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ART OR ALL OF chromosome 7 is deleted during the
development of a number of malignant myeloid disor-
ders. In all age groups, monosomy 7 or del(7q) occurs in both
preleukemic myelodysplastic syndrome (MDS) and acute
myelogenous leukemia (AML)"?* and is particularly com-
mon in cases of MDS and AML that evolve after antineoplas-
tic therapy with alkylating agents or occupational exposure
to chemical mutagens.”* These abnormalities also occur in
a subset of patients with severe aplastic anemia.”’* The
clinical manifestations are similar in adults and children; the
response to conventional chemotherapy is relatively poor,
and the outcome is frequently fatal."”**"*

An altogether different group of myeloid disorders with chro-
mosome 7 deletions predominately occurs in children. A well-
defined myeloproliferative disorder with prominent bone mar-
row dysplasia and hepatosplenomeagly exists in young children
and has been termed monosomy 7 syndrome.'”'#?2%*2¢ This
condition shares many clinical and epidemiologic features with
juvenile chronic myelogenous leukemia (JCML).2"#44! Mo-
nosomy 7 is also associated with an array of genetic disorders
of myelopoiesis that carry a high risk of myeloid leukemia,
including Fanconi anemia,*** severe congenital neutro-
penia,®**" and Shwachman-Diamond syndrome,*® as well as
with certain multisystem constitutional conditions such as neu-
rofibromatosis, type 1 (NF-1)*2 and, possibly, Down syn-
drome.’**’ Familial bone marrow monosomy 7 has been ob-
served in at least 10 kindreds and is associated with cerebellar
ataxia in some families.”®* Finally, a self-limited form of mo-
nosomy 7 syndrome has been reported in two children with
Epstein-Barr virus infections.®’

The nonrandom association of monosomy 7 with myeloid
leukemia is consistent with loss of function of a gene (or genes)
located on chromosome 7 that regulates myeloid growth and
differentiation.*® It is not known if inactivation of both alleles
of this gene is necessary to alter the phenotype of immature
myeloid cells or if deletion of a single allele might contribute
to abnormal growth by reducing the concentration of a critical
protein (ie, by haploinsufficiency).% Although monosomy 7
or del(7q) occurs during the development of many cases of
MDS and AML, the existing evidence strongly suggests that
chromosome 7 loss is not sufficient for full leukemic transfor-
mation. Genetic alterations that affect signaling through the
Ras proteins frequently coexist with monosomy 7 in the bone
marrow of children with MDS and AML. In addition, the high
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incidence of monosomy 7 and del(7q) in children who are
predisposed to myeloid leukemia clearly implicates chromo-
some 7 loss as a secondary genetic event in leukemogenesis.

We review here the epidemiology of monosomy 7 and
del(7q), examine the existing biologic data in light of current
ideas about leukemogenesis, and propose a model for the
pathogenesis of this group of diseases. We will pay special
attention to the constitutional disorders that are associated
with monosomy 7 because these conditions provide an op-
portunity to identify and characterize genes that influence
myelopoiesis. For the purpose of this review, monosomy 7
and del(7q) will be discussed as a single entity.

EPIDEMIOLOGY

The myeloid disorders associated with monosomy 7 de-
velop in three contexts: (1) de novo, (2) secondary, and (3)
constitutional. De novo cases arise without apparent predis-
posing factors. Secondary cases appear after cytotoxic che-
motherapy for cancer, after occupational exposure to muta-
gens, and probably after immunosuppressive therapy for
severe aplastic anemia (SAA). Constitutional cases arise in
individuals with a genetic predisposition to leukemia. Most
patients in the third group are children and adolescents. Table
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Table 1. Demographic Features of Myeloid Disorders Associated with Monosomy 7

Patients Median Age Sex No. of Patients With Mo 7 as the Only
With Mo7 at Diagnosis Ratio Mo7 at Diagnosis/ Cytogenetic
{n} (range) {M:F) Total (%) Abnormality (%) References
De novo disorders
MDS
<21yr 13 5.5 1.5:1 13/31 11/13 1-4
(0-18) (42) (85)
>21 yr 88 54 2.2:1 88/644 43/88 4-10
(21-91) (14) (49)
AML
<21yr 31 10.5 2.2:1 31/458 14/31 11-18
(0-20) (7) (45)
>21yr 114 60 1.4:1 114/1,104 59/114 10-12, 19-21
(22-80) {10) (52)
Mconosomy 7 syndrome 34 1.7 4.7:1 34/34 26/34 11, 17, 18, 22-26
(0.1-17) (100) (76)
JCML 8 23 2.5:1 8/138 78 2,27, 40, 41, 67-70
(0-8.8) (6) (88)
Secondary disorders
Therapy refated
(t-MDS and t-AML) 93 54 1.4:1 93/232 17/93 29-33
(6-86) (40) (18)
Occupational exposure 23 54 3.6:1 23/117 4/23 34-36
(17-81) (20) (17}
SAA 7 21 1.6:1 79 5/7 37-39, 72
(3-56) (78) (71)
Constitutional disorders
Fanconi anemia 16 21 1.6:1 16/38 4/16 42-45
(3-56) (42) (25)
Kostmann's syndrome 8 NA ~1:1 8/10 NA 45-47, 93, 97-99
(80)
Schwachman-Diamond
syndrome 2 NA 2:0 2/5 NA 48
(40)
Familial monosomy 7 22 10 1.1 22/29 21/22 58-60, 62
(1.56-27) (76} (95)
Down syndrome 9 2 1.2:1 9/103 0/9 53-57
(0-10} (9) (0}

Abbreviation: NA, not available.

1 summarizes the demographic features of the myeloid disor-
ders that are associated with monosomy 7 in adults and
children as reported in the literature.'->2-3840-44.48-60.67-73 g
ure 1 plots the calculated incidence of monosomy 7 as a
function of age at diagnosis.'?>*'6557477

De Novo Monosomy 7

The clinical disorders associated with de novo monosomy
7 include AML, MDS, JCML, and SAA. Monosomy 7 oc-
curs in 10% of adult AML and about 5% to 7% of childhood
AML."2! Monosomy 7 is less common in patients with a
morphologic diagnosis of aplastic anemia. Appelbaum et al™
found clonal cytogenetic abnormalities in 7 of 176 consecu-
tive cases of aplastic anemia, 3 of whom had monosomy 7.
The incidence of AML, MDS, and SAA with monosomy 7
increases with age, whereas the myeloproliferative disorders
JCML and monosomy 7 syndrome are almost exclusively
diseases of young children. Of the latter, cases have been
described before 6 months of age and 90% of patients are
diagnosed before 5 years of age.>!7 1822740416770 Whep, pedi-

atric and adult cases of myeloid disorders associated with
monosomy 7 are combined, a biphasic age distribution is
apparent, with peaks during the first few years of life and
after 60 years of age (Fig 1).***”" In adults with monosomy
7, the male to female ratio is approximately 1.5:1, whereas
70% of affected children are boys (Table 1).

