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Abstract

The high frequency of a unique neonatal preleukaemic syndrome, Transient Abnormal
Myelopoiesis (TAM), and subsequent acute myeloid leukaemia in early childhood in patients with
trisomy 21 (Down syndrome) points to a specific role for trisomy 21 in transforming foetal
haematopoietic cells. N-terminal truncating mutations in the key haematopoietic transcription
factor GATAL are acquired during foetal life in virtually every case. These mutations are not
leukaemogenic in the absence of trisomy 21. In mouse models, deregulated expression of
chromosome 21-encoded genes is implicated in leukaemic transformation, but does not
recapitulate the effects of trisomy 21 in a human context. Recent work using primary human foetal
liver and bone marrow cells, human embryonic stem cells and iPS cells cells shows that prior to
acquistion of GATAL mutations, trisomy 21 itself alters human foetal haematopoietic stem cell and
progenitor cell biology causing multiple abnormalities in myelopoiesis and B-lymphopoiesis. The
molecular basis by which trisomy 21 exerts these effects is likely to be extremely complex, to be
tissue- and lineage-specific and to be dependent on ontogeny-related characteristics of the foetal
microenvironment.
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Introduction

It has long been recognised that children with constitutional trisomy 21 (Down syndrome;
DS) have a markedly increased risk of acute leukaemia [1]. Remarkably, this susceptibility
to haematopoietic malignancies manifests as an increased risk both of acute megakaryocyte
(MK)-erythroid leukaemia (known as ML-DS) by 150-fold and of acute B-lineage
lymphoblastic leukaemia (B-ALL) by 33-fold compared to children without DS [1, 2]. The
unique features of DS-associated leukaemias not only indicate the crucial role played by
trisomy 21 in their pathogenesis, but also represent potentially tractable models of multistep
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leukaemogenesis [3-5]. Furthermore, it is now clear that the myeloid, and possibly the
lymphoblastic, leukaemias originate in foetal life.

Foetal origin of trisomy 21-associated leukaemias

ML-DS is characterised by a clinical presentation virtually confined to the first 5 years of
childhood [1, 4]; and an antecedent, clonally-linked preleukaemic condition (termed
Transient Abnormal Myelopoiesis, TAM) in most cases. TAM, a clonal myeloproliferative
syndrome unique to DS, presents in foetal life or a few days after birth [3, 6-9]. Typically,
the syndrome is characterised by the presence of high numbers of circulating blasts, together
with diffuse hepatic infiltration with abnormal megakaryocytes and megakaryoblasts [6-9].
We, and others, have shown that virtually all cases of TAM and ML-DS have acquired N-
terminal truncating mutations in the erythroid-megakaryocyte transcription factor gene
GATAL [10-15]. These mutations, which are not leukaemogenic in the absence of trisomy 21
[16], are present at, or before, birth and disappear when TAM (or ML-DS) enters remission
[10]. While some cases of TAM progress to ML-DS, most cases spontaneously resolve
within 3 months of birth (Figure 1)[6-8]. Thus, clinical, biological and molecular data
indicate that TAM is a foetal haematopoietic disorder.

Trisomy 21 and human foetal haematopoiesis

Trisomy 21 may impact on haematopoietic cell biology in multiple complex ways [17].
Trisomic genes, individually or collectively, may be directly involved through gene dosage;
their effects may be haematopoietic cell autonomous or via other cell types, and the effects
may be exerted indirectly via disomic genes. To address this, we have investigated the
cellular consequences of trisomy 21 in primary human foetal haematopoietic cells, prior to
the acquisition of GATAL mutations.

