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Abstract

Acute Myeloid Leukemia (AML) is a hematologic malignancy with a poor prognosis. Recent
genome-wide sequencing studies have identified frequent mutations in genes encoding members
of the cohesin complex. Mutations in cohesin contribute to myeloid malignancies by conferring
enhanced self-renewal of hematopoietic stem and progenitor cells but the mechanisms behind this
phenotype have not been fully elucidated. Of note, cohesin mutations are highly prevalent in acute
megakaryocytic leukemia associated with Down syndrome (DS-AMKL), where they occur in over
half of patients. Evidence suggests that cohesin mutations alter gene expression through changes
in chromatin accessibility and/or aberrant targeting of epigenetic complexes. In this review we
discuss the pathogenic mechanisms by which cohesin mutations contribute to myeloid
malignancies.

Somatic mutations in myeloid malignancies

Myeloid malignancies represent a heterogeneous group of hematopoietic diseases that occur
from birth to late in life. The two most common myeloid malignancies are myelodysplastic
syndrome (MDS) and AML. In MDS, aberrations in the function of hematopoietic stem cells
(HSC:s) lead to dysplastic bone marrow with peripheral cytopenias, and in AML to a
preponderance of leukemic blasts [1,2]. In both children and adults, MDS can result in death
due to profound and prolonged cytopenias and/or transformation to AML. For both MDS
and AML, there are distinct clinical sub-types based upon morphology, initial presentation,
history of prior therapies, and additional criteria which make both diseases heterogeneous.
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What causes AML or MDS in the majority of patients remains unknown, but a host of
genomics data reveals that MDS and AML share some overlapping features [3-5]. First,
unlike other cancers, MDS and AML tend to have fewer somatic mutations. In both diseases
there are typically 5-15 somatic mutations [3,5,6]. MDS and AML appear to have a lower
frequency of somatic mutations than most other cancers [3,5,6] such as ALL (12-26; [7]) or
breast cancer (33-66; [8]). Importantly, while roughly 25 genes are recurrently mutated
within AML, mutations in over 250 additional genes have also been identified [6]. This
heterogeneity points to the difficulties in developing targeted therapies to treat these
diseases. Thus, while the landscape of mutations present in AML/MDS is well described
[3,6,9,10], which combination of somatic mutations are critical to AML development
remains unclear.

Given the diverse sub-types of AML and MDS, it is difficult to make general statements
about prognosis. For example, in patients with AML there is a distinct segregation of
prognosis based upon age, with younger patients having an overall survival approaching
50% and older patients having a long-term survival of less than 25% [11]. Even in the face
of high-dose chemotherapy and/or allogeneic bone marrow transplantation, treatment of
either MDS or AML remains only successful in about half of patients. This illustrates the
need for novel, targeted therapies to improve long-term survival for these patients. Given the
genetic heterogeneity of MDS/AML, it remains a challenge to develop therapies that are
effective against multiple sub-types, so focusing on a set of mutations and how they
contribute to the leukemogenic process may allow for the development of novel, targeted
treatments. Recently, mutations in the cohesin complex were identified in acute myeloid
leukemia (AML) [3,4,6,12-14]. In addition, a unique sub-type of AML, acute
megakaryoblastic leukemia associated with Down Syndrome (DS-AMKUL) exhibits cohesin
mutations in almost 50% of patients [15]. A number of groups have investigated
mechanisms by which cohesin mutations may underlie AML (Figure 1, key figure), which
will be the focus of this review [16-20].