Although monosomy 5 and del(5q) are common in adults
with MDS and AML, deletions of chromosome 5 are con-
spicuously absent in pediatric cases. Monosomy 7 is the
most common cytogenetic abnormality detected in the bone
marrow of children with preleukemia and it usually occurs
as an isolated structural abnormality.'*!718:22-2740.41.67.69.70.79
In both children and adults with AML, monosomy 7 has
been associated with the French-American-British (FAB)
myelomonocytic (M4) and erythroleukemia (M6) subtypes
in some studies,'®?>* but not in others.*” In older patients,
MDS with monosomy 7 is usually classified as refractory
anemia with excess blasts (RAEB) or refractory anemia with
excess blasts in transition (RAEB-t).*'" In the childhood
syndromes, especially those of young children, myeloprolif-
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Fig 1. The population-based incidence of de novo AML by age is
from the NCI Cancer Statistics Report, 1973-1989,” and the propor-
tion of cases of AML with monosomy 7 is calculated from a number
of sources.'®'®'*”” Population-based incidence of MDS in children is
based on the data of Hasle et al*'*'¢'%74"7 and from Children’s Cancer
Group Study 2861.'' The proportion of children with monosomy
7 is based on published data."'"'*2 There are no population-based
incidences of MDS in adults. Estimates of the incidence of MDS
among adults are from one large series in France®®* and from two
other studies.”®”” The proportion of adults with MDS who have
monosomy 7 is estimated from a number of sources.>'’® Because
there are no population-based data describing the incidence of JCML
and monosomy 7 syndrome (Mo 7), incid are estimated from
large institutional series.

erative features are more prominent than marrow dysplasia.
Whereas some investigators argue that these cases can be
accommodated within the RAEB-t and CMML subtypes of
MDS,"* the FAB system is rarely used in practice. Instead,
children with preleukemic syndromes are subdivided as hav-
ing ‘‘adult-type’> MDS, monosomy 7 syndrome, or JCML.
Selected features of these disorders are presented in Table
2'l-4‘6.7.9.10.12-I8.20-22.24.25,27.28.4l‘67‘(18

There is also controversy about whether the monosomy 7
syndrome and JCML are distinct entities (Fig 2). JCML is
diagnosed in patients who show a pattern of clinical and
laboratory findings,”**'#*? whereas monosomy 7 is a cytoge-
netic abnormality that occurs in a variety of myeloid disor-
ders, including JCML. A recent review at seven pediatric
referral centers showed monosomy 7 in the bone marrow of
11 of 46 (24%) children with a clinical diagnosis of JCML
(S.L.F., unpublished data), although this incidence is only
6% among cases reported in the literature (Table 1). Distin-
guishing monosomy 7 syndrome from JCML is problematic,
because both disorders predominantly affect young male pa-
tients and are characterized by thrombocytopenia, anemia,
splenomegaly, and a poor prognosis (Table 2).**** Children
with NF-1 are predisposed to both disorders.*'***"** Many
children with monosomy 7 do not show the typical skin rash
or increased fetal hemoglobin level that characterize JCML,
and 75% to 90% of patients with JCML do not have chromo-
some 7 deletions in their marrows at diagnosis. However,
patients with JCML may acquire monosomy 7 with disease
acceleration.'*? As shown in Fig 2, the relationship between
monosomy 7 syndrome and JCML is perhaps as follows:
the monosomy 7 syndrome is one of a number of distinct
entities that are associated with chromosome 7 deletions,
whereas JCML is a myeloproliferative disorder of infants
and young children, 6% to 24% of whom show bone marrow
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monosomy 7 at diagnosis. The epidemiologic and clinical
similarities between monosomy 7 syndrome and JCML
strongly suggests that these disorders share one or more
pathogenic alterations in common. Laboratory data summa-
rized below are generally consistent with this hypothesis.

The distinct gender preference and atypical spectrum of
FAB subtypes suggests that most of the sporadic childhood
preleukemic syndromes have a different etiology and patho-
genesis than adult MDS. The prevalence of cases in infant
males implies the existence of unidentified constitutional
predispositions in many patients. Although these observa-
tions suggest that the inciting genetic events that underlie
the myeloid disorders associated with monosomy 7 are dif-
ferent in adults and young children, loss of chromosome
7 may have similar consequences for myeloid growth and
differentiation in both age groups.

Monosomy 7 in Secondary Myeloid Disorders

Environmental exposures to mutagens. Many adults
with monosomy 7 have a history of occupational exposure
to organic solvents, pesticides, petroleum derivatives, and/
or other chemical toxins.****#% Detailed epidemiologic data
regarding environmental exposures in children with mono-
somy 7 are lacking, but Baranger et al** cite a patient with
repeated exposure to kerosene. Epidemiologic studies per-
formed by the Children’s Cancer Group showed a history
of prenatal or perinatal exposure to marijuana, pesticides,
recreational drugs (alcohol and/or marijuana), or other toxins
in young children with monoblastic variants of AML.***
This group includes many patients with monosomy 7; how-
ever, no epidemiologic studies with cytogenetic correlations
have been performed in children with MDS, JCML, or AML.

Therapy-related AML and MDS. Monosomy 7 is the
most common cytogenetic abnormality in the leukemic cells
of adults and children with therapy-related MDS and AML,
but rarely occurs as an isolated finding. Monosomy 7 is
strongly associated with previous exposure to alkylating
agents with or without radiation therapy. The risk of second-
ary MDS and AML increases with age and with dose of
alkylating agent, peaks 3 to 7 years after treatment, and
declines thereafter. The clinical features of therapy-related
MDS and AML are similar in adults and children who have
monosomy 7.237!

