primers and primer dimers. This issue becomes
crucial for applications demanding optimal sensitivity,
such as genotyping of DNA pools and monitoring minimal
residual disease or the emergence of drug-resistant
infectious strains in clinical samples. Primer design
measures for minimizing primer dimer formation have
been described;*!! alternatively, optimal signal-to-noise
ratio in these instances can be achieved by simply raising
the reaction pH to 11.7 before amplicon detection.'*?!

APPLICATIONS OF ARMS-PCR:
GENOTYPING AND BEYOND

The versatility and success of ARMS-PCR as a method-
ological tool can best be judged by its uses. Here I
summarize some of the most important, diagnostically
oriented applications of this technique.

Clinical Genetics and Cancer Management

ARMS-PCR was originally conceived mainly for the
purpose of detecting cancer-related mutations'! and for
studying the genetic basis of heritable disorders.”™® In
this respect the field of clinical genetics was quick to
explore the potential of this technique: rapid, PCR-based
assays for several genetic diseases where the causative

mutation was known were developed soon after the first
description of ARMS-PCR."**** Furthermore, the power
of ARMS-PCR to detect mutations with unparalleled
sensitivity has revolutionized two key aspects of cancer
management, namely molecular diagnosis™®> and the
monitoring of minimal residual disease (MRD).[36’37]

Tissue Typing and Cell Therapeutics

HLA typing was one of the very first applications of
ARMS-PCR and, in retrospect, the impact of this
technique on histocompatibility testing has been momen-
tous. Fugger et al.!*®! pioneered the application of ARMS-
PCR in this field, while Olerup, Zetterquist, and co-
workers are credited with much of the work leading to the
routine clinical application of this technique.***”! Today,
ARMS-PCR is the bedrock of HLA typing. With new
HLA specificities being integrated as they are discov-
ered,”!! this situation looks set to persist long into
the future.

Also of clinical relevance is the application of ARMS-
PCR to the functional and quantitative study of cellular
chimerism following cell or solid organ transplantation.
Accurate quantitative measurement of cellular chimerism
by ARMS-PCR is now feasible'***! and should greatly
facilitate further advances in this field.

Studies of Interindividual Genetic Variation

The fact that ARMS-PCR is well suited to studying single
nucleotide polymorphisms (SNPs), which account for
over 80% of interindividual genetic variation, makes it



Amplification Refractory Mutation System PCR

an ideal tool for related functional and epidemiological
studies. Besides conventional, biallelic SNPs, ARMS-
PCR is easily adaptable to the study of triallelic SNPs,*4
small insertions, and deletions.™! Where marker infor-
mativeness becomes crucial (e.g., in mapping disease
traits), this technique can also accommodate length
polymorphisms alongside SNPs;'"! in that same context,
it is also unique in allowing direct haplotyping of genetic
markers.' 747 Last but not least, the high sensitivity of
this method makes it ideal for genotyping of pooled DNA
samples. 4549

CONCLUSION

Fifteen years after its original description, ARMS-PCR
remains an immensely popular and evolving technique.
Rapid, reliable, versatile, and accessible to even the
smallest laboratory, it is the definitive ‘‘poor man’s
genotyping method.”” Yet, advanced design features and
the integration of new technologies have propelled it to
the forefront of large-scale genomic research. Until
inexpensive, on-the-fly whole-genome sequencing be-
comes feasible, this technique is here to stay.
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INTRODUCTION

The analysis of nucleic acid markers that reflects
similarities in DNA or RNA sequences (DNA or RNA
fingerprinting) has become widespread, and has many
uses, including identifying progenitors, siblings or pater-
nity, establishing identity of target recovered from
different locations, assessing population structure includ-
ing clonality or degree of recombination, predicting
phenotypes, etc. Factors influencing the choice of a
fingerprinting technique include the type of application,
the target organism under investigation (animal, plant,
microorganism), the source of target material available,
the resources and skill base to perform tests, and the
availability of data for comparative analysis. Ideally, the
method should be cheap, rapid, reproducible, discrimina-
tory, independent of other methods, and applicable to all
types of samples including to targets without prior
sequence or genetic mapping information. Moreover, the
method should be amenable to automation, easy to
interpret and standardize between different testing sites,
capable of comparisons with different methods, and
require minimal molecular skills from the operators and
those interpreting the data. Currently, no single technique
is able to meet all of these requirements.

Initially, the most common DNA fingerprinting
techniques were based on restriction fragment length
polymorphism, some with subsequent Southern blotting-
based analysis. However, polymerase chain reaction
(PCR)-based procedures have become more common,
one of which is amplified fragment length polymorphism
(AFLP) analysis. AFLP has advantages over other similar
fingerprinting techniques in terms of reproducibility,
discrimination, labor intensiveness, and speed. AFLP is
easier to perform and requires simpler and less expensive
equipment than pulsed-field gel electrophoresis, which is
widely considered as the ‘‘gold standard’’ for molecular
epidemiological studies of pathogenic microorganisms.
Because of the high stringency of the PCR procedure,
AFLP is inherently more reproducible than randomly
amplified polymorphic DNA analysis. It does not require
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Southern blotting followed by probing with labeled
nucleotides such as is required for ribotyping or insertion
sequence typing (IST). Most importantly, AFLP markers
have a high multiplex ratio (the number of different
genetic loci simultaneously analyzed per experiment) that
allows characterization of, at least in part, the entire
genome. In contrast, assays characterizing single loci have
a multiplex ratio of 1.

AFLP ANALYSIS

AFLP is a PCR-based technique able to provide high-
throughput DNA fingerprinting for rapid and accurate
screening of genetic diversity, which was correctly
originally described as able to ‘‘bridge the gap between
genetic and physical maps.”’!"! The method comprises of a
restriction-enzymatic digestion of genomic DNA followed
by ligation of double-stranded oligonucleotide adapters
that are complimentary to the restriction sites at the ends
of the DNA fragments. The ligated ends are designed not
to regenerate the restriction sites, and because the adapters
are not phosphorylated, adapter-to-adapter ligation is
prevented. Because the adaptors are of known DNA
sequences, subsequent PCR amplification under high
stringency is performed using primers that have exact
complementarity with the template DNA generated by the
adaptors. Patterns of amplified product differing in size
constitute the final output of the process (Fig. 1). Despite
the name, and despite its similarity with restriction
fragment length polymorphism, AFLP detects the pres-
ence or absence of restriction fragments rather than their
length polymorphism.

DNA Extraction

The starting DNA is crucial for successful AFLP analysis.
This should ideally be of high molecular weight and as
free as possible from contamination by other biomol-
ecules. DNA extraction methods (e.g., those based on
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phenol chloroform, guanidinium thiocyanate, and cetyl-
trimethyl-ammonium bromide) suitable for AFLP analysis
are widely available. Because the PCR primers are not
based on specific sequences, target DNA must be free
from nucleic acids from other sources and hence, this
method is problematic for analysis of microorganisms
that cannot be grown in axenic culture or for target DNA
that cannot be separated from DNA derived from extra-
neous sources.

Restriction Digestion and Ligation

Optimal restriction digestion is fundamental for correct
AFLP patterns analysis, and the original methods used a
combination of two enzymes with rare and frequent
cutting sites. Hence, the fragments generated contain a
frequent restriction site sequence at one end, plus a rare
site sequence at the other. The rationale for this choice,
particularly for functional analysis of genomes with very
high complexity (e.g., for plant genomes), is that only
fragments with combined rare and frequent restriction
sites will be amplified, thus limiting the number of se-
lective nucleotides in primers used for subsequent am-
plifications.'"! Alternative methods using only a single
enzyme (SAFLP) are also available.

The availability of many different restriction enzymes
with corresponding adapters and primer combinations

provides a great deal of flexibility and ‘‘tuning’’ of the
number of AFLP fragments generated. Theoretically, any
restriction enzyme, alone or in combination, could be used
to generate DNA profiles, irrespective of the complexity
and utility required. However, rarely cutting enzymes
will generate few fragments, thus reducing the probability
for polymorphism detection, and frequently cutting en-
zymes are unlikely to generate fingerprints appropriate
for interpretation.

Primer Selection and PCR

Because the adaptors are of known DNA sequence,
subsequent PCR amplification of all DNA fragments can
be achieved using primers that have exact complemen-
tarity with the adaptor sequences. Alternatively, the 3’
ends of the PCR primers can include one or more
additional ‘‘selective’’ nucleotides, thus allowing ampli-
fication of a subset of the adapted-restricted fragments;
it is usually necessary to test primers with up to three
selective nucleotides to obtain satisfactory patterns.!

Pattern Analysis and Evaluation of Assays

Depending on the methods used to perform AFLP assay,
the amplified fragments can be visualized on denaturing
polyacrylamide gels (IPAGE) through autoradiography,'!
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on agarose gel with ethidium bromide staining and UV
transillumination,”® or by using fluorescently labeled
primers through a polyacrylamide matrix in an automated
sequencer.'*! If comparisons of simple patterns of rela-
tively low discrimination for small numbers of samples
are required, these can be adequately achieved by visual
inspection. However, once more complex AFLP patterns
are analyzed together with the need for intralabora-
tory and interlaboratory analysis, the application of
bioinformatics is essential for analysis: the high repro-
ducibility of AFLP supports the generation of electronic
databases.'” A systematic review of final pattern analysis
and its evaluation are outside the scope of this article;
however, the fundamental aspects of DNA fingerprinting
analysis as developed for other systems'® must be applied.
In addition, the assessment of reproducibility (the
repeatability of test results), typability (proportion of
targets in a population that can be analyzed), and
discrimination (number of different types identified) for
each individual system must be evaluated, usually with a
degree of empiricism.

APPLICATIONS OF AFLP ANALYSIS

AFLP has been successfully applied to DNA fingerprint-
ing of a very wide variety of biological sample including
plants, animals, and both eukaryotic and prokaryotic
microorganisms and viruses.'"” Tn plant studies, it has
been useful to estimate genetic diversity'®'"! and to
resolve phylogenetic relationships.!''?! Because AFLP
markers cover the entire chromosomes, this technique
can be successfully applied for breeding analysis includ-
ing for variety identification, germoplasm management,
indirect selection of agriculturally important traits, and
backcross breeding.'®! Identification of markers closely
linked to resistance genes,"'*! construction of plant genetic
maps,''>'%! and quantitative trait loci analysis (i.e., QLT
analysis is that of traits that do not fall into discrete
classes, and are controlled by multiple independently
Mendelianly segregating genes) have been achieved
by AFLP.

Applications of AFLP to animal genetics and linkage
analysis have not been as widespread as in plant genetics,
probably because of availability of dense microsatellite
maps.''?! However, AFLP analysis has been used to
investigate genetic diversity among domestic cattle,!'”'8!
and for human genome fingerprinting resulting in an
efficient and rapid approach for identifying and scoring
multiple variants."'”) AFLP-based human mRNA finger-
printing,?” where the target is c¢cDNA rather than
genomic DNA, had been used for analysis of expression
of genes involved in cancer development®" and to

evaluate changes in gene expression after exposure to
xenobiotics.*!

AFLP is well suited to the study of eukaryotic
parasitic,[23*25] fungi,[26’27] viruses, and bacteria.'"! The
power of the technique for comparative genomics is
illustrated by the study of Arnold et al.,*® which showed
that AFLP generated >90% of the fragments predicted
from the Escherichia coli K12 genome. The technique has
proven especially useful for analysis of bacteria patho-
genic to humans and other animals, and the authors’
experience has shown AFLP to be highly suitable
for public health microbiology and molecular epidemio-
logical analysis.****! The robustness of the system is il-
lustrated by the successful interlaboratory comparison of
AFLP patterns via the internet to identify strains of the
bacterium Legionella pneumophila, the causative agent of
Legionnaires’ disease™®" (http://www.ewgli.org/).

CONCLUSION

In summary, PCR-based DNA fingerprinting techniques
are becoming increasingly used for a wide range of
organisms, and AFLP analysis has considerable advan-
tages for certain applications. The method is robust,
relatively easy to perform, sufficiently reproducible to
provide the basis for reliable intralaboratory and inter-
laboratory studies, and can be easily modified (tuned) to
provide the desired level of discrimination. AFLP markers
have a high multiplex ratio (the number of different
genetic loci that may be simultaneously analyzed per
experiment), which is of considerable advantage because
this allows analysis of, at least in part, the entire genome
rather than single locations.*>*®) AFLP has been
successfully applied to fingerprint DNA material from a
very wide variety of biological sample including plants,
animals, viruses, and both eukaryotic and prokaryotic
microorganisms.'’"*8! Applications have been particu-
larly successful in the areas of analysis of plant genomes
and those from pathogenic bacteria for public health
microbiology and molecular epidemiology. Until very
high throughput multiple-sequence analysis of whole
genomes becomes technically feasible on a wide and
rapid scale, AFLP should be seriously considered as the
method of choice to investigate genome polymorphisms.
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INTRODUCTION

In 1965 Harry Angelman first reported on three patients
with severe mental retardation, who had ‘‘flat heads, jerky
movements, protruding tongues and bouts of laughter’’
that ‘‘gave them specific resemblance to puppets.”” This
was the first report on a devastating condition that was for
some time referred to as the ‘‘happy puppet syndrome’’
but is currently known as Angelman syndrome (AS).
Angelman syndrome is an example of imprinted gene
abnormality in humans. The gene, the function of which is
deficient in at least 85% of AS cases, E6-AP-ubiquitine-
ligase (UBE3A) shows brain-specific imprinting in
that only its maternal allele is active in the brain. Four
known molecular mechanisms can lead to UBE3A defi-
ciency. For the remaining 15% of patients the underlying
mechanism is unknown. Although the recurrence risk for
subsequent pregnancies in most affected families is low,
in some cases it can reach 50%. As no single laboratory
test can identify all AS cases and subtypes, using a
sequential diagnostic testing algorithm is suggested.

OVERVIEW
Prevalence

The reported AS prevalence is in the range of 1 in 10,000—
20,000."*!

Clinical Features

Angelman syndrome patientsm have global developmen-
tal delay, usually first noticed at 6—12 months of life. Most
patients never develop speech, but some may have
minimal use of words. All have frequent inappropriate
laughter or smiling and significant motor delay—they
begin walking at an average age of 4-5 years. Typical
neurological manifestations are ataxia and tremulous
movements. Most, but not all, have microcephaly. Most
develop seizures before 3 years of age and have
characteristic abnormal EEG patterns.'* Features that
are present in most cases include characteristic appearance
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with flat occiput, protruding tongue, prognatia, wide
smiling mouth, as well as hypopigmentation and strabis-
mus (Fig. 1). Sleep disturbances and fascination with
water can also be present. Clinical diagnostic criteria for
AS have been developed by a panel of professionals
experienced in the care for AS.!®

MOLECULAR BASIS AND IMPLICATIONS
FOR GENETIC COUNSELING

Angelman syndrome is divided into five major types:

Type I. De novo interstitial deletions of region 15q11q13
are found in about 70% of all AS cases (Table 1).[7]
Similar deletions have been reported in association
with Prader—Willi syndrome (PWS), a disorder with
different phenotype (see Prader—Willi syndrome). The
deleted chromosomal area in AS is of maternal origin
in contrast to PWS where the origin of the deletions is
paternal.’® These findings suggested the presence of
imprinted genes in the PWS/AS region. The common
PWS/AS deletion (see also Prader—Willi syndrome)
spans about 4 Mb and is routinely diagnosed by
FISH analysis."” In cases with the common deletion
(Type I a) the recurrence risk is lower than 1%."" In
less than 1% of all AS cases, referred to as Type I b,
chromosomal abnormalities are observed in nonaf-
fected parents. Two types of families have been
reported: 1) an unbalanced translocation in the affected
individual with a balanced translocation in his/her
mother. In one such family there were affected children
with both AS and PWS depending on the transmitting
parent;''"! 2) familial interstitial deletion that is present
in the patient, his unaffected mother, and possibly the
unaffected grandfather.!'?! Such deletions are smaller
and do not include the region for PWS—when
transmitted from the grandfather to the mother they
do not lead to PWS. In Type I b families the estimated
recurrence risk is up to 50%.