Cohesin Mutations in Myeloid Neoplasms

One of the most surprising discoveries following genomic sequencing of 200 de novo AMLs
by the Cancer Genome Atlas (TCGA) was the presence of mutations within genes encoding
the cohesin complex (STAGZ, RAD21, SMC3, SMC1A) in 13% of patients [6]. Mutations
in the cohesin complex are mutually exclusive in AML and DS-AMKL, heterozygous,
distributed throughout the gene bodies, and they are often frameshift (17.39%) and missense
mutations (69.57%; [12]). Overexpression of mutant forms of cohesin complex members /in
vitro disrupts cohesin complex assembly suggesting these mutations act at least partially as
dominant negatives [18]. STAGZ2is encoded on the X-chromosome, and therefore mutations
would be thought to result in a null-allele. Whether STAGI or possibly STAGS3 can partially
compensate for the loss of STAGZ during mitosis remains an important question within the
field. In addition, whether women display skewed lyonization in their AML to favor clones
with a wild-type or mutant STAGZ2 allele remains unknown. Evidence suggests that cohesin
mutations can occur early or late in both pediatric and adult AML patients and promote
leukemogenic transformation [4,12-15]. Importantly, a study of adult AML patients found
that the clonal hierarchy of cohesin mutations was comparable with A/PMI mutations [12],
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which have been proposed to occur early during leukemogenic transformation [21],
implying that cohesin mutations can be an early event during leukemia development.
Canonically, loss of cohesin function results in premature sister chromatid separation
[22,23]. However, AML cells are typically not aneuploid, and almost half of TCGA AML
patients had normal karyotypes, implying that gross aneuploidy was unlikely to be a driving
factor in their leukemogenesis. In fact, cohesin mutated hematopoietic malignancies are not
associated with a statistically significant increase in complex karyotypes or specific
chromosomal changes (=7, +8, del 5q) that are often found in myeloid malignancies
[3,4,6,12,24]. Subsequent studies have found similar cohesin mutation frequencies not only
in AML, but also in other myeloid malignancies such as chronic myelomonocytic leukemia
(CMML), chronic myeloid leukemia (CML), myeloproliferative neoplasms (MPNs), and
MDS [4,24]. Notably, over half (53%) of patients with DS-AMKL have mutations in cohesin
complex members [15]. In AML the most commonly co-occurring mutation is NPM1,
which is rarely present in MDS [3,4,6,12,24]. Other common mutations with cohesin in
AML include TETZ, RUNX1, ASXL1, EZHZ, and Ras genes [3,6,12]. In DS-AMKL,
mutations in EZHZ, JAKZ, JAK3, ASXL 1, and Ras genes commonly occur with cohesin
subunit mutations [15].

Interestingly, specific translocations have variable co-occurrence rates with cohesin
mutations. Core binding factor (CBF) mutations are relatively common in AML, with the
two most common translocations being RUNXI-RUNXI1T1,1(8;21) or CBFB-MYH11;
inv(16). Given that both translocations are associated with a favorable prognosis, one would
predict that the co-occurring mutations that ultimately result in AML would be similar.
Surprisingly, two different groups have determined mutational differences between these two
clinically similar diseases. In one publication, 20% (17 of 85) of patients with RUN.XZ-
RUNXIT1 also had cohesin mutations, whereas no patients (0 of 80) with CBFB-MYH11
had cohesin mutations. Interestingly, patients with RUNXI-RUNXIT1 had a significantly
higher number of mutations than CBFB-MYH11 patients (12 versus 8, p<0.0001; [25]), and
STAGZ2was not mutated in any patient, which is unusual because other myeloid
malignancies show a bias for STAGZ2 mutations compared with other subunits (RADZ21,
SMC3, SMC1A). Similar results were reported in a second publication [26], but this study
also found that the combination of cohesin mutations with alterations in tyrosine kinases
conferred a greater risk of relapse in patients with an otherwise “favorable” prognosis [26].
Lastly, recent studies have found that 26% of patients with MLL-PTD leukemia harbor
cohesin mutations [27], but additional translocations have not been definitively studied thus
far. Whether cohesin mutations cooperate or antagonize other common AML translocations
remains unknown. Collectively, these data indicate that cohesin mutations likely play a role
in leukemia development but in the context of specific cooperating mutations [25,26].

Whether mutations in cohesin are prognostically significant remains an open question. In
AML, it appears that cohesin mutations do not significantly alter prognosis, likely because
they co-occur predominantly with AVPMI mutations, making it difficult to evaluate whether
cohesin mutations alone confer a worse prognosis [12]. In MDS it appears that mutations in
cohesin are associated with lower overall survival, especially in patients surviving >1 year
after diagnosis [4]. One of the difficulties in determining cooperativity is the heterogeneity
in both AML and MDS, and the presence of additional mutations, which may confound
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whether cohesin mutations are driving prognosis. Parsing of these important issues will
require genomic studies with larger numbers of patients in addition to basic science studies
to firmly establish cooperativity of mutations to leukemia development.