Perturbation of second trimester haematopoiesis by trisomy 21

We [18], and others [19] found a specific and marked expansion of the megakaryocyte-
erythroid progenitor (MEP) compartment in second trimester DS foetal liver in the absence
of detectable GATAL mutations. To investigate whether the abnormalities in the myeloid
progenitor compartment of trisomy 21 foetal liver were confined to the MEP compartment,
or extended to the HSC or multipotential progenitor (MPP) level, we have recently gone on
to perform detailed immunophenotypic and functional analyses of the HSC/MPP, committed
myeloid and B-lymphoid compartments of trisomy 21 foetal liver and compared these with
normal foetal liver [20]. We demonstrated for the first time, that in human foetal liver,
trisomy 21 itself increases immunophenotypic HSC frequency, clonogenicity, MK-erythroid
output and biases erythroid-megakaryocyte primed gene expression with associated MEP
expansion. In addition, immunohistochemical studies of trisomy 21 foetal liver sections
showed that megakaryocytes were both increased [20] and morphologically abnormal.
Furthermore, we found severe impairment of B-lymphoid development with ~10-fold
reduction in pre-pro B-cells and B-cell potential of HSC, in tandem with reduced HSC
lymphoid gene expression priming suggesting that multiple genes are likely to be involved
at distinct foetal stages of haematopoiesis (see below).
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The same pattern of foetal liver haematological abnormalities was seen in every trisomy 21
foetal sample over the gestation range we investigated (14-22 weeks) [20]. This confirmed
our earlier observations of consistent foetal abnormalities despite the absence of GATA1
mutations which was independently confirmed in two labs [18,19] and is found also in
neonates with DS (submitted). These data support the contention that an extra copy of Hsa21
in foetal liver HSC is sufficient to perturb their growth and differentiation. This in turn
would lead to increased foetal liver MEP and, following acquisition of GATAL mutation(s),
to a selective expansion of a leukaemic erythro-megakaryocytic blast cell population
manifesting as the clinical condition TAM in late foetal, or early neonatal life (Figure 1).

Also in support of the notion that trisomy 21 itself directly perturbs haematopoiesis, and
particularly megakaryocyte/erythroid lineage development, was recently reported by
MacLean et al, using human trisomy 21 human embryonic stem (hES) cells and induced
pluripotent stem (iPS) cells. They found that trisomy 21 hES and iPS cells, when they were
differentiated under foetal liver-like conditions, displayed increased erythroid and
megakaryocyte colony forming potential compared to isogenic disomic clones [21]. By
contrast, in similar experiments using an iPS cells model of trisomy 21 yolk sac
hematopoiesis, trisomy 21 selectively enhanced erythropoiesis while megakaryocyte
production was normal and myelopoiesis was reduced [22] suggesting that the effects of
trisomy 21 are likely to be developmental stage specific.

Impact of trisomy 21 on perinatal haematopoiesis

The profound abnormalities of second trimester haematopoiesis in Down syndrome raise the
question of whether these changes are confined to the second trimester when haematopoiesis
is maximal in foetal liver or whether trisomy 21 also perturbs peri- and post-natal
haematopoiesis. To address this we have recently performed a systematic analysis of blood
counts and blood cell morphology in newborn infants with DS. DS neonates almost all had
quantitative and morphological haematological abnormalities independent of their GATAL
mutation status (submitted). The most common erythrocyte abnormality was macrocytosis, a
consistent finding in individuals with Down Syndrome [23] and murine models of Down
syndrome [24,25], suggesting a direct link to altered expression of chromosome 21 genes on
postnatal haematopoiesis. Dysplastic platelets and leucocytes similar to other
myelodysplastic conditions [26,27] were also common in neonates with Down syndrome
supporting the contention that trisomy 21 itself causes trilineage perturbation of neonatal, as
well as foetal, haematopoiesis.

Molecular basis for perturbation of haematopoiesis by trisomy 21

Although there are ~300 protein-encoding and RNA genes on human chromosome 21
(Hsa21)[28], the functional correlation between levels of expression of Hsa21 genes and
phenotype, is unknown [17]. Several approaches are being used to try to identify genes
linked to increased leukaemia susceptibility. Studies in rare patients with partial trisomy
suggest that leukaemia risk is confined to an 8.5Mb region on chromosome 21 (Hsa21)
although conclusions are limited by the very small number of cases of leukaemia identified
in these patients [29]. Others have investigated gene expression by hES cells or iPS cells
from primary trisomy 21 samples or used a series of elegant transgenic mouse models
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including the Tc1 mouse, which contains a copy of most of human Hsa21 [25], and mice
containing additional copies of all or part of mouse chromosomal regions syntenic with
Hsa21 (see below)[24, 30, 31].

Human studies

Several Hsa21 genes, such as RUNX1, BACH1, ETS?, ERG, DYRK1A, and GABPA encode
proteins with known functions in haematopoietic cells [17,32-37]. RUNXZ1, for example, has
been reported to interact with GATAL during megakaryocyte differentiation [32] and plays
an important role in the pathogenesis of non-DS AML [38]. However, RUNX1 trisomy is not
required for the abnormal megakaryopoiesis in mouse models [24] and gene expression
studies do not show significantly increased RUNX1 expression in foetal liver [18-20],
trisomy 21-derived ES or iPS cells cells [21,22] or in ML-DS compared to non-DS AMKL
[39].