Idiopathic severe aplastic anemia (SAA). The observa-
tion that SAA may evolve into AML was reported as early

—_ im

Fig 2. Our view of the relationship between monosomy 7 syn-
drome, the other disorders iated with >my 7, and JCML
is shown here. This area is a frontier for cellular, molecular, biochemi-
cal, and intergalactic exploration.
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Table 2. Clinical Syndromes Associated With Monosomy 7
Early Childhood Preleukemic Syndrome
MDS JCML Monosomy 7 Syndrome AML
Age >5yr <5 yr <5yr Children: >1 yr
Adults: >40 yr
Sex If <21yrage:M >F M>F M>F Children: M > F
f>21yrage:M = F Adults: M = F
Clinical Increase bacterial infection, Hepatosplenomegaly, failure to Hepatosplenomegaly bacterial Bacterial infections
findings no hepatosplenomegaly thrive, skin rash, lung infections, skin rash
infiltrates
Laboratory Cytopenias, nl Hgb F Leukocytosis, thrombocytopenia,  Leukocytosis, thrombocytopenia, High WBC counts
findings anemia, monocytosis, anemia, monocytosis, normal
increased Hgb F, Vitamin B12; or increased Hgb F
decreased LAP
Bone Normo or hypocellular, Hypercellular, monocytosis, Hypercellular, dyserythropoeisis, M4, M6 FAB AML,
marrow mostly dyserythropoiesis, decreased megakaryocytes, monocytosis {(vacuolated), no M3

dysgranulopoesis,

dysplastic features less

increased blasts, Pelger-Huet

micromegakaryocyte,

fibrosis in the adults usually <30%

Progression <1yr If <6 mo old, several years;
to AML if >1yrold, <2yr

Prognosis <1yr <2 yr, except in children <6 mo
and at diagnosis
survival

frequent, increased blasts but

If <1 yr old, may smoulder
several years; if > 1 yrold, in
1-2 yr transform into M2, M4
or M6 FAB AML

<2 yr

May become aplastic
with chemotherapy

<1yr

AISO discussed in text 1-4,6,7,9,10,12-18,20-22,24,25,27,28,41,67,68

Abbreviations: Hgb F, hemoglobin F; LAP, leukocyte alkaline phosphatase.

as 1951.% Monosomy 7 appears to be the most common
cytogenetic abnormality in cases of MDS and AML that
follow SAA. In a group of 38 patients who survived more
than 2 years, 5 developed AML or MDS, 3 of whom had
clonal abnormalities of chromosome 7.*” All 3 had normal
karyotypes at the time they presented with aplastic anemia.
In 1 patient, a 46,XY,inv(10) clonal abnormality appeared
at 5 months; at 27 months, there were 3 abnormal clones:
46,XY,inv(10); 45,XY,-7; and 45,XY.,inv(10),—7. MDS
was diagnosed 3 months later. The investigators speculate
that monosomy 7 may have arisen as two independent events
[in both the clone with inv(10) and in a second myeloid
progenitor]. Alternatively, the different karyotypes may re-
flect the numerical losses and gains that may occur during
clonal evolution.

The European Bone Marrow Transplantation-Severe
Aplastic Anemia Working Party described 15 cases of acute
leukemia and 28 cases of MDS among 860 patients treated
with immunosuppressive therapy for aplastic anemia and
only 2 cases of leukemia among 748 patients treated by
marrow transplantation.”® The cumulative incidence at 10
years was 9.6% for MDS and 6.6% for AML. In multivariate
analysis, MDS or AML was significantly associated with
androgen use, two or more courses of immunosuppressive
therapy, splenectomy, and increasing age. The simplest ex-
planation for these findings is that transplant effectively
eliminates an occult clone with malignant potential that ex-
isted in a subset of patients with SAA, whereas immunosup-
pression has no effect. However, among the SAA patients
who were transplanted, the incidence of MDS/AML is con-

siderably less than the leukemic relapse rate of patients with
de novo MDS or AML transplanted at the time of minimal
residual disease. This finding provides indirect evidence that
a malignant clone is not present in most patients with SAA
at the time of transplantation.*

An additional case report suggests a direct link between
immunosuppression and the development of MDS in some
patients. A young man with aplastic anemia who showed a
stable 46,XY karyotype in his bone marrow for 6 years
developed a 46,XY,—7,+21 clonal abnormality and 5%
monoblasts after initiation of intravenous cyclosporin.’”
When oral cyclosporin replaced the intravenous drug, the
blasts disappeared and the clonal abnormalities were no
longer detected. Trisomy 21 and monosomy 7 recurred with
resumption of intravenous cyclosporin and again resolved
with discontinuation of the drug.

Kojima et al** described 3 young boys who developed
MDS and/or AML with monosomy 7 between 17 and 61
months after diagnosis of SAA. All 3 initially received im-
munosuppressive therapy. Recombinant human granulocyte
colony-stimulating factor (r-G-CSF) had been introduced
6 to 15 months before the development of MDS and the
investigators speculated that r-G-CSF may have provoked
the evolution to MDS and AML..*® Imashuku et al*® recently
surveyed 125 pediatric patients who received r-G-CSF for
chronic severe neutropenia. Of 67 children with SAA, 3
patients developed MDS or AML with bone marrow mono-
somy 7 between 23 and 28 months after starting on r-G-
CSF. A Kaplan-Meier analysis suggested that the risk of
AML or MDS was approximately 10% in children with SAA
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who were 48 months from diagnosis and had received r-G-
CSF for 24 months.*

This association between SAA and MDS/AML has sug-
gested two hypotheses: (1) aplastic anemia and MDS/AML
are two manifestations of the same fundamental injury to
the stem cells; or (2) MDS/AML develops in patients with
aplastic anemia either as a secondary effect of treatment or
results from continued exposure to the same agent that in-
duced the marrow failure. As noted above, clonal abnormali-
ties of chromosome 7 occur rarely at diagnosis in SAA.
Furthermore, some patients with SAA were exposed to tox-
ins that are associated with the development of AML and
MDS. Although it is often difficult to obtain a sufficient
number of proliferating marrow cells for adequate cytoge-
netic analysis in patients with SAA, development of molecu-
lar probes that do not require many cells or mitotic cells
may make it possible to determine if monosomy 7 and other
nonrandom chromosomal abnormalities are present at the
time of diagnosis. This information is especially important
in children because a number of constitutional bone marrow
failure syndromes are associated with a high risk of MDS
and AML (see below).

Monosomy 7 in Patients With Constitutional Disorders

Fanconi anemia. Fanconi anemia is an autosomal reces-
sive disorder characterized by spontaneous chromosome
breakage and hypersensitivity to DNA cross-linking
agents.*>*> Most patients are identified because of multiple
physical anomalies and progressive pancytopenia developing
during childhood.*® Diagnosis is confirmed by chromosomal
fragility testing with diepoxybutane. Nineteen patients have
been diagnosed with Fanconi anemia ex post facto after they
have been treated for leukemia. In these cases, the results
of marrow cytogenetic studies or extraordinarily poor toler-
ance of cytoreductive therapy prompted testing for Fanconi
anemia.”"