Disruption of the cohesin complex

Self-renewal and Differentiation of HSPCs

The identification of cohesin mutations in AML patients raised the intriguing question about
whether or not these mutations are causative of the disease, and if so, how they may
contribute to leukemogenesis. Our lab and others have investigated this question using /in
vivo mouse models and cultured cells[16—20]. The common finding is that cohesin
mutations are capable of conferring enhanced self-renewal on hematopoietic stem and
progenitor cells (HSPCs). Enhanced self-renewal of HSPCs is a common finding of known
driver mutations of AML, including 7E72[28,29], NPM1[30,31] and DNMT3A [32]. The
mechanism(s) causing this enhanced self-renewal phenotype following reduction of cohesin
function is likely multifactorial. The first studies published by the Levine and Aifantis
laboratories were congruent in their conclusions that disruption of cohesin function by
shRNA-mediated knockdown or heterozygous conditional deletion confers enhanced serial
replating capacity on HSPCs in methylcellulose culture in vitroand in competitive
repopulation assays /n vivo [16,17]. Using a genetic model, Viny et al., demonstrated that
HSPC-specific heterozygous ablation of cohesin (Smc3) causes AML with a latency of
about 6 months when combined with the FLT3-1TD mutation [16]. The enhanced self-
renewal was later confirmed by other studies using similar approaches in both human and
mouse hematopoietic cells [18-20]. Importantly, studies using heterozygous mouse
conditional knockout models or RNAi-mediated cohesin knockdown observed enhanced
self-renewal that is also observed when mutant forms of cohesin are overexpressed [16—20]
suggesting that mutations in the cohesin complex result in a loss of function or act as partial
dominant negatives. None of the published studies uncovered evidence that disrupted
cohesin function alone is sufficient to drive AML, suggesting that cohesin mutations
cooperate with other genetic alterations during AML development.

The mechanism by which cohesin haploinsufficency induces enhanced self-renewal in
HSPCs remains an active area of investigation, but one common observation is altered
differentiation of higher order HSPCs [16-20]. Although the effects of cohesin depletion on
HSPC differentiation varied slightly between the different groups, many similarities were
observed (Table 1). The cause of the differences in lineage skewing between the published
reports remains unclear but may reflect differences in experimental approaches (ShRNA
versus forced expression of mutant forms of cohesin versus conditional ablation). Given the
differentiation defects observed in cohesin haploinsufficient HSPCs [16-19], it is plausible
that at least part of the phenotype arises from partially defective differentiation, and
maintenance of higher order progenitors.

Epigenetic alterations

While the published reports have agreed that disruption of cohesin function impairs
differentiation and confers enhanced self-renewal on HSPCs, the mechanism behind this
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phenotype remains an important area of investigation [16-18,20]. There are several proposed
mechanisms which are not mutually exclusive and focus on alterations in gene expression.
For example, disruption of cohesin function in HSPCs causes altered expression of a large
number of genes but notably causes sustained expression of the HSC factors Hoxa7and
Hoxa9 due to decreased recruitment of polycomb repressive complex 2 (PRC2) to these
genes [16,17,20]. These data reveal an interaction between the cohesin and PRC2 complexes
and demonstrate reduced levels of the PRC2 mark trimethylated lysine 27 of histone H3
(H3K27me3) at the Hoxa7/9 genes. Combined shRNA-mediated knockdown of cohesin and
Hoxa7 or Hoxa9 abrogated this enhanced self-renewal phenotype. This mechanism is
consistent with the known role of Hoxa9in driving hematopoietic stem cell transcriptional
programs [33-35].

Another mechanism that has been proposed involves alterations in chromatin accessibility
caused by disrupted cohesin function. Three studies recently used the assay for transposase-
accessible chromatin using sequencing (ATAC-seq) to identify alterations in chromatin
compaction in response to cohesin loss (summarized in Table 1; [16-18]). These reports
found that altered chromatin accessibility correlated well with the altered gene expression
caused by disruption of cohesin function. There was a global decrease in chromatin
accessibility [16-18] including at the transcriptional start sites (TSSs) of genes that exhibit
decreased expression in cells with disrupted cohesin function[16]. Additionally, an increase
in chromatin accessibility was observed at genes that play a role in myeloid and erythroid
differentiation [17]. It remains unclear whether the alterations in chromatin accessibility are
a direct effect of disrupted cohesin function, since it is unknown whether cohesin directly
binds to the sites with altered chromatin accessibility. Additionally, given that different
lineages of hematopoietic cells exhibit different chromatin accessibility profiles [36] the
altered chromatin accessibility could be secondary to defects and/or skewing in
differentiation. A more thorough characterization of how cohesin-deficiency alters
hematopoietic differentiation is necessary to fully address this possibility. It is worth noting
that the length of the domain with altered chromatin accessibility is consistent with local
chromatin loops involved in transcription factor transactivation [37]. This correlation is
intriguing given the known collaboration between cohesin and CCCTC-binding factor
(CTCF) in modulating chromatin architecture [38] and establishment of sub-megabase
topologically associating domains (sub-TADs) [39]. CTCF and cohesin have been shown to
regulate higher order chromatin structure at the #OXA locus [40,41]. More broadly CTCF
and cohesin cooperate to establish higher order chromatin structure genome-wide [42].
Disruption of cohesin function doesn’t affect topologically associate domains but instead
disrupts local chromatin interactions. Thus, cohesin haploinsufficiency may disrupt sub-
TAD architecture, which then influences expression of a large number of genes contained
within cohesin-dependent sub-TADs, conferring a clonal advantage to certain sub-
populations of cells. This is supported by a study in Importantly, CTCF and cohesin
cooperate at sites throughout the genome, but there are CTCF-independent cohesin binding
sites [42]. Clearly, mutations that disrupt cohesin function result in altered gene expression,
due to improper PRC2 targeting, altering chromatin accessibility, or disrupting sub-TADs,
driving a stem cell gene expression program. The consequence of this gene expression
program is impaired differentiation and enhanced HSPC self-renewal capacity. Given the
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diverse roles of cohesin, and that cohesin mutations alone are insufficient to drive
leukemogenesis, it is likely that the mechanisms by which cohesin mutations contribute to
myeloid malignancies are dependent on the cooperating mutations present in patients.
Similar to the alterations in chromatin accessibility, the alterations in gene expression could
be secondary to defects in differentiation between cohesin wild-type and cohesin-deficient
HSPCs, a possibility that warrants further investigation.

