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Introduction

Leukemia is a malignant disease that continues to play a cutting-edge role in
the discovery of new basic knowledge about the malignant process and about
the potential for controlling these malignant diseases. The thirteen contribu-
tions in this volume are entirely unique and represent new areas of important
discoveries since the publication of Leukemia: Advances in Research and
Treatment in 1993.

The first chapter describes the identification and cloning of the gene located
at the breakpoint on chromosome 16 in the unique form of acute myeloblastic
leukemia known as inversion 16 disease. This disease is the most sensitive to
currently available cytotoxic chemotherapy and has the best prognosis of any
form of acute myeloblastic leukemia in man. Dr. Siciliano and his coworkers
pioneered in discovering the molecular basis for this disorder, which has just
recently been elucidated. The second chapter is a presentation by Dr.
Nagarajan of the important diseases associated with deletions of the long arm
of chromosome 5. These leukemias are growing in importance because they
represent a high proportion of the secondary — that is, treatment-induced —
leukemias and are associated with a particularly poor prognosis. Dr.
Nagarajan is one of the leading contributors to the localization of the essential
deletion and the identification of its potential role in the control of hemato-
poiesis. In the third chapter, Dr. John Reed and coworkers, who have made
substantial contributions to our growing knowledge about the bcl-2 gene,
update the role of this important gene in regulating and controlling the pro-
cesses of cell death. In chapter 4, Drs. Downing and Look summarize informa-
tion about the 11923 breakpoint leukemias that have become prominent
following therapy with topoisomerase II binding chemotherapeutic agents,
providing an important insight into the mechanisms of leukemogenesis in man.
In chapter 5, Dr. Gewirtz describes an original and relatively unique approach
to gene therapy, that is, regulating the myb oncogene expression as an ap-
proach to controlling the expression of the essential ber/abl neogene in pa-
tients with chronic granulocytic leukemia. In the sixth chapter, we have an
excellent review by Drs. Keith and Russell of the growing importance of the
p33 suppressor gene and oncogene in leukemia.

In chapter 7, one of the pioneers in the field of cord blood hematopoietic

Xi



stem cells, Dr. Broxmeyer, summarizes this important and unique approach to
replacement of hematopoietic stem cells in man. In the eighth chapter, Drs.
Roberts, Estrov, Kitchingman, and Zipf update the mechanisms for detection
of minimal residual disease in acute lymphoblastic leukemia, which are prov-
ing to be quite important in devising novel strategies for curative therapy in
this disease. In chapter 9, Drs. Seymour and Kurzrock provide new informa-
tion about cytokines and their role in the control of malignancy. In the tenth
chapter, Drs. van Besien and Giralt summarize the current status of autolo-
gous marrow transplantation in the control of malignant diseases. In chapter
11, Dr. Pagliaro updates the information on the important function of the
retinoblastoma gene in malignancy. In the twelfth chapter, Drs. Giralt and van
Besien summarize the approach to patients who relapse after allogeneic bone
marrow transplant, which provides unique opportunities for innovative ap-
proaches in the clinic. And finally, in chapter 13, Drs. Cortes, Kantarjian, and
Freireich summarize the current status of chemotherapy of acute lymphoblas-
tic leukemia in adults, which has moved adult acute lymphoblastic leukemia
closer to the highly significant effects of therapy that are observed in childhood
acute lymphoblastic leukemia.

In summary, this volume presents, in a multiauthored text, the contribu-
tions of leading investigators and scientific contributors to the topics being
updated here. This volume complements Leukemia: Advances in Research and
Treatment, published in 1993, by including new topics that have moved quickly
over the last several years. The editors are aware that a volume such as this
cannot be comprehensive; Many important contributors to leukemia research
and treatment advances have not been included. These deficiencies are clearly
ascribable to the editors. The authors who have contributed to this volume
have created an important update of ongoing research in this field.
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1. Molecular genetics of inversion 16 leukemia:
implications for leukemogenesis

David F. Claxton, Paula Marlton, and Michael J. Siciliano

1. Introduction

The M4Eo subtype of acute myeloid leukemia (AML) has distinctive bone
marrow morphology characterized by the presence of dysplastic eosinophils
with abnormal granulation. This distinct subtype of acute myelomonocytic
leukemia (AMML or AML-M4) is predictive of a more favorable outcome
with longer remission duration and survival following appropriate chemo-
therapy [1,2]. The original descriptions of this entity were reported in asso-
ciation with the chromosome 16 abnormalities inversion(16)(p13;q22),
translocation (16;16)(p13;q22), and deletion (16)(q22) [1,3,4], referred to
hereafter as inv(16), t(16;16), and del(16q), respectively. Thus a cytogenetic—
clinicopathologic association was described between M4Eo and these chromo-
somal abnormalities. The association is not exclusive, however, with many
examples of inv(16) now described in the setting of other AML subtypes such
as M2 and M5 as well as myelodysplastic syndrome [5,6]. Some important
recent work has been the cloning of the breakpoints associated with inv(16)
and t(16;16) and the identification of the genes associated with those chromo-
some alterations. The steps of that process will be reviewed here, as will the
development of molecular genetic tools and procedures which that work has
made available to diagnostics. We will then consider the biological and clinical
implications of a deletion that has been shown to have occurred in some
inv(16) patients. Finally, we will discuss the molecular genetic findings in
relation to models for understanding the mechanism of this disease and what
those possible mechanisms imply with respect to the understanding of leuke-
mia and carcinogenesis in a wider sense.

2. Cloning of chromosome 16 breakpoints associated with AML-M4Eo

Inv(16) is recognized cytogenetically as a pericentric inversion of one chromo-
some 16 with breakpoints at 16p13 and 16q22. Molecular genetic inroads into
understanding the genetic consequences of this cytogenetic event began with
the identification of a genomic clone containing the sequences of the p-arm

E.J Freireich and H. Kantarjian (eds.), MOLECULAR GENETICS AND THERAPY OF LEUKEMIA.
Copyright © 1996. Kluwer Academic Publishers, Boston. All rights reserved.



breakpoint associated with the inversion. Cosmid clones, containing between
30kb and 50kb of genomic DNA, were mapped into the p13 region of chromo-
some 16 and were used [7,8] as probes for fluorescent in situ hybridization
(FISH). If such a probe was from a location distal to the breakpoint, it would
produce a fluorescent spot on the p-arm of the inversion chromosome,
whereas probes from clones mapping proximal to the breakpoint would iden-
tify the sequences on the g-arm of the inversion chromosome. What was being
sought was a clone that, when used as a probe, produced a signal split between
the p- and g-arms, indicating that it contained the breakpoints. The discovery
of such a clone was facilitated by the identification of cosmid 35B11, identified
as being proximal to the breakpoint by the above criteria. When a unique
sequence from that cosmid was used as a probe on a pulsed field gel in which
macrorestriction fragments from the DNA of inv(16) and normal cells were
separated, novel 240-kb Sacll macrorestriction fragments were identified from
the DNAs of only the inv(16) cells [9]. These data suggested that 35B11 was
within 240kb of the inv(16) p-arm breakpoint. Sequences from 35B11 (and
flanking contiguous cosmids) were then used to identify very much larger
genomic segments that were cloned into yeast artificial chromosomes (Y ACs).
It was likely that such larger genomic clones would contain the breakpoint.
Four YAC:s so identified had human inserts sized 100, 300, 550, and 780kb,
respectively. The three largest indeed contained the inv(16) p-arm breakpoint,
as indicated by the fact that the FISH probe made from them was split to give
a signal on the p- and g-arms of the inversion 16 chromosome in patient
material [9].

