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Abstract

Extra copies of chromosome 21 are often found in sporadic leukemias. Constitutional trisomy 21 of Down syndrome (DS) is associated with
markedly increased risk for childhood leukemia. Thus the oncogenic role of trisomy 21 in the more common sporadic childhood leukemias may be
revealed through the investigations of the relatively rare leukemias of DS. Recent studies of the megakaryoblastic leukemias of Down syndrome
have uncovered a developmental leukemogenic mechanism characterized by a unique pre-natal collaboration between overexpressed genes from
chromosome 21 and an acquired mutation in the transcription factor GATA1. The base of the markedly enhanced risk for acute /ymphoblastic
leukemia conferred by trisomy 21 is still unclear. Studies of the leukemias of DS are likely to contribute to the general understanding of the
oncogenic mechanisms of chromosomal aneuploidies, the most common abnormalities in cancer.
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Introduction

The accumulation of multiple genetic abnormalities, or “hits”,
characterizes the evolution of the cancer cell. This genomic insta-
bility is commonly manifested by structural or numerical chromo-
somal aberrations [1]. Structural genomic aberrations leading to
the activation of oncogenes or elimination of tumor suppression
genes have been studied extensively. However, very little is known
about the oncogenic role of numerical chromosomal aberrations,
aneuploidy, which are the most common abnormalities in cancer.

Aneuploidy of chromosome 21 and acute megakaryocytic
leukemia

Three (trisomy) or four (tetrasomy) copies of chromosome
21 is common in childhood acute lymphoblastic leukemia
(ALL) [2—4]. Children with Down syndrome (DS) who carry
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trisomy 21 in all their cells have a 20-fold increased risk for
childhood ALL and 600-fold risk for acute megakaryocytic
leukemia (AMKL) [5]. DS is not a classic genomic instability
syndrome as the general risk for cancer is lower in these patients
[5]. Rather, the high incidence of childhood leukemia in
children with DS strongly suggests that additional copies of
chromosome 21 are leukemogenic. Hence, studies of the
pathogenesis of leukemia in patients with DS may clarify the
role of acquired trisomy 21 in sporadic leukemias.

Approximately 10% of children with DS are born with a clonal
megakaryocytosis syndrome commonly called “transient myelo-
proliferative disorder” (TMD) or “transient abnormal myelopoi-
esis” (TAM) or “transient leukemia”. As suggested by the
different names the disorder is usually transient and resolves
spontaneously within up to several months. The biological mech-
anism of the spontaneous resolution is unclear. About 1-2% of
DS patients will develop, however, a full-blown malignant acute
megakaryoblastic leukemia (AMKL) during their first 4 years of
life that will not regress without chemotherapy. In fact, the risk of
AMKUL is about 600 times higher in children with DS [5]. The
factor(s) underlying the transformation from “benign” TMD into
“malignant” AMKL are largely unknown.
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Thus the megakaryocytic malignancies of DS provide a “natural
genetic model” of multistep lineage-specific leukemogenesis.
Both the congenital disorder and the full-blown AMKL are
characterized by differentiation arrest of the megakaryocytic
lineage. The peculiar association between DS and childhood
megakaryoblastic disorders has led to intensive search for gene or
genes on chromosome 2 1 than may cause the differentiation arrest
and initiate the leukemia. A surprising twist in this story came
with the discovery that a gene on chromosome X, GATAI, was
mutated in the megakaryoblasts from all the patients with DS and
either TMD or AMKL [6,7]. The mutations were also found in
fetal liver of aborted DS fetuses [8]. The mutations are acquired as
they are not found in remission samples, and are specific to the
megakaryoblastic disorders associated with trisomy 21. Thus a
clear model for multistep leukemogenesis in DS emerges: In a
relatively high proportion of DS patients, acquired mutations in
GATAL1 are selected in utero and are probably responsible for the
differentiation arrest and the initiation of clonal proliferation of
immature megakaryoblasts. These mutations are necessary but
insufficient for the development of the full-blown AMKL that
affects some of these patients during early childhood (Fig. 1).