Cohesin mutations in DS-AMKL

Acute megakaryoblastic leukemia in children with Down Syndrome

Down syndrome (DS) is the result of trisomy 21 (TS21) and comes with a range of
hematologic abnormalities. Up to 10% of children with DS will present at birth with
transient abnormal myelopoiesis (TAM), a pre-leukemia that is morphologically very similar
to AMKL, but typically resolves spontaneously over a period of weeks to months. Up to
30% of children with a history of TAM will develop frank AMKL during childhood. Of
note, DS-AMKL has a more favorable prognosis than non-DS AMKL, with 5 year event free
survival rates over 80% [43]. Virtually all DS-AMKL patients have an N-terminal truncation
within the hematopoietic transcription factor GATAZ, which results in exclusive expression
of a shorter isoform named GATA1s. GATA1s has been shown to cause hyperproliferation of
an abnormal megakaryocyte progenitor population during early fetal liver hematopoiesis,
which subsides during postnatal bone marrow hematopoiesis mirroring the TAM observed in
DS patients [44]. Variable allele frequency studies of TAM and DS-AMKL patients show
that GATA1s, and mutations in cohesin complex members, CTCF and EZH2 were similar
indicating they occur early during DS-AMKL development [15]. The presence of trisomy 21
and GATA1s is necessary but not sufficient for the development of DS-AMKL [45], and
progression from TAM to DS-AMKL is associated with multiple other genetic mutations
including cohesin [15]. Interestingly, mutations in CTCF occur frequently in DS-AMKL
(20%), but are exceedingly rare in other myeloid malignancies. CTCF and cohesin have
been found to directly interact [46,47] to regulate a higher order of genomic structure, thus
mutations in either could promote global changes in the nuclear architecture, including sub-
TAD interactions and/or TAD boundaries themselves. Importantly, C7CFand cohesin
mutations were not mutually exclusive, suggesting that disrupting CTCF or cohesin function
may have non-overlapping effects on chromatin architecture, both in terms of TAD but also
sub-TAD organization [39,42]. How mutations in CTCFmay promote AMKL remains
unknown and represents an important unanswered question.

Cohesin Subunits are Frequently Mutated in DS-AMKL

Cohesin mutations are especially prominent in DS-AMKL, but the reason for this remains
unknown. Similar to AML, cohesin mutations in DS-AMKL are predicted to be
heterozygous, loss-of-function, and early events during leukemia development [15]. That
cohesin mutations occur in DS-AMKL, but not the pre-leukemic TAM, suggests that cohesin
haploinsufficiency may drive oncogenic transformation and progression to megakaryocytic
leukemia. Furthermore, mutations in cohesin likely cooperate with chromosome 21 genes
and/or GATA1s to promote leukemia and alter megakaryopoiesis. Cohesin may play an
important role in differentiation along the megakaryocyte-erythroid lineage, as genes
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downregulated by SMC3 attenuation are typically enriched in mouse and human
megakaryocyte-erythroid progenitors (MEPS) as well as human megakaryocytes [16]. This
implies that megakaryocyte differentiation may be blocked by SMC3 deficiency, although
this has not yet been described.

