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Abstract 

Acute myeloid leukemia (AML) affects tens of thousands of patients a year, yet survival rates are as low as 25% in certain populations. 
This poor survival rate is partially due to the vast genetic diversity of the disease. Rarely do 2 patients with AML have the same 
mutational profile, which makes the development of targeted therapies particularly challenging. However, a set of recurrent mutations 
in chromatin modifiers have been identified in many patients, including mutations in the cohesin complex, which have been 

identified in up to 20% of cases. Interestingly, the canonical function of the cohesin complex in establishing sister chromatid 

cohesin during mitosis is unlikely to be the affected role in leukemogenesis. Instead, the cohesin complex’s role in DNA looping 
and gene regulation likely facilitates disease. The epigenetic mechanisms by which cohesin complex mutations promote leukemia 
are not completely elucidated, but alterations of enhancer-promoter interactions and differential histone modifications have been 

shown to drive oncogenic gene expression changes. Such changes commonly include HoxA upregulation, which may represent a 
common pathway that could be therapeutically targeted. As cohesin mutations rarely occur alone, examining the impact of common 

co-occurring mutations, including those in NPM1, the core-binding factor complex, FLT3, and ASXL1, will yield additional insight. 
While further study of these mutational interactions is required, current research suggests that the use of combinatorial genetics could 

be the key to uncovering new targets, allowing for the treatment of AML patients based on their individual genetic profiles. 
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Introduction 

Acute myeloid leukemia (AML) is a bone marrow malignancy resulting
from a failure of normal hematopoiesis in which excessive proliferation of
abnormal myeloid cells occurs. The accumulation of myeloid cells at the
expense of other cell types results in pancytopenia, the clinical manifestations
of which are wide and include fever, shortness of breath, fatigue, increased
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isk of infection, excessive bleeding/bruising, and enlargement of the liver
nd/or spleen. AML represents 32% of leukemias in adults ( > 19 y), and
he American Cancer Society estimates 19,940 new cases being diagnosed
n 2020, with 11,180 (56%) resulting in death. 1 AML occurs in people of all
ges, but is more common in adults > 65 y, with a median age of diagnosis of
8. The average 5-y survival rate is 28.7%, with wide variation depending
n the age group. This older population ( > 60 y) fares worse, with a 5 y
urvival rate of 23% compared to the younger population ( < 60 y) that
as a 5 y survival rate of 53%. 2 It should be noted that newer therapies for
he elderly may be improving the long-term survival for this subgroup of
atients. 3 

Since the 1960s there has been modest improvement in survival for AML
atients, however, current therapy with curative intent remains intensive 
ytotoxic chemotherapy with or without an allogeneic stem cell transplant.
uch aggressive measures have been shown not to be tolerated in older adults
rrespective of performance status. 4 Survivors also often incur side effects such
s sterility, cardiotoxicity, endocrinopathies, and secondary malignancies, all 
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Fig. 1. Structure of the cohesin complex. The core subunits making up the ring-like structure include SMC1A, SMC3, and RAD21. SMC1A and SMC3 
both are composed of antiparallel coiled-coil domains joining each other at their hinge domains. RAD21 connects the nucleotide binding domains to close 
the ring. STAG1/2 joins the complex by associating with RAD21. Mutations in myeloid malignancies are commonly found in SMC1A, SMC3, RAD21, and 
STAG2 . 
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of which highlight the need for more effective therapies with fewer long-term
sequelae. 

A major challenge for developing AML therapeutics is the genetic diversity
of the disease. A landmark study published in 2013 by The Cancer Genome
Atlas (TCGA) Research Network sequenced the genomes or exons of 200
adult patients with de novo AML. The group discovered that while AML
genomes have fewer mutations in genes than most common adult cancers
(ranging from nearly 50 in breast, 100 in colon and up to 300 and lung
squamous cell carcinomas), they have more genetic variability from patient
to patient. On average, 13 mutations in genes were identified per patient.
Additionally, they identified 23 mutations that were recurrently mutated in
the 200 patients they sequenced, with an additional 237 mutations present
in at least 2 samples. The common mutations that they identified fall into
various functional categories: signaling genes, chromatin modifying genes,
the nucleophosmin gene ( NPM1 ), myeloid transcription factor genes and
transcription factor fusions, tumor suppressor genes, spliceosome complex
genes, and cohesin complex genes. 5 These data demonstrate that rarely do 2
patients with AML have the same mutational spectrum, making therapeutic
development challenging. This was the first study to identify the presence
of cohesin mutations in up to 20% of AML patients, 6 and subsequently
lead to an explosion of research on the importance of cohesin mutations in
leukemogenesis. 

