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Since a report of some 50 years ago describing refractory
anemia associated with group C monosomy, monosomy
7 (27) and interstitial deletions of chromosome 7 (del(7q))
have been established as one of the most frequent
chromosomal aberrations found in essentially all types of
myeloid tumors regardless of patient age and disease
etiology. In the last century, researchers sought re-
cessive myeloid tumor-suppressor genes by attempting
to determine commonly deleted regions (CDRs) in del(7q)
patients. However, these efforts were not successful.
Today, tumor suppressors located in 7q are believed
to act in a haploinsufficient fashion, and powerful new
technologies such as microarray comparative genomic
hybridization and high-throughput sequencing allow
comprehensive searches throughout the genes encoded
on 7q. Among those proposed as promising candidates,
4 have been validated by gene targeting in mouse
models. SAMD9 (sterile a motif domain 9) and SAMD9L

(SAMD9-like) encode related endosomal proteins, mu-
tations of which cause hereditary diseases with strong
propensity to infantile myelodysplastic syndrome (MDS)
harboring monosomy 7. Because MDS develops in
SAMD9L-deficient mice over their lifetime, SAMD9/
SAMD9L are likely responsible for sporadic MDS with
27/del(7q) as the sole anomaly. EZH2 (enhancer of zeste
homolog 2) andMLL3 (mixed lineage leukemia 3) encode
histone-modifying enzymes; loss-of-functionmutations of
these are detected in some myeloid tumors at high fre-
quencies. In contrast to SAMD9/SAMD9L, loss ofEZH2 or
MLL3 likely contributes to myeloid tumorigenesis in co-
operation with additional specific gene alterations such
as of TET2 or genes involved in the p53/Ras pathway,
respectively. Distinctive roles with different significance
of the loss of multiple responsible genes render the
complex nature of myeloid tumors carrying27/del(7q).
(Blood. 2018;131(26):2891-2898)

Monosomy 7 in a wide variety of
myeloid tumors
The monosomy 7 story started when a report was published in
1964.1 This short paper of ;200 words proposed a new clinical
syndrome, namely, refractory anemia missing one of the group 6
to 12 chromosomes in marrow cells and terminating as acute
myelomonocytic leukemia. According to today’s criteria, the
proposed disease would be “sporadic adult myelodysplastic
syndrome (MDS) carrying monosomy 7 as the sole chromosomal
anomaly that frequently develops into overt leukemia.” This
clinical entity, constituting;10% of sporadic adult MDS, seems to
represent the core hematological disease causedbymonosomy 7.

Monosomy 7 as the sole anomaly was later identified in children
with preleukemia,2 which includes MDS and juvenile myelomo-
nocytic leukemia (JMML) according to the current criteria. In ad-
dition, familial monosomy 7, defined as bone marrowmonosomy 7
(hereafter referred to as27) occurring as the sole anomaly affecting
.2 siblings, has been reported in 14 families (see references in
Gaitonde et al3), in which most patients are children or adolescents.

In addition to cases forwhich27 is the sole anomaly, it has been found
together with chromosomal translocations in acute myelogenous

leukemia (AML) and in chronic myelogenous leukemia in blast
crisis, as well as in congenital diseases with a propensity to evolve
into myeloid diseases, such as those caused by germ line GATA2
(3q21.3) mutations,4 neurofibromatosis,5 and severe congenital
neutropenia (SCN).6 The frequency of27 is particularly high among
therapy-related and/or radiation-induced MDS or AML.7

Effects of monosomy 7
Because 27 is detected in a broad range of myeloid tumors
regardless of age and disease etiology, its contribution to the
development and/or promotion of each myeloid malignancy
clearly varies from being the major driving force to having a
supportive role. For instance, adult sporadic MDS associated with
27 manifests at more advanced disease stages with increased
blast counts, so that the revised International Prognostic Scoring
System for MDS assigns 27 patients to a poor risk group.8 In
contrast, there are no significant differences in clinical features or
prognosis of JMML or childhood MDS patients whether or not
they carry 27.9-11 Nevertheless, childhood MDS provides many
opportunities for speculation as to the roles of 27.