So, the p-arm breakpoint had been cloned, but only in YACs containing
very large pieces of DNA. The next step was to narrow down the cloned
human DNA to include only the breakpoint and just enough flanking se-
quence to accomplish two key tasks — to identify a genomic clone that crossed
the g-arm breakpoint, and to use both these p-arm and g-arm genomic clones
to isolate the genes (in the form of cDNASs) on the respective arms that
became rearranged as a result of the inversion. Thus cosmid-size clones con-
taining DNA that crossed the p-arm breakpoint were sought by screening a
human chromosome-16 cosmid library (from Los Alamos National Labora-
tory) with DNA from all four YACs. Cosmids identified by all three YACs
that crossed the breakpoint, but not identified by the YAC that did not, were
chosen. The very first such cosmid so identified (16C3) contained the
breakpoint, as indicated by the fact that, when it was used as a FISH probe,
signal was produced on both the p and g-arms of the inv(16) chromosome [10].
Cosmid 16C3 was then used to leap to the g-arm breakpoint. In order to do so,
a fragment of it that contained purely unique sequence (16C3e) was isolated
and then used to screen a genomic cosmid library that had been made from the
DNA of inv(16) leukemia cells. Some cosmids from that library would be from
the normal chromosome 16 and others from the inv(16). To distinguish them,
restriction digests of clones identified by 16C3e were compared to digests of
16C3 itself. Unique fragments present in the former were likely to be from the
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g-arm and present in the cosmid as a result of the inversion. Such a unique
Hindlll fragment (0.7 kb) was identified in one cosmid. The verification that it
contained sequences from both the p- and g-arms in a FISH experiment was
that signals were produced on both arms of hoth chromosome 16s in normal
metaphase cells. The telltale HindlIll fragment itself was then used as a probe
(once again on the normal chromosome-16 cosmid library from Los Alamos).
This allowed the identification of cosmid clones containing sequences that
crossed the q-arm inv(16) breakpoint. Two such overlapping q-arm cosmids
were isolated and verified as crossing the breakpoint in FISH experiments in
which they were used as a probe — they produced a split signal on the
inversion chromosome [10].

3. Identification of the genes affected by the rearrangements

With cosmids now available that spanned both the p-arm or g-arm
breakpoints, human expression cDNA libraries were screened to isolate the
genes which were at the breakpoints and therefore were very likely rearranged
by the inversion event. Unique sequence probes from those cosmids were used
for the screening to identify the p- and g-arm genes, respectively [10]. The p-
arm breakpoint gene was isolated in this way. Sequencing showed that it coded
for a smooth muscle myosin heavy chain gene named MYHII. The g-arm
cosmid probe identified cDNA clones that showed a high degree of sequence
similarity to a newly described mouse gene coding for a DNA-binding tran-
scription factor core binding factor beta (CBF beta) [11]. The human gene was
named CBFB. Mapping of the p- and g-arm cosmids indicated that the inver-
sion breakpoints of each gene fell in introns [10]. Since the breakpoints were
located in introns of both the p- and g-arm genes, a fusion transcript could be
theoretically generated in the AML cells. Identification of such a transcript
would surely verify the molecular genetic consequences of the cytogenetic
event, and perhaps provide an insight into the basis of leukemogenesis of this
malignancy.

To determine if a fusion transcript was produced in the leukemic cells, PCR
primers were designed from the middle of the CBFB coding sequence and the
3'region of MYH11 coding sequence. Reverse transcription was conducted on
the total RNA from inv(16) leukemia cells derived from six patients to make
cDNA from the RNA message produced in the cells. If a fusion transcript was
produced and converted to cDNA by the reverse transcription process, then
PCR of that cDNA (RT/PCR), using the primers described above, should
produce a product. Product was generated from all six samples while no
product was ever obtained using RNA from non-inv(16) cells [10]. This ap-
proach was extended by Claxton et al. [12] to a total of 28 viably preserved cell
RNAs from inv(16) patients and seven cases with the related translocation
t(16;16)(p13;q22). In all the typical inv(16) cases and, importantly in all seven
translocations samples, fusion products were obtained that were composed of
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Figure 1. Schematic view of the consequences of inv(16) and t(16;16). The inv(16), shown at the
top of the figure, fuses most of the CBFB coding sequence encoded at 16q22 upstream of the 3’
end of MYHI1 on 16p13 of the same chromosome. In t(16;16) (shown at the bottom), breakpoints
on different chromosome 16 homologues translocate the distal p-arm region of the first homo-
logue to the distal g-arm region of the second while the distal gq-arm region of the second
homologue is translocated back to the distal p-arm region of the first. This results in a chimeric
CBFB/MYHII gene similar to that in inv(16) cases. Although the reciprocal fusion gene MYH11/
CBFB should also be generated, deletion of MYHI11 sequences upstream of the breakpoint
appears to be present in some cases that are clinically indistinguishable from those without the
deletion. This suggests that the CBFB/MYHII chimera is the operative factor in the disease.
(From Claxton et al. [12].)

upstream CBFB sequences and downstream MYHII sequences. No such
products were obtained from 10 cases of AML not showing chromosome 16
alterations, nor in one inv(16)(p13q24) (i.e., a variant g-arm breakpoint).
These data also indicated that the molecular consequences of the t(16;16) were
similar to those of inv(16). Figure 1 illustrates the cytogenetic and molecular
genetic events of inv(16) and t(16;16).