Cohesin mutations alter gene expression in DS-AMKL

The cohesin complex regulates expression of several genes located on chromosome 21. For
example, cohesin abrogation leads to increased expression of the transcription factor RunxI
[48,49] an important regulator of HSCs and megakaryocytes. Whether this upregulation in
RunxI reflects changes across all HSPC lineages, or reflects altered differentiation is an
important unanswered question. Regardless, in the context of trisomy 21, cohesin may
regulate transcription from all three alleles, resulting in further alterations in RUNX1 levels
in TS21 cells compared to disomic cells. RUNX1 also binds chromatin more frequently in
cohesin-mutant hematopoietic cells [18]. Other DS genes that may participate in cohesin-
mutant DS-AMKL include £RG and £752, which also regulate hematopoietic stem cells
and megakaryocytes and have been linked to AMKL [50,51]. Furthermore, in cohesin-
mutant human HSPCs, ERG binding motifs were found to be located in areas of more open,
accessible chromatin, and knockdown of ERG reversed the block in differentiation caused
by disrupted cohesin function[18].

Cohesin haploinsufficiency may also indirectly affect gene transcription through regulation
of other transcription factors, including GATA family members. A reduction in cohesin
induces expression of GATAL and GATA2 [9,17,18,48] and regulates their association with
chromatin. ATAC-seq peaks unique to cohesin-haploinsufficient cells are either strongly
enriched [17,18] or depleted [16] for the GATA consensus binding site, indicating that
cohesin loss may alter GATA1 and/or GATA2 binding. It is unknown whether cohesin
binding sites are located proximal to these altered transcription factor binding sites, and if
cohesin loss directly drives relocalization of transcription regulators. Whether GATA1
binding to chromosomes is in fact increased or decreased when cohesin function is disrupted
remains to be determined, as is the binding activity of the GATALs isoform in this context.
The GATALs protein, which lacks the N-terminal activation domain, retains its DNA binding
domains and is able to bind its FOG-1 cofactor [52], but many of its genomic binding sites
differ from the wild-type GATAL [53]. Therefore, the ability of GATALs to bind to
chromatin may be differentially affected by cohesin loss compared to wild-type GATAL. All
of these genetic events likely cooperate to alter HSPC differentiation. For example, ETS2
and ERG overexpression produce immature megakaryocyte expansion in GATALs mice
[54]. Whether cohesin mutations affect gene expression in the context of trisomy 21, and
alter GATA1 wild-type or GATA1s binding, remains an important unanswered question.

Concluding Remarks

Cohesin mutations are commonly found in AML and DS-AMKL, and evidence suggests that
these mutations likely occur early during leukemogenesis [3,4,6,12—-15]. Cohesin mutations
alone are insufficient to impart complete malignant transformation suggesting that
cooperating mutations, such as FLT3-1TD or mutations in ANPM1, most likely drive the
leukemogenic process [16]. In AML and DS-AMKL many cohesin mutations act as null
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alleles creating a haploinsufficient state. Additionally, cohesin mutations that produce a
functional protein can prevent proper cohesin subunit interactions [17,18]. The consequence
of this is enhanced HSPC self-renewal and altered HSPC differentiation [16—20]. The
mechanism(s) underlying these phenotypic changes are altered gene expression, disrupted
chromatin accessibility [16-18] and altered targeting of epigenetic modulators [20].

The mechanisms that lead to altered chromatin accessibility and disrupted targeting of
epigenetic modifiers remain unclear. A likely candidate would be alterations in chromatin
architecture and DNA looping. A previous study showed that in non-cycling thymocytes,
cohesin cooperates with CTCF to facilitate long-range interactions within architectural
domains that contain cohesin-regulated genes [38,55]. In this context cohesin is thought to
modulate DNA looping bringing together distal cis-regulatory elements with proximal
promoters. Disruption of cohesin function in this setting alters gene expression within pre-
existing chromatin compartments. Interestingly, cohesin has been previously shown to
regulate Hoxa gene expression by regulating higher order chromatin structure [40,56,57].
Whether disruption of cohesin function in HSPCs alters chromatin architecture surrounding
the Hoxa locus remains unclear, but given the maintained expression of Hoxazand Hoxa9in
Raa21-depleted HSPCs [20] it is reasonable to speculate that disrupted cohesin function
alters chromatin reorganization during HSPC differentiation. Additionally, multiple groups
have shown altered chromatin accessibility in HSPCs with disrupted cohesin function [16—
18]. How chromatin architecture relates to chromatin accessibility remains unclear, because
there is no clear evidence that cohesin directly occupies the regions of altered chromatin
accessibility. Computational biology approaches comparing chromosomal capture data with
ATAC-seq data would help answer this intriguing question.

