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Children with constitutional trisomy 21 (cT21, Down Syndrome, DS) are at a higher risk for both myeloid and B-lymphoid leukaemias.
The myeloid leukaemias are often preceded by a transient neonatal pre-leukaemic syndrome, Transient Abnormal Myelopoiesis
(TAM). TAM is caused by cooperation between cT21 and acquired somatic N-terminal truncating mutations in the key haematopoietic
transcription factor GATA1. These mutations, which are not leukaemogenic in the absence of cT21, are found in almost one-third of
neonates with DS. Analysis of primary human fetal liver haematopoietic cells and of human embryonic stem cells demonstrates that
cT21 itself substantially alters human fetal haematopoietic development. Consequently, many haematopoietic developmental defects
are observed in neonates with DS even in the absence of TAM. Although studies in mouse models have suggested a pathogenic role
of deregulated expression of several chromosome 21-encoded genes, their role in human leukaemogenesis remains unclear. As
cT21 exists in all embryonic cells, the molecular basis of cT21-associated leukaemias probably reflects a complex interaction between
deregulated gene expression in haematopoietic cells and the fetal haematopoietic microenvironment in DS.
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hildren with constitutional trisomy 21 (cT21, Down syndro-

me, DS) have a remarkably high risk of acute leukaemia [1].
The incidence of acute myeloid leukaemia (known as ML-DS) is
c. 150 times greater in young children with DS compared to chil-
dren of the same age without DS while the incidence of acute
B-cell lymphoblastic leukaemia (B-ALL) is c. 33 times higher [1, 2].
The unique features of DS-associated leukaemias point to the
crucial role played by cT21 in their pathogenesis and provide
tractable models of human leukaemogenesis [3-5]. Here we dis-
cuss recent insights into the natural history and pathogenesis of
acute leukaemia in children with DS with the major emphasis on
the perturbation of fetal and postnatal haematopoietic develop-
ment by T21, that may render haematopoietic stem and progeni-
tor cells (HSPC) more susceptible to leukaemic transformation.

DS-associated leukaemias - an overview

As we wish to focus on the aspects of perinatal haematopoi-
esis that may predispose children with DS to leukaemia, we will
only summarize the main features of the leukaemias of DS.
Several recent reviews are recommended for more detailed de-
scription of the clinical features of these leukaemias [3, 5-9].

DS-associated acute lymphoid leukaemia

The lymphoid leukaemias of DS (DS-ALL) are almost exclu-
sively B precursor ALLs. In a recent large series of DS-ALLs there
were only five cases of T-ALL among 700 patients [9]. Also, in a
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sharp contrast to the myeloid neoplasms, they almost never
occur in infants. Clinically, the outcome of DS-ALL is significantly
worse than the sporadic childhood B cell precursor ALLs be-
cause of intrinsic resistance to therapy and increased treatment-
related mortality [5, 9].

While all known cytogenetic subgroups of childhood B ALLs can
be found, the common abnormalities, ETV6-RUNXT fusion and hy-
perdiploidy, are less frequent in DS [9, 10]. Up to 60% of DS-ALLs
have aberrant expression of the cytokine receptor CRLF2 that is
often associated with additional mutations activating JAK-STAT
growth-promoting signalling [11-16]. The aberrant expression of this
receptor is caused by genomic rearrangements consisting either of
a translocation into the IgH locus control region or a micro-deletion
upstream to the CRLF2 gene, located on the pseudoautosomal part
of the sex chromosomes. This deletion fuses CRLF2 with the pro-
moter of an upstream constitutively expressed P2RY8 gene.
Analysis of the breakpoint sequences suggest that this rearrange-
ment is mediated by RAG1 or RAGZ2 in early B cell precursors [12].

DS-associated acute myeloid leukaemia

The myeloid leukaemias of DS were given a special world
Health Organization (WHO) sub-classification (ML-DS) because
of their unique clinical and biological features [17, 18]. Immuno-
phenotypically, these are erythro-megakaryoblastic leukaemias
[6, 19], are diagnosed before the age of 5 years and often present
with unexplained thrombocytopenia and/or myelodysplasia. Most
evidence indicates that ML-DS is always preceded by the neona-
tal pre-leukaemic syndrome Transient Abnormal Myelopoiesis
(TAM; also known as Transient Myeloproliferative Disorder) that
may, or may not, be clinically apparent. Unlike acute megakaryo-
blastic leukaemias (AMKL) in non-DS patients, they usually re-
spond well to therapy with most patients being cured. The
mechanism of this exquisite sensitivity to chemotherapy, particu-
larly cytosine arabinoside (Ara-C), is unclear although many hy-
potheses have been suggested [20-22].
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Genetically, ML-DS are characterized by an acquired mutation
in the GATAT gene, which will be discussed in detail below. The
mutation in GATAT is necessary but insufficient for development
of ML-DS. Recent exome sequencing studies of ML-DS revealed
a high frequency of mutations in cohesins, CCCTC-binding factor
(CTCF) or other chromatin regulators [23, 24]. While the normal
function of these proteins is incompletely understood, they are
believed mainly to organize major areas of transcription along
and between chromosomes. Why these mutations are especially
common in ML-DS is unclear but they may be related to the pre-
sence of trisomy. The other type of mutations, believed to enhance
growth and proliferation, are in common signalling pathways,
such as RAS and the thrombopoietin receptor MPL or down-
stream JAK-STAT signalling [23, 24]. Importantly, genomic analy-
sis of ML-DS confirmed that it evolves from the cells responsible
for TAM.

A clinical pre-leukaemic syndrome:
transient abnormal myelopoiesis

While it is clear that most childhood leukaemias arise from
molecularly identifiable pre-leukaemic cells [25], in children with
DS the pre-leukaemic syndrome can be clinically diagnosed.
Most children who present with ML-DS have a history of overt
TAM in the neonatal period [26]. Conventionally, TAM has been
defined by its clinical and haematological features as a transient,
clonal, neonatal myeloproliferative disorder unique to DS [3, 27].
The defining feature used in the WHO classification [18] and
most studies, is the presence of increased peripheral blood blast
cells [26, 28], although we now know that this definition is too
non-specific because virtually all neonates with DS have in-

creased peripheral blood blast cells [29]. While a high percentage
of blast cells (> 20%) remains a good guide to a probable diag-
nosis of TAM, the most specific diagnostic parameter for TAM is
the presence of an acquired mutation in exon 2 or 3 of the GATA1
gene [3, 24, 29-33]. While in many cases, neonates with a
GATA1 mutation have clinical and haematological features con-
sistent with classical descriptions of TAM, we have recently sug-
gested the term ‘silent TAM’ for the equally common scenario of
DS neonates who have a GATA1 mutation, usually because the
size of the mutant GATAT clone is very small [29].

Epidemiology

Estimates of the frequency of TAM vary from < 5 to 30% of
neonates with DS, depending on the diagnostic criteria used and
the study design. The lowest frequency (3.8%) was found in a
large systematic GATAT mutation screen by Sanger sequencing
of PCR products [34]. This low frequency probably reflects the
relatively insensitive methodology, as the recent prospective
study in 200 neonates with DS found a frequency of GATAT mu-
tations of 8.5%, using a combination of standard Sanger se-
quencing with direct high performance liquid chromatography
(dHPLC), which matches the 5-10% prevalence of TAM diag-
nosed by clinical and haematological criteria in most studies [3].
Interestingly, very sensitive next generation sequencing (NGS)
methodology, which allows very small mutant GATAT clones to
be detected (= 0.3%), identified GATAT mutations in 30% of all
neonates with DS, at least half of which are ‘silent’ [29].

Clinical features of TAM

Classical TAM has a variable clinical presentation (Table 1).
Occasionally, TAM presents in fetal life, where it may lead to in-

Table 1. Clinical features of TAM*

Clinical features
Jaundice neonates without TAM
Hepatosplenomegaly
Rash

Pleural and/or pericardial effusions, and/or ascites

in DS neonates without TAM

Bleeding diathesis

Hepatic fibrosis with or without hepatic failure blood blasts

Renal dysfunction/renal failure Uncommon (< 10%)
Hydrops fetalis

Asymptomatic

J.Klusmann et al. [26], A.Gamis et al. [28] and |.Roberts et al. [29].

Very common. Although present in the majority of neonates with TAM, jaundice is also seen in almost 50% of DS

Common. Hepatomegaly or hepatosplenomegaly is more common than isolated splenomegaly
Uncommon. Non-specific appearance. Presence of a rash is highly suggestive of TAM although rashes also occur

Effusions are reported in up to 25% of cases of clinically overt TAM

Bleeding occurs in ¢. 10% of cases; the cause is multifactorial and includes thrombocytopenia, liver dysfunction

and disseminated intravascular coagulation

Uncommon. Occasional neonates present with hepatic fibrosis despite relatively low numbers of circulating peripheral

Although TAM is rarely reported to present as hydrops fetalis, some cases of TAM may be missed as GATA1 mutation
analysis is not always performed
¢. 20% of neonates with TAM have no typical clinical features of TAM

* Clinical features seen in neonates with DS who have a GATA1 mutation detectable by direct sequencing and/or dHPLC. These data have been compiled using data from

Comments

Table 2. Haematological features of TAM*
Haematological features

Leucocytosis

Peripheral blood blasts > 20%

Neutrophilia

Eosinophilia Uncommon (10-16%)
Thrombocytopenia

Anaemia Uncommon (c. 10%)

Common. Although present in the majority of neonates with TAM, leucocytosis is also seen in many DS neonates
without TAM. Similarly, the leucocyte count is normal in at least a third of neonates with TAM

Very common. Since almost all neonates with DS have peripheral blood blasts and c. 20% of neonates with TAM
have < 20% blasts, the significance of the presence of blast cells on the peripheral blood film can only be determined
by carrying out GATA1 mutation analysis (see text)

Common. Neutrophilia is also found in 25% of neonates with DS who do not have a GATA1 mutation

Common. Thrombocytopenia occurs at a similar frequency in TAM as in DS neonates without a GATA1 mutation
and more than one-third of neonates with TAM are not thrombocytopenic

*Haematological features seen in neonates with DS who have a GATA1 mutation detectable by direct sequencing and/or dHPLC. These data have been compiled using data
from J.Klusmann et al. [26], A.Gamis et al. [28], |.Roberts et al. [29] and A.Maroz et al. [37].

Comments
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trauterine or neonatal death [26, 28, 35]. More often, TAM
presents in the first few days of life, where the presentation varies
from asymptomatic alterations in the blood count and/or blood
film to disseminated leukaemic infiltration. Clinically severe TAM
(liver failure/fibrosis, ascites, pleural/pericardial effusion, renal
failure and/or coagulopathy) affects 10-30% of patients with
clinically diagnosed TAM [26, 28, 29, 36].

Haematological features of TAM

The most common haematological findings are a raised leuco-
cyte count with increased peripheral blood blast cells, neu-
trophils, basophils and myelocytes [29] (Table 2). Some neonates
with TAM also have eosinophilia [37]. There is no difference in
platelet count between DS neonates with and without TAM and
very few neonates with TAM are anaemic [28, 29]. Importantly,
no haematological features are specific for TAM except for large
numbers of circulating blasts (Fig. 1). Although there is no spe-
cific blast % threshold which reliably identifies all cases of TAM in
DS neonates, we have found that the presence of blasts > 20%
on a peripheral blood film is invariably associated with a GATA1
mutation and hence a diagnosis of TAM. By contrast, the signifi-
cance of blasts < 20% in a neonate with DS can only be as-
sessed by carrying out GATAT mutation analysis.

Silent TAM

Around 20% of neonates with DS have GATAT mutations that
are clinically and haematologically silent (‘silent TAM’). These
neonates have no features which differentiate them from DS neo-
nates who have no GATA1 mutations. Notably, neonates with DS
have a high frequency of jaundice and thrombocytopenia even in
the absence of GATAT mutations. Usually, but not always, the
small mutant GATAT clones found in ‘silent TAM’ can only de-
tected using very sensitive methods, such as NGS [29].

Natural history of TAM

Retrospective clinical studies show that most cases of classi-
cal TAM spontaneously resolve within a few week or months of
birth [26, 28]. A small proportion of babies with TAM will die from
their disease, usually due to liver failure caused by hepatic fibro-
sis and blast cell infiltration [26, 28]. Previous studies showing a
mortality rate of ¢. 20% in TAM are likely to have been over-esti-
mated, as the diagnosis of TAM was based on clinical and hae-
matological criteria and milder or asymptomatic cases were likely
to have been missed. Estimates of the risk of ML-DS following
TAM vary from 5% in the recent prospective study [29] to 30% in
retrospective studies of clinically diagnosed TAM [26, 28, 36, 38].
No specific clinical, haematological or molecular features predict
the risk of transformation to ML-DS. A fuller picture of the natural
history of TAM will require prospective studies of children with DS
with and without GATA1 mutations up to the age of 5 years (be-
yond this age, ML-DS is exceptionally rare [39].

Diagnosis and monitoring of neonates with TAM

Given that DS neonates with a GATAT mutation (both clini-
cally overt TAM and ‘silent TAM’) may develop ML-DS before the
age of 5 years, the best way to identify all those at risk is to
screen all neonates with DS for GATA 1 mutations using a combi-
nation of standard (e.g., direct Sanger sequencing and dHPLC)
and more sensitive techniques (e.g., NGS). GATAT mutation ana-

lysis may also be useful in the acute setting to identify atypical
cases of TAM, e.g., where the presentation is predominantly one
of liver involvement with non-specific haematological features.
The role of serial monitoring of the mutant GATA1 clone in ne-
onates with TAM is unclear and is currently being investigated.

Molecular pathogenesis of TAM

We, and others, have shown that virtually all cases of TAM and
ML-DS have N-terminal truncating GATAT1 mutations [30-33,
40-42]. GATA1 mutations are present at birth both in DS neo-
nates with TAM and, through retrospective analysis of neonatal
blood spots, also in children with ML-DS without a previous his-
tory of TAM [33]. It is not yet clear at what stage in fetal develop-
ment GATA1 mutations arise as the earliest point in gestation at

Fig. 1. Peripheral blood film from a neonate with DS and a clinical
and haematological diagnosis of TAM confirmed by the presence of
a mutation in exon 2 of the GATA1 gene. The film shows large numbers
of blasts as well as giant platelets and circulating megakaryocytes.
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F|g. 2. Increased megakaryop0|eS|s in cT21 fetal liver in the absence
of acquired GATA71 mutations. Representative image from a second
trimester cT21 fetal liver paraffin-embedded section stained with the
megakaryocyte marker CD42b (brown).

#‘ﬁ-&*



16

Irene Roberts and Shai Izraeli / Bonpocbkl reMaTtonormm/oHKonornm n uMMyHonatonorun B negunatpun, 2015, 1. 14, Ne3, c. 13-22

which mutations have been identified is 21 weeks [43]. GATAT
mutations disappear when TAM (or ML-DS) enters remission,
indicating that these are acquired events [24, 33]. Given that
N-terminal truncating GATA1 mutations are not leukaemogenic in
the absence of cT21 [44] and do not appear to cause leukaemia
in children with DS over the age of 5 years [39], this strongly im-
plicates unique features of cT21 fetal haematopoiesis in the
transforming activity of mutant GATAT.

The reason(s) for the high frequency of GATAT mutations in
neonates with DS are not known. It is notable that GATA1 muta-
tions are not only found in ¢. 30% of all DS neonates but also that
there are multiple mutant GATAT clones in 10-20% of these cases
[29, 42]. It seems likely that the N-terminal truncated (short) GATA1
protein (GATA1s) confers a selective growth advantage to fetal
haematopoietic cells harbouring mutant GATA 7-containing clones.
Alternatively, or in addition, trisomic cells may have a ‘mutator
phenotype’ due to chromosomal instability. Evidence for a role of
chromosomal instability in DS malignancies is conflicting [45, 46].
The low frequency of most types of solid tumour in DS [1] suggests
that, in contrast to acquired aneuploidies, cT21 is not generally
associated with a ‘mutator phenotype’ although it is possible that
cT21 induces high mutation rates only at specific genomic loci
(e.g., GATAT), as in the kataegis phenotype [47].