Type II. Uniparental disomy 15 (UPD-15). About 2-3% of
AS cases are the result of paternal UPD-15"%—
inheritance of both chromosomes 15 from the father. It
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Fig. 1 Photographs of six 11-33-year-old patients with
Angelman syndrome. (From Ref. [5].)

seems that most paternal UPD-15 errors occur during
postzygotic divisions.!'*! Increased parental age is doc-
umented in UPD cases."”!

Although the recurrence risk for UPD (Type II a) is
lower than 1%, cases of AS with paternal UPD-15 have
been reported in association with familial transloca-
tions involving chromosome 15''¢! (Type II b). In such
cases the recurrence risk may be increased, but the
available information is limited.

Type III. Imprinting defects. Genomic imprinting in the

PWS/AS region is associated with specific DNA
methylation patterns reflecting the chromosome’s
parental origin (see ‘‘Laboratory Testing’’). The
methylation patterns are abnormal in both deletion
and UPD-AS cases. About 5% of AS patients do not
have FISH-identifiable deletions or UPD, but have
abnormal methylation patterns lacking methylated
(maternally specific) DNA sequences despite the es-
tablished biparental inheritance. In some cases this
imprinting defect is associated with smaller deletions in
the region, involving the 5’ end of the gene SNRPN.!'”!
This chromosomal locus referred to as an imprinting
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center (IC) is involved in the imprinting switch process
during gametogenesis, which allows the ‘‘resetting’” of
the DNA methylation patterns in the gametes to reflect
their parental origin. Two physically separated control
centers (minimal regions) were identified within the IC
region. An 880-bp sequence is believed to be involved
in the paternal-to-maternal imprint switch, and when
deleted leads to AS. A 4.3-kb sequence is deleted in
PWS families with IC mutations and appears to be
involved in the maternal-to-paternal imprint switch.''”’
Imprinting center deletions are found in about half of
the imprinting defect cases. In families with IC
deletions (Type III a) the mothers are unaffected
carriers of the deletion and have a 50% chance to have
another child with AS.""% In the imprinting defect cases
with no identifiable IC deletions (Type III b) the
recurrence risk seems to be low as recurrence has not
been observed, but the existing data are limited. It
seems likely that Type III b abnormalities occur
sporadically and are postzygotic.'® Such abnormali-
ties were recently reported in association with intracel-
lular sperm injection procedures.!'!

Type IV. UBE3A mutations. At least 20% of the AS

patients have normal methylation patterns. In up to
50% of those cases single-gene mutations of the
maternally derived allele of the gene UBE3A, which
is located within the AS/PWS chromosomal region,
were identified.*>?!! Mutations of UBE3A can
produce the entire AS phenotype in contrast to PWS,
where deficiencies of more than one gene contribute to
the disease phenotype. UBE3A gene mutations are
found more frequently in familial than in sporadic
cases.””>?! In familial cases the mother of the affected
individual carries a silent mutation and the risk for
subsequent pregnancies is 50%. Cases of gonadal
mosaicism for UBE3A mutations that may lead to
recurrence have been reported in significant proportion
of mothers.”"!" Such findings prompt caution while
providing genetic counseling for families in which the
mutation is not identified in the mother, as the
recurrence risk may not be lower than 1%.2%

Type V. Unknown. There is no confirmatory laboratory

test for the last group of AS patients. Their methylation
testing and UBE3A mutation screening are normal.
Special effort should be made in this group of patients
to rule out different etiologies with similar pheno-
types.**!

UBE3A DEFICIENCY

The UBE3A gene encodes E6-AP ubiquitin protein ligase,
a protein that takes part of the ubiquitin—proteasome
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proteolytic pathway where the proteolysis occurs after
conjugation to ubiquitin.”** This gene is imprinted in the
brain where only its maternal allele is functional.'”*>! A
mouse model of AS was developed by generating a
UBE3A null mutation. The affected mice show cognitive
impairments, inducible seizures, and deficit in long-term
potentiation.'*®! Still at this time a direct link between the
UBE3A deficiency and the clinical features of AS has not
been positively established.

Phenotype-Genotype Correlations

The most severe AS phenotype is observed in Type I
(deletion) patients. The clinical severity in this group is
believed to be due to additional deleted genes in this
region. For example, the severity of seizure disorder may
be due to the deletion of the GABA receptor gene
GABRB3, which is located in the deleted area;m'
the hypopigmentation is linked to the deleted P gene
in this area.””® The UPD patients form the other end
of the clinical spectrum with the mildest phenotypes.
The severity in patients with imprinting defects and
UBE3A mutations seems to fall between the deletion
and UPD categories.

Diagnostic Testing

The diagnostic tests bellow are listed in order of their
application for diagnostic evaluation (Table 1 and Fig. 2):

*  G-banded chromosome analysis should be undertaken
in every individual with suspected AS for two

DNA methylation and chromosome analysis

+MT -MT -MT +MT
NC NC AC AC
/ l AC no AS with AC

FISH analysis 5;22211111;& evidence /

~. UBE3A testing FISH/UPD testing
+del -del \ \ May be necessary

. No
UPD testing mutation UBE3A mutation

. Test parents
+ UPD AS -UPD

. IC mutation testing

-IC muFat?on s +IC mutation
Sporadic imprinting Test parents
defect

Fig. 2 Algorithm for the diagnostic evaluations for AS.
Abbreviations: MT=DNA methylation testing; + positive;
— negative; NC=normal chromosome analysis; AC=abnormal
chromosome analysis; UPD=uniparental disomy; IC=imprint-
ing center.
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important reasons: 1) to rule out familial chromosomal
abnormalities, associated with increased recurrence
risk; 2) to rule out a non-AS chromosomal abnormal-
ity that may mimic the AS phenotype.”**

DNA methylation testing is done as an initial
evaluation for all patients with suspected AS and will
identify up to 80% of the AS cases: the ones with
deletion, UPD, and imprinting defect.””! DNA
methylation is a genomic process that mediates
epigenetic regulations of gene expression. It involves
the cytosines in the CpG islands and is generally
associated with down regulation of gene expression.
A CpG area at the 5" end of the SNRPN gene in the
proximal 15q region is methylated if maternally
derived and not methylated if paternally derived. This
gene region is used to look for DNA methylation
abnormalities in AS or PWS. In AS cases of deletions,
paternal UPD-15, and imprinting defects the DNA
methylation patterns are abnormal reflecting the
deficiency of the maternally specific (methylated)
15q region. Diagnostic DNA methylation testing is
traditionally done using a Southern-blotting protocol,
based on the use of methylation-sensitive restriction
enzymes.''”! More recently, PCR-based methylation
tests have been developed based on methylation-
specific DNA sequence changes introduced by sodium
bisulfite modification.**! Such tests require minimal
amounts of DNA and have been used to retest
archived patient cells after negative FISH analyses."*!
FISH analysis using commercially available probes
specific for the SNRPN locus is done to look for
15q11q13 deletions after a positive DNA methylation
testing,'! (Fig. 2).

UPD analysis is done in cases of abnormal DNA
methylation and normal FISH analysis. This testing
protocol uses DNA polymorphisms to trace the
inheritance of chromosome 15. DNA specimens from
both parents are necessary.m]

IC mutation screening. In methylation positive, FISH,
and UPD-negative cases a search for IC deletion
can be done,!'”) but is not currently available for rou-
tine use.

UBE3A mutation screening. In cases of normal DNA-
methylation patterns, the patient phenotype needs
reevaluation in order to decide whether UBE3A testing
is warranted. If typical AS features are observed
UBE3A mutation screening can be considered.'**"

CONCLUSION

Angelman syndrome is a devastating condition presenting
severe developmental delay, epilepsy, neurological, and
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behavioral abnormalities. All various identifiable molec-
ular mechanisms by which the disorder may occur
ultimately lead to a deficiency of the UBE3A gene that
is involved in ubiquitin-mediated proteolysis. Future
research on AS may involve identifying the exact
mechanism by which UBE3A deficiency leads to the
characteristic clinical manifestations; developing new
specific management strategies; establishing the exact
molecular basis for the AS patients with negative
laboratory testing; studying the possible connection
between intracellular sperm injection and the occurrence
of sporadic imprinting abnormalities.
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Arylamine N-Acetyltransferase Gene Polymorphism
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INTRODUCTION

Acetylation catalyzed by the arylamine N-acetyltrans-
ferases (NATs; EC 2.3.1.5) is a major biotransformation
pathway for arylamine and hydrazine drugs, as well as
many carcinogens that we are exposed to on a daily basis
found in foodstuffs, cigarette smoke, and the environ-
ment. These compounds can either be detoxified (N-
acetylation) by NATs and eliminated from the body, or
bioactivated (O-acetylation) to metabolites that have the
potential to cause toxicity such as cancer. As a result,
NAT levels in the body have clinical importance with
regard to drug effect and individual susceptibility to
toxicity. In humans, these reactions are catalyzed by two
closely related, highly polymorphic enzymes (NAT1 and
NAT?2), which differ in their substrate specificity and
tissue distribution. This article focuses on recent advances
in the molecular genetics of the human NATSs and their
clinical implications.

GENOMIC ORGANIZATION

There are three human NAT genes. Two encode
functional proteins and are designated NAT/ and NAT2,
and the third is a pseudogene (NATPI) that encodes a
truncated nonfunctional protein. All are located on the
short arm of chromosome 8 and have been mapped to
8p21.3-23.1, a region commonly deleted in human
cancers. Both functional NATs are encoded by single
intronless exons and the protein-coding regions share an
87% nucleotide homology and are 870 bp in length.

PROTEIN CHARACTERISTICS

Human NAT1 and NAT2 both have an approximate
molecular mass of 33 kDa and each consists of 290 amino
acids, sharing an 81% homology. NAT1 appears to be
ubiquitously expressed, whereas NAT2 expression is
restricted to the liver and gut. The active site of NAT
enzymes contains the catalytic triad cysteine—histidine—
aspartate,''! which is similar to that of the cysteine
protease superfamily of proteins.
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SUBSTRATE SPECIFICITY

NATI and NAT?2 have different but overlapping substrate
specificities, although no substrate is exclusively acetylat-
ed by one isozyme or the other, and no clear structural
motif that determines substrate specificity for the different
isoforms has been identified. Substrates preferentially
N-acetylated by human NATI1 are p-aminobenzoic acid,
p-aminosalicylic acid, sulfamethoxazole, and the folate
catabolite p-aminobenzoyl glutamate. Substrates primarily
N-acetylated by human NAT2 include a number of sul-
fonamides (sulfamethazine, sulfapyridine, sulfadiazine,
sulfameridine, and sulfadoxine), isoniazid, aminoglutethi-
mide, amonafide, procainamide, dapsone, dipyrone, endra-
lazine, hydralazine, prizidilol, batracylin, and metabolites
of clonazepam and caffeine. Some compounds, such as
the carcinogenic aromatic amines 2-aminofluorene, ben-
zidine, 4-aminobiphenyl, 4,4-dichloroaniline and 2-naph-
thylamine, and the food-derived heterocyclic amines
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine and
2-amino-3,4-dimethyl-imidazo[4,5-f]quinoxaline, are
N-acetylated to varying degrees by both human NATI1
and NAT2. Generally, O-acetylation of the N-hydroxy
metabolites of carbocyclic arylamines is catalyzed selec-
tively by NAT1, whereas NAT2 O-acetylates N-hydroxy
metabolites of the dietary heterocyclic amine carcinogens.

NAT POLYMORPHISM

An international committee has been established to
oversee the nomenclature of the NATs*! and a Web site
that provides information about the naming of existing
and new alleles for all species can be found at http://
www.louisville.edu/medschool/pharmacology/NAT.html.

NAT2 Alleles

Since the human NAT2 locus was established as the site of
the classical acetylation polymorphism, the study of NAT2
allelic variation has been an area of intense investigation.
To date, 36 different NAT2 alleles have been detected in
human populations.””! Each of the variant alleles is com-
posed of between one and four nucleotide substitutions,
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of which 16 have been identified, located in the protein-
coding region of the gene. The correlation between NAT2
genotype and phenotype is well established. Moreover,
there is a gene-dosage effect. Individuals who are homo-
zygous for slow NAT2 alleles have a slow acetylator
phenotype, individuals heterozygous for slow NAT2
alleles have an intermediate acetylator phenotype, and
individuals who lack slow NAT2 alleles have a rapid
acetylator phenotype.

Molecular mechanisms of NAT2 slow acetylation

The molecular mechanisms responsible for the production
of the NAT2 slow acetylator phenotype are not well
understood. Initial studies in liver tissue showed that the
slow phenotype was due to a marked decrease in NAT2
protein content. In bacterial® and yeast'™ expression
systems, some base changes caused slow acetylation by
producing an unstable protein, whereas others caused slow
acetylation by a reduction in NAT?2 protein expression.

NAT2 allele frequency

In Caucasian and African populations, the frequency of
the slow acetylation phenotype varies between 40% and
70%, whereas that of Asian populations, such as Japanese,
Chinese, Korean, and Thai, range from 10% to 30%.1%
This difference reflects slow acetylator allele frequency.
Caucasian and African populations have high frequen-
cies of NAT2*5 alleles (>28%) and low frequencies of
NAT2*7 alleles (<5%), whereas Asian populations have
low incidences of NAT2*5 alleles (<7%) and higher
incidences of NAT2*7 alleles (>10%). Also, NAT2*14
alleles are almost absent from Caucasian and Asian
populations (< 1%), but are present in African populations
at comparably higher frequencies (>8%).

NAT1 Alleles

Historically, NAT1 was thought to be genetically invari-
ant. However, wide interindividual variability in NAT1
activities was suggestive of a genetic polymorphism. The
first reported allelic variation at the NATI locus was in
199371 and marked the beginning of a systematic survey of
NATI genotypes. To date, 26 different NATI alleles have
been detected in human populations.””’ However, only a
small number of these alter phenotype.