Unlike adult MDS, 27 is present in nearly half of all children
with refractory anemia as diagnosed by French-American-British

© 2018 by The American Society of Hematology blood® 28 JUNE 2018 | VOLUME 131, NUMBER 26 2891

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/131/26/2891/1465937/blood822262.pdf by guest on 21 M

ay 2024

https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2017-12-822262&domain=pdf&date_stamp=2018-06-28


criteria.12 This suggests that loss of chromosome 7 could be an
early event. Although refractory anemia patients with27 progress
to advanced MDS at high frequency,12 spontaneous regression
has been reported in childhood MDS with 27 (see references in
Mantadakis et al13). In familial monosomy 7 syndrome, a puzzling
finding is the different parental origin of the retained chromosome
7 in some sibling pairs.14-16 Although difficult to understand, this
suggests the possibility that the gene responsible for monosomy
7 is located on another chromosome. However, because cyto-
penias are often associated with MDS or even non-MDS/AML
in siblings, the essence of familial monosomy 7 syndrome could
be a bone marrow environment conducive to the expansion of a
27 clone. These findings suggest that cells with27 have a relative
survival advantage over the surrounding bone marrow cells.
Enhanced responsiveness to cytokines, rather than cytokine-
independent growth potential, which leukemia cells usually
develop, may be the reason for a temporary growth advantage.
It may be that this is augmented by the long-term use of high
doses of granulocyte colony-stimulating factor (G-CSF) in pa-
tients with aplastic anemia and SCN,17-20 although some in-
vestigators reported a similar incidence of AML/MDSwith27 in
patients who have not been treated with G-CSF.21-23 G-CSF
is not likely to induce 27 clones directly24 but may stimulate
and expand a preexisting 27 clone, as suggested by the
disappearance of such clones coincidental with the discon-
tinuation of G-CSF therapy.25,26 Preferential stimulation of
cells carrying 27 by cytokines has also been demonstrated in
in vitro assays.20

Interstitial deletion of chromosome 7
By the mid-1970s, cytogeneticists had established chromosome
banding techniques and were able to determine that the
chromosome reported as lost in the original paper of 19641 was
chromosome 7.27 Subsequently, using the same techniques,
they identified patients harboring an interstitial deletion of the
long arm of chromosome 7 (hereafter del(7q)) in myeloid dis-
eases. Just like 27, del(7q) is detected either as the sole
chromosomal anomaly or as an aberration additional to chro-
mosomal translocations in essentially all myeloid tumors at all
ages, albeit generally at frequencies less than 27.

A difficult question is whether the effects of del(7q) are identi-
cal to 27 or whether there are clinically relevant differences.
Needless to say, 27 and del(7q) are caused by totally different
mechanisms. The former is a result of chromosome dissegregation
in mitosis, whereas the latter requires a process involving
chromosome rearrangement. Many studies have reported that
the prognosis of AML/MDS with 27 is worse than for the same
malignancies with del(7q). This could be due in part to addi-
tional chromosome and/or gene alterations, because27 tends
to be associated with other unfavorable chromosome trans-
locations such as those involving the EVI1 (3q26.2) gene. In-
deed, 27 is not only the most frequent (.50%) chromosomal
abnormality in tumors overexpressing the EVI1 transcription
factor28-30 but also significantly worsens the prognosis,30

whereas high EVI1 expression worsens the prognosis of AML
with27 as the sole aberration.31 A bona fide cooperation of27
and EVI1 overexpression in the progression of the disease was
further supported by results from 2 patients with chronic
granulomatous disease treated by gene therapy who thereafter
developed MDS with 27 as a result of insertional activation of

EVI1.32 In contrast, more favorable karyotypes in AML, such as
t(8;21), inv(16), t(15;17), and t(9;11), are associated with del(7q).31

Moreover, the prognosis of del(7q) AML with a more favorable
karyotype is better than in patients with del(7q) alone,31 sug-
gesting a limited role of del(7q) by itself in these cases.