GATA1 encodes a zinc-finger transcription factor that
regulates the normal development of the erythroid, megakar-
yocytic and basophilic/mast cell lineages. Mice lacking GATA
expression in the megakaryocytic lineage have thrombocyto-
penia and extensive proliferation of immature megakaryoblasts.
Inherited inactivating mutations in GATA1 in humans cause a
familial dyserythropoietic anemia and thrombocytopenia [9].
Thus GATA1 normally suppresses the proliferation of mega-
karyocytic and erythroid precursors while promoting their
differentiation. Two isoforms of GATA1 are usually detected: a
full length GATAL translated from the first ATG on exon 2, and
a shorter form (GATA1s) that is initiated from an ATG on exon
3. The normal function of GATA 1s is unknown. Presumably the
balance between these two products serves a regulatory function
in normal megakaryocytic development. All the acquired muta-
tions in the megakaryoblastic disorders of DS result in elimina-
tion of the full-length GATA1 and the preservation of GATAs.
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Fig. 1. A model for leukemia development in patients with Down syndrome
(DS): trisomy 21 creates a pro-megakaryopoiesis developmental pressure during
fetal hematopoiesis. Acquired mutation in GATA1 (GATAs) causes differen-
tiation arrest and enhanced proliferation of megakaryoblastic precursors leading
to congenital leukemia (TMD): the evolution of this transient congenital
leukemia to full-blown acute megakaryocytic leukemia (AMKL).

Because in DS the trisomy 21 is constitutional, i.e. it resides
in every cell, it may promote leukemia in a non-autonomous
manner. Possibly, the presence of trisomy 21 in non-hemato-
poietic “stromal” cells in the fetal liver may change the micro-
environment and support the proliferation of the special fetal
hematopoietic progenitors that are sensitive to GATA1s. This
hypothesis may also explain why the transient megakaryoblastic
proliferation resolves after birth. However, since very little in
known about the regulation of fetal liver hematopoiesis, this
hypothesis is currently difficult to study.

Alternatively, increased expression of certain chromosome 21
genes in the same cell that carries the GATAls mutation may
enhance its proliferation or survival (“a cell autonomous”
hypothesis). We have recently demonstrated the potential
involvement of ERG, an ets transcription factor on chromosome
21q, in the DS megakaryocytic leukemias [10]. ERG is a proto-
oncogene that is rarely involved in AMKL caused by the ERG—
TLS translocations. We have shown that it is expressed in CD34
cells, in normal megakaryocytes and platelets, in megakaryocytic
leukemias (whether or not associated with DS), but not in normal
or malignant erythroblasts. ERG is induced upon megakaryocytic
differentiation of erythroleukemia cells. Forced expression of
ERG in an erythroleukemia cell line causes a phenotypic shift
from the erythroid into the megakaryocytic lineage. In recent
unpublished experiments from our laboratory, we show that
knockdown of ERG in a megakaryoblastic leukemia cell lines
reverse their megakaryoblastic phenotype. Together these obser-
vations suggest that ERG is a positive regulator of normal and
malignant megakaryopoiesis. We are currently testing the col-
laboration between ERG and GATA Is mutation in mouse models.

A trisomy, i.e. the addition of a whole copy of a chromo-
some, is fundamentally different from an amplification of a
small chromosomal segment containing one or more genes. We
have recently showed that trisomies result in elevated expres-
sion of multiple genes residing on the trisomic chromosome.
Generally the change of the level of expression corresponds to
the genomic copy number. Indeed it is possible to deduce the
presence of chromosomal trisomies from the gene expression
pattern [11]. This pattern of gene expression raises the hypoth-
esis that the oncogenic activity of trisomies may be conferred by
a collaboration of several mildly overexpressed genes residing
on the trisomic chromosomes.

Indeed there are several genes on the small chromosome 21
that encode proteins that may enhance megakaryopoiesis. These
genes include RUNXI [12,13], Ets2 and a newly discovered
group of genes coding for regulatory micro-RNAs. For example
both miR99a and miR125b are overexpressed in DS AMKL and
may be associated with megakaryopoiesis [14] (and unpublished
data from our laboratory). These observations led us to propose a
developmental “rush hour” model for the occurrence of mega-
karyocytic leukemias in DS [10]. We suggest that mild over-
expression of several genes on chromosome 21 create a positive
pressure towards megakaryopoiesis, similarly to the traffic pres-
sure towards downtown during rush hour. Supporting this sug-
gested enhanced fetal megakaryopoiesis is the observation that
normal DS infants have significantly higher platelets counts dur-
ing the first 6 months of life [15]. Moreover, striking unpublished
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observations from Irene Roberts Laboratory (presented in the
recent meeting of the American Society of Hematology, Dec.
2006) suggest a markedly enlarged megakaryocyte—erythroid
progenitor department in human DS fetal livers. Together, these
observations support our model that overexpressed genes from
trisomy 21 promotes fetal megakaryopoiesis and “sets the stage”
for a differentiation arresting mutations.