4. Diagnostic applications

The cloning and identification of the genes associated with the breakpoints
in inv(16) produced reagents and procedures that are of great assistance in
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diagnosing and monitoring the disease. Unique sequence in the region of the
breakpoint can be used in Southern blot analysis of DNA from patient mate-
rial to identify rearrangement fragments indicative of an inversion or translo-
cation. For example, 16C3e from the distal side of the p-arm breakpoint [13]
readily detects such rearrangements in cells from inv(16) patients but not in
the cells of patients with other leukemias [10,13,14]. As explained more fully
below, there is a subclass of inv(16) patients with a deletion proximal to the
site of the p-arm breakpoint [inv(16)/del] [10,13-15]. Using a probe just proxi-
mal to the p-arm breakpoint (e.g.,, NE5SA in Marlton et al. [13]), one can
identify inversion patients that have the deletion — such a probe does not
identify a rearrangement fragment in deletion patients. Therefore, by combin-
ing the use of probes both distal and proximal to the p-arm breakpoint in
Southern analyses, one can determine the presence of the inversion or trans-
location and whether or not that primary event is associated with deletion.

Inversions can also be readily identified by FISH using robust probes that
overlap inversion breakpoints. The inversion chromosome readily stands out
in such analyses, since the signal is split between the p- and q-arms of the
inv(16) chromosome. We define a robust probe as one being large enough so
that its signal can be readily identified in even the poorest of metaphases. The
best and most consistent probe available for this purpose, as described in Liu
et al. [9], has been generated by inter-Alu-PCR [16] from a human—Chinese
hamster ovary somatic cell hybrid (3-30) containing most of the p-arm of
human chromosome 16. The larger YACs described above that contain se-
quences crossing the p-arm breakpoint have also proven to be excellent probes
for diagnosis [9]. The deletion associated with some inversion cases has been
very readily identified by using a FISH probe made from the cosmid contig
containing cosmid 35B11. Since those sequences are deleted in the inv(16)/del
patients, only a single signal (from the normal chromosome 16 present in the
cells) is seen in either metaphase or interphase cells from such patients [13].
Others have used YACs [14] or the cDNA of the large multidrug resistance
protein (MRP) gene [15], known to be deleted in some patients, as a probe.
The FISH methods are quite unambiguous and have the advantage of being
applicable directly to cytogenetic specimens, requiring no DNA or RNA
extraction. Until an adequate FISH probe is developed for detecting the
inversion in interphase cells, the usefulness of FISH in the detection of mini-
mal residual disease (MRD) will be severely limited.

The development of sensitive RT-PCR assays, as described above, for the
CBFB-MYH11 [10,12,17] transcript holds great promise for the monitoring of
patients with the translocation during remission. The assay was shown to be
very sensitive by detecting chimeric transcript in as little as 20pg of total
cellular RNA — a quantity equivalent to the 2-5 cells level. Therefore, the
technology used to develop an understanding of the molecular genetic conse-
quences of the chromosome rearrangements also provided a sensitive method
for detecting MRD in patients being treated for this disease. Sequencing of the
RT-PCR products revealed that they were amplified from in-frame fusion
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Figure 2. FISH on a bone marrow cell from a patient with AML-M4Eo using inter-Alu-PCR
probe from an interspecific somatic cell hybrid (3-30) containing only the p-arm of human
chromosome 16. Note that the p-arm of one chromosome 16 is brightly labeled, while on the other
the signal is obviously split between the p- and g-arms. The inversion is clearly visible in this less-
than-ideal metaphase.

gene transcripts in which the CBFB breakpoints were all located close to the
3’ end of the coding region, with only the last 17 of the 182 amino acids deleted
from the resultant putative chimeric protein. Liu et al. [10] identified three
different breakpoints in the MYH11 coding region, and a fourth was identified
in the expanded set of patients seen by Claxton et al. [12]. Therefore, four
different classes of breakpoints have been identified — A, B, C, and D —
relative to the position of the breakpoints at MYH11 cDNA base-pair posi-
tions 1,921, 1,528, 1,201, and 994, respectively. The great majority of patients
— 29 — had type A rearrangements, while four had type C, two type D, and
one type B. Six of the translocation patients had type A and one type D.
Similar results have been reported recently from France [17], where 20 of 22
inv(16) patients produced fusion transcript type A, one had type C, and one
type D. There appears to be no correlation of fusion type with any clinical or
cytogenetic parameters in any of these studies.

Though inv(16) patients have a relatively good prognosis with appropriate
antileukemic therapy, they nonetheless relapse in substantial numbers. Expe-
rience by other authors [17] and ourselves is that the sensitive detection of
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small numbers of inv(16) cells admixed with large numbers of normal cells
requires two rounds of PCR. This kind of ‘nested’” amplification, while very
sensitive, has the limitation of increased risk of false-positive amplification. It
is possible that additional technical changes will need to be made before this
amplification strategy yields clinically reliable data. The importance of identi-
fying relapse early is certainly more than academic [18]. Since many individu-
als with inv(16) are young, patients who may be reliably predicted to relapse
might be offered related or even matched unrelated allogeneic bone marrow
transplantation prior to relapse. The early application of transplantation
during subclinical disecase would very likely improve the outcome for these
patients.

5. Biological and clinical implications of inv(16)-associated deletion

As indicated above, in a subset of inv(16) AML patients, a deletion from the
p-arm of chromosome 16 has been identified in association with the inversion
[inv(16)/del]. The deletion was originally observed while mapping cosmids
relative to the p-arm inversion breakpoint cluster (p-ibc) by FISH on patient
metaphases [10]. One cosmid, 35B11, which, as mentioned above, mapped to
within 240kb proximal of the p-ibc, had generated signal on each of the
chromosome 16 homologues in most patients; however, in one case, signal was
present only on the normal chromosome and on not on the inversion chromo-
some, indicating the deletion of sequences recognized by this cosmid. Dele-
tions proximal to the p-arm breakpoints were similarly noted by two other
groups studying the molecular genetics of inv(16) leukemia [14,15].

The frequency, characteristics, and biologic implications of the deletions
were further defined [13]. Thirty-eight patients with inv(16) and four patients
with the related t(16:16) were analyzed by FISH using cosmid and cosmid
contig probes previously mapped as proximal to the 16p-ibc [13]. Sixteen
percent of the inv(16) patients demonstrated deletion of at least 120kb from
the inversion chromosome. Other studies have found 1 of 17 [14] and 5 of 13
[15] case with deletions, giving a cumulated frequency of 18%. Additional
FISH studies utilizing cosmid and YAC probes that spanned the p-ibc allowed
refinement of the estimated size of these proximal deletions to between 160
and 350kb [13]. Further characterization of the deletions was achieved in
Southern hybridization analysis of genomic DNA from inv(16) patient
samples. Utilizing probes from either side of the p-ibc, the deletion was dem-
onstrated to within 10kb centromeric of and therefore presumably up to the p-
ibc. Thus the deletions appear to occur as part of the same molecular process
giving rise to the inversion.