Comparing27 and del(7q) as the sole anomaly indicated in one
study that prognosis of adult sporadic MDS with 27 is better
than with del(7q),33 but another report failed to confirm this.34

These disparate findingsmay have resulted from grouping all del
(7q) patients, who have a wide variety of deleted regions, into
one “del(7q)” category. A recent paper reported the adverse
effects of del(7p) as the sole anomaly to the prognosis of myeloid
neoplasms.35 This could be a cause of possible worse prognosis
of 27 than del(7q). The revised International Prognostic Scoring
System assigns del(7q) patients to an intermediate risk group.8

Broad nature of commonly deleted
regions in del(7q) patients
Investigating del(7q) cases provided researchers with an op-
portunity to identify the responsible myeloid tumor-suppressor
gene(s). Indeed, del(7q) cases were almost the only clue in this
regard in the last century, but this was the real start of confusion. In
the 1970s and 1980s, recessive tumor suppressors were the focus
of intensive research. These genes typically lose their function
completely by the loss of 1 allele together with a loss-of-function
mutation on the remaining gene. Thus, a commonly deleted region
(CDR) is an ideal guide to lead researchers to the place where the
tumor suppressor is located. Once a CDR is identified, candidate
genes within the CDR can be sequenced to find mutations. The
identification of the retinoblastoma (Rb) gene (13q14.2) in 1982
encouraged hematologists to seek CDR(s) in chromosome 7.
However, G-banding chromosome spreads of unstimulated mye-
loid tumor cells did not have as high a resolution as could be
obtained from the lectin-stimulated peripheral blood T cells that
had been employed for the identification of the Rb gene. None-
theless, 2 regions, 7q22 and 7q34-36, seemedpromising, but these
bands were too large to be sequenced by themethods available at
that time. Researchers tried to detail CDRs using then-current
techniques such as restriction fragment–length polymorphism as-
sessments, fluorescence in situ hybridization, and microsatellite
surveys. Results from multiple laboratories were published around
1990, but the CDRs identified by each laboratory did not overlap
(reviewed inHondaet al36 andToddet al37) with the result that instead
of narrowing down the location of the relevant CDRs, they were
reported to be spread over the whole 7q region. Of note, at least
these results showed that the conclusion that 7q22 and 7q34-36
bands were promising CDRs based on chromosomal analysis was
incorrect. The wide distribution of CDRs among del(7q) myeloid
malignancies was later confirmed by comparative genomic hy-
bridization microarraying.38

New approaches
After great efforts over decades, researchers accepted that the
identification of CDRs as the first step of the orthodox approach to
determining classical-type recessive tumor suppressors was not
effective. No rational explanation for this has been forthcoming so
far. Many researchers now consider that there are several re-
sponsible myeloid tumor suppressors that act in a haploinsufficient
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manner, but this cannot be the reason for the broad nature of
CDRs on chromosome 7. Indeed, in del(5q), another chro-
mosomal deletion frequently detected in myeloid tumors, 2
CDRs within the length of a chromosome subband were
identified, each containing several genes where the loss of one
allele contributes to the development of MDS.39,40

In this century, advances in technology have enabled researchers
to apply new approaches for seeking the responsible genes. For
instance, high-throughput sequencing allows a strategy where the
whole of 7q is seen as one large CDR and a list of nonsilent
mutations in genes located in this area can be made.38,41,42 Not
surprisingly, many mutated genes have been identified. To select
those truly responsible, the effects of single allele loss on gene
expression were determined by comparing AML carrying 27 to
AML with a normal karyotype using quantitative real-time poly-
merase chain reaction.43 The median expression level of 1088
probe sets was 0.57-fold, indicating a strong gene dosage effect
on messenger RNA expression. This was confirmed in single he-
matopoietic stem/progenitor cells (HSPCs) using single-cell RNA
sequencing.44 Thus, significant reduction of expression levels is
not a useful indicator in searching for or evaluating them.