A genotype/phenotype relationship involving the slow
acetylator alleles NATI*14, NATI*I5, NATI*I17, and
NATI1*#22 in human blood cells exists. Individuals
heterozygous for these alleles have approximately half
the activity of individuals who are wild-type (NATI*4).
Similar to NAT2 in the liver, low activity was caused by a
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parallel decrease in NATI protein content.’® A gene-
dosage effect similar to that seen for NAT2 alleles also
exists for the low activity NATI alleles. The NATI*I0
allele has been associated with increased activity in
bladder and colon tissue, compared to wild-type.”’ In
addition, higher levels of DNA adducts have been
detected in bladder tissue from NATI*10 heterozygotes.
The functional significance of this allele is controversial,
as several recent studies do not support the idea that
NATI*10 is associated with elevated NAT1 activity.!'%'4

Molecular mechanisms of altered
NAT1 acetylation

The molecular mechanism for slow acetylation caused by
the NAT1*14, NAT1*15, NAT1*17, and NATI*22 alleles
has been recently elucidated. These alleles produce
mutant proteins that are rapidly polyubiquitinated and
targeted for degradation by the 26S proteasome. More-
over, degradation correlates with the nonacetylated state
of the mutant proteins.® It is likely that this same
mechanism exists for the slow NAT2 acetylator pheno-
type. NAT1*10 contains nucleotide substitutions located
in the 3’-untranslated region that alter the consensus
polyadenylation signal (AATAAA — AAAAAA), leading
to the suggestion that increased activity may be due to
enhanced mRNA stability.

NAT1 allele frequency

The frequency of slow acetylator alleles for NATI is low.
The most common low activity allele, NATI*14, has been
identified in Caucasian populations ranging from 1.3% to
3.7%. Interestingly, a much higher frequency of the
NATI*14 allele (25%) was reported for a Lebanese
population. This indicates that NAT1, like NAT2, shows
considerable interethnic variability.

NAT AND DISEASE

The role of NATs in human disease has recently been
extensively reviewed.”®! The following is a summation of
findings to date. The association between acetylator status
and the risk of various diseases has been extensively
reported. Altered risk with either the slow or rapid
phenotype has been observed for bladder, colon and breast
cancer, systemic lupus erythematosis, diabetes, age-
related cataracts, Gilbert’s disease, Parkinson’s disease,
and Alzheimer’s disease. These associations imply a role
for environmental factors that are metabolized by the
NATS, in particular NAT2, in each disorder. However,
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identifying those factors has remained elusive. Humans
are exposed to many toxic NAT substrates including the
food-derived heterocyclics present in the diet as well as
arylamines such as 4-aminobiphenyl and B-naphthylamine
present in tobacco smoke. Moreover, occupational ex-
posure to arylamine carcinogens such as benzidine has
also been reported.

Because of the role of acetylation in the metabolic
activation and detoxification of arylamine and heterocy-
clic carcinogens, acetylator status and cancer risk have
been widely investigated. Unlike the relatively rare but
highly penetrant genes involved in familial cancers, those
genes responsible for metabolic polymorphisms have low
penetrance and cause only a moderate increase in cancer
risk. Nevertheless, their widespread occurrence in the
general population suggests they are a significant con-
tributor to individual risk. However, few diseases have
consistently demonstrated a relationship between pheno-
type and risk. For example, several studies have im-
plicated the rapid phenotype as an increased risk factor for
colon cancer,“S_m whereas others have been unable to
confirm this finding."'®*°! Geographical differences,
ethnicity, lack of study power, dietary differences, and
differences in other risk factors between study groups
have been suggested as reasons for variable results from
independent laboratories. Recent reports suggesting that
NAT activity may be altered by environmental factors
and substrate-dependent downregulation may also explain
why inconsistent associations have been seen.

When acetylator phenotype has been linked to carcin-
ogen exposure, more consistent results have been reported.
For example, the rapid phenotype has emerged as a strong
risk factor for colorectal cancer in those individuals who
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have a higher exposure to the food-derived heterocyclic
amines. These observations provide strong circumstantial
evidence that the heterocyclic amines have an important
role in colorectal cancer, and extensive animal studies
support this. They also illustrate the importance of
establishing associations between genetic polymorphisms
and disease risk. From such studies, it should be possible to
pursue the causative agent(s) of the disease where no
obvious candidate agent is evident.

Recently, the NAT2 acetylator phenotype has been
linked to increased risk associated with neurodegenerative
diseases such as Parkinson’s disease and Alzheimer’s
disease. For late-onset Alzheimer’s disease, an odds ratio
of 3.0 (95% CI 1.3-7.3) has been reported for the rapid
phenotype in non-apoE epsilon carriers.*'! By contrast,
the slow phenotype appears to increase the risk of
Parkinson’s disease with an odds ratio of 3.58 (95% CI
1.96-6.56).1*21 Although these results need to be con-
firmed with larger epidemiological studies, they point to
environmental factors that are substrates for the NATs
having a role in the onset of these diseases. Alternatively,
the different alleles for NAT?2 that produce the rapid or
slow phenotype may cosegregate with unrelated genes
that are the causative agent for the different neurodegen-
erative diseases.

NAT AND DRUG RESPONSE

The genetic polymorphism in N-acetyltransferase activity
was first discovered in patients treated with isoniazid for
tuberculosis. This drug is primarily excreted following
acetylation catalyzed by NAT2. Many other therapeutic

Table 1 Effect of acetylator status on drug response and toxicity

Drug Phenotype Effect Reference
Dapsone Slow Neurotoxicity [24,25]
Sulfamethoxazole Slow Hypersensitivity [26]
Hydralazine Slow Systemic lupus erythematosus [27]
Rapid Decreased therapeutic effect [23]
Isoniazid Slow Interaction with phenytoin [28]
Slow Interaction with rifampicin [29]
Cotrimoxazole Slow Various adverse reactions [30]
Sulfasalazine Slow Various toxicities [31]
Slow Hepatotoxicity [32]
Slow Nausea/vomiting [33]
Amonafide Rapid Leukopenia [34,35]
Procainamide Slow Systemic lupus erythematosus [36,37]
Phenelzine Rapid Decreased therapeutic effect [38]
p-Phenylenediamine Slow Contact dermatitis [39]

Source: Adapted from Ref. [3].
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agents are now known to be polymorphically acetylated
in humans. However, the incidence of failed or less ef-
fective clinical response as a consequence of acetylation
polymorphism is uncommon. This is because most drugs
that are metabolized by the NATs have a wide therapeutic
window or because acetylation is a minor metabolic path-
way. An exception is hydralazine. Early studies showed
that the antihypertensive activity of hydralazine was less
in rapid acetylators and that a 40% higher dose was ne-
cessary for a similar therapeutic effect compared with
slow acetylators.** This difference appeared to be due to
a change in the bioavailability of the drug, which de-
creased from 33% in slow acetylators to less than 10% in
rapid acetylators.

A more common consequence of the polymorphic
acetylation of therapeutic agents is an increase in the
frequency and severity of side effects associated with
either the rapid or slow phenotype (Table 1). These
adverse effects often arise as the result of a shift in the
metabolic pathways responsible for the activation and
detoxification of the drug. This is best illustrated by the
amine-containing sulfonamides, such as sulfamethoxa-
zole, that undergo hydroxylation to a reactive N-hydroxy
metabolite capable of covalently binding to macromole-
cules and giving rise to idiosyncratic adverse reactions.
These drugs can also be acetylated by NAT2 to non-
reactive N-acetyl metabolites. In slow acetylators, a higher
proportion of the drug is N-hydroxylated and, conse-
quently, these individuals are at a greater risk of sul-
fonamide-induced toxicity. However, the incidence of
severe adverse side effects to sulfonamides is much less
than the incidence of the slow acetylator phenotype sug-
gesting that other factors predispose individuals to idio-
syncratic adverse reactions.

Risk of developing side effects, such as neurotoxicity
or hemolytic anemia, to dapsone therapy is very similar to
that described for the sulfonamides. The most severe
incidence of toxicity occurred in individuals with a slow
acetylator phenotype who are rapid hydroxylators, which
is consistent with the role each pathway has in the
activation and detoxification of the drug.

While slow acetylators are at a greater risk of toxicity
from sulfonamides and dapsone, other therapeutic agents
exhibit increased incidence of adverse reactions in rapid
acetylators. Amonafide is a novel arylamine that has
previously been in clinical trials for the treatment of
various cancers. It undergoes N-acetylation to an active
metabolite that contributes to systemic toxicity. Several
studies have shown that myelosuppression is greater in
rapid acetylators (white blood cell nadirs of 500/uL) than
in slow acetylators (white blood cell nadirs of 3400/puL)
following a standard dose of 300 mg/m” daily for
5 days.®> This has led to different recommended doses
for the two groups.*¥

Arylamine N-Acetyltransferase Gene Polymorphism
CONCLUSION

Although considerable allelic variation exists for both
NATI and NAT2, our understanding of the molecular
mechanisms and functional significance of many of these
alleles, particularly for NATI, is still limited. Much of the
research in the area of NATs has involved identifying
relationships between allele frequencies and disease,
particularly different forms of cancers. Although several
studies have reported associations between different NAT
alleles and various cancers, other studies have failed to do
so. While these inconsistencies may be due to several
factors, such as differences in exposure to arylamine
carcinogens, it may well be that genotype does not
necessarily accurately reflect phenotype.
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INTRODUCTION

Astroviruses cause diarrheal disease in a number of
different animal species (humans, pigs, sheep, turkeys)
and hepatitis in ducklings. Astroviridae are a family of
small (27-30 nm), round, unenveloped viruses with a
characteristic star-shape on their capsid surface. Their
genomes are single-stranded linear positive sense RNA of
6.8 to 7.9 kb. The genome encodes three open reading
frames (ORF). ORF1la encodes a serine protease; ORF1b,
an RNA-dependent RNA polymerase; and ORF2, the viral
capsid protein. There are currently eight known human
astrovirus serotypes. All cause diarrheal disease predom-
inantly in infants which is usually mild. Nosocomial
outbreaks and outbreaks of infection in adults can occur.

THE VIRUS

The family Astroviridae encompasses small nonenveloped
viruses that infect a variety of animal species. They were
originally classified among the small round structured
viruses (SRSV) causing diarrhea in humans. They are
round with icosahedral symmetry and 27-30 nm in
diameter. They were first described by Madeley and
Cosgrove!!! as a potential cause of diarrheal disease in
human infants and named for the characteristic five- or
six-pointed star (astron is Greek for a star), visible on the
capsid surface by negative stain electron microscopy
(Fig. 1). There are small surface projections consisting of
30 dimeric spikes protruding some 50 A from the virus
surface. In 1981, serial passage of human astrovirus was
achieved in primary human embryo kidney (HEK) cells
by Lee and Kurtz,"*! but astrovirus is more conveniently
cultured in CaCo-2 cells. However, trypsin must be
included in the culture medium."* Astrovirus particles are
stable at pH 3, but disassemble at pH 10.5 and are resistant
to chloroform, detergents (nonionic or ionic), and lipid
solvents such as ether. At 60°C astrovirus retains
infectivity for 5 but not 10 min. It is stable for years at
—70°C but is disrupted by repeated freeze—thaw cycles.*!
Human astroviruses (HuAst) survived for 5-6 days when
dried at 20°C in fecal material onto porous or nonporous
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material. Survival was significantly longer at 4°C. Its
survival was equivalent to that of adenoviruses but less
good than that of rotaviruses.'!

The genome is positive sense single-stranded linear
unsegmented RNA and 6.8 to 7.9 kb long.'' It has a poly-
A tail at the 3" end. During infection both genomic (6.8 kb)
and subgenomic (2.4 kb) RNA are produced. The genome
encodes three ORFs. At the 5" end of the genome are
encoded ORFla and ORF1b. The third ORF (OFR-2) is
found at the 3’ end as is the subgenomic fragment in
infected cells. ORFla and ORFI1b encode nonstructural
proteins whereas ORF2 encodes the capsid proteins. At
the 5' end there is an untranslated region of 80-85
nucleotides depending on the astrovirus serotype. ORFla
varies in size from 2763 to 2784 nucleotides also
depending upon the serotype. There is an area of overlap
between ORF1a and ORF1b of between 61 nt (for HuAst
serotype 3) and 73 nt (for serotypes 1 and 2). Similarly,
ORF1b varies in length from 1548 to 1560 nt depending
upon serotype. ORFla encodes a putative protein (nspla)
of 920 to 935 amino acids in length.®! It contains a serine
protease motif similar to that seen in other positive sense
RNA viruses such as feline calicivirus (FCV). However, a
major difference between it and FCV is the substitution of
a serine for a cysteine residue at the third catalytic amino
acid residue.””! Downstream of the protease motif is a
nuclear localization signal which directs ORF1a protein to
the nucleus of infected cells as has been determined by
immunofluorescence and immunoprecipitation.®®! The
920-amino acid nsp-la is itself proteolytically cleaved
into smaller proteins and in particular, cleavage around
amino acid 410 appears to be mediated by the polypeptide
itself.!" ORF1b encodes a polypeptide containing 515-
519 amino acids and contains motifs suggestive of an
RNA-dependent RNA polymerase most closely resem-
bling those of plant viruses, bymovirus, and potyvirus.!'!}
There is an overlap between the end of ORFla and the
beginning of ORF1b which is highly conserved. This
suggests there is a ribosomal frameshift mechanism
involved in the translation of the polypeptides.

ORF2 encodes a viral structural protein varying in
length from 782 to 794 amino acids depending on
serotype.l® The polypeptide is conserved for the first
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Fig. 1 Negative stain electron micrograph of astrovirus
in feces.

415 N-terminal amino acids but shows variability
thereafter. The polypeptide is cleaved proteolytically to
20-40-kDa structural proteins, and, for example, the
26-kDa structural protein expresses a neutralization epitope.

Currently, eight serotypes of human astrovirus are
recognized (HuAst 1-8) based upon epitopes on ORF2. It
is also possible to genotype HuAst by examination of
sequence data of ORFla, ORFlb, and the 5 end of
ORF2,""* and genotypes equivalent to the eight serotypes
have been defined. Recently, evidence for a novel
recombinant HuAst has been uncovered.!'* There is no
cross-reactivity between the HuAst serotypes, and immu-
nity to one does not give immunity to the others.
Astroviruses have been detected in diarrheic animals
and as a cause of hepatitis in ducks. Phylogenetic analyses
of a large collection of sequences from a variety of
astroviruses showed that all the HuAst clustered together
separate from the nonhuman strains; however, the
branching order of the astroviruses was the opposite of
their host species indicating the possibility of cross-
species transmission. !

PATHOGENESIS AND IMMUNITY

HuAst are transmitted by the feco-oral route,!'”! either
directly person-to-person or indirectly via contaminated
food or water. During infection, between 10% and 10"3
genome equivalents are shed per gram of feces.!'® The
infectious dose is not known but thought to be low. Little
is known of how HuAst cause diarrheal disease. However,
in experimental infection in gnotobiotic lambs, ovine
astrovirus caused infection of mature enterocytes in the
upper two thirds of the villi resulting eventually in
transient villous flattening and crypt hypertrophy."'”! In
turkeys, astrovirus causes diarrhea in the absence of
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inflammation and of enterocyte death,!®! but intestinal
maltase activity decreases suggesting an osmotic mech-
anism for diarrhea.'!

The major determinants of astrovirus immunity are as
yet unclear. Serum antibody does seem to correlate with
immunity in volunteer studies,!'™ and specific T cells that
could recognize astrovirus antigen have been found in the
adult lamina propria.'*”!

There seems to be an association between HIV
infection and astrovirus infection and diarrhea.'*'**!
Similar associations between astrovirus infection and
other forms of immunodeficiency have been described.'!