Leukemia arises in about 10% of Fanconi patients, usually
during adolescence. Young and Alter®’ cite 68 documented
cases of leukemia and 27 of preleukemia or clonal hemato-
poiesis. Of 37 patients who had cytogenetic studies per-
formed, 9 had abnormalities of chromosome 7 and 1 had
a missing group C.* The specific abnormalities included
complete monosomy 7 in 3 cases; del(7q) in 2 cases; iso-
chrome 7q in 1 case; t(5;7)(p15;q22) in 1 case; and
abnormalities of 7p in 3 cases. In 6 of 9 patients, the cytoge-
netic abnormalities were limited to chromosome 7. It has
been estimated that the relative risk for development of a
malignant or premalignant clonal disorder in Fanconi’s pa-
tients is increased 6,500- to 15,000-fold above the general
population and that the risk of clonal disorders of chromo-
some 7 is increased approximately 50,000- to 100,000-fold.*

Congenital neutropenia. The severe congenital neutro-
penias are a heterogeneous group of disorders of myelo-
poiesis that are characterized by defective neutrophil produc-
tion and recurrent infections. Congenital agranulocytosis
(Kostmann’s syndrome) is a severe form of congenital neu-
tropenia with onset during the first few months of life, an
absolute neutrophil count less than 200/uL, and a maturation
arrest at the myelocyte-promyelocyte stage of differentia-
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tion.**** Until r-G-CSF became available, most children with
severe congenital neutropenia died from infections during
the first few years of life. Treatment with pharmacologic
doses of r-G-CSF is associated with an increase in neutrophil
counts and a reduction in infectious complications in these
children.***s A few cases of MDS or AML were reported
in children with Kostmann’s syndrome before the r-G-CSF
era.?%* We are aware of at least 8 additional cases of MDS
or AML in patients with severe congenital neutropenia who
received 1-G-CSF, including 6 with Kostmann’s syn-
drome.***” The marrows of 7 patients showed monosomy 7.
Population-based data suggest a risk of MDS and AML of
at least 5% in this group of patients, with equal numbers of
affected males and females.*’” These data are consistent with
the experience of Imashuku et al,”” who found 1 case of
MDS among 20 children with chronic neutropenia. MDS
and AML have not been observed in patients with cyclic or
idiopathic neutropenia who received r-G-CSF¥; this finding
suggests that it is the underlying hematopoietic defect rather
than growth factor therapy per se that predisposes to malig-
nant transformation.

Shwachman-Diamond syndrome. Monosomy 7 has been
described in Shwachman-Diamond syndrome, a disorder
characterized by small stature, skeletal abnermalities; defi-
ciency of the exocrine pancreas; and neutropenia. The ob-
served to expected risk of leukemia is estimated to be 27
times that of the general population.”® Three cases of ALL
and 6 of AML have been reported in 8 boys and 1 girl at a
mean age of 10 years.*” Not ail had cytogenetic studies; in
1 boy, the AML was characterized by monosomy 7 plus
marker 18.*® We recently learned of another boy who devel-
oped bone marrow monosomy 7 while receiving r-G-CSF
(J. Priest, personal communication, 1994).

Familial monosomy 7. Monosomy 7 has been reported
in at least 10 families in whom myeloid leukemia is the only
apparent abnormality.?*86%'% Although there have been no
documented multigenerational families with this type of
monosomy 7, a few kindreds with one affected child have
been reported in which MDS or AML developed in one or
more adults. In two other families, the tendency to develop
monosomy 7 appears to coinherit with cerebellar ataxia.”*®
A third similar family has been followed at the Children’s
Hospital of Philadelphia (B.J.L., unpublished data). The dis-
ease is apparently an autosomal dominant with variable ex-
pression such that some members may manifest the neuro-
logic disorder with normal hematopoiesis, others the
hematologic disorder, and some both. In the first family
described, the father and all five children had cerebellar
ataxia or atrophy.®

Familial childhood monosomy 7 differs from monosomy
7 syndrome in that females are affected as often as males
and the mean age at diagnosis is higher than in de novo
cases. The familial cases of monosomy 7 are distinguished
from Fanconi anemia by the inheritance pattern, absence of
physical anomalies associated with Fanconi anemia, and the
absence of chromosomal fragility on testing. Clinicians
should always consider the possibility that a child who pre-
sents with MDS or AML and monosomy 7 may be the first
affected individual in a family. We are aware of one instance
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in which monosomy 7 was detected in the bone marrow of a
child who had a normal physical examination and peripheral
blood counts when she was being evaluated as a transplant
donor for her sibling (J. Davis and K.M.S., unpublished
observation). Other children were only identified when their
siblings were diagnosed with MDS or AML.**'® As a result,
we suggest that the siblings of children with de novo mono-
somy 7 undergo a physical examination and have a complete
blood count taken. Bone marrow examination with cytoge-
netic studies are indicated if abnormalities are detected on
the screening tests or if the sibling is being considered as a
donor for bone marrow transplantation.

NF-1. Children with NF-1 are at increased risk of devel-
oping malignant myeloid disorders, including AML with
monosomy 7, monosomy 7 syndrome, and JCML,*'%5!.83
Children who present with JCML and normal bone marrow
cytogenetic findings may acquire monosomy 7 during the
course of their disease.” There is a preponderance of affected
males among children with NF-1 who develop monosomy
7 or JCML.*'®! In addition, there appears to be a higher
risk of leukemia among children who inherited NF-1 from
their mothers as opposed to their fathers.* Of 11 consecutive
cases of malignant myeloid disorders in children with NF-1
included in a recent series, 10 were diagnosed before 5 years
of age.'”" A striking and peculiar feature of the association
between NF-1 and leukemia is that it is restricted to the first
few years of life and there is no evidence that adults with
NF-1 are predisposed to MDS or AML.'” Three of 37 pa-
tients with JCML had NF-1 in the series of Castro-Malaspina
et al,*' and their experience is consistent with our own
(K.M.S., unpublished data), suggesting that the risk of malig-
nant myeloid disorders is increased 200- to 500-fold in chil-
dren with NF-1.