Most of the mutations (97%) are found in exon 2 of the GATA1
gene, including insertions, deletions and point mutations, the re-
mainder occurring in exon 3.1 [42]. All mutations lead to expres-
sion of a truncated GATA1s protein [32, 40]. The type of mutation
does not predict which patients with TAM will later progress to
ML-DS [42]. Indeed, whole exome/genome sequencing of paired
TAM and ML-DS samples indicates that ML-DS may develop not
only from major GATAT sub-clones present in the TAM phase of
the disease but also from minor mutant GATA1 clones [24]. This
approach has also shown that TAM samples contain very few
somatic mutations (mean = 2) compared to other cancers
[23, 24]. Thus, cT21 and mutated GATA1 are both necessary and
sufficient for generation of TAM.

How GATA1s contributes to the TAM phenotype is unclear.
Originally it was believed that the loss of this ‘trans-activation’
domain reduces the activity of GATA1 in regulating the terminal
differentiation of megakaryocytes, thereby leading to accumula-
tion of poorly differentiated megakaryocytic progenitors [40]. Yet
it is highly interesting that inherited mutations in the zinc fingers
of GATA1, which cause anaemia and thrombocytopenia due to a
block in megakaryocyte-erythroid differentiation, are not found in
TAM or ML-DS [48]. Rare patients with inherited GATA1s muta-
tions and anaemia have been recently reported. These patients
do not develop leukaemia [44, 49, 50]. This suggests that both
the DNA binding and protein interaction zinc finger domains,
preserved in GATA1s and cT21 are necessary for leukaemic
transformation. Furthermore, forced expression of GATA1s in
fetal liver haematopoietic progenitors from Gata1 wild type (wt)
mice causes marked expansion of megakayoblastic progenitors,
supporting a gain of function mechanism [51, 52]. J.Klusmann et
al. [53] suggested that GATA1s enhances fetal haematopoietic
cell proliferation through relieving the suppressive effect of
GATA1 on E2F1 and collaboration with the insulin-like growth
factor (IGF) signalling pathway. Supporting this hypothesis is the
recent report of a mutated GATAT lacking just the E2F1 interac-
tion domain in the amino terminus of GATA1 [52].

Abnormal fetal haematopoiesis in Down syndrome

Most evidence indicates that GATA 1 mutations arise exclusively
in fetal liver HSPC. TAM, where it is clinically overt, manifests with
involvement of the liver rather than bone marrow [26, 28, 35, 43].
Acquisition of GATA1 mutations selectively in fetal liver HSPC is,
arguably, the most logical explanation both for the spontaneous
remission of the majority of GATAT mutant clones within the first
few months of life and for the rarity of leukaemia due to GATAT
mutations in children with DS after their fifth birthday. Similarly,
there is no good evidence that TAM can be initiated after the first
few months of life, presumably because the relevant ‘susceptible’
HSPC populations, and/or supportive microenvironment, are no
longer present. This correlative evidence from humans for the ex-
clusive function of GATA1s mutants in the fetal liver environment is
further strengthened by the analysis of GATA1s knock-in mice [54].
These mice display a transient wave of fetal megakaryoblastic pro-
liferation without apparent postnatal haematological abnormalities.

Increased megakaryocyte-erythroid progenitors
in DS fetal liver

It is now clear from studies in primary human fetal liver cells
[55-57], human embryonic stem cells (hESC) and trisomic in-
duced pluripotent stem cells (iPSC) [58, 59] that the presence of
cT21 alters the balance of HSPC differentiation. Notably, mega-
karyocyte-erythroid progenitors (MEP) and megakaryocytes
(Fig. 2) are increased in cT21 fetal liver and exhibit enhanced
proliferative properties in vitro compared to disomic cells [57].
These data support the contention that cT21 itself promotes ab-
normal megakaryocyte-erythroid expansion of fetal liver cells and
that the somatic mutation of GATAT transforms these progenitors
to generate clonal congenital transient leukaemia or TAM [60].

Increased numbers of megakaryocyte-erythroid biased HSC
in DS fetal liver

To investigate whether the abnormalities in DS fetal liver are
confined to committed myeloid progenitors (MEP and CMP) or
extend to include the HSC and/or multipotential progenitor (MPP)
compartment, we recently performed detailed immunophenotypic
and functional analysis of the HSC/MPP, committed myeloid
progenitor and B-lymphoid compartments of human cT21 fetal
liver without GATAT mutations and compared these with normal
human fetal liver [57]. This showed that in DS, immunophenotypi-
cally-defined HSC (CD34+CD38-CD90+*CD45RA*) are increased
in fetal liver and that in vitro purified HSC display an erythro-
idmegakaryocyte biased gene expression signature and gene-
rate much larger numbers of megakaryocyte and erythroid
lineage progenitor cells than normal fetal liver HSC [57]. Whether
cT21-driven proliferation of megakaryocyte-biased HSC and/or
progenitor cells increases the likelihood of acquiring GATAT mu-
tations or simply leads to a survival advantage of those cells that
acquire such mutations is still unclear. However, all available
evidence indicates that cT21-mediated perturbation of fetal liver
haematopoiesis is an essential prerequisite for the leukaemogenic
properties of N-terminal truncating GATAT mutations.

Perturbation of B cell development in DS fetal liver

There is no overall increase in the HSCP compartment in DS
fetal liver, which suggested that megakaryocyte-erythroid expan-
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sion might compromise the development of other lineages.
Indeed, we found reduced numbers of both granulocyte-mono-
cyte progenitors (GMP) and B-cell progenitors (BCP) in second
trimester fetal liver [57]. B-lymphoid development was severely
impaired with ¢. 10-fold reduction in pre-pro BCP as well as mar-
kedly reduced B-cell potential of HSC in tandem with reduced
HSC lymphoid gene expression priming. We speculate that per-
turbation of fetal B-cell development in DS may underlie both the
immune deficiency common in children with DS [61] and also the
increased susceptibility to B-ALL [2, 9, 62]. It is possible that a
peri- or post-natal compensatory drive to B-lymphopoiesis in-
creases the likelihood of acquiring leukaemogenic mutations in
young children with DS.

Studies of haematopoiesis in hESC and iPSC

G.MacLean et al. [59] recently showed that cT21 hESC and
iPSC that were differentiated under fetal liver-like conditions
generate increased erythroid and megakaryocyte colony-forming
cells compared to isogenic disomic clones, supporting the fin-
dings in primary human fetal liver cells [57]. Interestingly, with the
aim of modelling yolk sac haematopoiesis, S.Chou et al. [58] dif-
ferentiated cT21 iPSC under broadly similar conditions and
showed enhanced erythropoiesis but with normal megakaryocyte
production and reduced myelopoiesis [58]. These data suggest
that the effects of cT21 might be developmental stage-specific.
Whether this has an impact on the timing of acquisition of GATA1
mutations and their functional consequences remains to be de-
termined.

Role of the microenvironment in abnormal fetal
haematopoiesis in DS

Although, clinical and biological evidence suggests that fetal
liver is likely to provide the specialized microenvironment ne-
cessary for driving and/or maintaining abnormal haematopoiesis
in DS, the factors responsible for perturbing haematopoiesis in
DS are not known. Similarly, it is not clear whether cT21 influ-
ences the support function of the fetal liver microenvironment.
There is some evidence that altered responsiveness to IGFs
might play a role. In the mouse, fetal HSC expansion is supported
by IGF2, produced by unique fetal liver stromal cells, in contrast
to adult bone marrow HSPC, which depend on osteoblast-
derived IGF1 [63-65]. Similarly, murine fetal, but not adult, mega-
karyocyte progenitors are dependent for their survival and proli-
feration on the IGF signalling pathway, as are ML-DS and TAM
cells [53]. Thus, developmentally-regulated IGF signalling medi-
ated by cells of the fetal liver microenvironment may contribute to
the HSC megakaryocyte-erythroid bias and MEP expansion in
DS fetal liver, although how this is linked to cT21 is unclear.

Post-natal haematopoiesis in Down syndrome
Haematological abnormalities in neonates with DS

Retrospective studies have reported that haematological ab-
normalities occur more frequently in neonates with DS [66-68],
raising the possibility that cT21 may continue to exert effects on
haematopoiesis in post-natal life. Consistent with this, a recent
prospective study in 200 neonates with DS showed that all of
them had haematological abnormalities (Table 3) compared to
neonates of the same gestational and post-natal age without DS

Table 3. Haematological abnormalities in neonates with DS
compared to neonates without DS

Haematological abnormality
Erythropoiesis
Increased haemoglobin and haematocrit
Increased mean cell volume (MCV)
Peripheral blood erythroblastosis
Dyserythropoiesis (e.g., target cells, macrocytes, basophilic stippling)
Leucocytes
Increased leucocytes
Increased neutrophils
Increased monocytes
Increased basophils
Increased peripheral blood blasts
Reduced lymphocytes
Dysplastic neutrophils and monocytes
Platelets
Reduced platelet count
Giant platelets
Circulating megakaryocytes and/or megakaryocyte fragments

[29]. Furthermore, many of these abnormalities mirrored those
seen in DS fetal liver haematopoiesis (see above) and were
present even in the absence of GATA1 mutations. Neonates with
DS had higher haemoglobin concentrations, increased circulating
erythroblasts and abnormal red cell morphology, including mac-
rocytosis, target cells and basophilic stippling; median platelet
counts were also lower than normal in DS, thrombocytopenia
was common and, although the median mean platelet volume
was similar to neonates without DS, platelet morphology was
abnormal (giant platelets, circulating megakaryocytes and/or
megakaryocyte fragments) in > 95% of cases [29]. Interestingly,
neonates with DS had higher numbers of granulocytes and
monocytes despite the reduction in GMP in fetal liver [57], per-
haps reflecting greater reliance on bone marrow haematopoiesis
in late gestation and after birth. The total lymphocyte count was
reduced in the DS neonates, consistent with previous studies in
older children with DS [69-71].

Haematological abnormalities in older children
and adults with DS

In contrast to the well-defined epidemiology of acute leukae-
mias, which in total affect ¢. 3% of children with DS, little is known
about the haematology of the majority of individuals with DS who
do not develop leukaemia. The most commonly reported abnor-
malities are red cell macrocytosis [72, 73] and qualitative and
quantitative abnormalities of B- and T-lymphocytes [69-71, 74—76].

The only large study, in 147 adults with DS (mean age
42.2 years; range 16-76 years), reported that these individuals had
a higher mean cell volume (MCV, 99.28 fl) compared to healthy
controls and that almost 50% had a MCV above the upper limit of
the normal range [77]. These data, with the consistent finding of
macrocytosis in all of the mouse models of DS [78-80], provide
strong evidence for a role of abnormal expression of one or more
genes on chromosome 21 (Hsa21) in the pathogenesis of the
macrocytosis. Interestingly, of the nine patients with DS investi-
gated by S.McLean et al. [81], two had a diagnosis of myelodys-
plasia, one of whom developed progressive bone marrow failure.
The study by V.Prasher [77] also commented that 7/147 (4%)
individuals with DS had unexplained thrombocytopenia and
29/147 (20%) had unexplained neutropenia, none of whom had
undergone haematological assessment, raising the possibility
that a far greater proportion of adults with DS may have undiag-
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nosed myelodysplasia or bone marrow failure than hitherto ap-
preciated.

A number of studies have shown that children with DS have a
high frequency of lymphopenia with a progressive decline in B
and T cell lymphocyte numbers during childhood [69, 70]. Con-
sistent with this, children with DS have increased susceptibility to
infection and to autoimmune disorders [75, 76, 82]. B and T lym-
phocyte function may also be abnormal as small studies reported
evidence of abnormal thymic maturation, impaired lymphocyte
activation and variable degrees of immunoglobulin deficiency
[74, 83, 84].

In summary, the occurrence of multilineage haematological
abnormalities in neonates, children and adults with DS strongly
suggest that cT21 perturbs haematopoiesis throughout life. The
effects of cT21 differ at different stages of development. This may
reflect age-related changes in the haematopoietic microenviron-
ment, in the HSPC themselves or both.

Molecular basis for perturbation
of haematopoiesis by cT21

The direct aetiological link between cT21 and leukaemia, both
in DS and in leukaemias where T21 is an acquired abnormali-
ty [85], provide a strong rationale for investigating how an addi-
tional copy of Hsa21 specifically alters HSPC development. T21
may exert its effects in several different ways. First, trisomic
genes on Hsa21 may directly influence HSPC behaviour through
gene dosage of one or more Hsa21 genes important for HSPC
proliferation, differentiation or survival (Table 4) although a recent
study makes it clear that Hsa21 potentially alters the expression
of multiple genes on virtually any (or all) of the disomic chromo-
somes [86]. These effects of Hsa21 may be haematopoietic cell
autonomous and/or they may be mediated via other cell types, for
example of the microenvironment. Secondly, the physical pre-
sence of an additional chromosome (as a cellular response to
aneuploidy that may or may not be a specific response to T21)
may alter the chromatin environment in some way thereby per-
turbing gene expression. For example, widespread gene methy-
lation changes were reported in ML-DS [87]. A recent study of
mouse models and human DS-ALL revealed dramatic reduction
of the repressive methylation of Histone 3 lysine 27, suggested to
be at least partially related to the increased expression of the
Hsa21 gene HMGN1 [88]. Furthermore the widespread gene

Table 4. Genes on human chromosome 21 with known functions
in haematopoietic cells

Genes implicated in haematological malignancies
CSTB
DYRK1A
ERG
ETS2
OoLIGz2
RUNX1
TIAM
Other genes relevant to haematopoiesis
AIRE
BACH1
CBG
DNMT3L
GABPA
IFNAR1, IFNAR2 and IFNG2
RCAN1

SOD1

expression abnormalities in disomic chromosomes in cT21 cells
were shown to be arranged in specific domains, suggesting an
epigenetic chromatin regulatory mechanism [86]. This phenome-
non, coupled with inter-individual differences in gene expression,
may mask those due to Hsa21 and complicate the challenge of
identifying the molecular basis of the effects of T21 on fetal hae-
matopoiesis and leukaemia susceptibility.

In principle, an attractive approach to investigating leukaemia
susceptibility is to study rare patients with partial (segmental) tri-
somy of Hsa21. J.Korbel et al. [89] used high-resolution breakpoint
mapping and oligonucleotide DNA tiling arrays in 30 individuals
with DS due to segmental cT21 to try to identify discrete regions of
Hsa21 associated with specific DS phenotypes. They identified an
8.5 Mb region on Hsa21 linked to leukaemia risk which included
several genes, such as RUNX1, ERG and ETS2, known to be as-
sociated with acute leukaemia [89]. However, conclusions from
this are limited so far by the very small number of cases of leukae-
mia in the study. A similar approach has been used extensively in
a series of elegant transgenic mouse models containing additional
copies of all, or part, of mouse chromosomal regions syntenic with
Hsa21 [78, 79, 88, 90] or of human Hsa21 [80].

Using mouse models to study the impact of trisomy 21

Ts65Dn mice, which are trisomic for c. 104 genes on mouse
chromosome 16 (syntenic with Hsa21), develop a myeloprolifera-
tive disorder linked to overexpression of ERG [91], although this
manifests in adult rather than fetal or neonatal mice [78]. More
recently, a double transgenic mouse model was used to show
that overexpression of ERG caused MEP expansion (analagous
to that seen in human DS fetal liver) and that this synergized
in vivo with expression of GATA1s to cause a TAM-like syndrome,
which then progressed to myeloid leukaemia [92]. ERG has also
been shown to promote megakaryopoiesis and induce mega-
karyoblastic leukaemia in the absence of a T21 background [51]
although it is not yet clear that ERG is overexpressed in human
cT21 fetal liver cells [57], hESC/iPSC [58, 59] or in ML-DS [93].
DYRK1A has also been implicated in the pathogenesis of ML-DS.
Using a refined mouse model (Ts1Rhr) trisomic for 33 Hsa21
orthologues, S.Malinge et al. [90] recently produced T21-depen-
dent ML-DS by crossing Ts1Rhr mice with GATA1s knock-in
mice and over-expressing a transforming MPL allele (MPLW5'54),
Using this model, both shRNA and gene expression profiling
and functional studies identified DYRK1A (and possibly CHAF 1B,
HLCS and ERG) as mediators of abnormal megakaryopoiesis
and showed that DYRK1A functioned as a megakaryoblastic
tumour-promoting gene in the setting of partial T21 and
GATA1s [90]. Using a similar approach, A.Lane et al. [88]
recently identified Hmgn1 as a lymphoid leukaemia susceptibility
gene in the Ts1Rhr mouse.