EPIDEMIOLOGY AND CLINICAL FEATURES

HuAst have been detected in all countries where they have
been sought and thus have a worldwide distribution. In
temperate countries, HuAst infection peaks in winter
usually 4-6 weeks prior to the rotavirus peaks.** In
general, HuAst diarrhea is predominantly a disease of
infants with an age-specific incidence of 0.38 for those
under 6 months and 0.40 for those aged 612 months."*¥
However, further episodes of infection with different
astrovirus serotypes do occur subsequently. These are
usually milder than the first infection. Astrovirus is the
second or third most important cause of diarrheal disease
in children being responsible for 5-10% of cases in
hospital-based studies and for 10-25% of cases in
community-based studies.””>! Globally, serotype 1 is most
frequently detected.'*?2°2% Recently, HuAst serotype 3
has been associated with higher stool viral levels and
increased incidence of persistent diarrhea.!'® Outbreaks
of astrovirus infection have been described involving the
rarer serotypes.[zgl

The incubation period was 3—4 days in adult volunteers
but in children in Egypt was 24-36 hr.**! The illness
which consists of acute watery diarrhea with or without
nausea and vomiting is usually milder than that due to
rotavirus. It lasts on average 5—6 days."*"!

DIAGNOSIS

Astroviruses were first detected by negative stain electron
microscopy (Fig. 1), but the characteristic star-shaped
capsid is found in only 10% of the viral particles in fecal
samples. It is now clear that electron microscopy is less
sensitive than antigen detection or RT-PCR.

An antigen-capture ELISA was developed in 1990.5"
The lower limits of detection sensitivity of such an ELISA
are estimated to be 10° to 10° particles per gram. A
commercial kit version of this is available which can
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Table 1 Primers for RT-PCR detection and genotyping Astrovirus

Primer Region Nucleotides Sense Sequence (5'-3')

Mon 340 ORFla 1180-1202 + CGT CAT TAT TTA TAT CAT ACT
Mon 348 ORFla 1469-1448 — ACA TGT GCT GCT GTT ACT ATG
Mon 269 ORF2 4526-4545 + CAA CTC AGG AAA CAG GGT GT
Mon 270 ORF2 4974-4955 — TCA GAT GCA TTG TCA TTG GT
Mon 245 ORF2 4934-4953 + TTA GTG AGC CAC CAG CCA TC
Mon 244 ORF2 4560-4541 — GGT GTC ACA GGA CCA AAA CC

detect each of the eight astrovirus serotypes (IDEIA
Astrovirus, Dako Diagnostics, United Kingdom), and this
has been shown to have a sensitivity of 100% and
specificity of 98.6%.1!1

Detection of virus genome by RT-PCR is estimated to
detect as few as 10 to 100 astrovirus particles.”! A
number of different targets have been used. One strategy
employs primers (Mon244 and Mon245) which amplify a
413-nt fragment of ORF2 (Table 1), and if this is negative,
primers Mon340/348 which amplify a 289-nt fragment of
ORFla are used.**?>*! For genotyping, fragments of
ORFla, ORF1b, and ORF2 are amplified by RT-PCR and
sequenced.'”! A novel hanging drop single-tube nested
RT-PCR method has recently been devised."**! Recombi-
nant antigens have been used to determine the seropreva-
lence of astrovirus infections.!*>! This is of little value for
acute diagnosis.

MANAGEMENT AND PREVENTION

Astrovirus gastroenteritis is usually mild, but if the patient
is dehydrated, appropriate rehydration therapy should be
given. In hospital, appropriate infection control measures
must be used to prevent nosocomial spread. Methanol
90% v/v is a better disinfectant than ethanol.”*®! There are
no vaccines available for preventing astrovirus infection
in humans.

CONCLUSION

Astrovirus is the second or third commonest cause of
infantile gastroenteritis. There are eight serotypes with
little cross-immunity between serotypes. Outbreaks of
infection can occur in children and adults. The positive
sense single-stranded RNA genome encodes three open
reading frames: ORFla (nonstructural: protease), ORF1b
(RNA polymerase), and ORF2 (capsid protein).
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INTRODUCTION

DNA sequencing is an important tool for molecular
biology, genetic studies, pharmacogenomics, and other
areas of fundamental and applied science where informa-
tion is required about unknown DNA, mutations, DNA
fragment size, for DNA fingerprinting or prediction of
drug resistance of viruses. Originally suggested, and
widely used, manual sequencers cannot satisfy a growing
demand for throughput increase, high reliability, and ease
of use. This necessitates the development of automated
DNA sequencers. Automation may include data collec-
tion and analysis, or as in the case of fully automated
sequencers, also sample loading and sieving matrix re-
placement. The output of automated DNA sequencers
is a base calling report, which represents the sequence
of the nucleotides in the fragment of a DNA molecule.
Different applications may require specific features of a
DNA sequencer, but base calling accuracy and read length
remain major figures of merit for all sequencers. Clinical
applications and research, which involves large volumes
of data, require high throughput and a high level of
automation. However, automated DNA sequencers tar-
geted to research laboratories must also provide flexibility
in their features. Careful assessment of the user require-
ments allows an optimum selection of DNA sequencer
from the wide variety of existing instruments.

SEQUENCING CHEMISTRIES

The goal of DNA sequencing is to obtain information
about the sequence of nucleotide bases—adenine (A),
guanine (G), cytosine (C), and thymine (T)—which
constitutes a particular DNA molecule. In order to obtain
this information, the sample under investigation is
modified in DNA sequencing reactions, which can be
based on one of two approaches: enzymatic synthesis of
DNA fragments with chain termination by dideoxynu-
cleotides dANTP (terminators)''! or by chemical degrada-
tion method."””! The first method is faster, easier to
implement, and it is currently the method of choice.
Terminators (ddNTP) lack a 3'OH group that is necessary
for the extension of DNA’s sugar phosphate backbone.
Thus the DNA chain cannot be extended beyond the
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incorporated ddNTP. A mixture of all four dNTPs and
one ddNTP is used in each reaction. For example, in a
T-terminated reaction a ddTTP is added to a mixture of
dNTPs. This allows elongation of the DNA chain until
ddTTP is occasionally attached to the growing molecule,
which stops the reaction. This process is random and as a
result, fragments of different lengths are produced, each
terminated at a T-position, for all T’s from the primer to
the end of the sequence. Four reactions are required for
complete description of the DNA sequence, each
representing an A-, C-, G-, or T-terminated ladder. In
order to enable observation of DNA bands, the fragments
are labeled with a tag (radioactive or fluorescent) attached
to either the primer (primer chemistry) or ddNTPs
(terminator chemistry).

STRUCTURE OF A DNA SEQUENCER

A DNA sequencer is composed of an electrophoresis
system, which includes a sieving matrix (e.g., polyacryl-
amide gel), buffer, a high-voltage power supply, and a
detection system. When a high voltage (1000 V to 10 kV)
is applied to the gel, an electric field forces negatively
charged fragments of DNA molecules to move through
the mesh created by polymer molecules constituting the
gel. The difference in the friction for the DNA fragments
of different sizes leads to their spatial separation. Groups
of molecules of the same size propagate through the gel as
a set of confined bands with the width defined by such
factors as diffusion, injection conditions, sample volume,
field, and temperature gradients, etc.

Manual and automated instruments, in their principle
of operation, mainly differ by the method of detection. In
manual sequencers the electrophoretic run is stopped as
soon as the first base of interest (typically a primer)
reaches the end of the gel. Then, information about DNA
sequence is obtained by determining the relative position
of the bands in the gel. In automated sequencers, the
detection system records variations of the output intensity
over time at a fixed location in the gel. The difference in
the migration times of various DNA chain lengths results
in a set of electrophoretic peaks.

Automated DNA sequencers can be divided into
three major categories based on the method used for
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sieving matrix support: slab gel, capillary, and micro-
array sequencers.

SIEVING MATRIX

A polymer most frequently used as a sieving matrix in
automatic DNA sequencers is polyacrylamide. It can be
used in linear or cross-linked form. The porosity of the
gel is defined by the concentration of acrylamide and
cross-linking agent (typically N,N’-methylene-bis-acryl-
amide). The concentration of acrylamide may vary from
3% to 10%."! The concentration of a cross-linker is ~3%
to 5% of the total acrylamide concentration. An increase
in the acrylamide concentration suggests a higher res-
olution of the DNA bands and allows calling more bases,
but this leads to slower runs. Linear polyacrylamide
(LPA), which is more fluid, is typically used in capil-
lary electrophoresis (CE) where the sieving matrix is re-
placed after each run so the capillary can be reused. The
last requirement is a result of the high cost of the capil-
lary arrays and complexity of alignment required after
their replacement. Other types of polymers used in CE
include hydroxyethyl cellulose (HEC), poly(ethylenox-
yde) (PEO), polyvinyl pyrrolidone (PVP), and others."!

One of the major figures of merits in the DNA
sequencers is the resolution of the DNA bands. A
reduction in the width of the DNA band improves
resolution, allowing base calling of longer DNA chains.
Resolution depends also on the distance which DNA
molecules migrate in a sieving matrix. Separation lengths
of 10 to 50 cm are typical but they may be longer for
higher resolution. However, there is a trade-off between
increase in resolution and run time: for a given voltage,
velocity of DNA molecules in the gel is inversely
proportional to the separating length, L, resulting in a
migration time proportional to L?.

For analysis of single-stranded DNA, denaturants such
as urea (concentration 4-8 M) or formamide (up to 10%)
are added to a gel. Additionally, the electrophoretic runs
are conducted at elevated temperature (40-70 °C), which
helps to prevent self-hybridization.

METHODS OF DETECTION
Radiolabeling

DNA molecules separated by the sieving matrix need
to be detected. In the manual sequencers an autoradio-
graphic method is used™ where either a primer or
terminators contain a radioisotope (typically **P or *°S).
After completion of the electrophoretic run, the gel is dried
and placed in contact with an X-ray film. Exposed film is
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developed and manually analyzed. Lack of automation in
the data analysis and risk associated with using radioactive
materials are the most serious drawbacks of this method.
Also, the resolution at high base numbers in manual
sequencers is lower than that in automatic sequencers
because of the much shorter migration distance.

Laser-Induced Fluorescence (LIF)

Laser-induced fluorescence is a standard detection method
in a majority of the automated sequencers. This method is
extremely sensitive, allows automation of base calling,
avoids using radioactive materials, and promotes a
throughput increase by using several spectrally distinct
labels simultaneously. Laser-induced fluorescence is based
on the excitation of a dye label attached to a DNA molecule
by laser light. Resulting fluorescence is collected and
converted to an electrical signal by a photosensitive ele-
ment [photomultiplier tube (PMT), photodiode, or charge-
coupled device (CCD) element]. The output signal (trace)
represents a series of peaks each corresponding to a DNA
chain of a certain size. One trace provides information
about one of the four bases (A, C, G, or T). Therefore, in
order to obtain information about a complete sequence,
four traces are required. This is achieved either by using
four physically separated lanes (or capillaries) or by
running four differently labeled samples in a single lane.

If a single laser is used in the sequencer, different parts
of the gel or different capillaries are illuminated through a
scanning objective lens. Alternatively, a sheath cell® can
be used with simultaneous illumination of several DNA
traces. Some DNA sequencers contain several lasers either
with different wavelengths improving excitation'® or with
the same wavelength providing excitation of multiple
samples without using moving parts.!”!

Collected fluorescence is converted into digital form
and processed by a computer. Software packages used in
different sequencers vary in their functionality and
efficiency, but all of them involve the following common
steps: noise reduction, base line subtraction, color cross-
talk compensation, trace alignment, and peak recognition.
A typical example of the resulting base calling is shown
in Fig. 1.

Dye Labeling

Dye labeling is typically used for sample identification in
the automatic DNA sequencers. The properties of a dye
shall satisfy the following major requirements: 1) Dye
structure shall allow attachment to a primer or ddNTP
with a reasonable yield. 2) Absorption spectrum shall
match the laser wavelength. 3) Extinction coefficient and
quantum yield shall be high enough to provide acceptable
sensitivity. 4) Dyes shall be chemically and thermally
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stable in order to withstand cycle sequencing conditions
5) Dyes shall be photo stable. 6) Mobility of the DNA
fragments labeled with different dyes shall be equalized,
which can be achieved by optimization of the labeling
process.'®!

Both emission and absorption spectra of the organic
dyes employed in DNA labeling are broad (typically 20—
50 nm). This relaxes the requirement for spectral content
of the excitation light.

Overlapping absorption spectra of several dyes used
for labeling allows excitation of all these dyes with a single
laser source. However, efficiency of excitation drops off
quickly as the laser wavelength deviates from the absorp-
tion maximum of the dye and results in a significant drop
in sensitivity. To avoid these losses, energy transfer (ET)

dyes were introduced.”’
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In the case of multicolor sequencers (when two or more
dyes are used for DNA labeling), collected radiation must
be spectrally separated by means of a diffractive element
or a set of interference filters and is registered by separate
PMTs or by a CCD. Alternatively, a single PMT can be
used with a set of replaceable filters (a ‘‘color wheel’”). A
more sophisticated detection method used for sensitivity
increase is based on single-photon detection.”!

A complication arises because the emission spectra of
the dyes used for labeling different samples overlap and
color cross-talk correction of the collected data is
required. Improper compensation of the cross-talk results
in false peaks in the processed data.

Both visible and near IR dyes can be used for DNA
labeling in automated DNA sequencers. The advantage of
using red and near IR dyes is lower background

QO-GTTTEGAACRAGHGTOCACTAT T AAHGAAOG TEGHCTOCAO0GTCAA-EE006

Fig. 1 A typical result of base calling obtained with an automated DNA sequencer. The MI3 sequencing by ultrathin slab gel

electrophoresis. The signal obtained with the Long-Read Tower™

sequencer has been base called with GeneObjects software. (From

Ref. [7].) The accuracy of base calling is 98.5 % up to 500 bases. Similar results are typically produced with other types of automated

DNA sequencers, including CE instruments.
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fluorescence and decreased laser light scattering at longer
wavelengths. This results in better sensitivity. IR dyes can
be excited by laser diodes (LD) resulting in a reduction of
instrument design complexity.!®”!

Dye labels can be covalently linked either to a primer
or to each of four types of ddNTPs."'!! In the last case,
all four sequencing reactions can be carried out in one
tube instead of the four used in primer-labeled chem-
istry. However, dye-labeled terminators may introduce
significant variability in the peak intensity resulting in
decreased base calling accuracy and reliability. For clin-
ical applications dye primer chemistry may be preferred
because of the higher reliability of the results. Termina-
tor chemistry provides more flexibility, which may be
advantageous for the research laboratories.

In some automated sequencers less than four colors are
used for DNA labeling. For example, a two-dye approach is
used in the Long-Read Tower™ and LICOR sequencers.
The sample is prepared by running two sequencing reac-
tions in the same tube with differently labeled forward
and reverse primers. This approach enables the increase
of the read length, accuracy, and reliability of base calling.

TYPES OF DNA SEQUENCERS
Slab Gel Sequencers

Initially, automated DNA sequencers were based on slab
gel electrophoresis with low throughput and automation
limited to data collection and analysis. Gel filling and
sample loading are done manually. The support glass
plates require cleaning after each run. Poor dissipation of
heat generated in a slab gel through relatively thick glass
plates limits the electric field strength and prevents short
run times. Both of these problems are eliminated in the
disposable ultrathin slab gels (50 um thick), which can

Table 1 Automated DNA sequencers
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withstand higher electric field strength, £ (100 V/cm),
resulting in shorter run times.'”!