Since the MYHII gene on the 16p is interrupted by the inversion, we
presumed that upstream sequences of this gene would be absent in inv(16)/del
patients. Sequence analysis of probes identifying deleted regions in the above
experiments demonstrated MYHII coding elements. This confirmed the hy-
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pothesis that upstream elements of MYHII are deleted in the inv(16)/del
cases. The RT-PCR assay described above detects the transcript generated by
the 5'-CBFB/MYHII-3' fusion gene located on 16p as a result of the inversion.
Since the deletions encompass only sequences proximal to the p-ibc, the 3'-
MYHII region should be intact and the fusion gene preserved. As expected, in
the inv(16)/del patients studied by RT-PCR, the identical transcript was
detected as in inv(16) patients without the deletion.

Theoretically, the inversion of chromosome 16 could generate two fusion
genes: 5'-CBFB/MYHII-3' on the p-arm and 3'-MYHII/CBFB-5' on the q-
arm. The work described above showed that the 5'-MYHII region is substan-
tially removed in inv(16)/del patients, and therefore this portion of the g-arm
hybrid gene would be truncated, if not entirely abolished. Since inv(16) pa-
tients with and without deletions have indistinguishable clinical characteristics
at diagnosis, we conclude that the 5'-CBFB/MYHII-3' transcript rather than
its reciprocal (which has not been identified in the small number of patients
studied) is the critical leukemogenic factor for the inv(16) leukemia.

There are several other examples of leukemia-related translocations in
which deletions have been noted. One third of 11g23 translocations are asso-
ciated with truncation of the MLL gene [19,20]; AMLI deletions have been
identified in the t(8;21) [21]; and deletions of 3’BCR are well described in
chronic myeloid leukemia (CML) [22]. As with inv(16), many translocations
generate two possible fusion genes, of which only one appears to be critical.
BCR-ABL and ABL-BCR transcripts have been identified in CML, with the
former well established as critical for leukemogenesis [23]. Similarly, both
PML-RARA and RARA-PML transcripts have been demonstrated, with only
the former retaining the major functional domains of both genes and critical
leukemogenic activity [24,25]. Thus the molecular features of inv(16) appear
to correlate well with other established leukemia-associated molecular
findings, perhaps implicating common mechanisms in the development of the
underlying chromosomal anomalies.

The size estimates of the p-arm deletions clearly indicate that, apart from
upstream segments of MYH]11, additional DNA elements are removed. Re-
cently, the newly described multidrug resistance protein gene (MRP) has been
mapped to the short arm of chromosome 16 proximal to the p-ibc [15,26]. Kuss
et al. studied this gene in inv(16) patients and found that it was deleted in 5 of
13 cases [15]. Intriguingly, those patients with only one copy of MRP had a
better outcome, with more favorable relapse-free survival than those with two
copies. In our study, we have been unable to discern any differences in out-
come between deletion and nondeletion patients [13]. We did not study MRP
specifically; however, in all likelihood this gene is deleted from the inv(16)/del
case we described. Patient numbers in both studies are inevitably small, given
the rarity of this leukemia; therefore, the credibility of the provocative notion
that MRP loss may improve chemosensitivity and thus outcome remains to be
confirmed. The result is particularly puzzling when one considers that the
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superior outcome of inv(16) patients in general compared to other AML
patients has been attributed to sensitivity of the leukemia cells to the chemo-
therapeutic agent cytosine arabinoside [27]. Since MRP gene products have
not been shown to confer resistance to this agent, it is difficult to comprehend
why the loss of one copy of MRP should be advantageous, should such
increased survival be validated.

The original descriptions of M4Eo included not only inv(16) and t(16;16)
patients but also cases with del(16q) [1,3,4]. The distinct molecular genetics of
inv(16) and t(16;16), in which a chimeric gene is generated and transcribed,
render it unlikely that del(16q), in which no similar hybrid gene is expected,
would have the same molecular consequences. Thus it seemed probable on
this basis that del(16q) would be associated with a different clinical phenotype,
in keeping with the recent observations of other clinical investigators [28,29].
Del(16q) may therefore not be appropriately grouped together with the other
chromosome 16 abnormalities indicative of more favorable outcome. A de-
tailed clinical analysis of the outcome of leukemia patients with abnormalities
of chromosome 16 including inv(16), t(16;16), and del(16q) was conducted
[30]. The definitive conclusion was that del(16q) patients did not share the
favorable outcome of inv(16)/t(16;16) patients; indeed, they fared no better
than other M4 patients without chromosome 16 abnormalities. The del(16q)
patients were also less likely to have eosinophilia at diagnosis and did not
share the same propensity for CNS relapse that has been shown for the inv(16)
patients [31]. These clinical differences are not surprising, given the unique
molecular biology of inv(16)/t(16;16), and indicate that del(16q) patients
should no longer be considered as a part of this group.

We were also interested to determine at the clinical level whether inv(16) is
a dominant molecular event in leukemia or whether the additional cytogenetic
aberrations that accompany this abnormality in 50% of cases could alter the
biology of the disorder. The most frequent additional abnormalities accompa-
nying inv(16) were trisomy 22, trisomy 8, and trisomy 21. A comparison of
outcome in terms of both survival and remission duration revealed no differ-
ences between patients with inv(16) alone and inv(16) plus other abnormali-
ties. This suggests the molecular consequences of the inversion are dominant
and critical for the specific inv(16) leukemia phenotype even in the presence of
other molecular genetic influences.

6. CBFB-MYH11: Implications for leukemogenesis

The roles of the family of genes associated with the core binding factor (CBF)
in normal myeloid differentiation will now be discussed, as will the structure
and function of MYH]1, the myosin heavy chain gene involved in the chimeric
gene product with CBF beta, in order to consider various models of how their
perturbation can lead to leukemogenesis.



6.1. The CBF transcription factor

As described above, the 16q breakpoints are found within a gene designated
CBFB — a gene encoding the human homologue of the beta subunit of the
murine transcription factor, core binding factor (CBF). A series of three genes
encodes alpha polypeptide subunits, which may heterodimerize with the beta
subunit to form CBF. The role of this important transcription factor will be
discussed further below. However, the reader should first be aware that there
have been extensive nomenclature changes to the genes that encode the
various CBF subunits in humans and mice. The attempt has been to simplify
and to make the nomenclature consistent across species (see table 1 for an
updated listing of CBF subunit genes in humans and mice). The new no-
menclature will be used here.

The rearrangement of the CBFB gene from the g-arm of the 16 is viewed as
the most striking finding from the molecular genetic studies. This is because
the encoded polypeptide, CBF beta, interacts with a CBF alpha subunit en-
coded by a gene on human chromosome 21 (CBFA2, formerly AMLI; see
table 1). Remarkably, this gene has been shown to be rearranged by the 8;21
translocation leading to AML-M2!'. Therefore, taken together with the data
indicating that the rearrangement of the gene for the beta subunit leads to
inv(16) leukemia, alterations of either of the subunits of CBF have been shown
to be implicated in leukemogenesis.