Several attempts were made to directly analyze the biological ef-
fects of large segment loss. For instance, HSPCs differentiated in
vitro from isogenic induced pluripotent stem cells established from
patients with del(7q) recapitulated disease-associated phenotypes,
including impaired hematopoietic differentiation.45 Shannon et al
attempted a straightforward but technically very difficult approach
in which mice with a heterozygous germ line deletion of a 2-Mb
portion of chromosome band 5A3 syntenic to a segment of human
7q22 were generated.46,47 Although these mice did not develop
myeloid diseases, cell-autonomous abnormalities in HSPCs were
found that were exacerbated by physiological aging and upon serial
transplantation.46,47

Another approach is to use microarray comparative geno-
mic hybridization to search for microdeletions in patients with

myeloid malignancies that might be present in an apparently
normal chromosome 7. Because there are many insignificant
alterations in the genome of tumor cells in general, careful se-
lection of patients to avoid “passenger deletions” is necessary.
Asou et al selected JMML and JMML-like diseases for this, be-
cause it was expected that insignificant deletions are much less
frequent in leukemia cells of children than adults. A common
microdeletion spanning approximately 100 kb was identified in
the 7q21.3 subband that contains 3 genes: SAMD9, SAMD9L,
and MIKI (LOC253012).48,49 Similarly, from EVI1-dysregulated
AML cell lines, 2 small microdeletions (0.39 and 1.33 Mb) in
subband 7q36.1 were detected, the latter of which included the
EZH2 gene.50,51 In addition, a focal deletion (8.8 Mb) at 7q35-36
encompassing the MLL3 gene (7q36.1) was isolated from a
relapsed AML with a normal karyotype.52 A contribution of these
4 genes to the development of myeloid diseases has now been
validated by gene targeting in mouse models.

Current candidates for responsible genes
SAMD9 and SAMD9L
Human SAMD9 and SAMD9L encode related endosomal pro-
teins (60% amino acid identity) that facilitate homotypic fusion of
primary/early endosomes critical for endosomal trafficking, in-
cluding metabolism of cytokine receptors.53 Only vertebrates
have SAMD9/SAMD9L, which have no similarity to any other
genes. Fish, frogs, and birds all possess the common ancestral
genes of SAMD9 and SAMD9L. Mammals fall into 3 groups
regarding these genes. For example, (1) humans (and other
higher primates), horses, and rats have both SAMD9 and SAMD9L;
(2) cows, sheep, and primitive primates (such as galagos)
possess only SAMD9; and (3) cats, dogs, and mice have only
SAMD9L.54 This odd distribution implies that the 2 gene
products have common functions. Nonetheless, because of
differences in gene regulation in tissues and organs, the
2 genes do not fully compensate each other, because loss-of-
function mutations of SAMD9, despite intact SAMD9L, cause

Inherited bone marrow
failure syndrome
with germ line Samd9 or
Samd9L mutations

Isolated childhood
MDS
with germ line Samd9L
mutations

Familial
monosomy 7

syndrome

Ataxia
pancytopenia
syndrome
Autosomal dominant
Samd9L mutations
          Ataxia

MIRAGE syndrome
Autosomal dominant
Samd9 mutations
Myelodysplasia,
   Infection,
      Restriction of growth,
         Adrenal hypoplasia,
            Genital phenotype,
               Enteropathy

Figure 1. Inherited diseases caused by Samd9/Samd9L muta-
tions with a propensity to evolve into childhood MDS.MIRAGE
and ataxia pancytopenia syndromes have nonhematological
symptoms shown in blue. All disease entities except isolated MDS
are characterized by inherited bone marrow failure.
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the life-threatening autosomal-recessive disease normophos-
phatemic familial tumoral carcinosis in humans.55