Chou et al found increased expression of only 4 Hsa21 genes using gene expression arrays
DYRK1a, BACH1, GABPA and SON, The increased levels of these genes was modest but
close to those predicted as a result of an additional copy of 21. This illustrates one of the
difficulties in analysing expression data from aneuploid cells where the modest differences
in expression level may be difficult to differentiate from interindividual differences [40].
Indeed, MacLean et al, investigating gene expression in iPS cells differentiated under foetal
liver-like conditions observed no consistent change in transcript levels between
differentiated isogenic disomic and trisomic iPS cells cells [21]. There are also 5 Hsa21
microRNAs (miRs) on Hsa21, four of which are known to be expressed in megakaryocyte
lineage cells [41]. However, no differences in expression of any of these miRs were seen
between trisomic and disomic iPS cells cells [21]. Interestingly, in DS-ML and TAM
miR-125b has been reported to be overexpressed in comparison with normal
megakaryocytes [42].

Mouse models of trisomy 21

Mouse models of DS have provided important insight into the function of a number of genes
on chromosome 21 but none of the models fully recapitulates the human disease. The Tcl
mouse, which contains a copy of ~80% of Hsa21 genes, developed macrocytic anaemia,
splenomegaly and increased megakaryopoiesis but the changes were notable mainly in
older, rather than foetal/neonatal mice, none of the mice developed leukaemia or a true
myeloproliferative disorder and no specific genes were identified as responsible for the
haematological abnormalities [25]. More recently multiple structural rearrangements/
deletions have been identified in Tc1 mice which may help to better refine the contribution
of individual genes since it is now clear that 50 of the Hsa21 genes in this model, including
RUNXZ1 for example, are disomic [43].

Using mice trisomic for a variable number of genes on mouse chromosome 16 syntenic with
Hsa21, two groups have also reported macrocytic anaemia and abnormal megakaryopoiesis
[30, 31]. One of these models (Ts65Dn), which contains ~104 Hsa21 orthologues, develops
a myeloproliferative disorder in adult rather than neonatal life [31]. This has been linked to
overexpression of ERG, which is necessary for the myeloproliferative disorder in Ts65Dn
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mice [44] and is able to promote megakaryopoiesis and induce megakaryoblastic leukaemia
in the absence of a trisomy 21 background [35]. However, there is no evidence to date that
ERG is overexpressed in human trisomy 21 foetal liver cells, ES/iPS cells cells or in ML-DS
[20-22, 38]. To identify other genes responsible for the haematopoietic abnormalities in
Ts65Dn mice, John Crispino's lab used a refined mouse model (Ts1Rhr) which is only
trisomic for 33 Hsa21 orthologues. Although neither TAM nor ML-DS develop
spontaneously in these mice, by crossing Ts1Rhr with GATALs knock in mice and over-
express a transforming MPL allele (MPLW>15L)  they recently produced the first mouse
model of trisomy 21-dependent ML-DS [45]. Using this model, both shRNA and gene
expression profiling and functional studies identified DYRK1A (and possibly CHAF1B,
HLCSand ERG) as mediators of abnormal megakaryopoiesis and, for DYRK1A, as a
megakaryoblastic tumour-promoting gene in the setting of partial trisomy 21 and GATALs
[45]. Further studies using this model or the newly characterised Tc1 mice, in tandem with
studies in primary human cells at different stages of leukaemic transformation should
provide interesting data over the next few years.