Down syndrome. The risk of leukemia in Down syn-
drome is 10 to 20 times that of the general age-matched
population.'™ Kaneko et al’’ reported no abnormalities of
chromosome 7 in 46 cases of leukemia arising in patients
with Down syndrome; Alimena et al”® did not detect mono-
somy 7 in 3 more cases. Hecht et al® cite 1 case with a
rearrangement of chromosome 7 among 23 cases of AML
in patients with Down syndrome, whereas the Groupe Fran-
cais de Cytogenique Hematologique reported 3 patients with
monosomy 7 among 25 patients with either acute leukemia
or transient myeloproliferative syndrome.®*¢ Four other
cases of MDS with monosomy 7 preceding acute megakary-
oblastic leukemia have been reported™** and one more has
been treated at the Children’s Hospital of Philadelphia
(B.J.L., unpublished data). In one case of leukemia in a child
with Down syndrome, interphase cytogenetic analysis of
cells stimulated to stimulate in vitro showed that monosomy
7 was restricted to the megakaryocytic lineage.'® It is not
clear that the incidence of monosomy 7 among Down syn-
drome patients with AML is higher than that in the general
pediatric population with AML. Interestingly, of 3 patients
treated with modern AML therapy, all achieved remission
and none has had a recurrence (B.J.L., unpublished data).
These limited data suggest that generally good prognosis of
patients with Down syndrome who develop AML apparently
includes those with monosomy 7.

LUNA-FINEMAN, SHANNON, AND LANGE

Monosomy 7: An ‘‘Opportunistic’’ Cytogenetic
Abnormality?

Although monosomy 7 is only one of many nonrandom
cytogenetic alterations seen in human cancer cells, its strong
association with a variety of inherited and acquired predispo-
sitions to MDS and AML (summarized in Table 1) is remark-
able. Taken together, these findings implicate monosomy 7
as the cytogenetic equivalent of the opportunistic infections
that occur in immunodeficient patients. As such, monosomy
7 may be a cytogenetic marker for myeloid leukemias that
develop in the context of constitutional genetic instability or
acquired genotoxic damage. The presence of monosomy 7
should thus provoke a careful inquiry to ascertain the exis-
tence of a predisposing condition.

The broad spectrum of underlying predispositions that are
associated with monosomy 7 suggests that these deletions
are secondary events that contribute to leukemogenesis. The
high incidence of monosomy 7 during the first 2 years of
life implicate constitutional factors in the pathogenesis of
many of the de novo cases, whereas the epidemiologic data
in adults and in secondary monosomy 7 argue for an etiologic
role of chemical toxins. A male preponderance exists in
monosomy 7 syndrome and in cases that arise in patients
with NF-1 and Shwachman-Diamond syndrome. In contrast,
almost equal number of boys and girls are affected when
monosomy 7 develops in the context of previous cytotoxic
or immunosuppressive therapy, Fanconi anemia, severe con-
genital neutropenia, and familial predisposition. It thus ap-
pears that certain strong genetic or environmental factors
can override the male predisposition typical of de novo cases.

BIOLOGY

The epidemiologic data showing that monosomy 7 is a
pervasive abnormality in myeloid neoplasia give rise to a
number of questions. First, what myeloid progenitor is the
target cell? Second, loss of precisely what gene (or genes)
on chromosome 7 contributes to leukemogenesis? Third,
how do chromosome 7 deletions contribute to leukemogene-
sis? Fourth, is there an etiologic or pathogenetic link between
cases of monosomy 7 that arise de novo and those that
appear in patients with known acquired or constitutional
predisposition? And fifth, can investigation of childhood
monosomy 7 provide insights that are applicable to the more
common disorders of myelopoiesis that develop later in life?
Laboratory data that address some of these questions are
reviewed below.

Studies of Malignant Progenitor Colony Growth

Cytogenetic analysis of colonies derived from erythroid
(burst-forming unit-erythroid [BFU-E]) and myeloid (col-
ony-forming unit—granulocyte-macrophage [CFU-GM])
progenitors have shown primary involvement of both lin-
eages.'” Lymphoid cells are normal when examined cytoge-
netically” and lymphoblastoid cell lines derived from adults
with monosomy 7 consistently retain heterozygosity for
polymorphic chromosome 7 markers.* Gerristen et al'* used
fluorescent in situ hybridization (FISH) to investigate sub-
populations of blood and bone marrow cells from patients
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with monosomy 7 and found that the cytogenetic abnormal-
ity was generally restricted to the myeloid lineage. Although
these results suggest that malignant transformation in most
patients with monosomy 7 occurs in a partiaily committed
cell that is capable of giving rise to erythroid, myeloid, and
megakaryocytic progeny, but not to lymphocytes, other data
implicate involvement of an earlier, multilineage progenitor.
Some cases of leukemia associated with monosomy 7 present
with immunophenotypic evidence of multilineage involve-
ment and the phenotype of the blast population may switch
lineages during therapy.'”” Lau et al'® recently described a
2-month-old child with JCML whose terminal course was
characterized by a lymphoid blast crisis and monosomy 7.
The immunophenotype of his blasts were consistent with
pre-B—cell leukemia and there was a rearrangement of the
Ig heavy chain.'® Taken together, the existing data suggest
that chromosome 7 deletions are not restricted to myeloid
leukemia in all cases, but may contribute to deregulated
growth in hematopoietic cells at various levels of differentia-
tion, including multilineage progenitors.

Limited data exist on myeloid progenitor colony growth
in children with monosomy 7 syndrome, but this question
has been investigated extensively in JCML and these studies
included some patients with chromosome 7 deletions.®*'®
Weiss et al'® found aberrant myeloid progenitor colony
(CFU-GM) development characterized by an abnormal pat-
tern of cluster and colony growth and by colony formation
without feeder layers as a source of exogenous colony-stimu-
lating activity in 8 preleukemic children with monosomy 7.
Abnormal growth of CFU-GM is also characteristic of
JCML. JCML marrows are labeled by monoclonal antibodies
that react with immature moncytic cells''® and consistently
show excessive proliferation of monocyte/macrophage colo-
nies'''"'? that is independent of exogenous growth factors.!!!
The “‘spontaneous’” proliferation of JCML cells is abolished
by removing adherent cells before culture or by antibodies
to granulocyte-macrophage colony stimulating factor (GM-
CSF). Emanuel et al'' found that JCML CFU-GM are selec-
tively hypersensitive to GM-CSF but proliferatc normally
when stimulated with interleukin-3 (IL-3) or G-CSF. Freed-
man et al'** reported abnormal proliferation of JCML cells
in response to both GM-CSF, IL-1, and tumor necrosis factor
a. Another recent study implicates IL-14 as important in the
autonomous pattern of in vitro growth seen in JCML."** The
role of GM-CSF in the pathogenesis of JCML is further
supported by the finding that transgenic mice that overex-
press the GM-CSF gene develop a clinical syndrome with
some features of JCML..'"® Recent data from studies of X-
inactivation in females with JCML are consistent with mono-
clonal proliferation.'"”