Heterozygous (SAMD9L1/2) as well as homozygous (SAMD9L2/2)
mice were found to develop MDS and die after 1.5 years.53 Most
SAMD9L1/2 as well as SAMD9L2/2 mice exhibited leukocyto-
penia and anemia with dysplasia in multiple hematopoietic
lineages in their normal-to-hypercellular bone marrow. Almost
all mice of both genotypes developed AML together with EVI1
overexpression at younger ages, indicating cooperation be-
tween the haploinsufficiency of SAMD9L and EVI1 overfunction
in disease progression. Colony-replating and competitive
repopulation assays revealed that SAMD9L deficiency confers
a proliferative advantage on HSPCs. Indeed, SAMD9L-deficient
HSPCs possessed an enhanced sensitivity to cytokines, most
likely due to disturbed metabolism of ligand-bound cytokine
receptors. However, it is not fully understood why such a
growth advantage of HSPCs mainly induces MDS rather than
MPD or AML.

Recently, gain-of-function (g/f) mutations of the SAMD9 gene
were identified in patients with MIRAGE (myelodysplasia,
infection, restriction of growth, adrenal hypoplasia, genital
phenotypes, and enteropathy) syndrome,56,57 while SAMD9L
mutations were found in ataxia pancytopenia syndrome.58-60

The common symptom of these 2 diseases is pancytopenia with
hypocellular bone marrow in infancy that often requires trans-
fusion but gradually improves over time. Patients with both syn-
dromes have additional nonhematological symptoms (Figure 1).
More recently, germ line g/f mutations of the Samd9/Samd9L
gene were identified at high frequencies in cohorts of children
and adolescents with inherited bone marrow failure61 and iso-
lated MDS62,63 at high frequencies. The latter cohorts include
familial cases.

Children carrying a germ line g/f mutation of Samd9/Samd9L
often develop MDS with 27. The age of onset is mostly ,5
years, and, intriguingly, the mutated allele is always lost. Be-
cause g/f mutants of Samd9/Samd9L have an adverse effect on
cell proliferation, loss of the mutants rescues growth potential of
bone marrow cells by a mechanism proposed as “adaption by

aneuploidy” and creates the condition “revertant mosaicism.”56,57

The emergence of such clones also carries a risk of developing
MDS with 27. MDS cells from such children have few additional
gene/chromosome alterations other than 27,63 in contrast to
sporadic childhoodMDSwith27, which generally carries relevant
gene mutations such as GATA2 or those involved in the ras
pathway.64 According to these observations, a working hypothesis
is that HSPCs carrying monosomy 7 (HSPCs/27) are susceptible to
the development ofMDSper se, but surroundingHSPCs suppress
HSPC/27 expansion (Figure 2). When neighboring HSPCs
are “weak” and unable to suppress HSPCs/27, as is the case
for HSPCs harboring g/f mutations of Samd9/Samd9L, then
HSPCs/27 can develop into MDS.

This logic may extend to the pathogenesis of sporadic adult
MDS. It is generally accepted that the accumulation of addi-
tional genetic and/or epigenetic alterations is required for
HSPCs/-7 to develop MDS. This is assumed to be a reason why
the great majority of MDS patients are .40 years of age.
However, if the expansion potential of HSPCs/27 would be
determined by the relative strength of the surrounding HSPCs,
aging may also contribute to the development of MDS by
“weakening” surrounding HSPCs to allow the expansion of
HSPCs/27.

EZH2
EZH2 encodes a methyltransferase for lysine 27 of histone H3
(H3K27).65-67 EZH2 is a component of the polycomb repressive
complex 2 (PRC2), which catalyzes, binds to and propagates the
trimethylation of H3K27. This histone modification generally
functions as a gene silencer.68,69

Somatic EZH2 gene mutations are frequently found (;10%) in
patients with MDS and related myeloproliferative neoplasms, as
well as secondary AML patients, and are an independent un-
favorable prognostic factor.51,70,71 In contrast, EZH2 mutations
are rarely found in de novo AML samples.70,72 Mutations iden-
tified in patients with myeloid diseases are dispersed throughout
the EZH2 gene and result in loss of methyltransferase activity.73

EZH2 mutations are found in either monoallelic or biallelic
states.51,70,71 The latter are associated with copy-neutral loss of