One final remaining question is whether cohesin mutations drive DS-AMKL in the same
way as in non-DS AML. Gene expression changes imparted by disrupted cohesin function
need to be determined in the context of trisomy 21 and GATALs to determine whether the
oncogenic pathways are the same. Notably, human HSCs expressing mutant forms of
cohesin exhibit increased binding of RUNX1 to chromatin, and the observed cohesin-
dependent block in differentiation is dependent on presence of RUNX1 and ERG [18]. This
may be amplified in DS-AMKL where three RUNX1 and ERG copies are present.
Additionally, it is not clear whether cohesin-mutant DS-AMKL clones arise from the same
cell of origin as cohesin-mutant AML. RADZ21 knockdown or overexpression of a RAD21
mutant produced differentiation defects only in the most immature stem and progenitor
populations, such as HSCs and MPPs [18], but it is unknown whether cohesin-mutant DS-
AMKUL cells also have a similar cell of origin, or if they arise from another cell type such as
the megakaryocyte-erythroid progenitor. Cohesin mutations, which are present in various
myeloid malignancies including AML and DS-AMKL, alter differentiation and enhance
self-renewal capacity of HSPCs, however many questions remain (see outstanding
questions). Future studies aimed at further elucidating the mechanisms by which cohesin
mutations contribute to leukemogenesis will allow for the development of novel targeted
therapies for patients with cohesin mutant myeloid malignancies.
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Outstanding Questions Box

. Cohesin mutations fall short of imparting complete malignant transformation.
What mutations cooperate with cohesin in AML and DS-AMKL?

. How do cohesin mutations alter chromatin accessibility?
. Does cohesin occupy genomic regions where changes in accessibility are
observed?

. How do cohesin and C7CF mutations affect TAD boundaries and sub-TAD
interactions?

. Do cohesin mutations alter targeting of epigenetic modulators other than
PRC2? If so, is this mediated by global changes in nuclear architecture?

. Can drugs that target epigenetic modulators ameliorate the effects of cohesin
mutations in AML and DS-AMKL patients?

Mutations in epigenetic regulators, such as cohesin, are thought to occur early in disease
development [4,12-14], therefore a number of therapeutic interventions targeting epigenetic
pathways have been proposed aimed at inducing differentiation of or selectively killing
leukemic blast cells [58]. For example, Hoxa9is a key gene that is upregulated in MDS and
AML [16,17,20], is known to be upregulated by disruption of cohesin function [20], and is
regulated by Dot1l methyltransferase [59]. Dotll inhibitors are currently in clinical trials for
treating AML patients and preclinical studies have shown some efficacy in selectively killing
leukemic blast cells [60]. Additionally, HOXAZ expression is regulated by the opposing
actions of the PRC2 and COMPASS complexes. PRC2 and the compass complexes repress
and activate HOXAJexpression by depositing the histone marks H3K27me3, and H3K4me3
respectively. COMPASS complex inhibitors may prove clinically useful in a similar manner
as Dotll inhibitors. It is reasonable to speculate that treating AML patients with therapeutics
targeting epigenetic pathways will selectively kill not only the leukemic blast cells, but also
the tumor stem cells. More studies are required to address this intriguing possibility.
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Glossary Box

Acute Myeloid Leukemia (AML)
a myeloid disease characterized by uncontrolled self-renewal and proliferation of myeloid
progenitor cells.

Assay for Transpose Accessible Chromatin with high throughput sequencing (ATAC-Seq)
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This assay uses high throughput sequencing to determine the incorporation rate of
transposons into chromatin as a measure of chromatin accessibility.

Chromatin accessibility

The degree of chromatin compaction present in genomic regions. This can be altered by
histone modifications, DNA methylation state, and other chromatin modifying enzymes.
Closed chromatin is occupied by nucleosomes, while open and accessible chromatin has
displaced nucleosomes.

CCCTC-Binding Factor (CTCF)
A chromatin insulator protein that binds to DNA to establish topologically-associated
domains and regulate gene expression.

DNA looping

A mechanism that modulates transcriptional regulation and establishment of chromatin
architectural states whereby proteins form a complex with DNA bringing distal cis-
regulatory elements in close proximity to proximal promoters.

Down syndrome
A germline karyotypic abnormality whereby individuals possess three copies of
chromosome 21.

Down syndrome associated Acute Megakaryocytic Leukemia (DS-AMKL)
a disease present in children with down syndrome characterized by dysplastic,
hyperproliferative megakaryoblasts.

GATA1ls
A truncated form of the GATAL transcription factor that contributes to DS-AMKL disease
progression.

Genomic translocations

The aberrant transfer of DNA segments to other parts of the genome. Often caused by non-
homologous end joining (NHEJ) during repair of DNA double strand breaks. These often
result in altered transcriptional activity or cause fusion genes that contain peptides from two
different genes. Examples include MLL-rearrangements and CBFB-Myh11.

Hematopoietic Stem Cells (HSCs)
The cells of the hematopoietic system that give rise to all the formed elements of blood. Two
types are present, long term (LT) and short term (ST) HSCs.