The primary focus of our review is the recent data surrounding the role
of cohesin mutations in AML. Expansive recent work since the seminal
studies of the TCGA has provided important insights into how cohesin
mutations promote key aspects of the AML phenotype by altering gene
expression. Importantly, while key aspects have been elucidated, a range of
critical questions remain within the field. 

The cohesin complex 

Normal structure and canonical function 

The cohesin complex is composed of 4 subunits: SMC1A, SMC3,
RAD21, and either STAG1 or STAG2 (STAG1/2). SMC1A, SMC3 and
RAD21 form a core ring-like structure with STAG1/2 serving as accessory
protein. SMC1A and SMC3 ( S tructural M aintenance of C hromosomes) are
composed of anti-parallel coiled-coils and are attached at their hinge domains.
RAD21 connects the nucleotide binding domains of the SMC proteins,
completing the ring structure ( Fig. 1 ). 

Components of the complex were initially identified in yeast for their
canonical role in mitosis and meiosis 7 in the late 1980s and early 1990s. 8–10 
he cohesin complex is loaded onto chromosomes during G1 via an ATP- 
ependent process 11 by the loading factor NIPBL. During S phase, the 
omplex encircles the replicated sister chromatids and holds the 2 sister 
hromatids together from G2 through metaphase. Once sister chromatids are 
ligned at the metaphase plate and checkpoints are met to proceed, cohesin 
s removed by separase, allowing the sister chromatids to separate during 
naphase and telophase. 12 

In mammals, cohesin has been localized to various regions across the 
hromosome during interphase. Cohesin has been identified in focal points 
t the centromere (containing STAG2) and telomere (containing STAG1) 13 

uring mitosis, however whether this is true during interphase remains 
nclear. Additionally, cohesin has been identified at other genomic locations 

ncluding active enhancers and core promoters of transcribed genes (along 
ith Mediator and NIPBL) and sites containing CCCTC-factor (CTCF). 14 

hese observations and subsequent studies have demonstrated that cohesin 
lays a critical role in nuclear architecture, chromatin looping, and gene 
xpression. This aspect of cohesin biology is generally considered cohesin’s 
ltered role during AML development, as patients with cohesin-mutated 
ML are rarely aneuploidy, 5 and will be described in more detail below. 

ohesin’s role in DNA looping, accessibility and gene expression 

The advent of chromosome capture technologies has allowed the 
dentification of more interactions between chromosomal regions than ever 
efore (reviewed by Agrawal et al. 15 ). A new field emerged through the rise
f these techniques: nuclear architecture, the 3-dimensional organization 
f chromatin within nuclear space ( Fig. 2 A ). These studies have identified
egions termed topologically associated domains (TADs, Fig. 2 B) and 
nsulated neighborhoods ( Fig. 2 C). Sequences inside a TAD are more likely
o interact with one another than with locations outside of the TAD, often
esulting in the coregulation of genes within a TAD. In fact, alteration of TAD
orders leads to changes in gene expression, likely by way of altered enhancer-
romoter interactions, 16 , 17 and have been identified in multiple diseases. 16 , 18 

nsulated neighborhoods are defined more specifically as chromatin loops 
ormed by CTCF-CTCF homodimers surrounding a gene and at least one 
egulatory element ( Fig. 2 C ). However, as insulated neighborhoods and 
ADs were identified using techniques with a different resolution, some in 

he field question if they are truly distinct entities. 
In 2014, Baranello et al. discovered that cohesin colocalizes with CTCF 