In our proposed model, the GATA 1s mutation is similar to a
“traffic accident” — it prevents megakaryopoiesis from reaching
the target — platelet formation and further enhances the pro-
liferation of a putative fetal megakaryocytic precursor, as shown
by Lietal. [16]. The consequence is a pile-up of megakaryocytic
precursors. In contrast to the car traffic-jam, only mega-
karyocytic progenitors with the GATA Is accumulate. This clonal
accumulation results in the congenital leukemic phenotype.

Implications of DS megakaryocytic leukemias, to the
studies of childhood leukemias

First, it is a prime example of collaborating pro-proliferation
and differentiation arresting mutations in leukemia. Second, it
may provide a general model for the role of aneuploidy in
leukemia. Unique to whole chromosome aneuploidy is the
parallel amplification of multiple genes which may act coop-
eratively in the same leukemogenic pathway [11]. Finally, deci-
phering the regulatory factors working towards the selection of
GATA 1s progenitors during fetal liver hematopoiesis in DS may
be relevant to sporadic childhood leukemia since recent studies
have clarified that most, if not all, childhood leukemia arise
during fetal hematopoiesis [17].

DS and acute lymphoblastic leukemia

The megakaryocytic leukemia of Down syndrome is a unique
disease [18]. However patients with Down syndrome are also at a
markedly increased risk for childhood acute lymphoblastic
leukemias (ALL). Because tri- or tetrasomy of chromosome 21
are the most commonly acquired chromosomal abnormalities in
ALL, the study of DS ALL may have direct implications for
sporadic childhood ALL. In most published multi-institutional
ALL protocols, DS ALL comprise about 1-3% of total patients
[19-21]. The age distribution and the immunophenotype are
similar to “common ALL”. “Common ALL” is a B-cell precursor
leukemia that occurs most commonly in young preschool children.

ALL may be caused by a direct oncogenic effect of trisomy
21, similarly to the role of additional chromosomes 21 in
sporadic leukemias. Alternatively the effect of trisomy 21 may
be developmental. Similarly to the suggested model for the
megakaryocytic leukemias of DS, constitutional trisomy 21
may enhance the proliferation of a normal fetal lymphoid
progenitor. This excess proliferation could evolve into leukemia
if additional genetic events occur. Viral infections and the
immunological response have long been suggested to have a
role in the pathogenesis of childhood common ALL [22,23].
The markedly increased risk of ALL in DS could also be caused
by the altered immunological environment and the increased
infection rate that characterize DS.

Molecular epidemiology studies may clarify the leukemo-
genic role of constitutional trisomy 21. “Common” sporadic
childhood ALL is usually associated with one of two genetic
abnormalities: a structural chromosomal anomaly — fusing the
AMLI1 (RUNXI) gene on chromosome 21 with the TEL (ETV6)
gene on chromosome 12, or a numerical abnormality —
hyperdiploidy [24]. These two genetic aberrations are mutually
exclusive suggesting that each activates an oncogenic pathway
leading to B-cell precursor leukemia. If trisomy 21 enhances the
risk for childhood ALL indirectly we could expect a similar rate
of secondary aberrations (hyperdiploidy or TEL/AMLI trans-
location) to sporadic common ALL. If, on the other hand,
constitutional trisomy 21 has a direct leukemogenic effect
similarly to the role of the acquired extra copies of chromosome
21 in hyperdiploid ALL, then we would expect a lower preva-
lence of TEL/AMLI or hyperdiploid genotypes in the ALL of
Down syndrome.

There have been several studies summarizing the epidemi-
ology of DS ALL during ALL protocols of the 1970s and 1980s
as well as more recent reports by the COG and the NOPHO
groups [19-21,25]. However, the number of DS ALL patients is
still relatively small for any definite conclusions or subgroup
analysis. For example, several studies demonstrated very low
prevalence of TEL/AMLI1 translocations (consistent with the
“direct role” hypothesis), while another has demonstrated the
reverse [26]. Clearly an international molecular epidemiological
study of DS ALL is warranted.

A recent genomic study on children with sporadic ALLs [27]
as well as unpublished data from our laboratory on patients with
DS reveal frequent monoallelic deletions of genes coding
regulators of B cell development such as PAXS. Thus, similarly
to the megakaryoblastic leukemias of DS, a collaboration
between trisomy 21 and a differentiation arresting mutation in a
lineage-specific transcription factor may also underline the
development of lymphoblastic leukemias.
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