The Tc1 mouse model, the only mouse model which contains
Human chromosome 21 genes, develops macrocytic anaemia,
splenomegaly and increased megakaryopoiesis but neither leu-
kaemia nor a true myeloproliferative disorder [80]. More recently,
multiple structural rearrangements/deletions have been identified
in Tc1 mice, which may help to better refine the contribution of
individual genes as it is now clear that 50 of the Hsa21 genes in
this model, including RUNX1, are disomic [94]. Further studies
using the newly characterized Tc1 mice (which have a copy of
c. 80% of Hsa21 genes) and other mouse models are likely to
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provide important insight into the function of a number of Hsa21
genes although none of these models yet fully recapitulates the
human disease.

Patterns of gene expression in human trisomy 21 cells

Hsa21 has c¢. 240 protein-coding genes and almost 340 short
and long non-coding genes (www.ensembl.org/Homo_sapiens/
Location/Chromosome?r=21). The functional correlation bet-
ween levels of expression of Hsa21 genes and phenotype is not
yet known and, as mentioned above, to a large extent will be
tissue-specific and modulated by a number of factors, including
cell lineage, developmental stage, differentiation status, cell
cycle status, metabolic status and inter-individual differences.

For several cell types, including primary fetal heart and adult
brain tissue and various fibroblast and lymphoblastoid cell lines
as well as DS leukaemias, an average 1.5-fold increased level
of expression of Hsa21 genes in trisomic compared to disomic
samples has been reported [14, 95—-100]. However, it is already
clear that the predicted 1.5-fold increase in expression of each
individual Hsa21 gene does not occur in any of the cell types
investigated to date, even if the average expression of all
genes on Hsa21 is c¢. 1.5-fold higher than disomic control
cells [99]. For example the tricistron that includes MIR125B2,
MIR99A and MIRLET7C is expressed in ML-DS and is not ex-
pressed in DS-ALL while it is expressed in other cytogenetic
subtypes of ALL disomic for Hsa21 [101, 102]. One of the
strongest pieces of evidence linking the level of expression of
Hsa21 genes to cellular phenotype comes from very elegant
experiments in which introduction of an inducible Xist trans-
gene into the DYRK1A locus on Hsa21 in DS iPSC success-
fully induced transcriptional silencing of the genes on that
chromosome in tandem with reversal of the trisomy 21-associ-
ated in vitro defects of neural cell development [103]. The ef-
fects on haematopoietic differentiation were not reported in this
study and might not have been so dramatic given that differen-
tiated trisomic human iPSC appear to display subtle, or no,
differences in Hsa21 gene expression compared to their dis-
omic counterparts, despite marked differences in their haemat-
opoietic phenotype [58, 59].

Nevertheless, Hsa21 contains a relatively large number of
Hsa21 genes that are either implicated in haematological malig-
nancies (e.g., CSTB, DYRK1A, ERG, ETS2, OLIG2, RUNX1 and
TIAM1) or encode proteins known to play an important role in
haematopoiesis (AIRE, BACH1, SERPINA6 [CBG], DNMT3L,
GABPA, IFNART1, IFNAR2, IFNGR2, RCAN1, SOD1 and SON)
[90, 92, 104—-107]. There are also five microRNAs (MIRS) on
Hsa21, four of which are expressed in megakaryocyte lineage
cells [102, 108, 109]. RUNX1, for example, is a tumour suppres-
sor in acute myeloid leukaemia (AML) in individuals without DS
[110] and the three copies in cT21 are inconsistent with develop-
ment of leukaemia. Indeed RUNX1 expression is lower in ML-DS
compared with non-DS AMKL [93], and is not increased in fetal
liver CD34+ cells [57] or cT21-derived hESC or iPSC [58, 59].
Similarly, ERG, a potent megakaryoblastic oncogene in murine
models, as discussed above, has not yet been found to be in-
creased in human cT21 fetal haematopoietic or leukaemic cells
[57, 93]. In summary, although there is no direct evidence that
cT21-associated changes in expression of any of these genes in
primary haematopoietic cells is able to induce leukaemic transfor-

Table 5. Proposed pre-leukaemic haematopoietic defects caused
by cT21 in DS*

Myeloid compartment
Fetal liver expansion of haematopoietic stem cells and megakaryocytic-erythroid
progenitors
DNA promoter hypomethylation
Increased expression of genes implicated inerythro-megakaryocytic
development and transformation
Suppression of the NFAT pathway by DYRK1A and RCANT overexpression
Lymphoid compartment
Fetal B cell developmental defect with accumulation of pro-B progenitors
Increased transformability of cT21 B cell progenitors
Increased V(D)J mediated chromosomal rearrangements (e.g., CRLF2) due
to developmental arrest in precursor B cell stage
Decreased tri-methylation of lysine 27 of histone 3, possibly caused by
Increased expression of HUGN1
Suppression of NFAT pathway may explain the rarity of T-ALLs

NFAT - nuclear factor of activated T-cells.
* Based on somewhat speculative interpretation of studies of mouse and human
models described in this review.

mation, they remain important candidate genes to investigate as
their role may only be evident by looking in well-defined HSC or
progenitor populations.

Summary and conclusions

Recent data from primary human fetal liver, as well as hESC
and iPSC, show that T21 itself alters human fetal HSC and pro-
genitor biology, causing multiple defects in megakaryocyte/eryth-
roid and B lymphoid lineage development. These data provide
clues to mechanisms by which T21, 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 complex, to be both tissue- and line-
age-specific and to be dependent on the fetal liver, and possibly
bone marrow, microenvironment.

How these abnormalities set the stage for haematological ma-
lignancies in DS is clearer for the myeloid leukaemias but less
well understood for the lymphoid leukaemias (Table 5). There is
good evidence that cT21-driven fetal expansion of mega-eryth-
roid stem and progenitor cells predisposes to malignant transfor-
mation by an acquired mutated GATA1s protein. It is possible that
the relative block in B cell development, together with the associ-
ated epigenetic abnormalities and enhanced sensitivity of these
B cell precursors to malignant transformation, as suggested by
mouse models, explains the high prevalence of lymphoid leukae-
mias in DS.
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Hetn ¢ Tpucommen 21-in xpomocombl (cvHapom [ayHa — C[I) MMEIT BbICOKMI PUCK Pa3BUTUSA Kak MUENOWOHbIX, TaK 1
B-kneTo4Horo nMMo6aacTHOro nenko3os. MuenomaHbIM fenko3am 4acTto npefLlecTByeT TPaH3UTOPHbLIM HeoHaTaslbHbIN
npeanenkeMmn4ecknii CUHAPOM — TPaH3UTOPHbIN aHoMarbHbI Muenonoa3 (TAM). MocnepHuin ABNSETCA pe3ynsTatoM OfHO-
BPEMEHHOMO HanMU4mna TpUcommm 21-i XpoOMOCOMbI U NMPUOBPETEHHBIX COMATUHECKNX «yceKatoLLmx» N-TepMUHanbHbIN KOHeL,
6enka mMyTauuii KNtoYeBOro remMorno3aTU4eckoro TPaHCKPUMNLMOHHOrO dhaktopa — reHa GATAT. DT myTauum, KOTopble He
ABNAIOTCA JIEMKEMOreHHbIMU NPU OTCYTCTBUM TPUCOMUKU 21-I1 XPOMOCOMbI, 06HApY>XMBaKTCA Y %3 HOBOPOXAEHHbIX ¢ CA.
AHanM3 reMonosTNHECKnX KIeTok nevYeHn Nnoaa n 3M6pUOHarbHbIX CTBOMOBLIX KIIETOK YesloBeKa NokasbiBaeT, YTO TPUCOMMS
21- xpomMocoMmbl cama Mo cebe CyLLIeCTBEHHO MeHseT remonoa3d nnoga. CnegoeartensHo, y aeten ¢ C Habno[aloTcs MHOro-
yYncneHHble fedekTbl reMonoasa gaxe npu otcytcTeum TAM. XoTs uccnegosaHmst Ha MOAENsX MbiLLen nokasanu porb Hepe-
rynMpyemon 9KCrMpeccum HEKOTOPbIX FEHOB, PACNONOXEHHbIX Ha 21-1 XpoMOcoMe, B Pa3BUTUN NENKo3a, y4acTne aTUX reHoB
B JIeIKeMOreHe3e 4ernioBeka OCTaeTcs Heudy4deHHbIM. [MockonbKy Tpucomus 21- XpOMOCOMbI OBHapYyXMBAETCH BO BCEX
3MO6PUOHaNbHBIX KNeTKax, B OCHOBE naToreHesa nenko3oB, accoumMmnpoBaHHbix ¢ CI, NeXuT KoMnekcHoe B3anMoaencTeme

MeXay Heperynmpyemon 3Kcnpeccuer reHoB B reMOMnoaTUYECKUX KIeTKax 1 X MUKPOOKPYXXEHUEM y Mnoaa.
KntoueBble crioBa: TpucomMusi 21-i XpoMoCOMbl, CUHAPOM [layHa, OCTpbIvi IMMEOOIACTHBIV JTENKO3,
OCTPbIVi Merakapnob1aCTHbIV JIEVIKO3, TPaH3UTOPHbIN aHOMAaslibHbIV Muesonoas, reH GATAT

€TU C KOHCTUTYLMOHAIIbHOW TPUCOMMEN 21-1 XPOMOCOMBI
n (cvHgpom OayHa — CL) MMEKT aHOMaIbHO BbICOKUIA PUCK
pasBunTnS OCTPbIX Nenko3os [1]. Y maneHbknx geten ¢ CMl yactoTta
OCTPOro MMWENIoMpHoOro nemnkosa (uM3BectHoro kak OMJI-CH)
B 150 pa3 6onbLue, 4eM y OeTel Toro e Bo3pacta 6e3 C[,
a 4yacrtota ocTporo B-kneto4yHoro nMMdo6nacTHOro nerkosa
(B-ONJT) — B 33 pasa 6onbLue [1, 2]. VHMKanbHbIe CBONCTBA Nen-
KO30B, accouumpoBaHHbix ¢ C[l, ykasbiBaroT Ha K/HOHYEBYO pofb
TprcoMmmn 21- XPOMOCOMbI B UX MaToreHese, a camu Nenkosbl
ABNAIOTCA OT/IMYHOM MOLENbIO NEKEMOreHesa y Jenoseka [3-5].
B aTom 0630pe Mbl 06CYyXAaeM HefaBHO MOMNyYeHHble AaHHble
0 eCTeCTBEHHOM Te4YeHWM 1 NaToreHe3e OCTPOro flenkosa y geTen
¢ C[, npn 3TOM 0CO6bIN aKLEHT AenaeTcs Ha 0COOEHHOCTU Hapy-
LLeHWA deTanbHOro 1 NocTHaTanbHOro reMono3a3a npy TpucoMum
21- XpOMOCOMbI, KOTOpble MOryT Ornpefdensitb MOBbILIEHHYIO
CKJTOHHOCTb FEMOMO3TUYECKUX CTBOMOBbLIX KneTok (MCK) u kne-
TOK-MPeALLECTBEHHNKOB K 3110Ka4eCTBEHHOWN TpaHcdopMaLmu.

Jlenko3bl, accouuMpoBaHHblie ¢ C[1

XKenasa cgokycupoBaTbCsl Ha acnekrax nepuHaTanbHoOro re-
MOM033a, KOTopble MOryT npeapacnonararb K pa3suTuio Nenko-
30B y geten ¢ CL, Mbl N1LIb KPaTKo CYMMUPYEM OCHOBHbIE OT-
NINYUTENBHBIE YepTbl 3TUX Nnenko3os. C 6onee geTanbHbIM Onu-
CaHMEM KITMHUYECKNUX OCOBEHHOCTEN 3TUX JENKO30B MOXHO
O3HAKOMUTBLCH B HECKOJSIbKUX HEOaBHO OMy6rMKOBaHHbLIX 0630-
pax [3, 5-9].

OcTpbivi 1umMgho651acTHBIV NIEVIKO3, accouymmpoBaHHbivi ¢ CL

OcTpble numdobnacTHele nenko3bl y nauymeHtos ¢ C[h
(CO-OJ11) npencTaBneHbl NPaKTUHECKN UCKITIOYUTENBHO Bapu-
aHTamy u3 B-kneTok-npepLlecTBeHHNKOB. B HegaBHO onucaH-
Ho koropTe cpean 700 naumeHtoB ¢ CO-OJU1 nuwb y 5 6bin
anarHoctuposaH T-OJ1J1 [9]. Kpome Toro, B otnnune ot OMIJ1,
ONJ1 npn CL npakTnyecku HUMKOrga He BCTpedaroTcs y JeTen
nepeoro ropa xwu3Hu. MNporHos npu CO-OJ1J1 3Ha4MTENBHO XyXe,
yeMm npu cnopagu4eckux cny4dasax OJ1J1 na B-kneTok-npeaLuect-
BEHHWKOB BCNEACTBME PE3UCTEHTHOCTU K XMMMOTEPanuM u no-
BbILLUEHHOW NEeTaNbHOCTU OT €€ OCNIOXHeHW [5, 9].

Xota y naumeHtoB ¢ C[ onucaHbl BCe LMTOreHeTuyeckune
BapuaHTbl B-OJ1J1, camble 4yacTble aHOManuu, npucyLiue crnopa-
onyeckum cnyyaam B-OJ1J1 y geten — TpaHcnokaums t(12;21)
c obpasoBaHnemM xmmepHoro reHa ETV6-RUNX1T v runepgvn-
novgusa, npu Ch Bctpedatotcsa pexe [9, 10]. B 60% cny4aes
CO-OJ1J1 BbigBNAIOT abeppaHTHY 3KCMPECCUIO LIMTOKMHOBOIO
peuentopa CRLF2, koTopas 4acTo co4yeTaeTcs ¢ [ONOMHUTENb-
HbiMM akTuBupylowmmm Mytaumamm JAK-STAT curHanbHoro
nytv [11-16]. A6eppaHTHasa 3Kcnpeccus 3Toro peuentopa obyc-
NOBMEHa peapaHXMpoBKaMn reHoB, NPeACcTaBiEeHHbIMU NGO
TpaHcnokauuen B IgH-nokyc, nnéo mukpodeneumen «Bbile»
reHa CRLF2, nokanM3oBaHHOro Ha nceBfoayTOCOMHOWM 4acTu
MomnoBbIX XPOMOCOM. Pesynkratom 9TOW feneumu sBRseTcs
cnusaHue reHa CRLF2 ¢ NnpOMOTOPOM pPacrofioXXEHHOro BbiLLE
KOHCTUTYLIMOHAmNbLHO 3Kcrpeccupyemoro reHa P2RYS8. AHanuna

*MepeBop AokTopa mMeA. Hayk, npod. A.A.MacuaHa.
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nocrnefosaTenbHOCTEN 0611acTn paspbiBa yKasbiBaeT Ha TO, YTO
3Ta peapaHXupoBka onocpepoBaHa reHom RAG1T wnu RAG2
B paHHWX B-kneTkax-npepaLecTseHHukax [12].