The murine form of CBF beta (formerly referred to as Pebp2f) has been
isolated and the gene cloned by two groups studying viral promotor binding
peptides [11,32]. It appears to have important activity in regulating normal
hematopoietic differentiation. CBF binds to and activates the transcriptional
enhancers of the Moloney murine leukemia virus and the polyoma virus
[33,34]. DNA contact to these and various eukaryotic regulatory sequences
appears to be via the alpha subunit [35]. The beta subunit appears to act to
increase the affinity of the alpha subunit for the ‘core’ consensus binding

Table 1. Updated symbols and chromosomal locations (Chr.) for the genes encoding the protein
subunits associated with the CBF transcription factor in humans? and mice®

Human genes Mouse genes
New symbol Replaced symbol Chr. New symbol Replaced symbol Chr.
CBFAl AML3 6p21 Cbfal Pebp2aa 17
CBFA2 AMLI 21q22 Cbfa2 Pebp2ab 16
CBFA3 AML2 1p36 Cbfa3 Pebp2ac 4
CBFB CBFB 16q22 Cbfb Pebp2f 8

2Genome Data Base (GDB), World Wide Web (URL:http://gdbwww.gdb.org), February, 1995.
®Mouse Genome Database (MGD), World Wide Web (URL:http://www.informatics.jax.org),
February, 1995.
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sequence TGT(C)GGT, and may also have undescribed interactions with
other peptides. As indicated above, alpha subunits are encoded by one of at
least three genes in both mice and humans (table 1). The predicted DNA
binding domain of these factors is highly conserved among them in both
species and highly homologous to the developmentally important Drosophila
runt gene DNA binding domain. This gene family has been reviewed else-
where [36].

Several of the alpha-factor cDNAs have only recently been identified,
cloned, and chromosomally assigned in both humans and mice [35,37-39], and
biological studies are ongoing. The best studied are the interspecies homo-
logues, murine Cbfa2 [40] and human CBFA2 [37,41] (formerly AMLI).
These genes give rise to multiple products of differing lengths translated from
alternatively spliced transcripts [37,40]. The predicted sequence of the longest
open reading frame (ORF) among the published cDNAs consists of an N-
terminal domain, a runt homology domain (DNA binding), a 62-amino-acid
alternatively spliced sequence, and a serine- and proline-rich C-terminal do-
main critical for transcriptional activation function. The variably spliced cen-
tral segment appears to confer differences in the transactivation (activation of
gene transcription) function. Northern and cloning studies suggest that at least
four alternatively spliced species of Cbfa2 are transcribed but that their rela-
tive proportions vary dramatically from cell type to cell type. It seems very
likely that these differences in alternative splicing are regulated with differen-
tiation and have functional significance. Expression of both the human and
mouse genes appears to be regulated in association with differentiation or
proliferation in certain cell types. For example, transformation of NIH3T3
cells with H-ras causes marked increase in both message expression [40] and
binding of cellular factor to the core consensus site [42]. Recently, it was found
that denervated muscle expresses much increased quantities of CBF alpha-2
transcript [43].

Cbf beta (the murine homologue of CBF beta) messages appear to be
transcribed from a single gene, and although it is ubiquitously expressed in
eukaryotic tissues [11], its levels of expression vary dramatically. The thymus
expresses large amounts [11]. Alternative splicing is also operative for this
gene, and splicing varies from tissue to tissue. Some splice variants of Cbf beta
cooperate with the alpha subunit in DNA binding, while others do not [32].
Thus for this gene, as for the alpha-subunit genes, alternative splicing may be
physiologically regulated so as to yield peptides of variable activity.

Eukaryotic transcriptional regulatory domains that appear to interact
physiologically with CBF include a number of control elements for genes
presumed to be involved in hematopoietic differentiation. The best estab-
lished of these are listed in table 2. Of particular note and relevance among
these are the myeloperoxidase (MPO) and neutrophil elastase (NVE) genes,
both transcribed during the late myeloblast and early promyelocyte stage of
neutrophil differentiation. The potential role in leukemogenesis of genes
transcribed at this stage of differentiation will be discussed below.
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Table 2. Eukaryotic transcriptional regulatory domains likely
controlled by CBF

Gene Comment

TCRB CBF binds to and activates enhancer [11,44]
TCRG ‘Core’ site is critical to enhancer activity [45]
TCRD ‘Core’ site is critical to enhancer activity [45]
CSF2 ‘Core’ site increases promotor activity [46]
MPO Promotor binds and is regulated by CBF [47.,48]
NE Promotor binds and is regulated by CBF [49]
CSFIR Promoter binds and is regulated by CBF [50]

6.2. MYHI1 gene product

MYHI11 encodes the smooth-muscle-specific myosin heavy chain (therefore,
the protein is also referred to as SMMHC) [10,51]. As with other myosin heavy
chains, this chain consists of a head portion with ATPase activity that interacts
with myosin light chains and actin, and a long tail that homodimerizes via its
extended ‘coiled coil’ motif. The portion of the gene that is fused in frame to
CBFB in inv(16) encodes the homodimerizing tail. Although there are no
experimental data to address the issue, this tail might be predicted to mediate
homodimerization of the CBFB-MYH11 protein in leukemic cells.

6.3. Models of CBFB-MYH1I1-mediated leukemogenesis

In considering possible modes of transformation mediated by this protein, it is
helpful to consider data available for other leukemia-related transcription
factor chimeric genes. In the case of the t(15;17) seen in acute promyelocytic
leukemia, the PML gene at 15g22 is fused upstream of the RARA gene at
17921. The resultant PML-RARa peptide has binding and transactivating
activity for retinoic-acid-responsive elements. Expression of the chimeric
cDNA inhibits differentiation in U937 cells [52] and prevents apoptosis of
factor-dependent TF-1 cells after factor withdrawal [S3]. The role of the RARa
moiety in these effects is unclear. It is, however, certain that macromolecular
structures normally containing PML protein and recently named PODS are
disrupted by the expression of PML-RARa [54,55]. Treatment of transfected
cells with retinoic acid restores the POD pattern to normal. The PML protein
was recently shown to have growth-suppressive effects in cotransfection ex-
periments with oncogenes [56]. Thus for this translocation, it may be postulated
that the PML-RARa fusion protein expression has a transdominant effect in
suppressing the normal function of PML. It must be noted that negative effects
on the differentiation-inducing activity of RARa are also possible but are yet
to be confirmed. This possibility appears more likely when it is considered that
other translocations — the t(11;17) [57] and the t(5:17) — fuse different genes
to RARA and yet are associated with a similar APL phenotype.
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As indicated above, t(8;21) seen in AML subtype M2, results in fusion of
the CBFA2 at 21q22 upstream sequences to most of the coding sequences of
a novel gene ETO at 8q22. Antisense inhibition of expression of this fusion
gene causes differentiation and growth inhibition in CBFA2-ETO-expressing
cells [58]. Recent evidence suggests that the fusion peptide CBFA2-ETO may
transdominantly inhibit the normal function of the CBFA2 protein in
transactivation of the CSF2 (formerly GM-CSF) promotor [46]. Though the
physiological relevance of this observation may be brought into question (i.e.,
inhibition of CSF2 transcription seems unlikely as a route to leukemogenesis),
this model provides data for inhibition of CBFA?2 transcriptional activation of
genes by CBFA2-ETO.