Hematopoietic Stem and Progenitor Cells (HSPCs)

The cells of the hematopoietic system comprised of LT- and ST-HSCs, multipotent
progenitors (MPPs), common myeloid progenitors (CMPs), granulocyte-macrophage
progenitors (GMPs), and megakaryocyte erythroid progenitors (MEPS).

HoxA cluster
Homeobox A cluster of genes are located on chromosome 7 in humans and are key
regulators of various developmental processes including regulation of hematopoietic stem
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cell self-renewal and differentiation. The HoxA cluster consists of the Hox genes A13 All,
A10, A9, A7, A6, A5, A4, A3, A2, and Alarranged in 5'-3" order.

Myelodysplastic Syndrome (MDS)

A group of myeloproliferative disorders marked by an expansion and failure to differentiate
of various myeloid progenitors cells. Some MDS cases progress to AML depending on the
underlying genetic causes. Classifications include refractory anemia (RA), refractory anemia
with ring sideroblasts (RARS), refractory anemia with excess blasts (RAEB), refractory
anemia with excess blasts in transformation (RAEB-T), and chronic myelomonocytic
leukemia (CMML).

Myeloid Neoplasms (MPNs)

A myeloproliferative condition where patients possess excess myeloid progenitors. 4
classifications exist depending on the underlying genetic cause. MPNs include primary
myelofibrosis (PMF), chronic myelogenous leukemia (CML), polycythemia vera (PV), and
essential thrombocythemia (ET).

Polycomb Repressive Complex 2 (PRC2)

A histone modifying complex that modulates gene repression by methylating histone H3 on
lysine residue 23. The core complex consists of the subunits EED, Suz12, and EZH2
(catalytic subunit).

Self-renewal

A characteristic of HSPCs whereby they retain their stem cell state and proliferative
potential. Self-renewal is often enhanced in HSPC clones that harbor mutations that
contribute to various hematopoietic malignancies. HSPCs that possess enhanced self-
renewal capabilities will continue to propagate and form colonies beyond 3 passages in
methylcellulose /n vitro, and will exhibit increased contribution to the hematopoietic
compartment in competitive repopulation assays /7 vivo.

Topologically Associated Domains (TADs)

A higher order chromatin structure in which different genomic regions preferentially interact
to influence gene expression across multiple genes. TAD boundaries tend to be bound by
DNA binding proteins such as CTCF and cohesin. TAD compartments also contain sub-
megabase genomic interactions termed sub-TADs, which influence expression of genes
contained within TADs. Importantly, cohesin and CTCF also bind within TADs, and
therefore play a role in both TAD and sub-TAD interactions.

Trimethylated Lysine 23 on Histone H3 (H3K27me3)

A histone modification that arises from methylation of dimethylated lysine 27 on histone
H3. This histone modification is deposited by PRC2 and has a repressive effect on gene
transcription.
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Text Box 1
The cohesin complex

The cohesin complex was first discovered in S. cerevisiae and Drosophila melanogaster
during forward genetic screens seeking mutations resulting in precocious sister chromatid
segregation during mitosis [61,62]. Later it was discovered in Xenopusand S. Pombe that
several of these genes were part of a multiprotein complex called cohesin, which is
required for proper sister chromatid cohesion [63,64]. Members of the cohesin complex
are remarkably well conserved across species, and in humans the core subunits are
SMC1A, SMC3, RAD21, and either STAG1 or STAG2 [23]. These subunits form a
heterotrimeric ring that encircles DNA and functions to maintain sister chromatid
cohesion, facilitate DNA looping, and stabilize sites of double stranded DNA breaks
[22,39,46,65]. Paralogs of SMC1A and STAG1 or STAG2, SMC1B and STAG3
respectively, were originally identified as being essential for meiotic cell division;
however, recently these have also been identified in non-canonical cohesin complexes in
somatic cells undergoing mitotic cell division [66,67]. Accessory subunits such as
WAPAL, NIPBL, PDS5, CDC5A (sororin), ESCOL, and ESCO2 are required for
different aspects of cohesin function [23].