OM/1, accoummpoBaHHbIvi ¢ CL]

Bcnegctene CBOMX YHWUKAmNbHbIX  KIMHWUKO-6MOMOMMYECKMX
npuaHakos OMJ1-C[ nonyumnu oTaenbHoOe MecTo B HOBOW Cy6-
knaccudmkaumm BO3 [17, 18]. IMMmyHOdheHOTUNYeCKM OHM Npeg-
CTaBnsAOT cOOON 3pUTPO-MerakapmobdnacTHble nenkossl [6, 19],
KOTOpble AMarHoCTUPYOTCS B BO3pacTe A0 5 feT; ux TUNMYHOM
npeseHTauMen saBnseTcs HeobbACHMMAsA TPOMOOLMUTOMEHUA
w/vnn munenogucnnasus. Mimetotcsa Bce AokasartenbCcTsa Toro,
yto OMJ1-C[] Bcerga npefLlecTByeT HeOHaTaNbHbIN Npeanenke-
MWYECKUA CMHOPOM TPaH3UTOPHOIO aHOMaslbHOro MMENonoa3a
(TAM), TakxXe M3BECTHbIV Kak TpPaH3UTOpPHOE Muesonponudepa-
TMBHOE 3a60s5ieBaHne, KOTOPbIA MOXET MPOSBNATLCH KaK KIMHN-
Yecku, Tak 1 NpoTekaTb B CyOKNMHUYeckon popme. B otnnune
OT MauueHTOB C OCTPbIM MerakapvobnacTHbIM NerkKo3oM 6e3
CO nauuweHTtel ¢ OMJI-C[D xopoLllo OTBeYalT Ha Tepanuio u
60MbLUMHCTBO U3 HMX MOSIHOCTBIO M3NEeYNBaOTCH. XOTA BbIABU-
ranocb MHOXECTBO IMMOTe3, MexaHW3M TakKoW SKCKITHO3VBHOW
YYBCTBUTENMBHOCTN K XMMMOTEPanun, OCOBEHHO K LIMTO3MH-
apabuHoangy (Ara-C), octaeTca HesicHbIM [20—22].

leHetnyeckn OMJI-C xapakTepu3yroTcs NpuobpeTEHHON My-
Taumen reHa GATA1, Hann4une KOTOPON HEOBXOAMMO, HO HELOC-
TaToO4YHO ANs pas3BuTUA Nenko3a. HegaBHO NpoBedeHHbIE ncchne-
noBaHus OMJ1-C[] ¢ ncnonb3oBaHMeM NOTHO3K30MHOIO CEKBEHU-
pOBaHWA NoKasann Hanm4me BbICOKON HacTOTbl MyTaLUA KOresu-
HOB, hakTopa, ceasbisatoierocs ¢ CCCTC (CTCF), nnu gpyrux
perynaTtopoB xpomatvHa [23, 24]. XoTa HopmanbHas yHKUmS
3TUX NPOTENHOB OKOHYaTENbHO HEe YCTaHOBMEeHa, UM MPUNUChIBa-
0T POfb B OPraHM3aunmn KpynHblx o6nactert TPaHCKPUNUMKN Kak
BAOMb OAHOW XPOMOCOMBI, TaK 1 Mexgy Xpomocomamu. Movemy
OaHHble MyTaumMm oCcoB6eHHO YacTo BcTpedatotcs npu OMIT-CO
HEsICHO, OAHAKO OHM MOTYT 6bITb HENOCPEACTBEHHO CBA3aHbI C
Hanuivem Tpucommn 21- xpomocomel. MyTaumm BTOporo Tuna,
KOTOpble aKTVBMPYIOT Nponudepaumio, MPONCXOAAT rfasBHbIM 06-
pa3oM B reHax O6LUMX CUrHanbHbIX NyTen, Takux kak RAS u pe-
uentop TpombonoatuHa MPL, unn curHansHoro nytn JAK-STAT
[28, 24]. O4eHb BaXXHO, YTO MEHOMHbIN aHanM3 NoOATBEPAMIT, HTO
OMJN-C npovcxoamnT U3 KNEeToK, ABnstoLmxecsa cyéetpatom TAM.

KnuHuyecku fiIBHbIN npeanemKkeMm4eckum
cuHpgpom: TAM

XoTs1 04EBMAHO, HTO GONbLUMHCTBO NEVNKO30B Yy AETEWN IBOHO-
LUMOHMPYET U3 MONEKYNSPHO WAEHTUDULMPYEMOro Npepsien-
KEMMNYECKOro KroHa [25], umeHHo y getert ¢ C[ npeanerikemmnyec-
KWIA CUHOPOM MOXET ObITb AMarHOCTUPOBaH KIMHUYECKW. Y 601b-
wuHcTtBa getent ¢ OMJ1-C1 Habntopgaetca TAM B HeoHaTanbHOM
nepuope [26]. CornacHoO KAMHWYECKMM W remMaToNorM4ecKnm
npusHakam TAM onpemensioT Kak TPaH3UTOPHbIA, KNOHAasbHbIN
MuenonponndepaTUBHbLIA CUHAPOM, XapakKTepHbIA TOSIbKO Os1s
CO [3, 27]. Onpegenstowmm npusHakoMm TAM, ncnonb3yowmmces
B Knaccudmkaumm BO3 [18] n 60MnbLLUMHCTBE MCCegoBaHUn, SB-
NAeTCA NOBbILLEHHOE KONNYECTBO 61aCTHbIX KETOK B nepudepu-
YeCKoW KpoBw [26, 28], X0Ta Tenepb Mbl 3HAEM, YTO 3TO onpefe-
neHue CInLLKOM HeCFIeLl,VICbVI‘-iHO, MOCKOJIbKY NMPakKTU4eCKn y BCeX
HOBOPOXAEHHbIX ¢ CLl HabnoaaeTcs NoOBbILEHHOE KOMYECTBO

6nacTHbIX KNETOK B nepudepnyeckon Kposu [29]. XoTa konuye-
CTBO 611aCTHbIX KNeTok 6onee 20% ABASETCA XOPOLUMM MapKepoM
BeposiTHoro amarHosa TAM, Hamnbonee cneunuyHbIM amnarHoc-
TMYeckum npusHakoMm TAM aBnseTca Hanumume npUoGpPEeTEHHOMN
MyTaumm B 9k3oHax 2 unu 3 reHa GATAT [3, 24, 29-33]. HecmoTpsi
Ha TO, YTO Yy MHOMMX HOBOPOXAEHHbIX ¢ C u myTaumern reHa
GATA1 HabniogaroTca KIMHUYEeCKMe M remaTtofiormyeckue npu-
3HakKK, COOTBETCTBYIOLUME Krnaccuydeckomy onmcaHuio TAM, mbl
HeJaBHO NpensioXuIn TepMuH «Monyawmine TAM gnsa He MeHee
4acToro cueHapusi, NP1 KOTOPOM MMEETCA KITOH C MyTaumer reHa
GATA1, Ho pa3mepbl ero CNULLKOM Marbl [29].

Snmgemuonorus

YacTtota TAM y HoBOopoxAeHHbIx ¢ C[1 BapbupyeT oT MeHee 5
00 30% 1 3aBUCUT OT UCMOSIb3YEMbIX ANArHOCTUHECKUX KpUTepu-
eB 1 gm3anHa uccnepoBaHus. Camasi HM3kas 4YactoTta (3,8%)
6bina BbIIBNEHa NPU CUCTEMATUYECKOM CKPUHWHIe MyTauui
reHa GATA1 nyTem cekBeHupoBaHus no CaHrepy amnnmdumumpo-
BaHHbIX C MOMOLLIbIO MOIMMEPasHON LIeMHOM peakuun y4acTKoB
[OHK [34]. Takas H13Kas YacToTa, BO3MOXHO, ABMAETCA OTPaXKEHN-
€M OTHOCUTENBHO HU3KOW YyBCTBUTENBHOCTU METOAa, NOCKOSIbKY
B HEeJaBHO NPOBEAEHHOM MPOCMEKTUBHOM MCCNeaoBaHuK, BKIO-
YyagLuem 200 HoBopoxaeHHbIX ¢ CL0, YacToTa MyTauuii reHa GATAT,
06Hapy>XeHHbIX KOMOVMHMPOBaHHLIM METOAOM (CTaHAAPTHOE CekK-
BeHupoBaHune Mo CaHrepy U BbICOKOIMEKTMBHASA XMOKOCTHASA
xpomatorpadcums — BOXKX), coctaBuna 8,5%, 4To yknapgpiBaetcs
B Avana3oH 5-10% pacnpocTpaHeHHocTM TAM, nosny4eHHOW BO
MHOIMX UCCNefoBaHMsAX Ha OCHOBAHUM OLIEHKU KITUHUYECKUX W
remaronornyeckmx kpurepues [3]. VIHTepec npepncrasnseT TOT
haKT, 4TO UCMOMb30BaHNE O4YEHb YYBCTBUTENLHOIO MeTofAa Cek-
BEHMPOBaHNA HOBOro nokoneHus (CHI), garowero BO3MOXHOCTb
BbISIBMIATL O4EHb Masible KJoHbI ¢ MyTaumen reHa GATAT (0,3% u
6onee), NO3BONMIO BbIABUTL MyTaumm reHa GATAT y 30% Bcex
HoBopoXxAdeHHbIX ¢ C, 1, No KpariHen mepe, NOMoBMHA 3TUX MyTa-
LA KITMHWUYECKN ABNSIIOTCA «MomnyaLmmMm» [29].

KnnHnyeckue nposisrieHnss TAM

Mpu knaccuveckom TAM MOryT 6bITb pasfnnyHble KNMHU4YecC-
kne cummntombl (Taén. 1). MHorga TAM nposBnsieTca BHYTpU-
YTPOOGHO N MOXeT cTaTb NPUYUHOM BHYTPUYTPOOHOW rubenu
nnoga wunu cMepTu B nepuoge HOBOPOXAEHHOCTU [26, 28, 35].
[opaspgo vaile TAM passuBaeTcsi B NepsBble OHW XU3HU U ero
NPOSIBIEHNSA MOTYT BapbMpoBaTb OT 6€CCUMNTOMHbLIX U3MEHEHWI
B O6LUEM aHanu3e KpoBW [0 AUCCEMWHUPOBAHHOW nenkemu-
yeckor nHduneTpauun. KnmHmnyeckn BbipaxkeHHsln TAM (nede-
HOYHAas HeJoCTaTO4YHOCTL/NOPO3, acumT, NnespanbHbIn/nepu-
KapAavanbHbI BbINOT, MOYeYHas HEAOCTATOYHOCTb W/MnK Koary-
nonatwsa) passusaeTtcs y 10-30% nauMeHTOB C KIWMHWUYECKU
amarHoctuposaHHbiM TAM [26, 28, 29, 36].

F'emartonorndyeckne npusHakn TAM

Hanbonee TUNWYHBIMM TreMaTonorMYecKUMn MnpusHaKamm
TAM aBnsawTCA NENKOUUTO3 C MOBbILWEHHbIM KOJIMYECTBOM
6nacTHbIX KNEeToK, HeWTpodunoB, 6a3oduiioB U MUenouu-
TOB [29] (Tabn. 2). Y HEKOTOPbIX HOBOPOXAEHHBLIX ¢ TAM Takxe
BbISIBMAOT 303MHOPMNMIO [37]. Y1Mcno TpoOMOOLIMTOB Y HOBOPOX-
denHbix ¢ CO n TAM He oTnnyaeTcs OT TakOBOro Mpu OTCyT-
ctBun TAM, 1 NyLb Y HEMHOMMX HOBOPOXAEHHbIX ¢ TAM BbISiB-
NS0T aHemuto [28, 29]. BaxHO, 4TO 3a UCKINIOYEHWEM MOBbILLEH-
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Ta6bnuua 1. KnuHnyeckue npusHaku TAM*
Cumntom

XKentyxa
lenatocnneHomeranus
Coinb

BbinoT nneBpanbHbIN U/unv nepukapanasbHbIi,
wvnm acumt

KpoBOTO4MBOCTb

[MeyeHou4HbI PrOPO3 C NEHEHOHHOM
HE[OCTATOYHOCTbIO 1N 63 Hee
HapyLuenune dyHKUMM nodek/noyeyHas
HEOCTAaTOYHOCTb

BopsHka nnopa

BeccumnTomMHOE TeyeHve

Hab6niogaeTcs o4eHb 4acTo. XoTsa XenTtyxa HabntofaeTcs y 60MbLUMHCTBA HOBOPOXAEHHbIX ¢ TAM, oHa Takxe
BcTpeyaercs y 50% HoBopoxaeHHbIx ¢ Cll 6e3 TAM

Ha6niopaetcs vacTo. [enatomerans v renatocrnneHomeranyis HabioaaloTes HaLle, YeM M30MpoBaHHas crieHomeranvs
Hab6niopaeTcs HevacTo. HecneuuduyHas. Hanu4ue coinv cBupeTenseTayeT B nonb3y TAM, 0fHaKo chifb
BCTPEYaeTcs y HOBOPOXAEHHbIX ¢ CIl 6e3 TAM

BbinoTbl peructpupytotes y 25% NaumeHToB npu KMHUYecKkW npossnstoLemes TAM

Hab6niopaetcs npumepHo y 10% naumeHToB ¢ TAM, npuimHamy MoryT 6biTb TPOMOOLMTONEHUS, HApyLUEHWe
(OYHKLAM NEYEHN 1 ANCCEMWUHUPOBAHHOE BHYTPUCOCYANCTOE CBEPTLIBAHME

Hab6niopaetcs HevacTo. MHoraa y HOBOPOXAEHHBIX MOXET ObiTb (DMOPO3 NEHEHN MPY HEGONBLLOM MPOLIEHTE
61acTHbIX KNETOK B Nepugepuyeckon Kposu

Pepko (meHee 4em y 10% nauneHToB)

Xota TAM peako nposiBnseTcs B BUAE BOAAHKM NIOAA, B HEKOTOPbIX cryyasx TAM MOXeT 6biTb NPOMyLLEH,
NOCKONbKY HE BCErAa NPOBOASAT UCCNIEA0BAHNE Ha NPEMET BbiSBNEHNS MyTauui B reHe GATAT

Okono 20% HoBOPOXAEHHbIX ¢ TAM He MMEIOT KIMHUYECKWX CUMMTOMOB

“KnuHuyeckne npusHaku y HOBOPOXAeHHbIX ¢ Cll, y koTopwix MyTauws B reHe GATAT BbisiBfieHa € MOMOLYbIO CTAHAAPTHOrO cekBeHnpoBanus wwumn BOXKX. Tabnmya
cocTasrieHa o gaHHeIM J.Klusmann u coaBr. [26], A.Gamis n coaBr. [28] n |.Roberts u coasT. [29].

KommeHTapui

Tabnuua 2. FemaTonornyeckue npusHaku TAM*
MMpuanak

JleiikoumnTo3

Konun4ectBo 6n1acTHbIX KIETOK B MepucepnyecKoi
Kposw 6onee 20%

Hentpodhunes

Qo3uHodmnus Habntopaetcs HevacTo (y 10-16% nauneHToB)
TpombouuTonenus

AHemust Habntopaetcs HevacTo (npumepHo y 10% nauueHToB)

*lematonorndeckue npu3Haky y HoBOPOXAEeHHbIX ¢ CLl, y koTopbix MyTauus B reHe GATA1 BbisiBfieHa C MOMOLLbIO CTAHBAPTHOro cekBeHnposanmnsa wwmm BOXKX. Tabnnya
cocTasrneHa o JaHHbImM J.Klusmann v coasr. [26], A.Gamis u coasT. [28], |.Roberts 1 coasT. [29] u A.Maroz v coaBr. [37].

HabrniogaeTca 4acTo. XoTa NevkouuTo3 HabnioaaeTcs y 60/bLIMHCTBA HOBOPOXAEHHbLIX C TAM, OH TaKkxe npucyLL
MHOTMM HoBOpOXAeHHbIM ¢ C[1 6e3 TAM. Kpome Toro, y /3 HOBOPOXAeHHbIX ¢ TAM KOnM4YECTBO NENKOLMTOB HOPMasbHOe
Habniogaetcs 04eHb YacTo. MockonbKy NpakTU4Yecku y Bcex HOBOPOXAEHHbIX ¢ Gl umetoTcs 6nacTHble KeTku

B nepudepuyeckon Kposu, a y npuénmnantensHo 20% HoBOpoXAeHHbIX ¢ TAM Konn4ecTBO 6nacTHbIX KNETOK

B nepudrepuyeckon Kposm coctasnser MeHee 20%, 3Ha4eHre Hannymns 61acTHbIX KETOK B Nepudepryeckon Kposm
MOXET 6bITb OLEHEHO TOMBKO MPM UCCNENOoBaHNM MyTauuii reHa GATA1

Hab6niopaetcs Yacto. Peructpupyetcs npumepHo y 25% HoBOpPOXAEHHbIX ¢ C[1 6e3 myTaumi reHa GATAT

Hab6niogaeTcs 4acTo, ofHaKo YactoTa TpOMBOLMTONeHUN Y naumeHToB ¢ TAM 1y HoBopoxaeHHbIX ¢ G
6e3 myTauuit reHa GATAT ognHakoBa 1 0Komo % naumeHToB ¢ TAM He UMeT TPOMBOLMTONEHUN

KommeHTapuit

HOro KONM4ecTBa LMPKYNUPYIOLLIMX 6/1aCTHbLIX KNETOK HET ApYyrux
remMaToniorm4eckmnx NpuaHakos, cneundunyHbix gns TAM (puc. 1).
XoTs cneunduyeckoro rmnopora MpPOLEHTHOrO coAep>XXaHus
6nacTHbIX KNETOK, KOTOPbIN 6bl MO3BONUI BbIABUTL BCE CrlyyYau
TAM y HoBOpOXAeHHbIX ¢ C[, He CyLLeCTBYeT, Mbl OOHAPYXWUIK,
YTO KOSIMYECTBO 6NACTHLIX KNETOK B Nepudepn4eckon Kposu
60nee 20% OAHO3HAYHO KOppenupyeT ¢ MyTaumen reHa GATA1
1, cnegosartenbHo, ¢ guarHo3oM TAM. Hao6opoT, 3Ha4yeHue Ko-
nn4yectBa 6NacTHbIX KMETOK B nepudepuyeckon KpoBu MeHee
20% y HoBOpoXxAeHHoro ¢ C1 MOXeT 6bITb ONpeaesnieHo TONbKo
nocrne aHanuaa Ha Hanuuine mytaummn reHa GATAT.