CBF, and the genes apparently regulated by this factor, would seem to
function in mediating or regulating differentiation in hematopoietic (and pre-
sumably other) tissues. Thus it is reasonable, particularly given the precedents
mentioned above for other translocations, to postulate that CBFB-MYH11
causes transdominant negative inhibition of CBF effect. CBFB-MYHI11 ex-
pression has, in fact, been shown to inhibit transactivation of the Moloney
murine leukemia virus LTR when compared to wild type CBFB [58]. In figure
3, three possible mechanisms by which this might occur are presented based
upon a postulated normal complex of CBF and possible other peptides to its
cognate DNA sequence. In scenario 1, the CBFB-MYH11 homodimerizes
via the MYHI11 tail and binds free CBF alpha-2 protein, preventing it from
intercalating with DNA; in scenario 2, the CBFB-MYHI11 causes a confor-
mational change after DNA binding and thus prevents transactivation; and in
scenario 3, other factors (as yet unidentified polypeptides) are prevented
from interacting with the CBF-DNA complex, inhibiting the transactivation
function.

There are some preliminary data on either side of the first scenario. It has
been observed that expression of CBFB-MYHI11 appears to diminish the
binding of endogenous CBF alpha-2 protein to the consensus sequence [59] —
perhaps because homodimerization of CBF beta subunits makes fewer avail-
able for heterodimerization with alpha subunits for DNA interaction. On the
other side, recent reports suggest that the CBFB-MYH11 product retains the
ability to bind to the ‘core’ DNA site cooperatively with the alpha factor
[60,61], but the mechanism of inhibition of factor function remains to be
elucidated.

If the CBFB-MYH11 fusion peptide inhibits the normal CBF function, how
does this causes leukemogenesis? The observation that the MPO and NE
genes transcribed at the promyelocyte stage are positively regulated by this
factor suggests that additional, potentially as yet undiscovered genes might be
inhibited at this point in differentiation. If a gene responsible for ongoing
differentiation were blocked, proliferation would be predicted. As cells at this
stage of maturation are rapidly dividing, a mutation preventing their conco-
mitant differentiation would be expected to result in a massive accumulation
of clonal blasts — i.e., leukemia. It has been shown recently [60] that
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Figure 3. Schematic view of potential mechanisms of dominant negative inhibition of CBF action
by the chimeric CBF beta subunit (CBFB-MYH11). At the left is shown the authors’ conception
of normal CBF at a DNA (long double vertical line) transcriptional control site. The alpha subunit
(diagonally cross-hatched) binds to the DNA with the beta subunit (horizontally cross-hatched)
bound to it. As yet undefined additional factors (vertically cross-hatched) may also bind to the
complex. This results in the activation of transcription at a nearby gene (arrows). Scenarios 1 to 3
(to the right) depict possible molecular interactions of the chimeric beta subunit (shown as a long,
helical, solid MYHI11 tail attached to the horizontally crosshatched beta subunit) that might
perturb the normal interaction of the transcription factor. In scenario 1, the MYHI1 tails
homodimerize and bind to the alpha subunits, preventing them from interacting with the DNA. In
scenario 2, the MYHI11 tail creates a conformational problem, blocking transactivation, and in
scenario 3, the MYHI1 tail prevents interaction of the additional factors required for
transactivation.

overexpression of CBF-MYH11 transforms NIH3T3 cells. Characterization of
the genes whose transcriptional regulation is modified as a result of expression
of the chimeric subunit and the relationship of those perturbations to the
disease process remain to be understood.

As described above, the involvement of the two subunits of CBF in differ-
ent leukemia-associated translocations would appear to have considerable
implications for our understanding of normal and leukemic cell growth and
differentiation. That this factor is an important control element in these pro-
cesses is beyond question. All human cell lines tested to date express the CBF
beta and CBF alpha-2 transcripts (D. Claxton, unpublished data). It must be
noted, however, that translocations of 16q22 and 21q22 are seen only in a very
small minority of leukemias and have not been identified with any frequency
in other malignancies [62]. The role of this system in these other human
neoplasms is thus a major question for the coming years.
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2. Deletion of chromosome 5 (5q-) in leukemia:
current knowledge

Lalitha Nagarajan

1. Introduction

Chromosomal abnormalities associated with distinct subsets of human leuke-
mia suggest a link between specific genetic alterations and clinical outcome. A
tight correlation between the cytogenetic anomaly and the progression of the
disease indicates a direct cause and effect relationship between the genotype
and the disease phenotype. In recent years, molecular cloning of genes resid-
ing at chromosomal translocation breakpoints of t(15:17), t(8:21), and inv(16),
inv(3) has led to an understanding of the wide phenotypic variations observed
in acute myelogenous leukemia.

Acquired interstitial loss of the long arm of chromosome 5 (5q- chromo-
some) is seen in patients with a range of myeloid disorders. Although the limits
of these deletions vary from patient to patient, the chromosomal breakpoints
appears to be identical in all of the dysplastic cells of a given patient. The
presence of a region of overlap that is consistently deleted in all of these
patients suggests that physical loss of an important gene from the 5q- chromo-
some coupled with a mutation of the second allele on the remaining ‘normal’
chromosome 5 results in total inactivation of this key regulatory gene — a
recessive mechanism that originally led to Knudson’s postulation of the exist-
ence of tumor suppressor genes in the familial retinoblastoma model and that
has been proven in recent years by the isolation of candidate genes [1,2].
Unlike retinoblastoma, the median age of onset of 5q- chromosome is above
50 years of age, suggesting that both the deletion and mutation found in the
dysplastic clone are acquired somatically.

The 5q- chromosome was first reported as early as 1974 [3]; nonetheless,
molecular studies of this anomaly have been impeded by (1) a paucity of highly
polymorphic loci on the distal long arm of chromosome 5; (2) a lack of
material, particularly in the cases of myelodysplasia; (3) the technical limita-
tions in separating the affected cells from the normal populations; and (4) the
largeness of the deleted segment.