Capillary Electrophoresis Sequencers

Capillary electrophoresis (CE) DNA sequencers were
introduced to increase analysis throughput. This is a
direct result of high electric fields (100-250 V/cm) and
multiple capillaries (up to 384 capillaries). Both sieving
matrix replacement and sample loading can be automat-
ed. The small diameter of capillaries (internal diameter
is 50-100 pum) allows for good heat dissipation. Capil-
laries having smaller diameters (2—-10 pum) are not
practical as they do not provide enough signal intensity,
are difficult to fill with acrylamide, and do not provide
reproducible performance.!'?! The ability to use replace-
able sieving matrices makes CE systems practical as
repetitive runs are possible with the same capillary up to
200 times or more.

Electra-kinetic sample loading allows high automation
of CE sequencers. But optimization of loading conditions
and sample purification is required. These are critical for
reducing variability of peak intensity, suppressing decay
in gel current and bubble formation, increasing capillary
lifetime. Salt concentration, ratio of labeled DNA to
unlabeled DNA, and total volume of loaded sample all
affect the success of CE analysis.

Typical read length in CE DNA sequencers is 400—
600 bases in several hours, but can be as high as 1100
bases.''*! Run conditions can be optimized for faster
runs, if necessary, by reducing separation lengths, de-
creasing polymer concentration, increasing voltage or/
and gel temperature.

Examples of commercial automated DNA sequencers
are shown in Table 1.

A variety of automated DNA sequencers is avail-
able, providing similar performance characteristics but

Model Read length (nt) Number of lanes Run time (hr) Type
Al31 3731377 850 48/64/96 10 Slab
LI-COR 4300 L 1000-1200 48/64 10 Slab
LI-COR 4300 S/ L 800 6

500 1.5-3
Long-Read Tower™ 300/500/700 16 0.51/14 Ultrathin slab
ABI 310 500-600 1 3 Capillary
ABI 3700 550 96 5 Capillary
ABI 3730 (x1) 550-1100 48/96 0.5-2 Capillary
CEQ™ 2000 500 8 2 Capillary
CEQ™ 8000 700 8 2 Capillary
MegaBACE™ 1000 550 96 2 Capillary
MegaBACE™ 4000 550 384 2 Capillary

Source: From Refs. [6,14-17].
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differing in throughput, flexibility, complexity, and cost.
Although generally higher throughput is desirable (espe-
cially for clinical labs), for some applications the major
requirement may be short run time, flexibility of char-
acteristics, or low cost of analysis. In this case smaller
DNA sequencers may be advantageous.

Microarray Sequencers

Capillary microarray and microfabricated sequencers
are still under development and promise a significant
size reduction of automated sequencers providing high
throughput and base calling accuracy.!"®!°! A 96-channel
radial capillary array was demonstrated in Ref. [20]. The
microchannel plate provides high resolution due to the use
of tapered turns that provide an effective separation length
of 15.9 cm on a compact 150-mm-diameter wafer. An
average read length of 430 bases was obtained on this
device. In general, miniaturization typically leads to a
reduction of separation distance causing poor resolution,
insufficient read length, low base calling accuracy, all of
which currently limit the application of these devices.

CONCLUSION

Automated DNA sequencers provide important informa-
tion about DNA structure. Plurality of existing instru-
ments can satisfy a variety of requirements, which may
arise in a particular experiment. Although modern
automated DNA sequencers are well developed, contin-
uous improvement of their structure, components, and run
conditions is still ongoing. The development of new
approaches is focused on throughput increase, reduction
of sequencer size, and improvement of accuracy, reliabil-
ity, and read length.
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INTRODUCTION

In the past, the extraction and purification of nucleic acids
had been a complicated, time-, and labor-intensive
process. Manual extraction of nucleic acids requires
repeated centrifugation steps followed by removal of
supernatants and, depending on the type of specimen,
additional mechanical treatment, e.g., for the lysis of
blood cells, organ biopsies, or bacterial and fungal cell
walls. In addition, many extraction methods suffer from
the presence of strong inhibitors that are present in
different clinical specimens, such as sera and stool, and
may lead to false-negative results. Furthermore, many
manual protocols rely on the use of toxic chemicals, such
as guanidinium thiocyanate or phenol-chloroform.
Robotic workstations for the extraction and purifica-
tion of nucleic acids should fulfill a true walk-away
automation. The technology should allow a high through-
put of samples; the yield, purity, reproducibility, and
scalability of the RNA and DNA as well as the speed,
accuracy, and reliability of the assay should be maximal,
whereas the risk of cross-contamination must be minimal.
Here we give an overview of commercially available
workstations for an automated extraction of nucleic acids.

BioRobot WORKSTATIONS

The BioRobot EZ1 workstation (Qiagen, Hilden, Ger-
many) purifies nucleic acids from many clinically relevant
specimens; one to six samples can be processed within
15 min of time. This rapid purification is feasible using a
magnetic particle technology: nucleic acids in sample
lysates are isolated in one step through their binding to the
silica surface of magnetic particles. The automated
protocols for nucleic acid purification are provided on
special preprogrammed cards.

The BioRobot M48/M96 workstations run the identical
magnetic particle technology, but the pipet tips function as
reaction chambers. However, up to 48/96 samples can be
processed per run in increments of six samples. The
pipettor head contains six syringe pumps, which operate

Encyclopedia of Diagnostic Genomics and Proteomics
DOI: 10.1081/E-EDGP 120020669
Copyright © 2005 by Marcel Dekker, Inc. All rights reserved.

simultaneously to allow aspiration or dispensing of
volumes between 25 and 1000 pL. The workstation uses
UV light to decontaminate surfaces in-between runs.

Finally, the BioRobot 9604 workstation allows auto-
mated nucleic acid purification for up to 2 x 96 samples
in parallel.

Xu et al.''! describe an automated assay for the
extraction of HIV RNA by using the BioRobot 9604.
They conclude that this procedure yields comparable
results to a manual RNA extraction method with improved
precision. The assay was found to be linear down to
50 copies.

For the extraction of hepatitis C virus RNA, it was
shown that it is possible to achieve a detection level of
12.8 TU/mL (95% confidence). Cross-contamination
studies have confirmed that the use of the BioRobot
9604 does not pose a detectable contamination risk."!

For hepatitis B virus detection, Mitsunaga et al.
describe that it was possible to quantify DNA in all
samples extracted by the BioRobot 9604 which contained
more than 500 genome equivalents/mL. Extraction of
96 samples could be completed within 2 hr.”!

COBAS AmpliPrep

The COBAS AmpliPrep robotic workstation (Roche
Diagnostics, Mannheim, Germany) is a fully automated
system which isolates DNA and RNA targets. It is based
on silico-coated glass particles which bind the extracted
nucleic acids. Internal controls allow target recovery
monitoring. Up to 72 samples (three racks of 24 speci-
mens each) can be loaded on the system simultaneously.
Reagents are delivered in sealed, bar-coded, ready-to-use
cassettes. The pipetting integrity check ensures the
accurate pipetting of samples and reagents, and a clot
detection reduces the risk of incorrect results. Besides kits
for the extraction of generic DNA, introductory kits for
hepatitis C virus and human immunodeficiency virus type
1 detection can be acquired. This product is not available
in the United States.
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In a preliminary study, the COBAS AmpliPrep was
evaluated for the preparation of human immunodeficiency
virus RNA and was compared to a manual sample
preparation protocol.” The authors assessed the repro-
ducibility by analyzing 584 plasma samples from infected
patients. They achieved an interassay coefficient of
variation between 39.4% and 48.4% and an intraassay
coefficient of variation from 6.2% to 58.0%. The mean
viral load of 152 samples, which were found to be in the
linear range of both tests, was 3.7 log(10) HIV copies/mL
by the COBAS AmpliPrep compared to 3.73 log(10)
copies/mL by the manual test (no significant difference).
The authors concluded that the COBAS AmpliPrep assay
is reproducible and sensitive.

Miyachi et al.”! evaluated the COBAS AmpliPrep
protocol for hepatitis C virus RNA extraction. Assay
linearity was observed to range between 500 and 850,000
IU/mL by using serial dilutions. Comparison of the
COBAS AmpliPrep test results to those obtained by a
manual extraction method showed a good correlation
[R(2)=0.972, n=86]. When known PCR inhibitors such as
heparin, dextran sulfate, hemoglobin, and bilirubin were
added to the samples prior to extraction, the automated
assay successfully eliminated the inhibitory effects.

KingFisher mL

The KingFisher technology (Thermo Electron, Waltham,
USA) uses shifting of magnetic particles through the
different phases of the purification process. Volumes from
50 to 1000 pL can be processed, and because of the 3 x5
fixed magnetic rods and the 3 x 5 separate disposable tube
strips, a maximum capacity of 15 samples per run can be
achieved. Besides RNA and genomic DNA, the King-
Fisher instrument enables the isolation of proteins from a
variety of starting volumes.

Saukkoriipi et al.!® compared the KingFisher instru-
ment to a manual DNA extraction method for the
purification of Streptococcus pneumoniae DNA from 50
nasopharyngeal swab samples. All pneumococcal culture-
positive samples (44%) were PCR-positive regardless of
the extraction method. Additionally, from the culture-
negative specimens, 71% of the manually extracted and
82% of the samples purified with the KingFisher
instrument were PCR-positive.

m1000

The m1000 sample preparation platform (Abbott Labora-
tories, Abbott Park, USA) uses a magnetic particle
technology for the extraction and purification of RNA
and DNA. It provides a fully automated sample prepara-
tion and is capable of processing 48 samples within 2 hr
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for a sample volume of 1 mL. Analyte-specific reagents
(ASR) may be used for the preparation of samples for
hepatitis C virus analysis as well as for the extraction of
human DNA for HLA typing. The robot contains liquid-
level sensing and a clot detection system. Standard
primary bar-coded tubes are used.

Silva et al.'”! evaluated the performance of the m1000
instrument for the extraction of genomic human DNA
from frozen blood specimens followed by HLA-DRB
sequencing-based typing. Their results showed that the
DNA yield was consistently high with an average
concentration of 20 ng/puL. (from 0.2 mL blood). The
average (260:280 nm) ratio was 1.7, and the purified DNA
was free of inhibitors; all DNA samples could successfully
be amplified and sequenced.

MagNA Pure LC INSTRUMENT

Magnetism is the underlying principle of the automated
nucleic acid isolation performed by the MagNA Pure
system (Roche Diagnostics, Mannheim, Germany). The
instrument has a completely closed housing as well as an
automatic clot and tip loss detection. No filtration,
centrifugation, or vacuum pumps are necessary, which
minimizes the risk of cross-contamination. Up to 32
nucleic acid isolations (the eight-nozzle pipette head
allows a variable number of samples from 1 to 32 per run)
can be performed within one run. Extraction of human,
viral, bacterial, and fungal DNA, RNA, and mRNA is
possible. The protocol is applicable to a broad variety of
samples such as blood, cultured cells, biopsies, sputum,
urine, stool, plant tissue, and food products. After the
extraction procedure, isolated nucleic acids and PCR
mixes can be pipetted automatically into PCR tubes, 96-
well plates, LightCycler capillaries (Roche Diagnostics),
or COBAS A-Rings (Roche Diagnostics). Sample infor-
mation can be entered manually or via a barcode reader.
Samples are loaded into nuclease-free sample cartridges
with a capacity of 4 x 8 wells. The initial sample volume
is 20-1000 pL (or up to 5 x 10° cells or 10 mg of homo-
genized tissue); the dispensable volume is 5—1000 pL with
a 2-3% variance.

For the isolation of DNA or total nucleic acids, the
sample material is initially incubated with a lysis buffer
and proteinase K, and then magnetic glass particles are
added. Nucleic acids bind to the surface of the magnetic
glass beads and are thus separated from the sample
remnants. For the extraction of mRNA, DNA is removed
by DNase digestion. Streptavidin-coated magnetic beads
and biotin-labeled oligo (dT) nucleotides are added to the
lysed sample. The mRNA binds specifically to the glass
beads through the oligo (dT) nucleotides.

In addition, since 2003, a smaller version named
MagNA Pure Compact System is available. This system
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allows the extraction of nucleic acids from eight samples
in parallel using bar-coded prefilled reagent cartridges and
assembled tip trays.

Comparison of the MagNA Pure and a manual
extraction protocol (phenol/chloroform) showed equiva-
lent detection sensitivities for the extraction of Borrelia
burgdorferi DNA from a variety of specimens such as
urine, blood, and cerebral spinal fluid. All 80 positive
samples (as determined by an independent method) were
also tested positive by MagNA Pure extraction.®

Wolk et al.!! describe a protocol for the extraction of
DNA from Encephalitozoon species. These species cause
microsporidiosis, a disease of which the prevalence is
likely to be underestimated because of the labor-intensive,
insensitive, and nonspecific conventional methods used
for the diagnosis of the spores in feces. The detection limit
of the assay was 100-10,000 x lower compared to
microscopy with trichrome stain.

Our group!'”! demonstrated that the MagNA Pure
technique provides rapid automated DNA isolation from
numerous pathogenic fungi revealing high sensitivity and
purity. Although the fungal cell wall is highly resistant to
mechanical, chemical, and enzymatical treatment, we
could achieve a sensitivity of 1 colony forming unit/mL
blood for Candida albicans.

In addition, there is a need for simple and sensitive
assays for mRNA detection, e.g., to assess innate and
adaptive immune responses'''! or to determine different
subpopulations of cells.!'? The MagNA Pure protocol
allowed extraction of mRNA from 32 samples in parallel
within 1.5 hr, compared to at least 3 hr using manual
methods. The amount (3—6 pg RNA from 10° PBMC) and
purity (260:280 nm ratio in spectral photometer 1.8-1.9)
of RNA were comparable or higher than those achieved
by manual extraction.'*
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Finally, Williams et al. compared the BioRobot 9604
workstation to the MagNA Pure instrument, extracting
genomic DNA from 106 blood samples followed by
genotyping for factor V Leiden.""®! The comparison
showed that both methods were similar in DNA yields
(8.1+2.3 pug by MagNA Pure, 7.1+2.3 pg by BioRobot),
although the DNA purity was higher in samples extracted
by MagNA Pure (ratio 1.9+0.11 vs. 1.6+0.24). The
extraction failure rate was 0.7% by MagNA Pure and 2.0%
by BioRobot. Furthermore, with both assays the analysis
of DNA extracted from sodium citrate and heparin
anticoagulated blood samples was feasible. Finally, five
heterozygous samples were analyzed in two separate runs.
Statistical analysis using an F-test indicated that the AT,,s
for the MagNA Pure were more consistent (p<0.001)
which may be due to differences in sample purity.

NucliSens EXTRACTOR

This instrument (bioMérieux, Marcy 1°Etoile, France) is
able to extract DNA and RNA, and has been designed for
a highly variable initial sample volume from 10 up to
2000 pL. The concentration factor can be up to 55-fold,
e.g., a 2000-uL sample volume input can be eluted in
35 pL. The closed system minimizes carryover and
environmental template contamination. Plasma, serum,
whole blood as well as urine, semen, feces, and sputum
can be analyzed within 45 min per run, and up to 10
samples can be processed within one run.