«Monyawymi» TAM

Y okono 20% HoBopoxAaeHHbIX ¢ CL BbIABNAIOT MyTauum reHa
GATA1, KOTOpble He MPOSBAAIOTCA HU KITMHUYECKMW, HU reMaTo-
niornyeckun («monyaumii»> TAM), 1 3TM HOBOPOXOEHHbIE HUYEM
He OTNMYalTCA OT HOBOPOXAEHHbIX ¢ CL0 6e3 myTauwmni reHa
GATA1. CnegyeT OTMETUTb, Y4TO Y HOBOPOXAeHHbIX ¢ C[] BbICO-
Ka YacToTa XeNTyxu 1 TPOMOOUMUTONEHUN, [axe NPU OTCYTCTBUN
mMyTauum reHa GATAT. O6bIHHO, XOTS U He Bcerga, HebonbLume
KMOHbI ¢ MyTaumamn reHa GATAT, BbisiBNsSieMble MpU «Mon4a-
wem» TAM, MoryT 6bITb O6GHapPY>XeHbI TOMBKO C UCMOSIb30BaHU-
€M OYeHb YYBCTBUTENbHbIX METOO0B, Taknx kak CHIT [29].

EctectBeHHoe TedeHne TAM

PeTpocnekTBHbIE KIMHUYECKME MCCIefoBaHNs MOKa3bIBaloT,
YTO B 6OSLLUMHCTBE Crny4aeB Knaccu4eckuin TAM cnoHTaHHO pas-
pelLaeTcsi B TEYEHME HECKOMbKUX Hefenb WnvM MecsiLeB nocne
poxneHus [26, 28]. Hebonblwasa vacte geten ¢ TAM ymupator,
rmaBHbIM 06Pa3oM OT MEYEHOYHOW HEeJOCTaTOYHOCTU, O6YCrIoB-

NeHHOW hnbpo30M 1 61aCTHOM UHGUNBTPaUMEN neveHn [26, 28).
MpepLwecTBytoLLMe MCCeQoBaHUS Mokasanu, YTO NeTasnibHOCTb
ot TAM pocturaet nopsigka 20%, 0fHaKo aTa umdpa, BEPOSTHO,
ABNAETCA 3aBbILUEHHON, NMOCKONbKY anarHo3 TAM ocHoBbiBancs
TOMbKO Ha KIMHWYECKUX W remMaTosiorMyeckux Kputepusix, B TO
BpEMS Kak Nnerkve n CyoknMHUYecKne cny4vau, no BCeW BEposT-
HOCTK, 6bI1M nponyLueHbl. Puck passutua OMJ1-CO nocne TAM
BapbupyoT oT 5%, N0 AaHHbIM HEAABHO NPOBELAEHHOrO NPOCNeK-
TMBHOIoO nccnenosanus [29], oo 30%, No AaHHBIM PETPOCMNEKTUB-
HbIX MCCefoBaHUA Y NaLMEHTOB C KIIMHUYECKN ANarHOCTUPOBaH-
HbiM TAM [26, 28, 36, 38]. CneunnyecKnx KIMHUYECKNX, rema-
TOMOMMYECKUX WM MOSIEKYNAPHBIX MPU3HAKOB, MO3BONSIOLLIMX
nporHo3mpoBaTk TpaHcopmauuto TAM B OMJ1, He npeHTupmLm-
poBaHo. bonee nonHas MHopMaLMsa O eCTECTBEHHOM TEYEHUU
TAM MOXeT 6bITb NOMy4YeHa TOMLKO B pe3ynbrarte NPpOCNeKTUBHbIX
nccnepnosaHui y getert ¢ CO n mytaumsamm reHa GATAT n 63 Hux
BMNNOTb 4O 5-neTHero Bo3pacta (nocne atoro so3pacta OMJ1-C
BCTpeyvaeTcs KparHe peako) [39].

[narHoctuka n HabnogeHne HoBOpPOXAeHHbIX ¢ TAM

Bcnepcteue Toro, 4to y HoBopoxAaeHHbIX ¢ C n myTaumamm
reHa GATA1 (KaK C KIMHUYECKMMWU MNPOSABIIEHMAMU, TaK U C
«Monyawmm» TAM) moxeT passutbess OMJI1-CL, oo 5-netHero
BO3pacTa, HaunyyLmMm cnocoboM BbIIBIIEHUS BCEX MaLMEHTOB
rpynmnbl pUcka ABNSETCA CKPUHMHI BCEX HOBOPOXAEHHbIX ¢ CL
Ha Hanuuve myTauui reHa GATAT ¢ NOMOLLbLIO Kak cTaHpapT-
HbIX (cekBeHunpoBaHue no CaHrepy n BAXK), Tak n 6onee 4vyB-
cTBUTENbHLIX MeTofoB (CHI). AHann3 Ha npegmeT BbISBIIEHUSA
MyTaumin reHa GATAT MOXeT ObiTb MONE3€H AN AMArHOCTUKM
aTmnunyHbIx cny4aes TAM ¢ NpenMyLLECTBEHHBIM BOBEYEHNEM
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Puc. 1. Ma3ok nepudepmyeckon KpoBu HoBopoXxaeHHoro ¢ CIl n
KIIMHUYECKUM M remartorniornyeckum auarHosom TAM, nopgrBepx-
AEHHbIM HanuyMem MyTauuu B 3K30He 2 reHa GATA1. B maske
BUAHbI GONbLLIOE KONMMYECTBO GNACTHBLIX KIETOK, a TakXe rMraHTckue
TPOMOOLNTLI U MEFAKapUOLUTBI.
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Puc. 2. MoBbILWEHHbI MerakapMoLmTonoa3 B KjieTkax ne4yeHu nnopga
(Il TpUmecTp 6epeMeHHOCTU) ¢ TpUcoMMent 21-1 XPOMOCOMbI NpU OT-

CYTCTBUM NpHOGpPEeTEHHOW MyTaumm reHa GATAT. MapaduHoBbIV cpes,
OKpaLLIEHHbI MerakapuoumtapHsiM mapkepom CD42b (kopuyHeBbIN).

neyeHn 6e3 xapakTepHbIX N3MEHEHWIA reMaTonorM4ecknx noka-
3aTenen. 3HavyeHue perynspHOro MOHWUTOPUHIa MYTaHTHOro
knoHa reHa GATAT y HOBOPOXAEHHbIX ¢ TAM Henm3BecTHO u
B HacTosLLlee Bpems U3y4aeTcs.

MonekynsapHeii natoreHes TAM

Hamwn 1 gpyrumm nccneposatensmm 6610 NokasaHo, YTo npak-
Tn4eckn Bo Beex cnydasx TAM n OMJ1-CL BbiiBNSeTcA «ycekato-
was» N-TepmuHanbHbIi KOHey 6enka MyTaums reHa GATAT
[30-33, 40-42]. MyTtauun reHa GATA1 obHapyxuBatoTca npu
poxgeHun Kak y geten ¢ C[l n TAM, Tak u, kak nokasanu peTpo-
CMEKTUBHbIE NCCNENOBaHUA NSATEH KpPoBU (TecT Matpu), y oeten
¢ OMJ1-C[ 6e3 npepnwectytowero TAM [33]. MNoka eLLe He co-
BCEM SICHO, HA KakoW CTaguun BHYTPUYTPOOHOro passuTUSA Npo-

nexoaat myTtaumm reHa GATAT — camble paHHME MyTaumm obHa-
py>xuBanu Ha 21-14 Hegene rectauum [43]. MyTaumm reqa GATAT
ucyesaloT npu paspeweHnn TAM unu nocne [OCTMXEHUS pe-
muccum OMJ-CL, 4To yKas3biBaeT Ha TO, YTO OHU ABMIAKTCA NpU-
06pEeTEHHBIMY, T.€. HerepMuHanbHbiMu [24, 33]. C y4eTom Toro,
4YTO «yceKkawowme» N-TepMUHanbHbIN KOHel, 6enka MyTauum
reHa GATAT He ABNSAIOTCA NENKEMOreHHbIMU B OTCYTCTBUWN TpU-
comun 21-n xpomocomel [44] n He NpuBoaaT K passutuio OMJ1
y peten ¢ C[ crapwe 5 net [39], 04€BMOHO, YTO YHMKAalbHbIE
YyepThbl eTanbHOro reMonoasa y aeTen ¢ Tpucommert 21-i xpo-
MOCOMbI HEOGXOOMMbI Of1If peanu3aumn TpaHCOopMUPYIOLLLEro
noteHumana mytaumii reHa GATAT.

MpuYnHBI CTONMb BbICOKOW 4acToTbl MyTauui reHa GATA1T
Yy HOBOPOXAEHHbIX ¢ C[ HEM3BECTHbI. BaxHO, 4TO NOMMMO TOro,
41O MyTaumun reHa GATA1 BcTpevatoTcs npumepHo y 30% Bcex
HoBopoxpAeHHbIXx ¢ CH, y 10-20% M3 HWX COCYLLECTBYIOT He-
CKONMbKO MYTaHTHbIX KJIOHOB reHa GATAT [29, 42]. BeposiTHo,
4YTO 6ENKK C «yce4eHHbIM» N-TepMUHANBHBIM KOHLIOM («KOpOT-
Kne»), obpasylolmecs B pesynstate Mytaumm reHa GATAT
(6enkn GATAT1), npupgaloT petanbHbIM KIIOHaM C MyTauusMm
reHa GATA1 cenekTnBHoe nponudepaTMBHOE MPEUMYLLECTBO,
UNnU/M remonoaTn4eckune KneTku ¢ Tpucommen 21-im XpoMoCcoMbl
MMEIOT MOBBILLEHHYIO YaCTOTY MyTauui (Tak Ha3bIBaEMbIN «My-
TaUMOHHbIA PEHOTUM») BCAEACTBME XPOMOCOMHOW HecTabusb-
HocTwu. Ponb nocnepgHei B oHkoreHese y nauneHTos ¢ CL npotu-
BopeumBa [45, 46] — HM3Kaa YacToTa GOMbLUMHCTBA TUMOB CO-
NMAHBIX onyxonen y naumeHToB ¢ CI [1] ykasbiBaeT Ha To, YTO B
OTNMYME OT NPUOBPETEHHbIX aHeynouann Tpucommus 21-n xpo-
MOCOMbI HE accouumpoBaHa C «MyTaUMOHHbIM (DEHOTUMOM>,
XOT BO3MOXHO, 4YTO Tpucommsa 21- XpOMOCOMbI MHAYLMPYET
BbICOKYIO 4acTOTy MyTaLui TONMbKO B ONpefenieHHbIX SI0Kycax,
B YacTHoCcTU reHe GATA17, — Tak Ha3blBaeMbIl «JTOKaNN30BaH-
HbIM rMNepMyTaLmnoHHbIN heHoTun» (“kataegis phenotype”) [47].

Mopasnstowee 60NbLWNHCTBO (97%) MyTauui, BKNOYaa WH-
cepuuu, geneumm M To4edHble MyTauun, OBHapyXuBaeTcs
BO 2-M 3K30He reHa GATAT, octanbHble — B 3k30He 3.1 [42]. Bce
MyTaLmn NPUBOIAT K CUHTE3Y YKopoudeHHoro 6enka GATAT [32, 40].
Tun mMyTaumm He NO3BONSAET MPeAckasartb, Y Kakux naumveHToB C
TAM B panbHeiwem npousoinget nporpeccuss 8 OMJT-CL, [42].
[encTButensHO, NPy NOSIHO3K30MHOM CEKBEHVPOBaHMN 06Pa3LOB,
MOMy4EHHbIX OT OOHUX U Tex xe naumeHtos ¢ TAM n OMJT-C[, no-
kasaHo, 4to OMJ1-C[] MOXeT pa3BuBaTbCs HE TOSIbKO U3 OOMU-
HUpytoLLEero (MpucyTcTBytoLLero Ha stane TAM), HO U U3 MUHOP-
HbIX CYOKJIOHOB C MyTauuen reHa GATAT [24]. OT1oT meTon
(MONHO3K30MHOIr0 CEKBEHMPOBAHUS) TakXxe MO3BONW Npofe-
MOHCTpUpPOBaTb, 4TO Npy TAM 06HapyX1BaeTcs ropas3fo MeHbLue
CcoMaTMHecKux MyTaumin (B cpegHeEM MeHee 2), YeM Mpu Apyrnx
3/10Ka4eCTBEHHbIX HOBOOGpa30oBaHuaX [23, 24], 4TO OokasbiBa-
eT Heo6XoAMMOCTb W [OCTATOYHOCTb KOMOMHALMM TPUCOMUM
21- xpomocombl 1 MyTauum reHa GATAT gna passutus TAM.

Kaknm o6pasom 6enkm GATA1 onpegenstoT deHotun TAM
He 00 KoHua ficHo. [NoHadany npegnonaranocb, 4TO MNoTeps
TpPaHCaKTMBALMOHHOIrO JOMEHA CHWXaeT PEerynsaTopHYo akTuB-
HocTb 6enka GATA1 B OTHOLLEHMW TepMUHarnbHOW auddepeH-
LUMPOBKM MErakapmoumuToB, TEM CaMbIM MPUBOASA K HAKOMNEHUIO
mManognddepeHUMPOBaHHbIX KNETOK-NPeALIEeCTBEHHNKOB Mera-
kapvoumnToB [40]. MHTepec npepctaBnaeT TOT pakT, 4TO Mpu
BPOXAEHHbIX MyTauusx reHa GATAT, NpMBOAALLNX K UBMEHEHN-
AIM LUMHKOCOAEepXalLMX nanbLueBuaHbIX JOMEHOB 6eKa, Habsno-
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JaloTCs aHeMusl M TPOMOOLMTONEHUS BC1IeACTBUE 6110Ka 3pUTPO-
MerakapvouutTapHon anddepeHUnMpoBKK, KOTOpbIe MpakTu4ec-
K1 He BcTpeyatotcs npu TAM n OMJ1-C[1 [48]. OnucaHbl n egun-
HWYHbIE MauMeHTbl C BPOXAEHHOW aHemueRn, 06YyCroBNEeHHOM
MyTaumen reHa GATAT, ogHako y 3TUX MauUMEHTOB pPas3BUTUSA
neriko3a He Hab6noganock [44, 49, 50]. Bce 910 yka3biBaeT Ha
TO, YTO ANS NeNKEMUYECKOW TpaHcdopmaumm Heo6XoouMbl n
TpucomMus 21-i1 XpOMOCOMBI, U COXpaHHas PyHKLUMA nansuesna-
HbIX LMHKOcoZepaLmux gomeHos 6enkos GATA1 ons cBA3biBa-
Hua ¢ JHK n B3anmopencteusa ¢ 6enkamu. bonee toro, noBbl-
LeHHas akcnpeccus 6enkos GATA1 B reMonoaTMHECKMX KneT-
Kax-npefLecTBeHHUKax neyeHn nnoga y Mblwen ¢ reHom Gatat
avkoro Tvna (wild type — wt) BbI3bIBAET BbIP2XKEHHYIO 3KCMAHCUIO
MerakapuoumTapHbIX KeTOK-MPeaLecTBEHHNKOB, MOLATBEPX-
Jas Hannune mexaHusma «npuobpeteHns dyHkumm» [51, 52].
J.Klusman v coagr. [53] npegnonoxwnu, 4to 6enkn GATAT1 ycu-
nvBaloT nponudepaumnio deTanbHbIX reMono3TUYECKMX KNETOK
nyTemM yMeHbLLEHUsi CynpeccnBHOro addpekta 6enka GATA1 Ha
pakTop TpaHckpunumm E2F1, a Takxe nytem B3aMMopencTBus
C CurHanbHbIM NyTeM MHCYNMHOMO[O6HOro dhakropa pocTa
(NDP). HepasHo ony6nukoBaHHOE coobLLeHne o pa3sutum TAM
npv HanM4Mm mytauum reHa GATA 1, npuBoQALLEN K HAPYLLEHUIO
B3anmogencTeums ¢ hbakTopoMm TpaHckpunummn E2F1, noaresepx-
haeT OaHHylo runoteay [52].