In summary, a large body of experimental evidence impli-
cates hypersensitivity to GM-CSF and perhaps to other
growth factors in the abnormal pattern of proliferation that
is characteristic of JCML. The limited data from studies of
children with monosomy 7 syndrome are consistent with a
pattern of aberrant proliferation that is similar to JCML. A
major focus of future research in childhood preleukemia will
be to define the genetic alterations that deregulate growth
factor production and responses in leukemic cells and to
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understand how these genetic changes perturb biochemical
signals transduced from specific growth factor receptors to
the nucleus.

Cytogenetics and Deletion Mapping

Complete monosomy 7 is the only cytogenetic abnormal-
ity identified in the bone marrow of most affected children
(Table 1). As in adults, the q22-qter region is involved most
often in patients with partial deletions. It is of interest that
the marrow of a child with NF-1 and MDS showed a partial
deletion of the long arm and another patient with familial
monosomy 7 had an interstitial deletion of the same region
(B.J.L., KM.S,, and J. Davis, unpublished data). These data
suggest that the same gene or genes contribute to deregulated
myeloid growth in children with and without genetic predis-
positions. Four children had cytogenetic abnormalities of
chromosome 3 in addition to monosomy 7.%¢118

Figure 3 shows a number of loci on chromosome 7 that
have been examined in the mapping experiments reported
to date. The extent of chromosome 7 deletions in children
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with del(7q) has not been determined by either FISH or
polymorphism analysis and limited data are available from
studies in adults. Kere et al** performed restriction fragment-
length polymorphism and pulse-field gel analysis to localize
proximal 7q bizakpoints in 4 adults with MDS who had
partial deletions of the long arms. They identified consistent
loss of constitutional heterozygosity with cDNA probes telo-
meric to the erythropoietin (EPO) gene. Because EPO has
been mapped to 7q21.3,'""” their data agree with the cytoge-
netic findings in patients with del(7q). Although cytogenetic
investigation of their patients suggested the loss of the entire
distal long arm, analysis with DNA markers showed intersti-
tial deletions. Lewis et al®® recently presented data from 5
adults with MDS and del(7q). Molecular analysis showed
interstitial deletions in all 5 patients, 3 of whom retained
constitutional heterozygosity at the TCRB locus at 7q35. In
the study of Kere et al,* the PLANHI locus was always
deleted, whereas the more proximal COLIA2 marker re-
tained heterozygosity in some cases. Cytogenetic studies of
44 patients with 7q deletions performed at the University of
Chicago suggested a commonly involved DNA segment in
band 7q22 and another at 7q32-34 as ‘‘critical regions’’ in
the development of myeloid leukemia.’*®* These data are
consistent with mapping studies that used polymorphic
markers. Variability in both the distal and proximal
breakpoints suggests that the chromosome 7 deletions con-
tribute to leukemogenesis through loss of function of a tu-
mor-suppressor gene located within the deleted segment,
rather than by the formation of a dominantly acting fusion
transcript. The recent development of FISH offers a powerful
tool to more precisely map the extent of partial deletions
and should help refine the critical region on chromosome 7.
This technique was recently used to accurately characterize
chromosome 7 deletions in patients with myeloid disor-
ders.'” Although existing cytogenetic data suggest that the
critical region on 7q is the same in children and adults with
myeloid disorders, additional analysis of childhood cases
may resolve this question and may help to further refine the
segment of interest.

Studies of Chromosome 7 in Therapy-Related Leukemia
and JCML

Demonstrating allelic loss in malignancies that do not
show detectable cytogenetic deletions implicates loss of
function of tumor-suppressor genes in tumorigenesis and
may help to localize critical regions within specific DNA
segments.'”'"'** Patients with therapy-related MDS or AML
and children with JCML who do not have monosomy 7 have
been analyzed for loss of heterozygosity with chromosome
7 probes. Neuman et al®® studied the bone marrow of 10
patients with secondary MDS or AML without cytogenetic
evidence of chromosome 7 deletions. They detected loss of
heterozygosity with multiple probes located near CFTR in 1
patient. None of 40 patients with de novo AML had cryptic
involvement of chromosome 7. A similar analysis in 23
children with MDS or MPS, including 19 with JCML, found
no evidence for loss of constitutional heterozygosity.* Taken
together, the data from these studies indicate that submicro-
scopic loss of large segments of chromosome 7 DNA are
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Fig 4. Multipoint analysis in two pairs of siblings with familial
monosomy 7 using restriction fragment-length polymorphisms. The
bone marrow of affected siblings consistently shows different-sized
fragments, indicating that the DNA at these loci were derived from
different parental chromosomes. These families and some of the data
were previously reported.®*'?

uncommon in patients whose marrow does not show overt
structural abnormalities, but does not exclude a small region
of overlapping deletions located between the existing poly-
morphic markers.

The Tumor-Suppressor Model and Familial Monosomy 7

The peculiar epidemiology of monosomy 7 and 7q- could
be explained by the model of recessive cancer genes pro-
posed by Knudson.'** Familial cases would arise when af-
fected siblings inherit the same abnormal allele from one
parent. In young children with the nonfamilial type of mono-
somy 7, the initial mutation might occur in a parental gamete
or during embryogenesis (similar to the mechanism in spo-
radic cases of retinoblastoma). In patients who develop AML
as a second cancer, the initial mutation is presumably in-
duced by exposure to the carcinogen. The high spontaneous
mutation rate in Fanconi anemia would increase the likeli-
hood of a random mutation of the critical gene in a suscepti-
ble cell. In all of these circumstances, subsequent deletion of
the homologous normal allele in a hematopoietic progenitor
would lead to deregulated growth and clonal expansion. The
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Knudson model predicts that DNA from the same (abnormal)
parental chromosome 7 will be retained in the bone marrow
of siblings if the familial predisposition to leukemia is caused
by a germline mutation affecting one allele of a tumor-sup-
pressor gene located on chromosome 7 (similar to familial
retinoblastoma). However, multipoint linkage analysis in 3
pairs of siblings with childhood monosomy 7 showed consis-
tent retention of alleles from different parental chromosomes
in 2 families®*'? (Fig 4). The surprising result that the famil-
ial predisposition to develop monosomy 7 is apparently not
linked to chromosome 7 implicates at least two interacting
mutational events in the development of familial monosomy
7. This idea is consistent with the fact that children with
familial monosomy 7 are generally older at diagnosis than
patients with nonfamilial disease (Table 1), a finding that is
in marked contrast to the earlier age at disease onset in
patients with germline mutations such as the tumor-suppres-
sor genes RBI, WT1, and P53."**'? There are no published
molecular data from kindreds in which the predisposition to
monosomy 7 is associated with cerebellar ataxia.