The cytogenetic identification of the 5q- chromosome as an acquired inter-
stitial deletion was originally described as the sole anomaly in three women
with macrocytic refractory anemia [3]. This description was followed by subse-

E.J Freireich and H. Kantarjian (eds.)) MOLECULAR GENETICS AND THERAPY OF LEUKEMIA.
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quent reports that revealed the loss of an entire chromosome 5 or a part of the
long arm of chromosome 5, in patients with de novo and therapy-induced
myelodysplasia (de novo and t-MDS) or acute myelogenous leukemia (AML)
[4]. The frequent association of chromosome 5 anomalies in the t-MDS/AML
patients raised a possible role for alkylating agents used in the treatment
of solid tumors, in the evolution of the hematopoietic disorder (reviewed in
[5-91).

An evaluation of the prognosis of the transfusion-dependent refractory
anemia (RA) or 5q- syndrome, typically seen in elderly women, suggests that
it is a clinical entity, readily distinguishable from the constellation of other
preleukemic myelodysplastic disorders and from acute myelogenous leuke-
mia. The RA patients present with macrocytic anemia witk monolobulated
megakaryocytes and normal neutrophil counts, and 5g- chromosome is the
only detectable cytogenetic anomaly [8]. In contrast to the preleukemic cases,
the disease manifestation ranges from RA with ringed sideroblasts to RA
with excess blasts (RAEB) and RAEB in transformation (RAEBT). The
preleukemic MDS patients show trilineage involvement; susceptibility to fre-
quent infections is indicative of dysfunctional myelopoiesis. Presence of 5q-
chromosome in RAEB and RAEBT correlates with poorer prognosis than
with AMLs with diploid karyotype [10,11].

5q31

—T IL4

s
__IRF1

IL3/GMCSF
T

| IL9
D5S89

_|_EGR1

1 CD14
_| FGFA

—L GRL
_| _CSF1R

Figure 1. Consensus map of the genes of human chromosome 5q31. Genes and loci are denoted
on the right. IL4, interleukin 4; ILS, interleukin 5; IRF-1, interferon response factor 1; IL3,
interleukin 3; GMCSF, granulocyte macrophage colony-stimulating factor; IL9, interleukin 9;
D5S89, a polymorphic DNA fragment rearranged in the AML cell line HL60; EGR1, early growth
response gene 1; CD14, monocyte antigen; FGF A, acidic fibroblast growth factor; GRL, glucocor-
ticoid receptor; CSF1R, colony stimulating factor 1 receptor.
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Thus, the gross differences between the 5q- syndrome RA and MDS/AML
suggest that these conditions could result from different genetic lesions.
Therefore, for the purpose of this chapter, the RA (5q- syndrome) is not
included in the category of MDS.!

2. Cytogenetic delineation of Sq- chromosome

The 5q- chromosome of RA patients cannot be cytogenetically discriminated
from those of MDS and AML cases. A retrospective cytogenetic study of
patients with interstitial deletions of chromosome 5 (including RA and MDS/
AML) identified at least four types of cytogenetically identifiable deletions:
(1) 5q13-33, (2) 5q31-35, (3) 5q22-33, and (4) 5q13-35. In physical terms,
these are large deletions; since the long arm of chromosome 5 contains 4.5%
of the haploid genome, these interstitial deletions would result in the loss of
0.5% to 1.5% of the genome of a diploid cell. Using high-resolution banding
techniques, 5931 has been identified as the most common cytogenetically
deleted segment in 91 out of 93 patients with 5q deletion [12]. This segment
corresponds to 17Mb of DNA. As shown in figure 1, a unique and striking
cluster of genes, which govern normal hematolymphoid growth and differen-
tiation, has been fine mapped to reside within a few megabases of each other
on band 5q31 [13,14].

3. Molecular delineation of the critical region

Is the smallest region of overlap (SRO) common to both the 5q- syndrome and
MDS/AML, or is there more than a single critical gene on 5q31? Recent
developments in recombinant DNA techniques have allowed considerable
progress in the molecular definition of the minimal region of overlap. Fluores-
cence in situ hybridization (FISH), yeast artificial chromosome (YAC) clon-
ing, dinucleotide polymorphism analyses by polymerase chain reaction (PCR),
and irradiation-reduced hybrid mapping techniques have facilitated delinea-
tion of the smallest region of loss in molecular terms. These investigations
have benefited a great deal from the wealth of information and reagents
available from the human genome mapping efforts.

Our studies have focused on a unique DNA fragment, D5589, which we
isolated due to its structural rearrangement in the AML cell line HL60 [15].
Loss-of-heterozygosity analyses employing restriction fragment length poly-
morphisms and the recently developed dinucleotide polymorphism analyses
demonstrate invariant loss of a D5589 or flanking locus from the 5g- chromo-
some in less than 20 AML and MDS patients examined [15-18]. Le Beau and
coworkers performed metaphase FISH on 17 cases (16 cases of MDS/AML
and 1 RA) with overlapping 5931 deletions using a panel of 5931 probes and
determined that the loci telomeric to /1.9 and centromeric to the anonymous
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locus D5S166 reside within the smallest region of overlap; these results imply
that the D5589 and EGRI loci are within the critical region [19].

A survey by Boultwood et al. of patients with 5q- syndrome RA identified
two patients with uncharacteristically small interstitial deletions (del. 5q31-33)
[20]. The smallest region of loss resides between the GRL gene and the
NKSFI gene, which is telomeric to CSFIR, with apparent retention of all the
centromeric and telomeric loci [20]. A case of t-MDS with impaired neutrophil
maturation and del 5q(11-31) was studied in detail by us [21]. FISH of
three 5q31-specific probes to the metaphases demonstrated that the interstitial
deletion on the 5q- chromosome is not contiguous. The 5g- chromosome has
lost the D5S89 and CSFIR loci while retaining some of the in-between
sequences, which were derived from a radiation hybrid spanning D5S89
and EGRI.

Therefore, the 5931 segment between /L9-NKSFI could harbor two critical
genes (figure 2). The distance between IL9 and CSFIR genes is estimated
to be 7Mb by radiation hybrid mapping [13,14], whereas interphase FISH
assessments are less than SMb [22].

4. Biology of RA and MDS and AML

The neutrophil maturation pathway of patients with 5q- syndrome RA is
apparently normal. Using a PCR-based analysis to detect allele loss for specific
5q loci, we have determined that the peripheral blood neutrophils of patients
with 5g- syndrome RA are derived entirely from the 5g- clone [18]. Other
studies have identified expression of the monocyte antigen CD14 on the
surface of the granulocytes of RA cases, suggesting that the myelomonocytic
differentiation of these cases is not blatantly influenced [23]. Thus, the 5q-
clone defective in erythroid and megakaryocytic maturation suppresses the
differentiation of neutrophils from the diploid population of the marrow
(figure 3A).