AHOManbHbIN (peTanbHbIX remonoa3 npu CA

EcTb BCce pokasartenbctBa TOro, 4to myTtaumm reHa GATAT
npoucxogat Tonbko B NCK neywenn nnopa. KnuHuyeckn Bbipa-
>XeHHbI TAM nposiBNseTcs NopaxXeHWeM neyeHn, a He KOCTHOro
mMoa3ra [26, 28, 35, 43], n cenekTMBHOE BO3HWKHOBEHUE MyTaLN
reHa GATA1 umenHHo B TCK ne4veHn nnoga CrnyxuT, BEPOATHO,
Hambonee NOrM4HbIM O6bSCHEHUMEM KaK CMOHTAHHOrO UCYE3HO-
BEHWA GONbLUMHCTBA MYTaHTHBLIX KITOHOB B TEYEHWE NEPBbIX He-
CKOJIbKMX MECSILIEB XM3HW, TaK M pedKoCTu NENKO30B C MyTa-
unamu reHa GATA1 y peten ¢ CI1 ctapwie 5 net. AHanormyHo,
TAM He pa3BuBaeTcs nocrie NepBbIX MECALEB XN3HWU, Npeano-
NIOXWUTENBHO BCIEACTBUE WCHE3HOBEHUSI «YHYBCTBUTESIbHOM»
nonynsaumn MCK n/unn COOTBETCTBYIOLLEIO MUKPOOKPYXXEHUS.
[okasaTtenbcTea 9KCKMO3MBHON yHKUNN 6enkoB GATAT nmen-
HO B neYeHu nnoga nomnyyeHbl Ha mogenu GATA1-HokayTupo-
BaHHbIX Mbiwen [54], y KoTopbIX Habnwoganacb TpaH3UMTOpHas
deTanbHas nponudpepauma merakapnob1acToB 6€3 KakMx-nmoo
remMaTofiorM4eCcKnX N3MEHEHWI B MOCTHATalIbHOM Nepuoae.

[NoBbILLEHHOE KO/TMHYECTBO 3PUTPO-MErakapuoLnTapHbIX
KIIETOK-NPEALLECTBEHHNKOB B rneveHu naoga npy CL

MccnepoBaHua KNeTok nedeHn nnoga [55-57], yenoBeyeckmx
3MOPMOHanbHbLIX CTBONOBLIX KneTok (4OCK) M uHayumpoBaH-
HbIX MAPUNOTEHTHBLIX CTBOMOBLIX KNeTok (MIMCK) ¢ Tpucommen
21-n xpomocomsbl [58, 59] nokasanu, 4TO Hanu4yMe TPMUCOMUU
21-i1 xpomocoMmbl HapyLlaeT 6anaHc avddepeHumposku MCK.
B 4acTHOCTW, KONNYECTBO IPUTPO-MErakapuoUmUTapHbIX KNeTOoK-
NPeALecTBEHHUKOB 1 MerakapvoLuToB B MeYeHn nnoga ¢ Tpu-
commer 21-1 XpOMOCOMbI MOBbILLEHO (PUC. 2), N 3TUN KNETKN-NPea-
LLIeCTBEHHUKN o6na,qar0T MOBbILWLEHHbIM I'IpOJ'IVIdJepaTVIBHbIM no-
TEeHUManom in vitro no cpaBHEHUIO C AUCOMHbIMU KneTkamu [57].
OTM paHHble NOATBEPXAAKT, YTO TpUcomust 21-i1 XPOMOCOMBI
cama no ce6e CTUMYNMPYET 3KCMAHCUIO SPUTPO-MerakapmoLum-

TapHbIX KNETOK-NPeALLECTBEHHUKOB B NeYeHW nnoaa, B To BpeMs
Kak MyTauumm reHa GATAT TpaHCOPMUPYIOT 3TU KNETKU-Npea-
LUEeCTBEHHUKU C reHepaumnelnt KNoHOB BPOXOEHHOro TpaH3uTop-
Horo nerkosa unn TAM [60].

lMoBbiLeHHoe korm4ecTBO CK 3pnTpO-MerakapmnoLnTapHov

HanpaBfieHHOCTU B neveHu nnoga ripy CL

C uenblo n3y4eHns Toro, OrpaHNHMBAOTCA NN HapyLLEHWS re-
Mornoasa B neyveHn nnoga npv CL TONbKO KOMMWUTUPOBaHHbLIMM
MUWENOVAHbIMN  KNeTKamMn-npeaLlecTBEHHUKaMmM 1nm  pacnpocT-
paHsTca U Ha koMnapTMeHT MCK n/vnu MynsTUNOTEHTHBIX Kile-
TOK-NpedLeCTBEHHUKOB, Mbl HEJAaBHO MPOBENWN pacCLUMPEHHOE
UMMYHOEHOTUNMPOBaHME N aHanmua YHKUMOHaNbHON aKTuB-
HOCTW NOCNEAHMX, a TaKKe KOMMUTUPOBaHHbIX MUENIONIOHbIX Kre-
TOK-NpeaLecTBEHHUKOB 1 B-numdoumToB neveHn nnoga ¢ Tpuco-
Muen 21-ii xpomocoMbl 6e3 MyTaumii reHa GATAT n cpaBHWUNU
Nony4YeHHble faHHble C aHanormyYHLIMK nokasarensamm 34opoBoOro
nnoga [57]. Mbl nokasanu, 4to npu C Konm4ecTBo MMMYHOdEHO-
Tunuyecku onpegensembix [CK (CD34+, CD38-, CD90+, CD45RA¥)
B MEYEeHWN MOBbILLEHO U 4TO BblgeneHHble CK gemMoHcTpupytoT
3KCMPECCUIO FEHOB, XapaKTePHYHO [151 3pUTPO-MerakapmoLmTapHom
AnbbepeHUMpPOBKU, N FEHEPUPYIOT 3HAYUTENBHO 6OMbLLNE KOMK-
YyecTBa MerakapuoLuTapHbIX U SpUTPOUAHLIX KIETOK-NMpeaLecT-
BEHHWKOB, 4YeM 'CK neyenun 3goposoro nnoga [57]. MNosbiwaert nm
obycrnoeneHHas Tpucomuen 21-n XPOMOCOMbI Nponudepaumns
KNETOK-MNpeaLlecTBEHHNKOB MerakapvoumMTapHon iMHum audde-
PEHLMPOBKN BEPOATHOCTb BO3HUKHOBEHUS MyTaumin reHa GATAT
WM OHa NPOCTO NpuAAeT NPEeNMYLLIECTBO B BbPKMBAHWM KIETKaM,
npuobpeTarLLMM Takme MyTauum, Noka HescHo. TeM He MeHee,
BCE VMerloLmecs hakTbl YKasblBalOT Ha TO, YTO OOYCMOBIIEHHbIe
Tpucommuen 21-i XpOMOCOMbI HapyLLEHUsi reMornos3a B neyeHu
nnoga sBMsOTCA HEOOXOANMBIMM MPeAnockinkaMn ana peanusa-
UMM NEeNKeMOreHHOro noteHumana «ykopadmsarwowmx» N-tepmu-
HanbHbIX KOHeL, 6enka MmyTaumn reHa GATAT.

Hapywuenns passutus B-numgbountos B nedenu nnoga rpy CH

B neyvenn nnoga npu CL He NponcxoauT yBENUYEHNS O6LLErO
konunyectea 'CK, 4To N03BONAET NPEAMNONOXMNTb, YTO SKCMAHCUS
SPUTPO-MErakapuoLMTapHbIX KNeTOK-NpeALleCTBEHHNKOB MO-
XeT HapywaTb PYHKLMOHMPOBAHME APYrMX remMono3TUHECKUX
NVHUIA. [eACTBUTENBHO, Mbl OBHAPYXXUIN CHUKEHHOE KONNMYECT-
BO IpPaHynouMTapHO-MOHOLMTAPHbIX KIETOK-NpeALeCcTBEHHN-
KOB W B-kneTok-npefLllecTBEHHMKOB B ne4veHun nnoga ¢ Ch
Bo Il TpumecTpe 6epemeHHoCTM [57] ¢ 10-KpaTHBIM YMEHbLLIEHN-
eM Konuyectsa npe-npo-B-kneTok-npedllecTBEHHUKOB Hapsgy
CO 3HaYMTENBHO CHMKEHHbIM noTeHumanom CK B-numdonaHoin
HanpaBfIEHHOCTN W CHWDKEHHOWM 3KCMpPEeccuen reHoBs numdona-
HOM anddpepeHumpoBku. Mbl npegnonaraem, YTO HapyLLeHWs
co3peBaHus B-numdouuto B nedenn nnoga npu CO moryt
nexartb B OCHOBE Kak MMMyHogeduumTa, NpUcyLLero naumeH-
Tam ¢ C[ [61], Tak M NOBLILLIEHHON MNPeapPacrnosiOKEHHOCTN K
passuTuio B-OJ1J1[2, 9, 62]. Bo3MOXHO, nepu- 1 nocTHaTasnbHoe
KOMMneHcaTopHoe ycunexnve B-numdonoasa npu CL nosbiwaet
BEPOATHOCTb MPUOOPETEHUSA NENKEMOreHHbIX MyTauui B paH-
HeM [eTCKOM Bo3pacTe.

Uccnenosarus remonoasa 43CK n ulICK

G.MacLean n coaBT. [59] HegaBHO nokasanu, 4To 4OCK un
nlNCK naumeHToB ¢ Tpucommen 21-i XxpoMOCOMbI, KOTOpble aAnd-
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Tabnuua 3. NlemaTonornyeckme HapyLleHUs Y HOBOPOXXAEHHbIX C
C/[l B cpaBHEHUMU C HOBOPOXAEHHbIMU 6e3 C[]

OpuTponoaa:
* KOHLIEHTPaLMs reMornobuHa 1 reMaToKpuT MOBbILLEHBI;
* MCV noBblLLEH;
* 3pUTPO6NACTO3 B NEPUGEPUHECKO KPOBK;
* I33PUTPOM033 (MULLEHEBULHBIE SPUTPOLMTHI, MAKpOLMTO3, 6a30(hubHas
3ePHUCTOCTb 3PUTPOLIMTOB)
JleikouuTbl:
* NIeKOLIMTO3;
* HerTpodhunes;
* MOHOLITOS;
* KONMYECTBO 6a30(HNI0B MOBLILLEHO;
* KONIMYECTBO BNIACTHBIX KNETOK B NEPUEPUHECKON KPOBM MOBLILLEHO;
* IUMdoneHns;
* iucnnasuna MOHOUMTOB W rpaHynoumToB
Tpom60oLUTbI:
* TPOMGOLMTONEHMS;
* TUraHTCK1e TPOMOOLNTI;
* LIMpKYNMpYtoLLMe MerakapuoLmThl U WX pparmMeHTb!

hepeHUMpOBaNnNChL B YCNOBUAX, aHANOMYHbIX YCNOBUAM MeYye-
HW nnofa, reHepupoBany MoBbILLIEHHOE KONUYECTBO 3pUTPOUL-
HbIX U MerakapmoumTapHbIX KOSIOHUI MO CPaBHEHUIO C U30reH-
HbIMW OMCOMHbBIMW KIOHaMU, YTO NOATBEPAUNO AaHHble, Mosny-
YeHHble MPU U3YYEHUN KNEeTOK MneyeHu nnofga 4venoseka [57].
C uenbio MOOENMpPoBaHUS remMonodsa B XXENTOYHOM MELLKe
S.Chou u coasr. [58] gndpdepeHumposanm UMCK ¢ Tpucommer
21-”n XpOMOCOMbI MU Nnokasanu, YTO B YCIOBUAX, aHanorn4HbIxX
KPOBETBOPEHUIO B XXENTOYHOM MELLIKE, OblfT MOBbLILLEH 3PUTPO-
no33 npv HOPMasbHOM MErakapuoLMTONO33€ U CHWKEHHOM
Muenonoase [58]. 3To ykasbiBaeT Ha TO, 4TO 3DAEKT TPUCOMUM
21- XpOMOCOMbI MOXET 6bITb CNELMMUYHBIM O KaXOon cTa-
Onn pa3BuUTUA remonoasa. BnvsaeT nu 3To Ha BpeMs npuobpeTe-
HUst MyTauun reHa GATAT, eLle NPeacTouT BbISCHUT.

Porsib MUKPOOKPYXXeHUsI B @aHOMaslbHOM
remornoase nnoga npv CL

XOoTa KIMHUYECKMe N BUOMOrMYECKNE OaHHble 3acTaBnsioT
npegnonaratb, YTO MNeYeHb MN0OAA, BEPOSTHO, oBecnedvmBaeT
crneLmannu3mpoBaHHOE MUKPOOKPYXEHWe, Heobxooumoe ans
VHALMaUMM 1 nogaep>XaHns aHoManbHOro remornoasa npu C[h,
KOHKPETHbIE (PaKTOpbI, MPMBOAALLME K HAPYLLEHWNIO remMornoasa
npn CL, Hen3BecTHbl. PaBHbIM 06pa3om HESCHO, BNUSIET Ju
Tpucommuss 21-i XpOMOCOMbI Ha MOAAEP>XKMBAIOLLYHO FeMOMo33
PYHKUMIO MUKPOOKPYXEHUs neyveHu nnopja. EcTe HekoTopble
CBMOETENLCTBA B MOSIb3Y TOrO, YTO ONPEAENIEHHYI0 POfb MOXET
urpatb HapyLUeHHbIn oTBeT Ha VOP. YV Mbiwen akcnaHeusa de-
TaneHbix NCK nopgpepxusaetca NOP-2, npogyumpyemMbiM yHU-
KanbHbIMW CTPOMalbHbIMWU KIIETKAMU MEYeHW, B OTMYMe OT
KOCTHOMO3roBbIx [[CK B3pOCbIX XXUBOTHbIX, 3aBUCALLMX OT NPO-
ayumpyemoro octeo6bnactamm UNOP-1 [63-65]. Kpome ToOro,
BbDKMBAEMOCTb W nponudepaumns MerakapuoumTapHbIX Kne-
TOK-NPEeALLECTBEHHNKOB Yy NSI0AA, HO He Yy B3POCMbIX MbILLENR,
3aBUCUT OT cUrHanbHoro Nyt VIOP, aHanorm4yHo Tomy, Kak 3T1o
npoucxogut npn OMJ1-CO n TAM [53]. Takum o6pasom, cTa-
OWiHO-crneundunYHbI curHanbHbii nyTe OP, onocpenyembin
KNeTKaMn MUKPOOKPYXXEHUS NMeYEHN Nofa, MOXET BHOCUTb Cy-
LLECTBEHHbIA BKNag B AOMUHUPYIOLLYIO 3pUTPO-Merakapmo-
LuTapHyto HanpasneHHoCcTb anddepeHumpokmn MCK n akcnaH-
CUI0  3PUTPO-MErakapvoLmUTapHbIX KIETOK-NPeaLlecTBEHHNKOB
npun C[L, ogHako KakMM 06pa3oM 3TO CBSI3aHO C TPUCOMUEN
21-1 XpOMOCOMbI OCTAETCS HEAACHBIM.