Emergence of a -7 cell

Healthy
individuals

Patients
carrying a g/f
Samd9/Samd9L
mutation

Long latency

Accumulation of
genetic &

epigenetic changes

MDS with -7

MDS with -7

-7 -7

HPSC with a Samd9/Samd9L mutation

HSPC with -7 carrying few additional mutation

HSPC with -7 carrying many genetic/epigenetic alterations

Normal HPSC

Figure 2. Schematic representation of the hypothesis
that the relative strength of HSPCs carrying mono-
somy 7 comparedwith the surrounding bonemarrow
cells affects the process of development of MDS.
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heterozygosity or uniparental disomy that is frequently present in
the distal portion of 7q in myeloid malignancy.38 These findings
raised the possibility that 27/del(7q) could play a causative role
through haploinsufficiency of EZH2. However, conditional de-
letion of EZH2 in HSPCs using EZH2flox/flox mice increased the
frequency of spontaneous gd T-cell leukemia but did not induce
myeloid tumors.74

More than half the MDS patients who harbor an EZH2 mu-
tation also have a tet methylcytosine dioxygenase 2 (TET2;
4q24) mutation.75,76 Accordingly, the potential to develop
MDS in individuals with an EZH2 deletion with or without
alterations of other genes was tested using mice reconstituted
with EZH2flox/flox hematopoietic cells in which EZH2 was de-
leted after transplantation. These mice developed MDS-like
disease at low frequency but when TET2 was knocked down,
the incidence of myeloid disease increased and the pheno-
type became more aggressive.76 Similar results were obtained
when a Runx1 point mutant (S291fs) was induced.77 These
data suggest that loss of EZH2 expression by 27/del(7q)
contributes to MDS development in cooperation with TET2
or RUNX1 mutations. Transcriptomic analyses of HSPCs in
these mice revealed that upon deletion of EZH2, key de-
velopmental regulator genes were kept repressed, suggest-
ing compensation by EZH1,78 whereas a range of oncogenic
direct and indirect polycomb targets became derepressed.76

In addition, RUNX1(S291fs)/EZH2-null MDS cells secreted
inflammatory cytokines such as interleukin-6 and tumor ne-
crosis factor a that depleted surrounding normal HSPCs,
allowing propagation of MDS clones.77

MLL3
MLL3 belongs to the MLL protein family possessing histone
methyltransferase activity for lysine 4 of histone 3 (H3K4), a
histone mark associated with active transcription.79,80 As with
the EZH2 gene, loss-of-function mutations of MLL3 were first
identified in MDS and AML.81,82 Of note, these cases frequently
exhibited Ras pathwaymutations (NF1 deletions or N-Ras, K-Ras,
and Ptpn11 activation) and TP53 inactivation,52 suggesting that
MLL3 loss may cooperate with these aberrations to cause my-
eloid malignancies.

The effects of MLL3 suppression on leukemogenesis was tested
using short hairpin (sh) RNA forMLL3 and p532/2 HSPCs.52 Mice
transplanted with p532/2 HSPCs develop hematopoietic dis-
eases, mainly thymic lymphoma. Although the introduction of
shMLL3 into p532/2 HSPCs did not affect disease latency, in-
troduction of both shMLL3 and shNF1 caused the development of
aggressive myeloid malignancies. In addition, shNF1-transduced
p532/2 HSPCs with one MLL3 allele disrupted by CRISPR/Cas9-
mediated genome editing displayed similar phenotypes to
those transduced with both shNF1 and shMLL3. These results
indicate that inactivation of MLL3 and NF1 cooperatively pro-
motes myeloid leukemogenesis in a p53-null background and
MLL3 acts as a haploinsufficient tumor suppressor in this context.
Of note, although transduction of the shMLL3 alone into p532/2

recipients did not affect survival, transplanted mice exhibited a
temporary reduction in peripheral blood counts due to mat-
uration arrest and dysplasia in multiple hematopoietic lineages.
This suggests that a defect of NF1 plays a role in sustaining the
MDS-like phenotype.