Germline mutations in cohesin complex members result in disorders termed
cohesinopathies, and include Cornelia de Lange syndrome and Robert’s syndrome [68—
71]. The most commonly mutated cohesin complex member that is mutated in
cohesinopathies is AMjpbl, although other components (Rad21, Smcia, Smc3) and HDACS
are mutated [68,72,73] Although precocious sister chromosome segregation has been
observed in a subset of patients possessing cohesinopathies [74], many do not exhibit
aneuploidy suggesting that non-mitotic functions of cohesin contribute to
cohesinopathies. The role of cohesin in regulating sister chromatid cohesion during
mitosis has been extensively studied (well reviewed in [23], but the role it plays in
regulating gene expression and DNA repair is less well understood. Interestingly,
germline mutations in cohesin complex genes lead to chromosomal instability[75], but do
not seem to predispose patients to cancer [76]. The study of how germline cohesin
mutations contribute to cohesinopathies may provide some insight into possible
mechanisms of how somatic cohesin mutations underlie oncogenic processes, including
myeloid malignancies.
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Cohesin structure and functions
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Figure I. Cohesin structure and functions
A) The core cohesin subunits SMC3, SMC1A, RAD21, and either STAG1 or STAG2

form the core subunits to generate a cohesin “ring”. In myeloid malignancies, all four
core subunits are recurrently mutated with the exception of STAG1. Red circles and blue
circles represent the hinge and ATPase head domains respectively of the SMC1 and
SMC3 proteins. B) The canonical function of the cohesin complex is during mitosis
where it maintains sister chromatin cohesion. C) Cohesin stabilizes DNA loops during
interphase, facilitating interactions. Through a direct interaction with CTCF, higher order
chromatin structures are stabilized, organizing the genome into topologically associated
domains and sub-megabase topologically associated domains. D) Cohesin permits distal
cis-regulatory elements such as enhancers to interact with genes and regulate gene
expression. CTCF and cohesin co-regulate DNA looping; CTCF can mediate DNA loops
independent of cohesin, and vice-versa.
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Text Box 2
Cohesin mutations in solid tumors

The first report in which cohesin mutations were found in cancer patients observed
missense mutations in SMC1A, SMC3, STAG3, and N/PBL in aneuploid colon cancers
[77]. Following this initial study a number of other solid tumors were identified that
harbor cohesin mutations. These included glioblastoma multiforme, Ewing sarcoma,
melanoma, and cervical carcinoma[78]. In this study S7AGZ2mutations were found to
lead to chromosome instability resulting in aneuploidy. STAGZ2is the most commonly
mutated cohesin subunit in non-hematopoietic malignancies, and depending on context,
may or may not be associated with aneuploidy[79]. Interestingly, a recent study found
that missense mutations in STAG2 do not affect sister chromatid cohesion whereas
nonsense mutations cause defects in sister chromatid cohesin, but rarely do these
mutations cause aneuploidy [80]. STAG2 functions as a scaffold protein to facilitate
interactions between the cohesin complex and the cohesin loading and unloading proteins
WAPL, PDS5A, and PDS5B. Many mutations in STAGZ2 do not affect its interaction with
the core cohesin complex, but instead affects it interactions with accessory proteins[80].
Much work has focused on understanding how STAGZ2 mutations contribute to oncogenic
processes; however, it is less clear how mutations in other cohesin genes underlie non-
hematopoietic malignancies. Altered expression of cohesin genes has been linked to
various carcinomas including prostate cancer [81], breast cancer [82,83], colorectal
cancer [84,85], and cervical cancer [86]. In all these cases increased levels of cohesin
proteins were correlated with disease state. Whether the elevated levels of cohesin
complex members were contributing to the oncogenic process, and the cause of the
elevated cohesin levels was unclear.
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Trends Box
Cohesin mutations have been identified in various myeloid malignancies.

Mutations occur within genes encoding four core subunits of the cohesin
complex (SMC3, SMC1A, RADZ21, and STAG2) and are heterozygous,
ultimately resulting in haploinsufficiency or acting as dominant negatives.

Cohesin mutations confer both enhanced self-renewal and altered
differentiation of hematopoietic stem and progenitor cells.

Cohesin mutations cause an overall decrease in chromatin accessibility, but
increased accessibility of binding sequences for master hematopoietic
transcription factors such as GATA2, RUNX1, and ERG.

The epigenetic writer complex PRC2 displays altered targeting following loss
of cohesin, providing a possible therapeutic target for treating patients with
cohesin-mutant myeloid malignancies.
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Figure 1, Key Figure. Cohesin mutations contribute to acute myeloid leukemia
Wild-type cohesin mediates gene promoter-enhancer interactions to maintain proper gene

expression. Cohesin mutations disrupt cohesin ring assembly which results in impaired
differentiation and enhanced self-renewal of HSPCs. Recent research shows that disruption
of cohesin in hematopoietic cells results in alterations in chromatin accessibility and/or
disrupted targeting of epigenetic regulators such as the PRC2 complex, and drives a stem
cell gene expression program. In the presence of additional oncogenic mutations, such as
FLT3-ITD, cohesin haploinsufficiency leads to leukemia.
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