Genomic Imprinting and Parent of Origin Effects

Genomic imprinting refers to the observation that the
functions of homologous alleles may differ depending on
whether they were transmitted by the father or mother.'”
Because the allele that is inherited from one parent is func-
tionally inactive because it is imprinted, malignancies in
which tumor-suppressor genes are inactivated by imprinting
would be expected to show preferential retention of alleles
inherited from one of the parents. This theory is true in a
number of pediatric cancers, including Wilms’ tumor and
familial rhabdomyosarcoma.'?'? Segments of the mouse
genome that are homologous to regions of the long arm of

chromosome 7 are imprinted,'?® and studies of patients with .

cystic fibrosis suggest that this is also true in humans, !

Two groups used polymorphic markers to determine whether
monosomy 7 bone marrow preferentially retains paternal or
maternal chromosomes. Katz et al'*? found loss of paternal
alleles in 7 of 8 children with preleukemia and monosomy
7 and suggested that imprinting might be important. How-
ever, a recent study of 12 patients showed preferential reten-
tion of maternal chromosomes."** The ratio of retained DNA
segments derived from maternal and paternal chromosomes
was 1:1 when data from these studies were combined.'**'**
The apparent lack of a parent-of-origin effect in childhood
monosomy 7 provides indirect evidence that imprinting of
chromosome 7 is not involved in leukemogenesis.

Mutations in the ras Pathway in Childhood Preleukemia

RAS mutations are observed in the marrow of 25% to
50% of adults with MDS and in a similar proportion of
adults and children with AML."**'% As summarized in Table
3, 20% to 30% of childhood preleukemias show RAS muta-
tions. These alterations usually affect codons 12 and 13 of
KRAS or NRAS and the incidence is approximately equal in
monosomy 7 and JCML (Table 3).52'%138 Ap activating RAS
mutation was reported in the bone marrow of one child with
familial monosomy 7."*° We recently found a mutation in

1993

Table 3. Incidence of RAS Mutations in Childhood Preleukemia

RAS Percentage
Mutations/ ~ With RAS

No. of Mutations  Typel(s) of RAS
Author Diagnosis Cases* (%) Mutationst
Neubauer et al'® Mo 7 2/1 18 N12ASP (1)
K13ASP (1)
Lubbert et al'¥ Mo 7 2/6 33 N12 (2)#
MDS 13 33 N61 (1)
Miyauchi et al®? JCMLS 6/20 30 N12CYS (3)¢)|
N13ASP (2)
N61LEU (2)
Kalra et al'® Mo 7 4/27 14 N12ASP (2)|
JCML 5/24 20 N12SER (1)
MPS 171 N12ALA (1)
N13ASP (2)
K12ASP (2)
K12VAL (2)
K12SER (1)

* Does not include 3 patients with NF-1 in the study of Neubauer
et al'® and 16 patients with NF-1 in the study of Kalra et al."® None
of these patients had RAS mutations. See text for further details.

t The abbreviations refer to the RAS gene (NRAS or KRAS), the
codon mutated (12, 13, or 61), and the amino acid substitution re-
sulting from the mtuation.

 The studies of Lubbert et al' and Miyauchi et al® were limited
to NRAS.

§ Four of the JCML patients in this study had bone marrow mono-
somy 7.

| Miyauchi et al®? and Kalra et al'® each identified 1 patient with
two independent RAS mutations.

the bone marrow of one of two sisters with monosomy 7 (R.
Kalra and K.M.S., unpublished data). We have also detected
activating RAS mutations in the bone marrow of some pa-
tients with severe congenital neutropenia who developed ma-
lignant myeloid disorders associated with bone marrow
monosomy 7.% _

The presence of RAS mutations in many patients with
monosomy 7 is of particular interest because children with
NF-1 are at increased of risk of developing monosomy 7
and JCML 4495183190 The NF-1 gene (NFI) includes a do-
main that shares sequence homology with GTPase activating
proteins (GAPs).'* ' GAPs negatively regulate the biologic
activity of Ras proteins by accelerating GTP hydrolysis; ge-
netic and biochemical evidence are consistent with the idea
that NF] functions as a tumor suppressor in neural crest
cells.'** Similarly, a study of 11 children with NF-1 who
developed malignant myeloid disorders showed loss of the
normal NF[ allele in 5 cases, including 2 patients with JCML
and 1 with monosomy 7 (Fig 5)."' Furthermore, activating
RAS mutations appear to be restricted to the subset of chil-
dren with preleukemia who do not have NF-1."® Taken to-
gether, these data provide strong genetic evidence that the
tumor-suppressor activity of NF/ is mediated through its
effects on Ras in hematopoietic cells. Mutant NF! alleles
transmitted by either parent may be retained in the marrows
of children with NF-1 who develop malignant myeloid disor-
ders; this suggests that NF! is not imprinted in myeloid
cells.'

Two groups used homologous recombination in embry-
onic stem cells to construct mouse strains with germline
disruptions of NFI. Homozygous inactivation of NFI is an
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NF-1

Fig 5. Loss of the normal NF1 allele from the bone marrow of a
child with JCML. A highly polymorphic repeat located in an intron
of NF1"°' was amplified using the polymerase chain reaction as de-
scribed elsewhere; the products were separated on a polyacrylamide
gel. The normal maternal allele is seen in tissue obtained at diagnos-
tic lung biopsy (L) but is lost in the bone marrow (BM). We are in-
debted to Dr Eric Sievers for referring this patient for study.

embryonic lethal trait with prominent vascular and cardiac
anomalies."*""'"*? Interestingly, heterozygous animals are sus-
ceptible to the development of malignant myeloid disorders
during the second year of life.'"*' Molecular analysis of these
leukemias consistently showed loss of the wild-type allele.""'
These animals provide a valuable experimental system for
characterizing the biochemical consequences of loss of NF1
function and to investigate what additional genetic events
contribute to leukemogenesis.