Comparison of transcriptional profiles between p532/2 alone
and shMLL3, p532/2 HSPCs revealed that gene expression
in shMLL3, p532/2 HSPCs was enriched for those identified as
a leukemia stem cell signature83 and that genes suppressed
by shMLL3 were significantly correlated with genes down-
regulated in MDS HSCs.84 Because MLL3 functions as a
chromatin modulator, it is suggested that loss of function
of MLL3 induces altered gene expression patterns in
HSPCs, which eventually perturbs normal hematopoietic
development/differentiation and results in development of
MDS-like disease.

Other candidate genes proposed to be responsible
for myeloid malignancies
A number of genes have been proposed as candidates re-
sponsible for myeloid malignancies bearing 27/del(7q). One
well-studied example is CUX1 (7q22.1),85 the mammalian
ortholog of the Drosophila melanogaster cut (ct) gene,86 which
encodes a homeobox transcription factor. Loss of one allele of
this gene is frequently detected not only in myeloid tumors but
also in uterine leiomyomas and breast cancers (see references in
Ramdzan and Nepveu87). Inactivating point mutations in one
allele are also frequently found in cancers of the endometrium,
large intestine, and lung.88 These data suggest that CUX1 is a
haploinsufficient tumor suppressor. This is further supported by
pseudotumor formation in D melanogaster induced by RNA
interference–mediated knockdown of ct.88 Although CUX1 het-
erozygous mice are indistinguishable from wild-type mice,
CUX12/2 homozygous mice exhibit myeloid hyperplasia during
limited observation periods, because only few mice survive to
weaning.89-91 Other examples include DOCK4 (7q31.1), which en-
codes a guanine exchange factor and is disrupted in murine
osteosarcoma cells,92 and low expression has been linked to
erythroid dysplasia.93 LUC7L2 (7q34), a putative RNA-splicing
gene, was proposed to encode an MDS-related splicesomal
protein.38,39,42

Concluding remarks and future prospects
It is probable that 27/del(7q) contributes to myeloid tumorigen-
esis through two distinct mechanisms. First, HSPCs/27 emerge
at an early stage; the subsequent loss of SAMD9/SAMD9L
confers a relative advantage on HSPCs over surrounding cells
to maintain the 27/del(7q) clone, which then has time to ac-
cumulate further genetic/epigenetic alterations. If the bone
marrow is already greatly perturbed by aplastic anemia, SCN
(possibly requiring high levels of cytokines), or diseases caused
by g/f SAMD9/SAMD9L mutations, then HSPCs/27 probably
have the potential to develop into MDS even without additional
genetic/epigenetic alterations. Regarding the second mecha-
nism, 27/del(7q) occurs in the late phase of disease as an ad-
ditional chromosomal aberration, and loss of EZH2 and/orMLL3
disturbs the epigenetic control of already-abnormal or even
already-leukemic HSPCs in cooperation with preexisting gene
alterations to promote disease.

The broad deletion, a unique feature of del(7q), suggests
that the lack of .2 responsible genes is necessary to develop/
promote myeloid tumors. For instance, haploinsufficiency of
the Samd9L gene (7q21.3) causes the development of AML with
EVI-1 overexpression in mice,53 whereas a pinpoint Ezh2 loss
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(7q36.1) has been detected in the human AML genome.50,51

Nevertheless, preponderance of 27 over del(7q) in AML with
EVI-1 overexpression (refs28-30) might indicate that lack of both
Samd9/Samd9L and Ezh2 (and possibly other tumor suppressors
located at 7q) is necessary to effectively promote human AML. In
this regard, analysis of the biological effects of large segment
loss (see references in Kotini et al45 and Wong et al,46,47) is
challenging but will be useful not only for identifying novel
responsible genes but also for dissecting the roles of already-
known tumor suppressors in combination. This will provide a
precise indicator for prognosis and a strategy to develop tailor-
made therapies for patients carrying 27 and improve our
understanding of myeloid tumors, particularly MDS, which cur-
rently remains an enigma in hematology.
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