hroughout the genome 19 where they function together as insulators. 20 

ohesin is loaded onto DNA by NIPBL and then in an ATP-dependent
rocess chromatin is extruded through the cohesin ring. 11 The result is a 
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Fig. 2. (A) Depiction of a nucleus with compacted chromosomes. (B) Depiction of 3 topologically associated domains (TADs) within one chromosome. (C) 
Within one TAD, CTCF and cohesin interaction promote the formation of DNA loops. One active insulated neighborhood (shaded in light grey) results 
from and enhancer interacting with a promoter and gene body as well as the transcriptional machinery necessary to transcribe the activated gene. 
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looped chromatin conformation that is often bounded by CTCF to insulate
genomic neighborhoods and promote enhancer-promoter interactions at
euchromatin. Pugacheva et al. recently showed that the N-terminus of CTCF,
as well as the 3D structure CTCF makes with DNA, form a “roadblock”
that determines the size and position of chromatin loops being extruded
through the cohesin ring. 21 This correlates with the identification of CTCF
binding site enrichment at the borders of TADs. 22 While not always located
at TAD borders, CTCF sites have been identified across multiple cell types
and are evolutionarily conserved, indicating an importance of these regions in
chromatin organization and gene expression across organisms. Interestingly,
the directionality of the CTCF site is important, as site inversion leads
to changes in topology. 23 While cohesin and CTCF function together to
promote chromatin looping, they associate with DNA independently 24 and
depletion of CTCF and cohesin lead to differential effects on chromatin
loops of different sizes. Depletion of CTCF leads to loss of interactions
within 100kb, while depletion of cohesin leads to loss of larger, 100-220kb
interactions. 25 It should also be noted that cohesin is often enriched at
enhancers and promoters, independent of the presence of CTCF. 24 

Further investigation of cohesin’s effects on DNA looping led to the
discovery that depletion of cohesin results in the elimination of chromatin
loops, with rapid recovery upon cohesin reintroduction. More specifically,
upon cohesin loss, enhancer-promoter interactions are weakened. 26 However,
in erythroid cells, key enhancer-promoter looping occurs independently
of cohesin levels, arguing that cohesin’s role in enhancer-promoter looping is
variable, and perhaps cell-type specific. 27 One debate that remains in the field
is whether cohesin depletion eliminates TAD architecture, 26 , 28 or whether
this action is limited to intra-TAD loops. 25 , 29 , 30 Furthermore, how cohesin
and CTCF play a role in determining chromosomal organization is still an
active area of investigation. Specifically, how they manage to promote both
global versus intra-TAD organization in such a wide variety of cell types
remains to be elucidated. 

As cohesin can be found occupying promoters and enhancers and
facilitates their interaction, a logical next question is if cohesin plays a
role in gene regulation. Multiples studies indicate this is indeed the case.
Many groups have investigated the DNA accessibility and transcriptomic
changes that result from cohesin loss in hematopoietic stem and progenitor
cells (HSPCs). 31–35 Overall, both gene downregulation and upregulation has
been observed. Perhaps the most interesting transcriptomic change identified
is sustained expression of genes within the HOXA cluster, specifically
HOXA7 and HOXA9 . The HOXA cluster has a known role in driving
hematopoietic stem cell transcriptional profiles and is normally silenced
during differentiation. This silencing occurs via polycomb repressive complex
(PRC2) mediated trimethylation of lysine 27 of histone 3 (H3K27me3). 35–38 

Many studies have identified that cohesin depletion leads to decreased
PRC2 recruitment. 31 , 33 , 35 The epigenetic-mediated gene silencing caused by
 c
ohesin loss likely occurs in a variety of contexts and can be assessed in further
etail by looking at changes in DNA accessibility. 

Both increased and decreased DNA accessibility upon cohesin loss 
ave been identified by multiple groups. 31–33 Viny et al. correlated the
ranscriptomic and accessibility changes they identified, showing that the 
ownregulation of certain genes was associated decreased DNA accessibility. 31 

owever, DNA accessibility increased for key myeloid and erythroid 
enes, 32 , 39 as well as for consensus binding sites of myeloid related
ranscription factors (RUNX1, ERG, and GATA2). 33 The exact effects 
f the accessibility changes that result from cohesin loss are still being
lucidated. Additionally, whether cohesin loss directly leads to changes in
ene accessibility, or if such changes are influenced by cell-type specific
ifferentiation factors remains to be determined. These data suggest that
unctional loss of cohesin leads to changes in accessibility that skew the
bility of a cell to proceed properly through hematopoietic development.
n the other hand, perhaps differentiation factors act first, leading to

hanges in DNA accessibility and cohesin localization that reinforce a cell’s
ifferentiation status. 

ohesin in disease 

As mentioned above, cohesin mutations have been identified in up to
0% of patients with AML. 5 , 6 , 40 , 41 In a unique subtype of AML, acute
own Syndrome-associated Acute Megakaryocytic Leukemia (DS-AMKL), 

ohesin mutations have been identified in 50% of cases. 42 Furthermore,
ohesin mutations are also commonly identified in 15% of myelodysplastic
yndromes (MDS). 43 Uniquely, STAG2 has been identified in a variety of
olid tumors, described further in the following section. 