The role of the foetal haematopoietic microenvironment in perturbation of

haematopoiesis by trisomy 21

Several lines of indirect evidence suggest that foetal liver may provide the specialised
microenvironment necessary for driving and/or maintaining abnormal haematopoiesis in DS.
First, as mentioned above, pathological and molecular studies clearly show that TAM (and
by inference ML-DS) arises in the foetal liver [7, 9, 10, 46, 47]. TAM is predominantly a
foetal liver disease with little bone marrow involvement [9] and spontaneous resolution of
the majority of cases in the first 6 months of life strongly suggests that the foetal
microenvironment is important for the maintenance of mutant GATAL clones [6-8]. Second,
our previous work suggested that, in contrast to the marked abnormalities in foetal liver
myeloid progenitors, there were no significant differences in foetal bone marrow myeloid
progenitors between foetuses with and without trisomy 21 [18]. More recently we have
characterised foetal bone marrow haematopoiesis in more detail and identified trisomy 21-
associated haematopoietic abnormalities which are distinctly different from those in foetal
liver (unpublished data). Third, differential production and responsiveness of foetal tissues,
including haematopoietic cells, to insulin-like growth factors (IGFs) is one of the few
consistently reported differences between adult and foetal haematopoiesis [48-51]. While
osteoblast-derived IGF1 is important for survival and expansion of adult HSC [48], foetal
HSC expansion is supported by IGF2 produced by unique foetal liver stromal cells [49, 50].
In addition, foetal, but not adult, murine megakaryocyte progenitors are dependent for their
survival and proliferation on the IGF signalling pathway [51]. Since ML-DS and TAM cells
also both depend upon increased IGF signalling pathway, it is plausible that
developmentally-regulated IGF signalling, mediated by foetal liver-derived IGFs, is
responsible for the HSC MK-erythroid bias and MEP expansion in trisomy 21 foetal liver.
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Summary and conclusions

Recent data from primary human foetal liver, as well as ES cells and iPS cells, show that
trisomy 21 itself alters human foetal HSC and progenitor biology causing multiple defects in
megakaryocyte/erythroid and B lymphoid lineage development. These data provide clues to
mechanisms by which trisomy 21, or aneuploidy in general, may perturb haematopoietic cell
growth and differentiation and a model with which to investigate these. The molecular basis
of these effects is likely to be extremely complex, to be both tissue- and lineage-specific and
to be dependent on the foetal liver, and possibly bone marrow, microenvironment.

Trisomy 21 is likely to impact on hematopoietic cell biology in multiple complex ways.
Several genes on chromosome 21 (Hsa21), such as RUNX1, ERG and DYRK1A, encode
proteins or microRNAS, such as miR-125b, with relevant functions in hematopoietic cells.
However, while trisomic genes, individually or collectively, may be directly involved
through gene dosage either in a hematopoietic cell-autonomous fashion or via other cell
types, the effects may also be exerted indirectly via disomic genes. To address this, several
investigators have studied mouse models of DS [4]. Although these models implicate
deregulated expression of Hsa21-encoded genes as tumour-promoting, most evidence
suggests that the mouse may not be a suitable model [4]. Critically, none of the models
spontaneously develop TAM and/or ML-DS. Furthermore, the hematopoietic phenotype of
germline N-terminal GATA1 mutations in disomic humans [5] is markedly different to
mouse.

Conclusion

In conclusion, recent data from primary human FL [10], as well as foetal BM, ES cells and
iPS cells [8-9], indicate that T21 itself alters human foetal HSC and progenitor biology
causing multiple defects in lympho-myelopoiesis. These data provide clues to possible
mechanisms through which T21, or aneuploidy in general, may perturb hematopoietic cell
growth and differentiation and a model with which to investigate these. However, the
molecular basis through which T21 exerts these effects is likely to be extremely complex, to
be both tissue- and lineage-specific and to be dependent on the FL, and possibly foetal BM,
microenvironment, analogous to the role of the specialised tumour microenvironment in
enabling and sustaining neoplastic cancer cells.
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TRISOMY 21

Figure 1. Impact of trisomy 21 on foetal and post-natal hematopoiesis
Schematic representation of the effect of trisomy 21 (T21) on foetal, neonatal and childhood

haematopoiesis. Foetal liver cells trisomic for chromosome 21 demonstrate perturbed
haematopoiesis with an expansion of the haematopoietic stem cell compartment (HSC),
megakaryocyte (MK)-erythroid progenitors (MEP) and megakaryocytes together with
reduced B lymphopoiesis. Interaction of haematopoietic cells with the T21 foetal liver
microenvironment may play an important role in initiating or maintaining abnormal foetal
haematopoiesis, providing a susceptible HSC/progenitor pool upon which subsequent
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acquisition of N-terminal truncating GATA1 mutations would have a selective advantage.
Expansion of the foetal liver mutant GATA1 HSC/progenitor population results in Transient
Abnormal Myelopoiesis (TAM) in late foetal or early neonatal life. Although most cases of
TAM resolve spontaneously, up to 30% of cases develop Down syndrome-associated acute
myeloid leukaemia (ML-DS) before the age of 5 years as a result of additional genetic/
epigenetic events. Reduced foetal B lymphopoiesis may also underlie the increased
susceptibility of children with Down Syndrome (T21) to acute lymphoblastic leukaemia
(ALL).
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