MocTHaTanbHbIX remonoa3 npu CA1
Femaronorn4eckne HapyLLeHns1 y HOBOPOXAEHHbIX ¢ CL

B peTrpocnekTuBHbIX MCCNefoBaHMSAX NMOKa3aHO, YTO Yy HOBO-
poxaeHHbix ¢ CI remaTtonorm4eckne HapyLLueHus BCTpevarTcs
yatlle, 4eM y 3[0POBbIX HOBOPOXAEHHbIX [66—68], 4To 3acTaBnseT
npegnonarartbe BAUSHWE TPUCOMUKN 21-1 XPOMOCOMbI 1 Ha MOCTHA-
TaslbHbIA reMornoas. B cooTBETCTBUM C 3TUM MPELANONOXEHNEM
B HEJABHO NPOBEAEHHOM MPOCMEKTUBHOM MCCNeaOoBaHWM, BKIO-
YyaBLuemM 200 HoBopoxaeHHbIX ¢ CL, 661510 NoKasaHo, YTo remarto-
NOTNYECKME HAapYLLUEHUS BbISBNAIOTCA Y BCEX HOBOPOXAEHHBIX C
C[ (tabn. 3) No cpaBHEHUIO C HOBOPOXAEHHBLIMWN TOrO Xe recra-
LMOHHOMO CpOKa W MocTHaTanbHOro Bo3pacta, Ho 6e3 C[1 [29].
Bonee TOro, MHOrMe n3 aTMx HapyLUEHUA aHanornyHbl TeM, KOTO-
pble HabnofaroTca B neveHn nnoga npu CL (cMm. Bbile), n obHa-
PYXVBaKOTCS JaXe Mpu OTCYTCTBUM MyTauui reHa GATAT. Y Ho-
BOpoXAeHHbIX ¢ CL1 pernctpupytoTcs 60ree BbICOKas KOHLEHTpa-
UM reMorno6uHa, MOBbILLUEHHOE KOMMYECTBO LMPKYNUPYIOLLMX
3pUTPOBNIACTOB N M3MEHEHUSE MOPCONOrMN 3PUTPOLIMTOB, BKITO-
Yyas MakpouuTO3, HaIM4YnMe MULLIEHEBMOHbBIX SPUTPOLMTOB 1 6a30-
OUINBHYI0 3EPHUCTOCTb 3PUTPOLIMTOB; KONIMHECTBO TPOMOOLUMTOB
npu CO MeHbLLE, YeM B HOPME, C 4aCTbIM PasBUTUEM TPOMOOLIM-
TOMNEHUN, N, HECMOTPS Ha TAKOW Xe cpeaHun o6bema TpomooLmnTa,
Kak 1y 300poBbIX AeTew, y 6onee 4em 95% HOBOPOXAEHHbIX ¢ CL
HabnofaTcs M3MEHeHUs Mopddonorm TpomeoumToB (BCTpeYa-
IOTCH TUraHTCKMe TPOMOOLMTBI, LMPKYNNPYIOLLME MErakapuoLmTbl
1 nx coparmeHTbl) [29]. IHTepec npedcTaBnseT TOT hakT, 4To, He-
CMOTPSA Ha CHWXEHHOE KONMWYeCTBO FpaHynouMTapHO-MOHO-
UMTapHbIX KNETOK-NMPEALIECTBEHHMKOB B NEYeHU Mnoaa, Y HOBO-
poxgeHHbix ¢ C[I KonuyecTBO rpaHynoUMTOB U MOHOLIMTOB
B Nepudepnyeckon KpoBm NOBLILLEHO [57], BEpOATHO, BCeacTeme
npeobnagaHns KOCTHOMO3rOBOIO KPOBETBOPEHWS Ha MO3OHWUX
cpokax rectaumu n nocne poxpgeHus. Konnm4ectso numdoumTos
y HoBOopoXAeHHbIx ¢ C[] B fJaHHOM UCCNeaoBaHnm 6bIno CHUXKEHO,
YTO COOTBETCTBOBASIO A@HHbIM, NOMYHYEHHbIM B MPeLLecTBYOLLMX
nccnegoBaHusx y 6onee ctapwumx geten ¢ CO [69-71].

Fematonorndeckue HapyLLeHVs1 y cTapLUnX [BeTev
n B3pocnbix ¢ CA

B oTnmume oT XOpoLLO M3YHEHHOM 3NMAEMUONOrnN OCTPbIX NER-
KO30B, KOTOpblE pa3BmBatoTcs y okono 3% peten ¢ CL, 06 name-
HEHUSX remMaTonorM4yeckux nokasartenier y ocTalbHbIX nauveH-
ToB ¢ C[1 N3BECTHO OTHOCUTENLHO HEMHOro. Hanbonee YacTbimm
aHoManuaMn ABNAKOTCA MaKpoumTos [72, 73], KONMMYeCTBEHHbIE U
KayecTBeHHble n3MeHeHus T- 1 B-numdoumnTos [69-71, 74-76].
EpuvHcTBEHHOE KpynHOe nccneposaHue y 147 B3pocnbix ¢ CL (cpen-
HWIA Bo3pacT 42,2 rofa, pa3époc 16—76 neT) nokasasno, 4To y 3Tux
NaLVEeHTOB MOBbILLIEH cpeaHW 06beM aputpoumta (MCV 99,28 don),
N 4To y oKomno 50% naumeHtoB MCV 6onblle BepXHen rpaHuLpbl
HOpMbI [77]. BT OaHHble B COYETAHUM C MAKpOLIMTO30M, OGHapy-
XMBaeMbIM Ha BCeX MbilUMHbIX Mopensix CL [78-80], aBnstoTcs
CWIbHBIM @apryMEHTOM B MOJb3Y BINSIHUSA aHOMasibHOM SKCNpeccum
OfHOro unu 6onee reHoB, NOKaNM30BaHHbIX Ha 21- XPOMOCOME,
Ha naToreHes3 MakpouuTosa. IHTepec npeacTaBnseT ToT (pakT, 4To
2 13 9 naumeHToB, ob6cnenoBaHHbiX S.McLean 1 coapT. [81], 6bin
NMoCTaBfEH OMArHO3 MMENOAMCNNIA3nK, U 'y OOHOr0 U3 HUX pasBu-
nacb nporpeccupyrolias KOCTHOMO3roBass HeJoCTaTO4YHOCTb.
V.Prasher [77] Takxe otMeTvn, 4To y 7 (4%) 13 147 naumeHToB C
C[ 6bina HeobbsicHMMas TpomboLmToneHus, a 'y 29 (20%) naumeH-
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TOB — HEOOBACHMMANA HENTPOMNeHUs. H1u y OQHOro n3 3TMx naumeH-
TOB [0 3TOro He MPOBOAWIN reMaTtosiornmyeckoe obcernefosaHue,
YTO 3acTaBfsET gymaTb, YTO Y ropas3fgo 60MbLLEro YMcna B3pOCsbIX
¢ CO muenogucnnasus M KOCTHOMO3roBas HEOOCTAaTOYHOCTb
MOryT OCTaBaTbCs HeQMarHOCTMPOBAHHBLIMKM, W YacToTa 3TUX CO-
CTOSIHWI 3HAYUTENBHO 6OSbLLE, YEM YKa3aHHas.

B psime nccnemoBaHuii nokasaHo, Yto y geter ¢ CL yacto
HabnogaeTcs NMMGONeHNa C NPOrPecCUBHBIM CHUXKEHNEM KO-
nnyectBa T- u B-numcouwnTos [69, 70]. B cooTBETCTBUM C 3TUM
getn ¢ C[I »MeloT MOBLILLEHHYI CKIIOHHOCTb K WHMEKLMUAM
N ayTOMMMYHHbIM 3abonesanusaMm [75, 76, 82]. OyHkumus T- n
B-numdountoB Takxe MOXeT 6biTb HapyLleHa, MOCKOSbKY B
xofe HebOonbLUMX WCCNEefoBaHWN BbiBAEHbI aHOManMn TUMU-
YeCcKOro CO3peBaHusl, HapyLUeHUs akTuBauum nMMAQOLUUTOB U
Jenunt UMMYHOrNo6YAMHOB pa3nnyHon ctenenu [74, 83, 84].

B Lenom MOXHO KOHCTaTMpoBaTh, YTO BbIABNSEMblE MYSbTU-
NIMHENHbIE aHOManMu remMonos3a y HOBOPOXAEHHbIX, AeTen U
B3pocnbix ¢ C[] 3acTaBnsoT ¢ 60/bLUON BEPOATHOCTHIO NPeAno-
JIOXWTb, 4YTO TPUCOMUS 21-W XPOMOCOMBI HapyLlaeT remMmornoas
Ha MPOTSXXEHUN BCEWN XM3HW, MpU 3TOM 3PEKTbI TPUCOMUU
21-M XpOMOCOMbI PasnnyaloTcs Ha pasHbIX 3Tanax MHOMBUOY-
anbHOro pasBuUTUA. ITO MOXET ABNATLCH OTPaKEHNEM BO3pacT-
HbIX 3meHeHn FCK n/vnmn nx MUKpOOKpPYXXEHWS.

MonekynsipHbie OCHOBblI HAPYLWIEHUM FremMonoa3a
npu Tpucomum 21-i XpoMOCOMbI

Mpsmas aTnonornyeckas CBaA3b MeXAy Tpucommen 21-i xpo-
Mocomel, 6yab To CL nnu npnobpeTeHHas Tpucomms 21-in Xpomo-
COMbI, U pa3BuUTMEM nenko3a [85] ykasbiBaeT Ha O4EBUOHYIO He-
06XOOUMOCTb MCCNEeAOBaHUA TOrO, Kak AOMOMHUTESIbHAA KOnus
21-1 xpomocombl crneundudeckn Hapyliaet passutne [CK.
Tpucomumsa 21- XPOMOCOMbI MOXET OKa3blBaTb BIUSTHNE HECKOJb-
KUMKW nyTamMu. Bo-nepBbix, reHbl, pacrnonoXeHHbIe Ha [OOMOMHU-
TeNbHOM 21-1 XPOMOCOME, MOTyT HEMOCPEACTBEHHO BNMATb Ha
nosefeHne MCK yepes3 achhekT «O03UPOBKM reHa» OOHOro Wiu
6onee reHoB, BaXKHbIX Ans nponudepaumm, andgepeHLMpoBKu 1
BbbkmBaHua CK (Tabn. 4), XoTs HegaBHO NPOBEAEHHbIE UCCNEno-
BaHWA nokasanu, 4YTo OONOonHuUTenbHas 21-a XxpomMocoma MOTeH-
LManbHO MOXET BNNATb HA SKCMPECCMI0 MHOXECTBA reHOB, pac-
NMONOXEHHbIX Ha MPaKTUYECKN BCEX Xpomocomax [86]. OTn adb-
PeKTbI 21-11 XPOMOCOMbI MOTYT ObITb KaK HarnpaBiEHHbIMW HEMO-
cpepncteeHHo Ha MCK, Tak 1 nposiBNATLCA OnocpeaoBaHHO Yepes
Opyrve Tunbl KNETOK, B YaCTHOCTU KNETKM MUKPOOKPYXEHUS.
BTopbIM MEXaHM3MOM AENCTBUA OONOMHUTENBHON 21-1 XpOMOCO-
Mbl SABMAETCA KNETOYHbIA OTBET Ha aHeynnonauio, Npu KOTOpom
HapyLlaeTca OKpyxakllas cpefa XxpomatuHa C COOTBETCTBYHO-
UMM HapyLUEHNEM 3KCMPECCUN FeHOB, XOTHA 9TOT OTBET MOXET U
He 6bITb cneumMdunYHbIM gNsa TpucoMmm 21-xpomocomel. Tak, npu
OMIJ1-C[ 6b1510 NPOAEMOHCTPUPOBAHO HapyLLEHNE METUIMPOBa-
HWS1 MHOXeCTBa reHoB [87]. B HepaBHO NpoBeaeHHbIX UCCenoBa-
HUAX Ha moaenu Mbiwn ¢ C n knetkax CO-OJJ1 yenoBeka 6b110
BblfiIBIEHO pe3Koe CHWXeHue penpeccnMBHOro MetTuninpoBaHUA
NIN3MHa B NOSIOXEHUN 27 B TUCTOHE 3, KOTOPOe, Kak npearnonara-
10T, MO KparHel Mepe 4aCTMHHO CBSI3aHO C MOBbILLEHHOM 3KC-
npeccvent reHa HMGN1, pacnonoxeHHoro Ha 21- xpomocome
[88]. Kpome Toro, nokasaHo, 4TO aHOManumn 3KCNPeccum reHoB B
OMCOMHBIX XpPOMOCOMaXx KNeToK C TpucoMuern 21- XpoMOCOMbI
pacnonoxeHbl B CneumMgpuyeckmx o6nacTax, YTo ykasblBaeT Ha

Ta6bnuua 4. FeHbl ¢ U3BECTHOW reMono3TUYEcKOW (PYHKLMEN,
JIOKaNu3oBaHHble Ha 21-i xpoMmocome

T'eHbl, CBA3AHHbIE C OHKOreMaToNorN4ecKMI 3a60neBaHNAMM:
CSTB
DYRK1A
ERG
ETS2
OLIG2
RUNX1
[Mpyrvie BaxXHble ANns reMonoaaa reHbi:
AIRE
BACH1
CBG
DNMT3L
GABPA
IFNAR1, IFNAR2 v IFNG2
RCAN1
SOD1

SON

SMNUreHeTUHECKNE MEXaHN3Mbl PerynaumMmn xpomaTuHa [86]. 31oT
heHOMEH BMeCTe C MHAMBUAOyanbHbIMU PasnnynsaMmn B SKCrpec-
CUM FreHOB MOXET MackmnpoBaTtb 3eKTbl COBCTBEHHO TPUCOMUM
21-M XpOMOCOMbI N MeLLaTb PaCKPbITUIO UCTUHHBIX MOMEKYnsap-
HbIX OCHOB BNUAHUA TPUCOMUU 21-1 XPOMOCOMbI Ha remornoas
nnoAa v NPeapacnonoXeHHOCTN K pa3BUTUIO NTENKO30B.

OpHVM 13 npuBnekaTesnbHbIX NOAXOA0B K U3yYeHUo npegpac-
MONOXEHHOCTU K NIeNKo3aM ABNSETCA U3yYeHne pefkux naumeH-
TOB C MapuuanbHOW (CermeHTapHOW) Tpucommen 21-i Xpomoco-
Mbl. J.Korbel u coasT. [89] ncnonb3oBanu KapTvposaHue Tovek
paspbiBa 1 ONIMIOHYKNEOTUAHOE «4YepernnyHoe» CeKBEHUPOBaHMe
IOHK y 30 nauuentoB ¢ C[1, 06ycnoeneHHsbIM CErMeHTapHON Tpu-
commen 21- XpoOMOCOMbI, C LUENb MOEHTUUKAUUM CKPbITbIX
pernoHoB Ha 21-i XpoOMOCOMe, acCoOLMMPOBAaHHBLIX CO creundu-
YeckuM dheHoTMNoMm, npmcylimm CL. ABTOpbI MAEHTUMUMPOBaU
Ha 21- XxpoMocoMe pernoH AnvHon 8,5 merabas, cogepxxaLiuin
Takue reHbl kKak RUNX1, ERG n ETS2, cBsidaHHble C pa3BUTUEM
ocTporo newko3sa [89]. OgHako JOCTOBEPHOCTL BbIBOLOB, CAENAH-
HbIX Ha OCHOBAHWUW 3TOrO MWCCREfoBaHWs, OorpaHuyeHa OYeHb
MasbIM YUCIIOM CrlydaeB fenko3a. AHaNOrMyHbIN METOONYECKUIA
NOAXOL, MPUMEHSANN B CEPUN SMNEraHTHbIX 3KCMEPUMEHTOB Ha MO-
OensiX TPaHCreHHbIX MbIen, cofepXalumx [OOMNONHUTENbHbIE
KOMUW BCEX WS YacTU XPOMOCOMHbBIX PErMOHOB, CUHTEHUYHBIX
(T.e. cogepXxaLumx aHanormyHble reHbl, OpraHM3oBaHHble B aHaso-
rMYHOM nopsgke) 21- xpomocome 4enoseka [78, 79, 88, 90], nnm
camy 21-10 xpoMocomy Yenoseka [80].