While it was underappreciated in 2013, there is now a vast amount
f knowledge regarding the role of cohesin loss in myeloid malignancies
reviewed by many 6 , 40 , 41 ). Cohesin mutations are mutually exclusive, 
eterozygous, distributed throughout the gene body, and typically result in

oss of function (17% frameshift, 70% missense), 5 and therefore the working
odel is that mutations in autosomal subunits ( SMC3, RAD21 ) operate

hrough haploinsufficiency, whereas STAG2 mutations may be complete loss- 
f-function. This is challenging with STAG2 or SMC1A loss, since both are X-
inked and currently no evidence of a male predominance for these mutations
as been observed. Cohesin-mutant AML is rarely aneuploid, with more than
alf of AML patients presenting with a normal karyotype, indicating mitotic
efects are likely not involved in leukemogenesis. Cohesin-mutant patients 
o not have a higher than normal presence of chromosomal translocations,
hich are common oncogenic processes in myeloid malignancies. 40 Most 

nterestingly, cohesin-mutant patients have a lower 5-y survival rate (20%)
ompared to cohesin-WT AML patients (48%, Fig. 3 ). 
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Fig. 3. Sur vival cur ve for AML patients with versus without cohesin complex mutations. Cohesin-mutated patients have a significantly lower 5 y survival rate 
(20% versus 48%, log rank test P -value: 1.15e-18). 
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Many groups have investigated the effects of cohesin loss in hematopoietic
stem and progenitor cells (HSPCs). 31–35 Different experimental systems have
been employed, including shRNA-mediated depletion of cohesin complex
members, 32 , 34 lentiviral introduction of cohesin mutants, 33 and Smc3 and
Stag2 conditional knockouts. 31 , 44 These studies have also investigated both
human (CD34 + cells) and murine (HSPCs and bone marrow cells) systems.
The individual conclusions of these studies have been reviewed nicely, 40 but
they all agree that cohesin loss confers increased self-renewal. This increased
self-renewal is likely due to the increase in HOXA expression and increased
accessibility for key myeloid transcription factors (RUNX1, ERG, GATA2)
that is described above. Enhanced self-renewal is a common finding in HSPCs
with other leukemic driver mutations ( NPM1 c , TET2, FLT3 mut ) and serves as
an indicator of an immortalized, cancer-like phenotype. While these studies
show that cohesin loss confers enhanced self-renewal, cohesin disruption
alone does not lead to leukemogenesis, suggesting that cohesin loss cooperates
with other mutations to promote AML. 

Differential actions of cohesin subunits? 

Historically, the effect of alteration in one subunit of the cohesin complex
has been considered widely interchangeable with the effects of alteration in
any other subunit, but recent studies have revealed this may not be entirely
accurate. While mutations in the core cohesin components ( RAD21, SMC1A ,
and SMC3 ) have been mainly identified in myeloid malignancies, STAG2
mutations have been identified in up to 2% of all human cancer types,
recently reviewed by Romero-Pérez et al. 45 In fact, STAG2 is considered
one of the 12 genes that is significantly mutated in 4 or more types of
cancer. 46 Mutations in STAG2 have been identified in bladder cancers, 47 

Ewing sarcoma, 48 glioblastomas, 49 , 50 and melanomas, as well as carcinomas
of the breast, gallbladder, and lung. 45 It is specifically notable that STAG1
mutations have not been observed at a significant frequency in cancer. 