In contrast, as shown in figure 3B, in preleukemic t-MDS, the bone marrow
reveals anomalies of all the lineages, with erythroid hyperplasia, mega-
loblastoid features, and an increase in immature granulocytes [24].

5. Candidate tumor suppressor gene from the smallest region of overlap
5.1. Interleukin genes

Although the interleukins /L4, ILS5, IL3, GMCSF, IL9, and IL13 map to the
frequently deleted 5q31 region, hemizygosity of these genes is not likely to be
crucial, since their expression will remain unaltered due to T-cells and endot-
helial cells, which do not characteristically exhibit the 5q- deletion.
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Figure 2. Molecular delineation of the RA and MDS/AML loci. The order of genes is as reported
elsewhere. Genes and loci are as denoted in figure 1. SPARC, osteonectin; GLUH1, glutamate
receptor; NKSF1, /1.12 subunit. The distances between IL9/D5S89/EGR1 and CD14/FGFA/GRL
are denoted in centiray (cR) units (1cR =~ 34kbp). Patients characterized as retaining proximal
and distal loci within the minimal region overlap have been previously described. Patients 1 and
2 were described by Le Beau et al. [19], patients 3 and 4 by Nagarajan et al. [17,21}, and patients
5 and 6 by Boultwood et al. [20]. Lines denote loci retained.
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Figure 3. Model depicting suppression of normal hematopoiesis in the 5g- syndrome RA and
MDS/AML with 5q- chromosome.

(A). The 5q- deletion occurs in the myeloid erythroid progenitor, which suppresses the normal
diploid cells. Loss of the 5931 gene impairs erythroid and megakaryocytic maturation, leading to
refractory anemia (5¢q- syndrome). Note that the neutrophils derived from the 5q- clone are
apparently normal. D, diploid progenitors.

(B). The 5g- deletion occurs in the myeloid erythroid progenitor, which suppresses the normal
diploid cells. Loss of the 5q31 gene impairs erythroid, megakaryocytic, and granulocytic matura-
tion with elevated blasts. D, diploid progenitors.

5.2. The Wilm’s tumor suppressor gene homologue early growth response
gene EGRI1

An early growth response transcription factor (EGRI) encoding a Zn finger
protein is within the smallest region of overlap in most cases. An intensive
search for mutations and structural rearrangements of the EGRI gene has
provided evidence for lack of genetic alterations in the remaining allele of
EGRI in 5q- cases [25].

5.3. Interferon response factor I (IRFI)

IRFI is thought to play an immediate early response role in /L6-mediated
myeloid differentiation [26]. Overexpression of the DNA binding protein,
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interferon response factor 2 (/RF2), changes the stoichiometry between /RF2
and IRFI; the altered ratio is believed to be responsible for transformation of
the NIH 3T3 fibroblasts [27]. Although earlier studies suggested loss of an
IRF]I allele in a total of 13 patients (RA, MDS/AML) with 5q- chromosome
[28], recent findings demonstrate that both alleles of /RFI may be retained in
some cases of RA and MDS/AML, raising the possibility that IRFI is not a
candidate gene [17,29]. At present, there is no experimental evidence
on decreased expression or mutation of the remaining /RFI allele in the 5g-
cells of AML and MDS cases to support the role of /RFI in neoplastic
transformation.

5.4. Colony-stimulating factor I receptor

Initial reports on the loss of both alleles of the CSF1R gene in a subset of
the dysplastic cells of a 5q-RA patient as detected by in situ hybridization
of radiolabeled CSFIR [30] probe have not been demonstrated conclusively
by Southern blotting data of sorted populations of 5g- cells. In normal
hematopoiesis, GMCSF and CSFI exhibit functional overlap. Therefore, the
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GMCSF may mediate differentiation through its receptor on cells that lack
CSFl1.

6. Conclusions

Recent studies have suggested that, cytogenetically, the interstitial 5q deletion
appears to fall into at least two categories: (1) AML, MDS, and RA patients
who have large contiguous breaks; and (2) t-MDS patients who have
noncontiguous breaks. There is no direct evidence for any of the previously
cloned genes being the candidate gene inactivated in 5g- patients. The wide
phenotypic differences seen in MDS/AML patients with the 5q- chromosome
raise the possibility that more than one critical gene resides within band 5q31
or that a single gene with multiple mutations could be responsible for the
different phenotypic manifestations of 5q- chromosome.

The molecular analyses indicate that the proximal MDS/AML tumor sup-
pressor gene encoded in the D5S89 locus governs neutrophil/monocyte growth
and differentiation; loss of function of this locus plays a role in MDS and AML
with poor prognosis. A subset of MDS/AML patients carries mutations of
this gene, whereas the 5q- syndrome RA patients carry an inactivated
telomeric gene (figure 4). A third group of patients may exhibit mutations in
both loci.
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Figure 4. Model for the role of two 5q31 regulatory genes that govern hematopoiesis. The 5q-
deletion occurs in the myeloid/erythroid progenitor. Loss of the distal 5q31 gene in the CSFIR
locus impairs erythroid and megakaryocytic maturation, leading to refractory anemia (5q-
syndrome). Loss of the proximal gene in the D5589 region affects granulocytic growth and
differentiation, resulting in MDS/AML.
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Patients with chronic myelomonocytic leukemia (CMMoL), classified as a
distinct subset of MDS, carry a specific 5:12 chromosomal translocation result-
ing in gene fusion between the protein kinase domain of the platelet-derived
growth factor receptor and a novel helix-loop helix transcription factor [31].
Likewise, the 5g-syndrome RA patients may harbor a unique molecular lesion
that is different from the MDS/AML.

Positional cloning and characterization of tumor suppressor genes have
provided novel insights into normal cell growth and division. Frequently, these
genes code for ubiquitously expressed negative regulators of cell growth.
Isolation of the retinoblastoma gene allowed integration of signal transduction
pathways and DNA synthesis, although the originally recognized phenotypic
anomaly was inherited retinal tumors. The tumor suppressor genes thus far
isolated are nuclear transcription factors, cell surface adhesion molecules, ras-
GTPase regulatory proteins, and inhibitors of cell-cycle regulatory protein
kinases. Loss of regulatory proteins that arrest cell-cycle progression and
division appears to be a recurrent theme. The isolation and characterization of
the 5q31 MDS/AML tumor suppressor gene may uncover novel cellular cir-
cuits, given the widespread role of tumor suppressors in normal cell growth
and differentiation.

Acknowledgments

Work from the author’s laboratory was supported by grants from the National
Institutes of Health and the American Cancer Society.

Note

1. MDS: refractory anemia with ringed sideroblasts (RARS), refractory anemia with excess blasts
(RAEB), refractory anemia with excess blasts in transformation (RAEBT).
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