Wicrionb3oBaHne mogesnes MbiLLes 151 U3YHeHUs1 posn
21-41 XpoMoCcoMblI

Y Mbliwen nuHum Ts65Dn, KoTopble XapakTepuaytoTcs TpUCOo-
Muen no 104 reHam Ha 16-11 XpOMOCOME (CMHTEHWYHOM 21-11 Xpo-
MOCOME 4enoBeka), BO3HMKAET MUeNnonponndepaTnBHbIA CUHA-
poM, CBf3aHHbIA C rmnepakcnpeccuen reHa ERG [91], xoTa aTo
NPOUCXOAMT BO B3POCIIOM BO3pacTe, a He Y nroja v HOBOPOXAEH-
HbIX MblwaT [78]. HepaBHO 6bina co3gaHa OBOMHAs TPaHCreH-
Has Mofesib C Lenblo AEMOHCTPaLUMM TOro, YTo rmnepakenpeccus
reHa ERG BbI3bIBAET 3KCMAHCUIO 3PUTPO-MeErakapmoLmTapHbIX
KNeToK-NpedLlecTBEHHVKOB (aHaNormyHo TOMy, YTO NMPOUCXOANT
B neyeHu nnoga npu CH), n 370 COOTBETCTBYET IKCMpeccun 6en-
koB GATA1, koTopble Bbi3biBatoT TAM-NoA06HbIN CUHOPOM, KOTO-
pbii B ganbHenwem nporpeccupyeT B OMJ1 [92]. Takxe 6bino
nokasaHo, 4to reH ERG cTMynupyeT MerakapuumTonoas u uHay-
LUMpyeT pas3BuT1E MerakapuobacTHOro fIeNkKosa 1 B OTCYTCTBUM
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TpucoMum 21-1 XpoMOCOMbI [51], XOTS 10 CUX MOP HEACHO, BbISIB-
nsieTcs N1 runepakenpeccus reHa ERG npu tpyucommnm 21-i xpo-
MOCOMbI B KNeTkax neyeHu nnoga [57], B 49CK/MICK [58, 59], a
Takke npu OMJ1-C[ [93]. MeH DYRK1A Takxe BOBJfIE4EH B narto-
reHe3 OMJ1-CI. Ncnonb3ys nmHuio meiwen Ts1Rhr (¢ Tpucommer
no 33 optonoram 21-W XpomMoCOMbl Yenoseka), S.Malinge u
coagT. [90] HegaBHO CO30anu 3aBUCUMYIO OT TPUCOMUM 21-11 XPo-
Mocombl mogens OMJ1-CLD nyTem CKpeLLMBaHWA XXMBOTHBLIX AaH-
HOW NIMHMK C MbILLaMK ¢ TpaHcdeumpoBaHHbIM reHom GATAT n ¢
ryunepaKkcnpeccuent TpaHcopmupyowero annens reda MPL
(MPL*5'5t). Ha aTo MOAenu MOAaBMeHVE SKCMPECCUM FeHOB
nytem PHK-nHTepdepeHumMmn n cyHKUMoHasbHbLIE UCCrefoBaHuns
nossonunu ungeHtndmnumposats reH DYRKTA (1, BO3MOXHO,
reHbl CHAF1B, HLCS v ERG) kak Megmatop aHOMaslbHOro mera-
KapuouuTonoasa 1 nokasanu, 4to reH DYRK1A dyHKUMOHMpPYET
Kak reH-npomMoTop Merakapro6iacTHOWN OrMyXoneBow Nporpeccum B
YCroBusX NapLumasibHoM TPUCOMUM 21-11 XpOMOCOMBI U 3KCNpeccum
reHa GATA1 [90]. Ucnonb3ys Ty xe mopens, A.Lane u coasr. [88]
HefasHO naeHTUdMUMpoBanu Hmgn1 Kak reH, npegpacnonarato-
wmn k passutmio OJ1 y mbiwen nnHum Ts1Rhr.

VY Mblwen nvHum Tcl, eAMHCTBEHHOM MOAENU MbILLW, cofiepXa-
e reHbl 21-1 XpOMOCOMbI YenoBeKa, pa3BMBalOTCs MakpoumTap-
Has aHemusl, CrfIeHOMEranus 1 yCUIEeHHbI MerakapuoumTonoas,
HO He pasBMBalOTCS NENKO3bl U UCTUHHbIE MMenonponudepaTne-
Hble 3a6onesaHus [80]. HegasHo y Mbiwen nuHum Tc1 6binn obHa-
PYXeHbl MHOXECTBEHHblE XPOMOCOMHbIE peapaHXVpOoBKW/aene-
LMK, aHanm3 KOTOPbIX MOXET CMoCOOCTBOBaTb BbISCHEHUIO PO
OTAEeSbHbIX FEHOB, NMOCKOSbKY B HACTOSILLIEE BPEMS MOKA3aHO, YTO
50 reHoB 21- XpOMOCOMbI HYENOBEKA B 3TOW MOLENW, BKITOYas reH
RUNX1, HaxogsTcsl B AUCOMHOM COCTOsIHMM [94]. [anbHenwme nc-
CrnefoBaHus C UCMONb30BaHMEM HOBOW NIMHUM Mbillen Tcl, y koTo-
pbIX NpeacTasneHbl Konuu npumepHo 80% reHoB 21-i XpOMOCOMBbI
Yyenoseka, 1 Opyrmx Mogenen, BeposTHO, AafyT BaXHYO UHAop-
Maumio 0 PYHKLMM MHOXECTBA MeHOB, JIOKann30BaHHbIX Ha 21-1
XPOMOCOME HernoBeKa, XOTs HU 0fgHa Mofenb [0 HaCTosLero Bpe-
MEHW He COOTBETCTBYET MOMHOCTHIO 3a60NEBAHNIO HenoBeKa.

laTTepHbI 3KCrpeccuy reHoB B KIIETKax YesioBeka
¢ Tpucommedi 21-i XpoMOCOMbI

Ha 21- xpomocome HaxogaTcs okono 240 reHoB, KOQVPYLLMX
6enku, n nodtn 340 KOPOTKMX U OJIMHHBIX HEKOAVPYHOLLMX FEHOB
(www.ensembl.org/Homo_sapiens/Location/Chromosome?r=21).
Koppensauma mexay 9KCnpeccuern reHoB, NoKann3oBaHHbIX Ha
21-4 xpomocome, 1 (PeHOTUNOM He YCTaHOBNEHA, U, Kak OTMe-
YEHO BbILLE, 9KCNPECCUs reHOB B GOMbLUOW CTEMEHWN ABNSETCA
TKaHecneunguyHon n moaynmpyemMon 60MnbLUMM KONM4ECTBOM
haKToOpOB, BKMKOYAsA NIMHMIO KINETOK, CTaamio passutus, ctaguio
anddepeHLMpoBKM, (haldy KNETOYHOrO LUMKNa, MeTabonmyeckuni
cTaTyC N MeXuHamMBuayanbHble Bapauun.

MokagaHo, 4TO B KIeTKax ¢ TpcomMmen 21- XpoOMOCOMbI, BKJTHO-
Yas KNeTKn cepgua nnofa, KMeTku ronoBHOMO MO3ra B3pOCHoro,
paznuyHble mnbpobnacTHblie U NMMAOBNacTONOHbIE KNETOYHbIE
JIMHWK, a TaKxke NeKeMUYECKNEe KNEeTKKN, SKCNpeccus reHoB, pac-
NOMOXEHHbIX Ha 21-i Xpomocome, B cpefHeM B 1,5 pasa BblLUe,
4eM B OMCOMHbIX KneTkax [14, 95—100]. OgHako fiCHO, YTO 3TO Mo-
JlyTopakpaTHoe yBENUYEHNE 3KCPECCUN KaxXaoro U3 oTaesbHbIX
reHOB, NMOKaNM30BaHHbIX Ha AOMONMHUTENBHON 21- XpoMocoMe, He
NPOUCXOAUT HY B OOHOM M3 TUMOB A0 CUX MOp UCCNeaoBaHHbIX
KINETOK, Oaxe ecnv B LeSIoM 3Kcnpeccust 3Tux reHos B 1,5 pasa

BbilLe, YeM B OMCOMHbIX KneTkax [99]. Hanpumep, TPULMCTPOH,
Bkntoyatomn MIR125B2, MIR99A 1 MIRLET7C, akcnpeccupyeTcst
npu OMJ-CL, Ho He npu CO-OJ1J1, B TO e Bpemsi OH 3KCnpeccu-
pyeTcsi npu apyrux umuroreHeTudeckmx nogrunax OJ1, npu koTo-
PbIX KNETKM ABASOTCA OUCOMHbIMM No 21-i xpomocome [101, 102].
OpHo 13 cambIx y6eauTenbHbIX [0Ka3aTeNbCTB CBA3M IKCMNPECCUn
reHOB AOMOMHUTENBHOM 21- XPOMOCOMbI C KNETOYHBbIM (DEHOTU-
NoM MOMYYEHO B BECbMa 3MEraHTHbIX IKCMEPUMEHTAX, B KOTOPbIX
BHeOpeHve nHayumpyemoro Xist TpaHcreHa B niokyc reHa DYRK1A,
pacnonoxeHHoro Ha 21-i1 xpomocome, B MIMCK CL ycneluHo nHay-
LMpoBano 650K TPaHCKPUMNLUMW FeHOB, PacrosioXeHHbIX Ha 21-i
XPOMOCOME, C peBepCcUeEn acCoLMMPOBaHHbLIX C Tpucomuen 21-i
XPOMOCOMBI N Vitro geteKkToB pas3BuUTUS HEPBHbIX Knetok [103].
B atom nccnenosaHum He coobLuanock 06 adycbekTax B OTHOLLE-
HUM audbdeperumposkmn MCK, ogHako No CpaBHEHMIO C HEPBHbIMM
KneTKkaMmn oHW MoryT 6bITb MeHee ApamMaTUyHbIMU C YY4ETOM TOro,
y1o UIMNCK YenoBeka ¢ TpMcoMUeR 21-1 XPOMOCOMbI JIMLLIb MUHW-
MaJibHO, ecnv BOOOGLLIE, OT/IMHAKOTCS MO SKCNpeccun reHoB 21-i
XPOMOCOMbI OT AIMCOMHbIX aHasIoroB, HECMOTPS Ha 3HaYUTENbHbIE
pasnuumsa B reMonoaTn4eckoM goeHotune [58, 59].

Tem He MeHee Ha 21-1 XpOMOCOME NOKannM30BaHO MHOXECTBO
reHoB, NIM60 BOBMEYEHHbIX B MaToreHe3 OHKOreMaToNiornmYeckmx
3aboneBaHuin (B YacTHoctw, reHsl CSTB, DYRK1A, ERG, ETS2,
OLIG2, RUNX1 v TIAM1), nn60 kogmpytomx 6enku, urpatoLume
Ba>KHYIO porib B remonoase (reHbl AIRE, BACH1, SERPINA6 [CBG],
DNMT3L, GABPA, IFNART1, IFNAR2, IFNGR2, RCAN1, SOD1 v
SON) [90, 92, 104-107]. Kpome Toro, 34ecb pacriofioXeHb! reHbl
5 MUKkpoPHK, 4 13 KOTOpbIX 3KCNPECCUPYIOTCS B KIETKax Meraka-
pvioumTapHo nuHum auddepeHumposku [102, 108, 109]. Hanpu-
mep, reH RUNX1 siBnsieTca onyxonesbiM cynpeccopomM npu OMIJT
y nauuyerToB 6e3 CI [110], n Hanu4me Tpex KOMmin Npy TPUCOMMM
21-Ii XpOMOCOMbI MPOTMBOPEYUT ero pomv B passutun OMII.
HerictButensHo, akcnpeceus reHa RUNXT npu OMIT-CL Huxe,
YeMm Npu OCTPOM MerakapnobacTHoM Neinkose 6e3 CL [93], n He
nosbilweHa B CD34+-kneTkax neyvenu nnoga [57] nnm 4y3CK/MINCK,
Mony4eHHbIX OT NaLMEHTOB € Tprcommnen 21-1 xpomocomsl [58, 59].
AHanornyHo akcnpeccus reHa ERG, SBNSOLLEerocs MOLLHbIM Mera-
Kapno6nacTHLIM OHKOMEHOM Ha MOAENAX MbILLEW, He MNOBbILLIEHA B
remMornoaTUHECKUX U NeNkeMmnyecknx Knetkax nnopa ¢ C [57, 93].
B uenom, xoTa npsiMble fokasaTenscTea Toro, YTo accoummpoBaH-
Hble C TpYCoMMeEN 21-1 XPOMOCOMbI U3MEHEHUSI SKCTIPECCUUN Bbl-
LLeyKa3aHHbIX FTEHOB B reMOMO3TUHECKUX KIETKax CrOCO6HbI MHAY-
LUMpoBaTh NEMKEMMYECKY0 TpaHCdopMaumio OTCYTCTBYIOT, 3TU
reHbl nognexar AanbHenLemMy NCCNefoBaHuio, MOCKOSbKY UX POfb
MOXET CTaTb O4Y4EBMAHOM TOMbKO MPW WCCNEeOOBaHUM Ha YMCTbIX
nonynsaumsax MCK nnm kneTok-npeaLecTBeHHKOB.

3aknovyeHue

[aHHble, NOyYeHHbIe NPU U3YyHEeHUN KNeTOK MeYeHu nnopa,
43OCK n vlNCK, nokaabiBatoT, 4TO cama no cebe Tpucommsa 21-i
XpoOMOCOMbl obycnosnusaeT HapyweHus o6uonorum FCK wu
KNEeTOK-NpeLlecTBEHHMKOB, MPUBOASA K MHOXECTBEHHbIM [Je-
dhekTaM 3puUTpO-MerakapuvoumtapHon u B-numdcongHon nuHUin
pa3suTus. ITW OaHHble JaloT KI0Y K NMOHUMaHUI0 MeXaHW3MoB
HapyLweHus pocta n auddepeHumpoekn MCK npu Tpucommm
21- XpOMOCOMbI B HaCTHOCTW U aHeynnonanm BoobLLe, a Takxe
PopMUPYIOT UccnepoBaTenbCckne mogenu. MonekynspHas OCHo-
Ba 3TVX 3EKTOB CNOXKHA, ABNSAETCA TKaHEe- N KNeTo4Hocnewuu-
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Ta6bnuua 5. Mpepnonaraemble npepsekeMmyeckne reMonoaTu-
Yeckue gedekTbl, 06yCIIOBNIeHHble TpUcoMuen 21- XpoMOCOMbI
npu CA
MwuenounaHbIit KOMNAPTMEHT:
* 3kcnaHeus [CK v apuTpo-MerakapuoumTapHbIX KNeTOK-MPeaLLIECTBEHHNKOB
B NEYEHW NNoga;
* FMNOMETMNPOBAHME NPOMOTOPOB;
* NOBbILLIEHHAR SKCMPECCHS FEHOB, BOBMIEYEHHBIX B 9PUTPO-
MerakapuoLmMTapHyto AuddepeHLMpoBKY 1 TpaHChopMaLmio;
* NOfABNEHNe CUTHANBHOTO NYTU AREPHOrO (hakTopa aKTUBMPOBAHHbIX
T-kneTok Bcneactaume runepakcnpeccuu reHos DYRK1A n RCANT
JInmcbomnaHbIA KOMNapTMEHT:
* (beTanbHbIA fedekT pasBuTusa B-nMMGOLNTOB C HAKOMNIEHNEM
npo-B-npefLecTBEHHNKOB;
* NOBbILLIEHHAs TPAHCHOPMUPYEMOCTb B-KNeToK-NpesLLIecTBEHHNKOB
Mpy1 TPUCOMUM 21-1 XPOMOCOMBI;
* MOBbILLEHHAsA peapaHXnpoBka xpomocoM, onocpenyemas V(D)J
(B 4acTHocTu, reH CRLF2), BcneacTsye apecta AnddepeHLmpoBkm
B-KneTok-npeaLIecTBeHHNKOB;
* CHWXEHHOe TPUMETUIMPOBAHWE NM3NHA B MONOXEHUM 27 B MACTOHE 3,
BO3MOXHO, BCIIEACTBME MOBbILLEHHON 3kcnpeccun reHa HMGNT;
* NofaBNeHNe CUrHaNMLHOTO NyTU AHEPHOro (hakTopa aKTUBMPOBaHHbIX
T-KNeTok MOXeT 06bsAcHATL pegkocTb T-OJ1J1

OUYHOMN 1 3aBUCUT OT MUKPOOKPYXXEHUA MeYveHn nnoga u, Bos-
MOXHO, KOCTHOIO MO3ra.

To, Kak 3T aHomanuu onpenensioT CcTafuMn 3/10Ka4eCcTBEH-
HOM TpaHcdopmauumu, saBnseTca 6onee fCHLIM B OTHOLLEHUU
MUENOVIHbIX, HEXENN NuMdbonaHbIX nenkosos (Tabn. 5). Ectb
MHOXECTBO [0Kas3aTenbCTB TOro, YTO onpegensemas TpuUco-
Muen 21- XpOMOCOMbI 3KCMaHCUS SpUTPO-MerakapmuoLmTapHbIX
KNEeTOK-NpeALLIecTBEHHNKOB npeapacnosnaraeT nocnepHue K 3no-
Ka4yeCcTBEHHOM TpaHcdopmaumM BeredcTsme MnpuobpeTeHHON
MyTauum reHa GATA1. Takxe BO3MOXHO, YTO OTHOCUTENbHAs
3apepXxka B pa3suTum B-numcoumTos, B co4eTaHWUM C anNuUreHe-
TUYECKUMW HapPYLLEHWSIMX 1 NOBbILUEHHOW CKNOHHOCTLIO B-Kne-
TOK-NPeALLIECTBEHHVKOB K 3M10Ka4eCTBEHHOW TpaHcdopMaumm,
Kak 3TO NPOAEMOHCTPUPOBAHO HA MOAENSAX MbILLEN, N OOBACHS-
et BbIcokyto YacTtoty OJIJ1 npm CO.
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