The extraction protocol is based on a method described
by Boom et al."* After lysis of the samples and addition
of silica, nucleic acids bound to the silica are captured on
a filter by applying air pressure on the closed sample

Table 1 Comparison of eight different workstations for automated nucleic acid extraction concerning assay duration, maximal

number of samples, processing volume, and price

Duration per run Maximal number of Processing Approximate price of
Workstation (maximal sample load) samples per run volume workstation
EZ1 (Qiagen) 15 min 6 samples 25-1000 pL? U.S.$35,000
BioRobot 9604 (Qiagen) 2 hr 2% 96 samples U.S.$100,000
COBAS AmpliPrep 3 hr 3 x 24 samples 200-1000 pL U.S.$50,000
(Roche)
KingFisher mL 45 min 15 samples 50-1000 pL U.S.$15,000
(Thermo Electron)
m1000 (Abbott) 2 hr 48 samples 200 or 1000 pL U.S.$110,000
MagNApure LC (Roche) 1.5 hr 32 samples 20-1000 pL U.S.$90,000
MagNAPure Compact 30 min 8 samples 100-1000 wl U.S.$35,000
(Roche)
NucliSens Extractor 45 min 10 samples 10-2000 pL n.a.
(bioMérieux)

n.a.=not available.
“Depending on the workstation.
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chamber. The silica particles remain on top of the filter.
Through a hollow air-pen, multiple wash cycles are per-
formed. After drying of the silica at 56°C, the nucleic acids
are eluted into an elution tube by means of air pressure.

Jongerius et al.'! used this technology for the
extraction of hepatitis C virus RNA. They found a cutoff
value of 16 genome equivalents (geq)/mL with a 100% hit
rate, demonstrating a high sensitivity of this assay for the
extraction of RNA.

Comparison of the BioRobot 9604 to the NucliSens
Extractor for the isolation of hepatitis C virus RNA
showed a lower detection limit of 82 vs. 12 geq/mL.!"®!

CONCLUSION

Current manual methods for the extraction of nucleic
acids are suitable for low-throughput analysis.!'”! How-
ever, these methods are unable to cope with the increasing
demand for molecular diagnosis of infectious diseases and
genetic analysis, necessitating the development of new,
fully automated, and reliable methods. All automated
workstations described reveal high yield, purity, repro-
ducibility, scalability, accuracy, and reliability for the
extraction of nucleic acids (Table 1). However, as
different laboratories may claim unique performances of
a workstation, the individual choice of an instrument
should depend on the type and volume of samples to be
analyzed and on the throughput of samples per day.
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INTRODUCTION

The expectation that diagnostic genomics and proteomics,
along with toxicogenomics, chemicalgenomics, and BIO
IT, will revolutionize health care is big and widely held.
New knowledge emerging from these fields promises an
understanding of gene function thorough enough to enable
the mitigation of adverse effects of genetic risks, therapies
that are more effective and safer, and the opportunity to
ameliorate health risk factors in the context of environ-
mental and socioeconomic risk factors. In other words,
they promise a deeper understanding of disease and its
causes, and with it strategies to promote health, prevent
disease, and lower overall mortality and morbidity.
Achieving these ends requires translating this new
genomic knowledge into daily medical practice. Adoption
of genomic innovations is, however, not an automatic
given or foregone conclusion. Rather, it is a formidable
challenge. The expected benefits of diagnostic genomics
and proteomics cannot be realized unless practitioners
accurately understand new genetic knowledge, apply that
understanding appropriately in daily practice, and work
with patients to ensure that they can make voluntary
informed choices about their care. Adoption (or successful
incorporation of innovation into practice) of genomics
innovations (diagnostic genomics, proteomics, or toxico-
genomics) requires ensuring that practitioners spontane-
ously think about the possibility of genetic involvement,
when appropriate, and pursue that possibility accurately
and efficiently.

THE CHALLENGE OF INTEGRATING
GENOMIC INNOVATION

It is commonly believed that innovations succeed on their
own merit. Those without real merit fail in the market
place; those with superior merit succeed simply on the
basis of their superiority over existing alternatives.
However, experience shows otherwise. Technological
capability and superior engineering do not, in fact,
guarantee acceptance (Table 1). Great innovations them-
selves are often insufficient to ensure usability, effective-
ness, or user satisfaction. In other words, good technology
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does not equal adoption. Why? (Fig. 1) Because factors
integral to users’ experiences, such as intuitive approaches
to problem solving, environmental factors or underlying
beliefs, values or attitudes, play an integral role in
adoption. More specifically, these factors can facilitate
or thwart integration of new knowledge and thus bar
acceptance. For example, the problem-solving logic
inherent in IT tools may well serve a developer’s needs,
but prove incoherent with end users’ intuitive problem-
solving processes, thereby failing to be a useful solution
for the employee.!"!

Similarly, physician lag in adopting innovation is well
known. The history of medical practice, in particular, is
replete with examples of un- and underutilized innova-
tions, whether new IT solutions, devices, diagnostics,
clinical guidelines, or therapeutics.””™' This history
suggests the very real possibility that genetics innovations
will not be readily or accurately integrated into daily
practice without an identification of and remedy to
barriers (Table 2).

A central goal of genetics educational initiatives,
indeed, has been to promote adoption and accomplish
the primary aim of effecting a change in medical practice.
The desired behavioral change is to improve physician
decision making about potential genetic involvement in
the face of uncertainty. Existing educational programs
have increased clinician awareness of advances in
molecular medicine.'” Clinical competency in problem
solving about potential involvement depends on more than
mere awareness'’) (Table 3). Despite the high quality of
many current genetics education curriculum, education
assessments confirm that practitioners remain uncon-
vinced about the relevance of genetics advances to their
practices as well as uneasy about how to integrate this
new information into point-of-care service.”®'°! Educa-
tion alone, then, has been less than fully successful and
changing clinician behavior so that practice reflects the
appropriate incorporation of innovation. The shortcom-
ings are due far less to the quality and delivery of edu-
cational programs than they are to a lack of understanding
of practitioner diagnostic problem-solving strategies, and
both the environmental and internal factors (i.e., cogni-
tive, attitudinal, and normative factors) that influence
those strategies. Researchers in continuing medical
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Table 1 Predicting innovation

1943 IBM, Chairman (Thomas Watson)
1977 Digital Equipment Co., President (Ken Olson)
1981 Microsoft, CEO (Bill Gates)

‘I think there is a world market for about 5 computers’’
““There is no reason for any individual to have a
computer in their home’’

“‘640K [of memory] ought to be enough for anybody’’

education show that such factors, hidden within the day to
day of medical practice, nonetheless can pose significant
obstacles to acceptance.!'! !4

Cognitive barriers represent a particularly difficult
hurdle, primarily because they are embedded in clinical
problem-solving strategies that become deeply engrained
over time in one’s practice.'>! For example, clinicians
rarely use formal probabilistic modes as they engage in
diagnostic reasoning. Instead, they use induction and
heuristics as problem-solving tactics because heuristics!'®!
(i.e., rules of thumb or shortcuts), in particular, drastically
reduce the number of steps needed in a search for solu-
tions to a problem, or a diagnosis. Heuristics, reasoning
shortcuts, and other thinking habits aid physicians in
accurately and efficiently solving clinical conundrums,
making diagnoses, or determining medical decisions.
Although these tactics are neither precise indicators of
prevalence nor other probability associations, heuristics
are convenient and frequently correct. As such they serve
a practitioner well, given time, and other practice, con-
straints. Furthermore, their accuracy reinforces their con-
tinued use. In fact, they are typically learned in medical
school, refined to one’s idiosyncratic ways of framing and
solving diagnostic puzzles and continually reinforced in
daily practice. As such, they become more ingrained in a
clinician’s intuitive diagnostic approaches.!'”!

e g ®

* Invention is Not Enough

Fig. 1 Innovativeness doesn’t ensure adoption. (View this art
in color at www.dekker.com.)

The ‘availability’’ heuristic is used to judge frequency
and probability but relies on the cases brought to mind as a
basis for judgment. As such, it can impede focus on case
specifics. The ‘‘representative’” heuristic assumes that a
present case so closely resembles a well-defined case
that the probability of the disease occurring in this case is
that of the well-defined case. Resemblances between a
patient’s features and a classic disease pattern can produce
exaggerated estimates of the likelihood that present
disease as in fact the classic one. In other words, the
class of things retrieved most easily leads subjects to
believe that that class is more frequent than those classes
less easily retrievable. As such this tactic can result in
failure to consider either prior probability or factors that
limit predictive accuracy of thought generated.

Applied to genetic issues, however, these techniques
are less useful and may even contribute to failure to detect
genetic involvement or appropriately consider genetic
influences, thereby resulting in misdiagnosis or mistreat-
ment. Specific characteristics of genetics thwart the
clinical utility of these clinical reasoning strategies that
are designed to identify observable pathology (phenotype),
determine a proximate cause (diagnosis), and prescribe
appropriate treatment and management. In particular,
scientists determined that one gene can affect more than
one trait (pleiotropy), that any single trait can be affected
by more than one gene, and that the majority of traits are
affected by environmental factors as well as by other
genes. Identifying the cause of a clinical symptom (or trait)
is then far more complicated than identifying a symptom
or determining that a number of symptoms indicate the
presence of disease. Furthermore, determining the clinical
significance of any genetic findings (that is, what do the
genetic findings mean in the context of the patient’s
biochemical, hormonal and other biological processes) is
more complicated than many general medical diagnoses,
such as detecting the presence or absence of an otitis media
or strep throat. The utility of heuristics and clinical
reasoning shortcuts in the context of complicated genetic
involvement is thus compromised.''%2%

Constructing, understanding and problem solving are
cognitively similar activities. Expertise in clinical prob-
lem solving has been shown to consist of highly
automated, yet highly accurate perceptual and cognitive
processes. For example, expert behavior is characterized
by rapid recognition of key aspects of problems. Experts
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Table 2 Indicators of physician receptivity to genomics innovations

“I’ve taken CME in the new genetics, but I shy away from it.
It takes lots of time, is changing so fast and is so complicated.

(Primary Care Physician recently trained in
genetics advances)

But, I have the working consciousness of a geneticist. I look for things.”

““‘Several doctors (at a bioethics conference) admitted they had
never heard the pharmacogenomics until the conference and

(AMA News, Sept. 2000)

weren’t quite sure what they would do with a genetic test if they had one.”

““Teachers open the door, but you must enter by yourself.”’

(Chinese Proverb)

in any domain, for example in primary-care delivery, are
known to use more elaborate but more flexible schemas
for conceptualizing, understanding, and reasoning through
problems, as well as domain-specific conceptual and
procedural knowledge. These skills enable clinicians to
identify critical cues within data presented and reason
using data-based hypothesis generation, both of which are
considered marks of expertise.?!!

Research into classical genetics problem solving shows
that domain-specific and procedural knowledge is crucial
to successful problem solving.'*?! Knowledge-based and
procedural errors in reasoning typically include knowledge
deficits, factual errors, recall failure, fallacies of inference,
fallacies of availability, metajudgments about the impor-
tance of pieces of information, and misapplied knowledge.
Research into the effectiveness of genetics education
programs indicates that clinicians have displayed a
proclivity for confirming genotype solely on the basis of
phenotypes ascertained through physical exam. Family
history characteristics, which could trigger suspicion of
possible heritable involvement, were not spontaneously
considered by clinicians.** This tactic, which is a very
narrow approach to genetics thinking, represents problem-
atic genetic reasoning competency. Clinicians are trained
to diagnose on the basis of observed phenomenon,
(phenotype) and biochemical tests indicated what has most
likely caused the physical finding. This approach, however,
motivates practitioners to consider genetic involvement
from the physical (phenotype) to the internal (genotype)
and therein lies a major potential for error in clinical
judgment. Research further indicates that clinicians with
recent training in advances in genetics did not perform as
well as clinicians lacking specific genetics training but
known to be outstanding clinical problem solvers.?*!

Table 3 Genetics’ barriers to adoption

Complicates typical strategies to ensure innovation adoption
Challenges the efficiency and efficacy of the usual clinical
reasoning strategies involved in medical problem solving
Ethical concerns increase the stakes in using genetics in practice

Assimilation of new genetic knowledge occurs when
the possibility of genetics involvement is continually
brought to mind, entertained, pursued, and rigorously
tested for validation or falsification. Deriving genetic
suspicions solely from phenotypic characteristics does not
achieve the desired clinical competency in identifying or
making medical decisions about potential genetic in-
volvement because pleiotropy, phenotypic variability, and
other aforementioned characteristics of genetics introduce
considerable room for error in clinical judgment. Physi-
cians will become clinically competent genetic thinkers
when their clinical thinking attends to the particular
characteristics of genetics.

In particular, clinicians will display competence in
genomic medicine when they apply more substantive
genomic knowledge, a higher level of inquisitiveness, a
broader range of diagnostic hypotheses and interpretations
of clinical findings, as well as a more methodical manner
of testing candidate hypotheses. A lower threshold for
considering possible genetic involvement and consulting a
geneticist to validate a suspicion will also serve clinicians
well. In addition, family history gathering focused on
identifying possible inheritance patterns and recurrence
risk will serve clinicians well in refining possible genetic
involvement. Reliance on textbook definitions and diag-
nostic criteria may contribute to a failure to appreciate
phenotypic variability. Furthermore, as research suggests
that clinicians view a ‘‘genetic’’ diagnosis as unfortunate
and associated with dire medical and social consequences,
they will continue to be reluctant to confer a genetic
diagnosis. As knowledge increases and positive actions
are proven to mitigate genetic risks, and the ill effects
of a genetic diagnosis, clinicians are likely to shed
this reluctance.

CONCLUSION

Genomics, as we now understand it, has, and will continue
to have, a major role in health care as each of us
carries roughly five to six mutations capable of causing
significant disease. The major causes of death in the United
States are now known to involve genetic influences. The
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full extent of those influences, including the interactions
between genes and genes, and genes and environments,
is not yet known. Increasingly, we are learning that
genetic mutations influence both the development and
expression of disease. We expect that as these
influences and interactions become better known we
will be able to more precisely understand disease
development and expression and so better able to target
and manage root causes and effects. Furthermore, as our
knowledge increases, we are likely to learn that some
traits, which cause disease in certain environments,
confer protection against disease development in other
environments. Such traits are likely to be similar to
sickle cell trait in contributing to sickle cell disease in
particular contexts but affording immunity to malaria in
other contexts.

Identifying genetic influences and understanding what
they mean in the context of a patient’s other risk factors is
further complicated by features of genetics and heritability
that complicate clinicians’ usual approaches to categoriz-
ing symptoms into candidate diagnoses. Unless or until
clinicians’ medical decision-making processes trigger
suspicion that a genetics factor may be present and pursue
a thorough testing of that genetics hypothesis, ‘‘learning’’
about advances in human genetics will not be fully
integrated into daily practice, and patients will not realize
the benefits of genomic medicine.