SPECULATIONS AND FUTURE PERSPECTIVES

The existing data are most consistent with the idea that
chromosome 7 deletions are not the initiating event in child-
hood MDS and AML, particularly because this deletion
arises in so many situations in which there is already a well-
defined predisposing condition. Epidemiologic evidence that
chromosome 7 deletions are secondary events are consistent
with data in familial monosomy 7 showing that the inherited
predisposition is not linked to chromosome 7. The coexis-
tence of chromosome 7 deletions and mutations that perturb
Ras-mediated signaling in many cases of MDS and AML
suggest that these alterations cooperate in the outgrowth of
a malignant clone.

It is likely that monosomy 7 contributes to leukemogenesis
because it results in loss of function of a critical gene (or

LUNA-FINEMAN, SHANNON, AND LANGE

genes) located on 7q. However, it is unknown if inactivation
of both alleles of the putative gene (or genes) is essential or
if monosomy 7 might act by dosage. This is a crucial ques-
tion and the experiments performed to date are remarkably
uninformative. The fact that the predisposition to leukemia
is not linked to chromosome 7 in children with familial
monosomy 7 does not exclude the possibility that inactiva-
tion of both alleles of a tumor-suppressor gene is a late
event in leukemogenesis. Similarly, the existence of either
alternative genetic events or of a small ‘‘critical region’’
between the probes used to date might explain the failure to
detect loss of heterozygosity on chromosome 7 in patients
with secondary AML or JCML without cytogenetic evidence
of deletions. The best evidence of a tumor-suppressor locus
on the long arm of chromosome 7 are derived from genetic
mapping and microcell fusion experiments in immortalized,
nontumorigenic fibroblast cell lines."® Two lines showed
loss of heterozygosity on 7q (one by deletion); the introduc-
tion of chromosome 7 induced senescence.'** The relevance
of these data to hematopoietic cells is unknown.

With little direct evidence that functional inactivation of
both alleles of a putative tumor-suppressor gene is an essen-
tial step in leukemogenesis in monosomy 7, it is reasonable
to consider the idea that loss of one allele confers a growth
advantage by reducing the concentration of a critical protein
(ie, by gene dosage or haploinsufficiency). As reviewed re-
cently, two copies of some genes are essential for a normal
phenotype; genetic disorders result when one allele is inacti-
vated."** There is no direct evidence that monosomy 7 con-
tributes to leukemogenesis by this mechanism, but the idea
of haploinsufficiency is consistent with data in de novo
monosomy 7, in familial monosomy 7, and in patients who
do not show overt cytogenetic deletions. Inasmuch as it is
highly unlikely that loss of one allele of a single autosomal
gene would have severe phenotypic consequences for my-
eloid growth control, it is striking that monosomy 7 is
strongly associated with occupational or medical exposure
to genotoxins, with a variety of constitutional predispositions
to leukemia, and coexists with alterations of genes involved
in Ras signaling in many patients. Deletions of 5q31 are
common in adults with MDS; this syndrome has been inves-
tigated intensively over the past few years.'*>'* Despite a
well-defined “‘critical region’” and contiguous genomic
clones spanning the DNA segment of interest, convincing
evidence that both alleles of a tumor-suppressor gene are
inactivated have not emerged in patients with 5q deletions,
and haploinsufficiency has been suggested as a plausible
explanation.'>'%

The tumor-suppressor and haploinsufficiency models are
not mutually exclusive. For example, it is possible that one
allele of the critical gene is lost during the development of
MDS with monosomy 7 and that progression to AML is
associated with an acquired mutation of the remaining nor-
mal homologue. If monosomy 7 contributes to leukemogene-
sis by haploinsufficiency, proving that this is true and exclud-
ing the existence of a ‘‘classic’’ tumor-suppressor gene is a
formidable experimental challenge.

Deregulation of signal transduction through Ras proteins
is a common underlying event in many types of myeloid
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Fig 6. A proposed model
showing some of the molecular
events involved in the develop-
ment of malignant myseloid dis-
orders associated with mono- -
somy 7. The male predominance {
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leukemia. As recently reviewed by Sawyers and Denny,'*’

this apparently occurs by a number of different genetic mech-
anisms, including (1) activating point mutation of KRAS or
NRAS'135; (2) loss of the normal NFI allele'”; (3) interac-
tion between the chimeric Bcr-Abl protein and Grb-2 in
CML'"®; and (4) involvement of the intracellnlar domain of
the PDGFf receptor in the t(5;12) translocation of
CMML.'*® The presence of RAS mutations in the bone mar-
row of some patients with monosomy 7 suggests that aber-
rant Ras-mediated signaling and chromosome 7 deletions
cooperate in leukemogenesis, probably by deregulating dif-
ferent biochemical pathways involved in myeloid growth
and differentiation. Importantly, the presence of both alter-
ations in the bone marrow of some children with constitu-
tional predispositions to leukemia indicates that leukemo-
genesis in these cases involves the same secondary genetic
events as in de novo MDS and AML. This finding, in turn,
suggests that these disorders predispose to myeloid leukemia
by increasing the likelihood of acquiring common secondary
alterations rather than through novel mechanisms.

Figure 6 is styled after the genetic paradigm developed by
Fearon and Vogelstein'® as they have defined the molecular
events that underlie colon carcinogenesis. In our model, al-
terations of the RAS pathway precede chromosome 7 dele-
tions for two reasons: (1) NF-1 is associated with a clear
constitutional predisposition to myeloid leukemia; and (2)
the data in familial monosomy 7 implicate loss of chromo-
some 7 as a ‘‘late’’ genetic event in leukemogenesis. It is
likely that the constellation of genetic alterations is more
important than the order in which they are acquired and that
this sequence varies in individual patients.

Finally, the clinical features of adults and children with
monosomy 7 and cytogenetic findings in patients with partial
del(7q) are consistent with the hypothesis that the same gene
(or genes) contributes to leukemogenesis in both age groups,
irrespective of whether the predominant clinical pattern is
hyperproliferative or dysplastic. Identification of the putative
gene on the long arm of chromosome 7; characterization of
the mechanism involved in leukemogenesis (ie, recessive
inactivation of both alleles or haploinsufficiency); and estab-
lishing the biochemical activities of its protein product are

important goals. This is particularly true because conven-
tional treatment approaches are unsatisfactory in patients of
all ages who have bone marrow monosomy 7.
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