Medical education research shows that knowledge,
skill, and motivation, while necessary to physician accept-
ance, are, nonetheless, insufficient to bring about per-
formance change.'”! This is largely because the practice
of medicine, while anchored in the basic sciences, is itself
an applied science but importantly also a normative
activity. In other words, it is not so much what the
physician knows, can do, or wants to do as much as what
the physician actually does to (and for) patients that is
of primary importance. What physicians do in practice
has implications for their ability to incorporate innova-
tion into daily activities; those daily activities, and
habits, give rise to experience that in turn is a powerful
determinant of behavior. Medical problem-solving liter-
ature, for example, supports this contention, indicating
that what physicians actually do in practice is more
related to their previous clinical experience than to their
fund of medical knowledge.”*®! Further, experts have
shown that by understanding what needs to be done,
how it is to be done, with awareness of potential barriers
to successful implementation, physician learners are
primed to apply new knowledge (or technological
innovation) to a particular problem. Integrating innova-
tion into practice gives rise to a new experience and,
ultimately, it is the new experience that gives rise to the
potential for learning.

The nature of genetics poses particularly difficult
challenges to integration into daily medical practice.
Continuing medical education courses, as well as
strategies for adopting innovation, often fail to attend to
key elements of clinical experience, and in so doing fail to
address key parts of an individual’s learning process and
the relationship between those parts. The end result is the
failure of education to effect the desired performance
change. In regard to adoption of genetics innovation,
unless or until educators know more about clinicians’
thinking habits, which are used to assimilate new
knowledge, much new knowledge may go underutilized,
and potential patient benefits go unrealized. Identifying
features of clinical reasoning that promote and thwart
accurate and efficient medical decision making about
potential genetic involvement can inform the development
of future genetics education as well as specific strategies
for changing physician behavior. Acceptance can then
keep pace with genomic innovation.
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Basal Cell Nevus Syndrome
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INTRODUCTION

This disorder, caused by mutations in the human
homologue of the Drosophila ‘‘patched’’ gene (OMIM
601309), is inherited in an autosomal dominant manner
and shows high penetrance and variable expressivity. It
produces a bewildering array of clinical appearances
including the following: Face: broad facies; frontal and
biparietal bossing; mild mandibular prognathism; odonto-
genic keratocysts of jaws. Eyes: strabismus; lateral
displacement of the inner canthi; hypertelorism; subcon-
junctival epithelial cysts; iris coloboma; glaucoma. Nose:
broad nasal root. Mouth: cleft lip; cleft palate. Cardio-
vascular: cardiac fibroma. Respiratory: congenital lung
cyst. Abdomen: lymphomesenteric cysts, often calcified;
hamartomatous stomach polyps. Genitourinary: ovarian
fibromata; ovarian carcinoma. Skeletal: bifid ribs; synos-
totic ribs; hypoplastic ribs; scoliosis; kyphoscoliosis;
abnormal cervical vertebrae; brachydactyly. Skin: basal
cell nevi; basal cell carcinoma (BCC); pits of palms and
soles. Neurological: mental retardation; desmoplastic
medulloblastoma. Other rare lesions are also reported.

It is associated with a paternal age effect and abnormal
sensitivity to therapeutic radiation. Diagnosis using
clinical phenotype or genotype is still problematic and
there is no universally accepted ‘‘gold standard.”

DIFFERENTIAL DIAGNOSIS

Most clinicians still rely on a set of criteria originally
formulated by Kimonis et al.''! Table 1 shows a current
list of qualifying criteria. It is worth noting that a number
of other related but apparently distinct disorders are rec-
ognized. Rombo syndrome!? is a familial disorder with
vermiculate atrophoderma, milia, hypotrichosis, trichoep-
itheliomas, basal cell carcinomas, and peripheral vasodi-
lation with cyanosis, whereas Bazex—Dupré—Christol
syndrome!®! combines major characteristics of basal cell
nevus syndrome (BCNS) with follicular atrophoderma,
hypotrichosis, hypohydrosis, and minor skin defects.
Occasionally, acquired BCCs develop after contact with
arsenic and exposure to radiation, and even burns, scars,
vaccinations, or tattoos are rare contributing factors.
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In basal cell nevus syndrome (BCNS) there is an increased
frequency of neoplasms, the result of excessive activation
of segments of the Hedgehog pathway.

Patched is a target gene in the Hedgehog signalling
network. Patched (Ptchl) encodes a transmembrane
protein that acts as a negative regulator of hedgehog
(Hh) signalling (Fig. 1). [Note: There is a general move
toward abandoning the acronyms Pfc and PTC in favor
of Ptch and PTCH, thereby avoiding confusion with
phenylthiocarbamide tasting (PTC; OMIM 171200)]. The
1500-amino acid glycoprotein has 12 hydrophobic,
membrane-spanning domains, intracellular amino- and
carboxy-terminal regions, and two large hydrophilic
extracellular loops where Hh ligand binding occurs.

Ptch has dual roles in sequestering and transducing Hh.
When the second large extracellular loop, essential for
ligand binding, is deleted by a Ptchl mutation, Hh binding
to Ptch cannot occur, but repression of Smoothened (Smo)
by Ptch is unaffected. When a C-terminal truncation is
caused by a Ptchl mutation, Ptch can no longer repress
Smo, but Hh binding to Ptch is unaffected.

In the Hedgehog signalling network, mutations result
in various phenotypes, including, among others, holopro-
sencephaly, BCNS, Pallister—Hall syndrome, Greig ceph-
alopolysyndactyly, Rubinstein—Taybi syndrome, isolated
BCCs, and desmoplastic medulloblastoma.

Human PTCHI, a tumor suppressor gene, maps to
9q22.3. Most mutations in PTCHI result in protein
truncation. However, four rare PTCH missense mutations
have resulted in holoprosencephaly—two in the extracel-
lular loops required for SHH binding and two in the
intracellular loops that may be involved in PTCH-SMO
interaction.'!

Four features of Hedgehog signalling are noteworthy.
First, autoprocessing generates an active Hedgehog ligand
with a C-terminal cholesterol moiety. Then, palmitoyla-
tion results in an N-terminal palmitate. The active
Hedgehog ligand therefore becomes double lipid modi-
fied. Second, most membrane-bound receptors activate
downstream signalling on ligand binding. However, Ptch
is repressed by its Hedgehog ligand, freeing Smoothened
for downstream signalling.
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Table 1 Diagnostic criteria for BCNS

Diagnosis of BCNS made in the presence of two major, or
one major and two minor criteria

Major criteria

>2 BCCs or one at <20 years old

Histologically confirmed odontogenic keratocysts of jaw

>3 palmar or plantar pits

Bilamellar calcification of falx cerebri

Bifid, fused, or markedly splayed ribs

First-degree relative with BCNS syndrome

. Desmoplastic medulloblastoma

Minor criteria

Any two of the following features:

1. Macrocephaly determined after adjustment for height

2. Congenital malformations: cleft lip or palate, frontal
bossing, ‘‘coarse face,”” moderate or severe hypertelorism

3. Other skeletal abnormalities: Sprengel deformity, marked
pectus deformity, marked syndactyly of digits

4. Radiological abnormalities: bridging of the sella turgica
vertebral anomalies such as hemivertebrae, fusion or
elongation of the vertebral bodies, modeling defects of the
hands and feet, or flame-shaped lucencies of hands or feet

5. Ovarian fibroma

Noue v -

Third, Ptch and Smoothened may shuttle oppositely
between plasma membrane and endocytic vesicles in
response to Hedgehog ligand. They may not interact
physically, Ptch working catalytically rather than stoi-
chiometrically.””! In contrast, Incardona et al.'*! suggested
that Ptch and Smoothened colocalize in the absence
of Hedgehog and both proteins endocytose on ligand
binding, after which Smoothened subsequently segregates
from the Ptch-Hedgehog complex.

Fourth, the network has a bifunctional transcription
regulator, Cubitus interruptus. In the absence of Hedgehog
ligand, a truncated transcription repressor is generated
that binds target genes and blocks transcription. With
Hedgehog ligand, a full-length transcriptional activator
binds target genes and up-regulates transcription.

Hedgehog is proficient at both short- and long-range
signalling. It is tightly regulated on many levels.
Cholesterol-modified Hedgehog, which should be an-
chored to the cell membrane, can be further modified at the
lipid rafts where it multimerizes and becomes soluble and
diffusible.”! Dispatched (OMIM 607502; another 12-pass
transmembrane protein) functions to release multimeric
Hedgehog, making it available for long-range signalling.

The up-regulation of Ptch expression, resulting in
Ptch protein at the cell membrane, sequesters Hedgehog
and limits its spread beyond the cells in which it is
produced. Thus, a balance is created by the antagonism
of Hedgehog and Ptch, whose relative concentrations
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alternate with regard to each other. Many other factors
including Megalin, Rab23, Hip, GAS1, PKA, GSK3,
CK1, Slimb, SAP18, and CBP are essential for the
Hedgehog signalling network (see review in Ref. [8]).
Besides Ptch, Megalin can also bind Hedgehog with
high affinity.””! Megalin-mediated endocytosis of multi-
meric Hedgehog may perhaps regulate its availability to
Ptch by competing with Ptch to limit the levels of
multimeric Hedgehog. Alternatively, Megalin may deliver
multimeric Hedgehog to vesicular pools of Ptch.
Hedgehog binding to Ptch alleviates Ptch-mediated
repression of Smo by a conformational change that frees
Smo for downstream signalling. Kalderon'”’ reviewed
four models for the regulation of Smo by Ptch and Hh.
The classical model has already been discussed. A second
model postulates that Hh activates Smo by causing
dissociation of the Ptch/Smo complex. In a third model,
Ptch inhibits Smo through a diffusible intermediate and
Hh binding to Ptch alters the activity of the intermediate,
allowing Smo to become activated. In a fourth model,
Ptch acts catalytically via a small molecule to suppress
Smo, and on Hh binding to Ptch, Smo is activated by
becoming dissociated from Ptch and the small molecule.
Intracellular localization of Ptch was demonstrated by
Capdevila et al.,[m who induced a mutation in Shibire
[OMIM 602377] that affects endocytosis. Incardona
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Fig. 1 Sonic Hedgehog pathway. SHH acts on the receptor
complex of Ptch and Smo to inhibit repression of Smo by Ptch.
Smo then signal activates gli intracellularly, resulting in
downstream transcription of target genes. (View this art in color
at www.dekker.com.)
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et al.,l'? noting that M-Shh-N and Ptch colocalize in
subcellular vesicles, suggested that internalization of
M-Shh-N is mediated by Ptch. At present it is unclear
whether Ptch eventually separates from M-Shh-N, with
M-Shh-N being directed to lysosomes for degradation
and Ptch returning to cell surface. It has been suggested
that Ptch and Smo shuttle oppositely between the plas-
ma membrane and cytoplasmic vesicles in response to
M-Hh-N ligand.

In the absence of M-Hh-N binding, Ptch may be found
principally at the cell membrane. At the same time, Smo
may occupy intracellular vesicles. The binding of M-Hh-N
to Ptch triggers a dynamin-mediated internalization into
endosomes!'* and this results, indirectly, in the migration
of vesicular Smo to the cell membrane.

Caveolae and caveolin-1 protein, which coats caveolae,
may play a role in M-Hh-N uptake by Ptch.!' However,
only Ptch interacts specifically with caveolin-1 whereas
Smo does not.

Ptch mediates the posttranslational modification of the
C-terminal domain of Smo. Modification may include
potential enzymatic candidates such as a phosphatase,
Protein kinase A, or cyclin Bl that alter the phosphory-
lation status of Smo, affecting its stability, activity, and
subcellular localization."'>! When Smo moves to the cell
surface, hyperphosphorylation takes place, a putative Smo
kinase increasing its activity. How closely linked phos-
phorylation of Smo is to its transport to the cell surface is
not known at present. Unstimulated Ptch may promote
dephosphorylation of Smo, a putative Smo phosphorylase
decreasing Smo’s activity.

Denef et al.'®! provided some evidence that Ptch and
Smo do not interact physically in transducing M-Hh-N
signals. They suggested that the regulatory interaction
between Ptch and Smo need not be stoichiometric. It has
been found™ that Ptch and Smo are not significantly
associated together within responding cells. They dem-
onstrated that Ptch, unbounded by M-Hh-N, acts substoi-
chiometrically to suppress activity of Smo. Extremely
low levels of Ptch were sufficient to substantially reduce
Smo activity. For example, a Ptch:Smo ratio of 1:45 sup-
pressed nearly 80% of Smo activity. They suggested that
in the absence of M-Hh-N, Ptch may translocate a small
molecule across the lipid bilayer that regulates the activity
state of Smo.

In contrast, Incardona et al.'! provided some evidence
that supported a model in which colocalization of Ptch and
Smo occurs in the absence of M-Shh-N. On M-Shh-N
binding to Ptch, both Ptch and Smo may undergo
simultaneous transport into the endocytic pathway where
Smo is subsequently segregated from the Ptch/M-Shh-N
complex, which is destined for lysosomal degradation.
Possibly, late endosomal sorting may control the gener-
ation of active Smo.
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Whether Ptch eventually separates from M-Shh-N,
with M-Shh-N being directed to lysosomes for degrada-
tion and with Ptch returning to the cell surface, is unclear
at present.

To date, NBCS has not been reported with mutations in
PTCH2, SHH, SMO, or GUI, but there are reasons for
believing that such mutations may be found. PTCH?2 has
been reported with a mutation in a medulloblastoma,
whereas medulloblastoma is a feature of NBCS in about
3-5% of cases. A disputed mutation in SHH has been
reported in one isolated BCC. Furthermore, BCCs and
skeletal malformations are reported in hypersonic trans-
genic mice. Mutations in SMO have been reported in
isolated basal cell carcinomas, and expression of GLII has
been found in almost all isolated BCCs studied.

Target genes for this disorder include Ptch (PTCH), the
Wnt (WNT) family, and the bone morphogenetic proteins
(BMPs) of the TGFp superfamily. These are essential for
normal embryonic development and differentiation of
many adult tissues. Experiments in mice, chicks, and flies
have shown that modification of genes or exposure to
teratogens causes interesting and similar changes to
reported human phenotypes. For example,

Ptch +/— in mice results in skeletal defects and neo-
plasms, but changes can be inhibited by cyclopamine.
[This plant steroidal alkaloid induces cyclopia in
vertebrate embryos and has been shown to act by
inhibiting the cellular response to the Shh signal
(see below)].

Ptch —/— in mice is lethal, producing overgrown and
open neural tubes.

Ptch'3°* in flies causes C-terminal truncation and
abolishes Smo repression, but not Hh binding.

Ptch™°°"? in chicks cannot bind Shh ligand.

Prch™™" *™°" mutations in flies abolishes Smo repres-
sion, but not HH binding.

Taipale et al."'”! showed that cyclopamine or synthetic

derivatives with improved potency block activation of the

Hh response pathway and abnormal cell growth associated

with both types of oncogenic mutation. The substance was

discovered through epidemiological investigations of
cyclopia in sheep in the Western United States. Cyclopia
was found to result when pregnant females ate the lily

Veratrum californicum. The ‘‘active’’ ingredient was

named ‘‘cyclopamine.”’ Although cyclopamine has no

apparent effect on adult animals, it consistently leads to
severe holoprosencephaly in developing embryos. Be-
cause this condition can be caused by either mutations in
human hedgehog or exposure to cyclopamine, it was
proposed that cyclopamine suppresses Hedgehog. Taipale
et al.l'”l demonstrated that cyclopamine acts by affec-
ting the balance between active and inactive forms of
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Smoothened and may therefore have a role in treating
BCCs and BCNS.

As epidemiological studies have shown, adult sheep
tolerate cyclopamine well, and the results are encourag-
ing. They do not directly address the question of whether
switching off the Hedgehog pathway will cure basal cell
carcinomas or prevent BCNS. BCCs, like most other
human cancers, have mutations in many genes, and it is
probably the accumulation of mutations that results in
malignancy. Perhaps the Hedgehog pathway must be
activated to kick-start tumor development, but may not
need to be kept activated to maintain a fully malignant
state. Indeed, in naturally occurring BCCs, shutting off
this pathway might be too little, too late! Treating basal
cell carcinomas with cyclopamine might be expected to
suppress the development of neoplastic cells and perhaps
limit growth, but not automatically kill them. There is
some early evidence that tumor cells that have been
suppressed in this way might undergo programmed cell
death or be eradicated by the body’s natural defenses. If
not, then tumors treated with cyclopamine may eventually
reappear when the drug is stopped.

MUTATION DETECTION

Blood samples are taken for straightforward DNA
sequencing to assess the exact PTC gene mutation carried,
but novel approaches including a protein truncation assay
are being increasingly used to improve the yield of
mutation detection. Standard sequencing detects minor
changes in DNA [e.g., single-strand conformation poly-
morphism (SSCP) analysis, heteroduplex analysis, and
denaturing gradient gel electrophoresis (DGGE) analysis],
including those that are not pathogenic (polymorphisms)
or are of questionable pathogenicity (missense mutations).
The protein truncation test!'® specifically uncovers cer-
tain disease-causing mutations, namely, those causing
premature translation termination. Initially developed for
use with Duchenne muscular dystrophy, PTT is now used
for screening many different disease genes and is proving
useful in BCNS diagnosis.

TREATMENT

Treatment of BCCs includes surgical excision, curettage
and electrodesiccation, cryosurgery, Mohs’ micrographic
surgery, and ultrapulsed CO, laser treatment. These meth-
ods, although effective, have economic, physical, and
psychological implications, primarily because of the risk
of scarring and recurrence. New, more inclusive selection
criteria for surgery, combined with more effective neo-
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adjuvant chemotherapy based on 5-fluoruracil and topi-
cally applied 5% imiquimod, are proving useful in reducing
scarring. Radiotherapy is now avoided completely.

CONCLUSION

There is, however, much cause for optimism in this
field. Fortunately, there is a good mouse model for
BCNS that will help answer questions about the effects
of cyclopamine on tumors in vivo. If this, or a related
compound, progresses to clinical trials, investigators
should not forget its source, and to avoid women of
childbearing age in any study! However, the drive to
understand the biology and behavior of BCCs—the
world’s commonest human cancer—will ultimately lead
to spin-offs that will undoubtedly help NBCS sufferers.

The routine clinical implementation of genomics-
based diagnosis and outcome predictors, as reported with
desmoplastic medulloblastoma and PTCH!"*' must await
confirmation in independent data sets, and models may
need to be modified as diagnostic and treatment regi-
mens evolve.

For patients predicted to have a favorable outcome,
efforts to minimize toxicity of therapy might be indicated,
whereas for those predicted not to respond to standard
therapy, earlier treatment with experimental regimens
might be considered. Genomic technologies have the
potential to advance treatment planning beyond the
empirical, toward a more molecularly defined, individu-
alized approach.
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INTRODUCTION

Further development and improvement of molecular
diagnosis depends on the development of robust, auto-
matable, and cost-efficient technologies. In addition to
conventional methods, a variety of homogeneous ampli-
fication assays that are based on fluorescence are available
and facilitate detection of amplicons and characterization
of mutations, single nucleotide polymorphisms (SNPs),
and other sequence variations in DNA. Especially, SNPs
have recently gained great attention, being markers for
susceptibility to disease or response to therapeutic drugs.

To serve the increasing request for the simultaneous
determination of larger numbers of parameters, DNA
arrays (DNA chips) of different densities are available that
allow high throughput and multiplex sequence and gene
expression analysis. They require dedicated automation
that may not be available in routine laboratories and their
capabilities exceed by far what is currently required for
diagnostic purposes. These conventional DNA and oligo-
nucleotide arrays consist of a variable number of spatially
arranged spots with nucleic acids on solid supports. The
production of such arrays in small numbers for specific
questions may be time consuming and costly. In addition,
high-density arrays may not be necessary for many
diagnostic purposes.

An interesting alternative to DNA chips is bead-based
technology. The main advantage of this technology is that
different species of beads are coated with the desired
oligonucleotides prior to mixing the distinct populations
together. A so-called suspension array for multiple
analyses can be generated and modified according to the
individual needs. Such suspension arrays can be supple-
mented with additional bead populations any time.

TECHNOLOGY

Beads are homogenous microspheres produced from
polymer by special synthesis techniques. The most
common material used is polystyrene and available bead
sizes range from 0.4 to 200 pm. In order to function as
carriers for binding interactions, beads have to be
‘‘sensitized’’ by attaching biological ligands such as
antibodies or single-stranded nucleic acids to their
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surface. The first bead-based assay was reported in
1956, when Singer and Plotz introduced their rheumatoid
factor agglutination test.'"! Later, beads were introduced
in flow cytometry, which is a powerful combination,
because here, like cells, several hundreds of beads can be
discriminated by fluorescence intensity and spectral
diversity in a couple of seconds. As a large number of
each distinct species are measured, a mean signal with
high precision is obtained. The increasing request for the
simultaneous determination of complex parameter profiles
in small sample volumes brought up the idea of
multiplexing with microspheres as carriers for tests and
assays, which can be analyzed and discriminated by flow
cytometry. First, attempts to use microspheres of different
size have been made, then beads were impregnated with
fluorescent dyes, to make them spectrally distinctable.
The maximum number of such populations depends on the
availability of fluorescent dyes, the technologies to
impregnate the beads, and the number of suitable
fluorescent channels available in a flow cytometer. By
color-coding beads with a blend of different amounts of
only two fluorescent dyes, a set of 100 distinct bead
populations can be generated (Fig. 1), which are
commercially available as LabMAP Beads (Luminex
Corporation, Austin, TX). Numerous companies have
licensed the LabMAP technology as platform for the
development of their bead-based assays especially in
immunology and microbiology. Now that the conquest of
bead-based assays over the traditional microtiter plate
ELISA has begun, beads have been discovered as carriers
for nucleic acid testing. Here, like antigens or antibodies,
oligonucleotides of interest can be attached to beads using
simple chemical reactions. Thus each bead population
corresponds to a specific oligonucleotide. In a suspension
hybridization, amplicons that carry another fluorescence
can be immobilized to the beads by hybridization.
Analysis is performed in the flow cytometer, where this
additional fluorescence, that was brought to the bead
by successful hybridization, is also detected. A conven-
tional flow cytometer with three fluorescence channels
measures two dyes that specify the bead population and a
reporter dye that specifies hybridization events. By using
more sophisticated flow cytometers with additional
fluorescent channels (e.g., FACSCalibur, BD Biosciences,
San Diego, CA), it would be possible to use more dyes for
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Fig. 1 By impregnating beads with a blend of two fluorescent
dyes, a set of 100 color-coded species can be generated, which
can be discriminated in a flow cytometer.

color-coding of beads or more colors for the test reaction.
However, flow cytometers are expensive and their
capabilities exceed what is required for bead-based
analysis. With the Luminex100 (Luminex), a low-cost
flow cytometer is available that is specifically adapted to
the measurement of color-coded beads.*!

ASSAY FORMATS
Direct Hybridization

Several formats of wet-ware were adopted to bead-based
nucleic acid testing. The simplest method is the direct
hybridization of labeled nucleic acids to beads carrying a
sequence-specific oligonucleotide.

An assay for gene expression analysis using color-
coded microspheres was developed using this technique.
In Ref. [4], labeled cRNA was generated which was
hybridized to a set of 20 bead populations carrying
specific capture sequences of 25 bp for 20 Arabidopsis
genes. The obtained expression profiles were similar to
those obtained by Affymetrix GeneChip Analysis.*!

In addition to expression profiling, sequence-specific
hybridization of labeled PCR product to microspheres has
been performed. A sensitive multiplexed bead assay for
the detection of three viral nucleic acids (HIV, HSV, and
HCV) was developed. Here labeled primers were used in
the amplification of the relevant viral nucleic acids, which
were hybridized to sequence-specific oligonucleotides
bound to the beads."!

A third test applying the format of direct hybridization
was a screening test for mutations in the CFTR gene,
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which can cause cystic fibrosis. A set of 10 bead
populations, each carrying a sequence-specific oligonu-
cleotide for 10 common mutations, and 10 bead
populations, each carrying the according wild-type
sequence, were used. The relevant DNA segments were
amplified by PCR using labeled primers prior to
hybridization to the beads.

Competitive Hybridization

As hybridization of longer PCR products to microspheres
results in significant cross-talk and decreased sensitivity, a
different assay format, the competitive hybridization, was
applied. With this technique, allele-specific, fluorescently
labeled oligonucleotides (reporter oligonucleotides) are
hybridized to the target amplicon. Afterwards, micro-
spheres coated with oligonucleotides complementary to
the reporter oligonucleotides are added and capture the
remaining nonhybridized oligonucleotides. A decrease in
fluorescence intensity compared to the negative control
(inhibition of fluorescence) will report a positive test
result. This assay format was used, for example, for a
multiplexed hybridization assay to perform HLA-DQA1
tissue typing of PCR-amplified human genomic DNA.!!

Zip Code Techniques

The simultaneous and efficient hybridization of oligonu-
cleotides with different lengths and GC contents is still a
problem, even when using special hybridization buffers.
In addition, the allelic discrimination of single nucleotide
polymorphisms by hybridization is problematic because
of the similarity of the sequences. To this end, the idea of
using so-called zip codes was brought to light. Here,
probes for allelic discrimination carry a 5'-dangling end
with an artificial unique DNA sequence for hybridization
to beads subsequent to allelic discrimination. These zip
codes are designed with identical length and GC content
and limited cross-talk in simultaneous hybridization to
their complementary sequence bound to the bead. An
additional advantage is that the development of novel
assays no longer requires production of differently coated
beads. With this assay format, three different techniques
have been evaluated: the oligo ligation assay (OLA),
minisequencing (also called single-base chain extension,
SBCE), and the allele-specific primer extension (ASPE).

In the OLA, two adjacent hybridized oligonucleotides
are enzymatically ligated to each other using DNA ligase.
This reaction only takes place when the nucleotides next
to the ligation position are fully complementary. The first
(capture) oligonucleotide is designed to hybridize to the
target amplicon with its 3’ base complementary to the
polymorphic base. It also carries a 5'-dangling end with
the zip code. The second (reporter) oligonucleotide
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Fig. 2 Principle of the ASPE reaction. A) For each allele, one
primer is designed carrying a 5'-dangling end with a unique zip
code sequence. B) Only a primer hybridized with a perfect
match at the 3’ end will be elongated and labels will be
incorporated. C) Subsequent to allelic discrimination, primers
are captured by color-coded beads carrying complementary zip
code sequences.

hybridizes to the target sequence just adjacent to the 3’ end
of the capture probe and carries a fluorescent tag at its 3’
end. If the capture probe matches exactly the SNP query
position, the probes are ligated to each other, bringing a
fluorescent tag to the capture oligonucleotide, which is
detected by flow cytometry subsequent to hybridization to
the bead populations. Two detection probes with different
zip codes are required to cover each of the two possible
alleles. This method has been successfully applied in the
analysis of nine SNP markers located near the ApoE locus
on chromosome 19.'*

In OLA, one additional labeled reporter oligonucleo-
tide is required for each variation. In minisequencing, only
one primer for each allele is necessary, which is extended
by one single-labeled nucleotide terminator. The SBCE
primer, carrying a zip code at its 5'-dangling end,
hybridizes to the target amplicon with its 3’-end one base
upstream of the SNP query position. The primer is
elongated by DNA polymerase using labeled dideoxynu-
cleotide triphosphates (lacking a 3’ hydroxyl group), so
that only a single base—complementary to the poly-
morphic base being analyzed—is incorporated. The
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disadvantage of the SBCE format is that up to four
different labels are required in multiplexing assays to
cover each ddNTP, and hence a sophisticated flow
cytometer with six fluorescence channels would be
necessary. The alternative is to use a separate reaction
for each type of terminator nucleotide. Then the analysis
can be performed on a standard flow cytometer, but up to
four different reactions are required in a multiplex assay to
cover all possible nucleotides. This method has been
successfully performed with 55 randomly selected SNPs
near the ApoE locus.!’

In allele-specific primer extension only one reaction is
required for genotyping. Here, like in OLA, one
oligonucleotide is designed for each allele to hybridize
to the target amplicon with its 3’ base complementary to
the polymorphic base and a 5’-dangling end with a unique
zip code. Standard deoxynucleotides are used, with one
type of them (e.g., dCTP) being labeled. A DNA
polymerase lacking 3'-5’ exonuclease activity is used to
elongate primers with a perfect match at their 3’ end.
During elongation, dependent on the sequence, several
labels are incorporated which increases sensitivity com-
pared to formats incorporating only one label (like OLA
or SBCE). After the genotyping reaction, the zip-coded
primers are hybridized to color-coded beads (Fig. 2). Only
one fluorescent channel is required for detection of each
possible genotype and no labeled oligonucleotides are
required, which are expensive. This format seems to be
the most suited and cost-efficient method for bead-based
nucleic acid testing of SNPs and mutations. For
evaluation, 20 randomly selected SNPs have successfully
been analyzed in 633 probands applying this method.!'"!

A set of 100 color-coded beads carrying unique zip
codes (FlexMAP Beads) is available as platform for the
development of bead-based nucleic acid tests (Luminex).
Several commercially available kits (Tm Bioscience,
Toronto, Canada) have been developed with this platform,
applying the ASPE format, including multiplex tests
for screening of sequence variations in genes relevant
for blood coagulation (Factor V, Prothrombin, MTHFR),
drug metabolism (CYP450-2D6), and cystic fibrosis
(CFTR).1311

CONCLUSION

At this time, bead-based nucleic acid testing might not be
able to compete with high-density DNA arrays in gene
expression profiling and with the determination of more
precise expression levels using homogeneous real-time
PCR methods. However, it has been shown that bead-
based assays produce accurate results in low-density gene
expression profiling and sequence detection. In terms of
the analysis of sequence variations, especially genotyping




110

of single nucleotide polymorphisms and point-mutations,
bead-based technology provides a real alternative to
conventional methods because of its flexibility and high
multiplexing capability. The individual combination and
the simultaneous determination of complete parameter
profiles might be more cost-efficient than conventional
single-analysis methods and so could find their way into
laboratory diagnostics. Flow cytometry is a robust and
automatable platform for bead-based testing. A large set
of commercially available zip code beads (Luminex
FlexMAP beads) provides an ideal condition for the
development of new bead-based nucleic acid tests. With
allele-specific primer extension (ASPE), an optimal wet-
ware has been established, allowing high specificity,
increased sensitivity, and thus requiring a less sophisti-
cated platform at the same time.
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