Other biological differences exist between STAG1/2 and the core cohesin
complex members. There are 2 different STAG subunits: STAG1 and
STAG2. STAG2 is encoded on the X chromosome and maintains sister
entromeres during metaphase, while STAG1 is autosomal and more 
ommonly found at telomeres, supported by the morphologic changes 
bserved in cytogenetic observation with genetic manipulation in vitro. 13 

here appears to be some compensatory effects between STAG1 and STAG2 , 
s deletion of one subunit results in increased expression of the other. 51 , 53 

everal studies have discovered synthetic lethality between the 2 subunits in 
arious cancer contexts. 52 , 53 

There are functional similarities between STAG1/2 and the core cohesin 
omplex members, such as the requirement for hematopoiesis. Concurrent 
nockout of both Stag1 and Stag2 is lethal, with mice rapidly developing 
one marrow aplasia and pancytopenia, 44 a situation which phenocopies 
mc3 loss. 31 However, many recent studies have investigated subunit-based 
ifferences in double-stranded DNA repair 51 as well as gene looping and 
ranscriptional control in various cell types, including murine HSPCs, 44 

SCs 54 and AML cell lines. 55 In 2018, the first study to describe differential
oles for STAG1 versus STAG2 in chromosome organization (in a variety 
f human cell types) identified differential interactions with CTCF sites, 
here both STAG1 and STAG2 are known to bind. Kojic et al. concluded

hat STAG1 mainly works with CTCF to promote and maintain TAD 

oundaries. 56 More recently the direct interface of STAG2 and CTCF- 
pecific polarity has been described, with CTCF orientation functioning to 
ermit cohesin to anchor to the CTCF N-terminus, yet slide past the inverted
-terminus conformation. 21 

In contrast, a subset of enhancers is occupied by STAG2-containing 
ohesin and lack CTCF. These enhancers do not become occupied by 
TAG1-containing cohesin during STAG2-deficiency, and are responsible for 
issue-specific transcription. 56 Such STAG2-specific sites are likely important 
n leukemogenesis, as STAG2 loss alone in murine HSPCs leads to decreased 
hromatin accessibility and decreased transcription of hematopoietic lineage- 
pecification genes. 44 The downstream effect is increased self-renewal, 
ndicating a role in transformation for STAG2. Interestingly, while deletion 
f either STAG1 / 2 alone leads to differential gene expression, deletion of both
ubunits enhances gene dysregulation. 54 
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Table 1 

List of mutations that co-occur or are enriched with cohesin mutations in AML 

Comutation 

rate 

Sufficient to 

generate AML? 

Mutation 

class 

Potential mechanism(s) of co-op. with 

cohesin mutations 

Key Refs 

NPM1 21–57% Yes NPM1 Elevation of HOXA/MEIS1 Enhanced 

HSPC self-renewal 

31–35, 60, 

62–65 

CBF 

complex 

18–27%- 

t(8;21) 

0–4%- 

inv(16) 

No-t(8;21) 

Yes-inv(16) 

TF fusions Effects on myeloid gene expression 

Altered epigenetic regulation 

75–76, 80–81 

RUNX1 27–52% No Myeloid TF Altered chromatin structure/gene 

expression Altered 

enhancer-promoter looping 

87–90 

FLT3 21–26% No Signaling Enhanced HSPC self-renewal Altered 

chromatin structure/gene expression 

31, 92–93 

ASXL1 25–52% No Chromatin 

modifying 

Altered PRC2 binding/epigenetic 

marks Changes in gene expression 

35, 97–98 

The comutation rates indicate the co-occurrence rate of each mutation with cohesin mutations, with the ranges representing data from referenced 

large-scale patient studies. Sufficiency to generate AML is based on if a single mutation of the indicated gene results in AML development in a mouse 

model. The functional category (class) of each mutation and the potential mechanisms by which each may cooperate with cohesin mutations in 

AML are provided. TF = transcription factor. HSPC = hematopoietic stem and progenitor cell. 
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In summary, it is clear that there are both redundant and specific roles
for STAG1 and STAG2 in chromosomal organization. Although there are
sites within the genome that will bind both STAG1 and STAG2 to drive
DNA looping, STAG1 seems to be involved in larger interactions between
chromatin, cooperating with CTCF to promote and/or maintain TADs,
while STAG2 seems to have a role in short-range, intra-TAD interactions,
especially enhancer-promoter interactions. Thus, STAG2 likely plays a
unique role in gene regulation, with STAG2 loss resulting in transcriptional
changes that promote oncogenic transformation. While some of the studies
described above begin to investigate the effects of STAG2 loss on gene
expression, direct comparison of these changes to transcriptional profiles
resulting from core cohesin subunit loss has not been performed. As there
are unique effects of STAG2 loss on chromosomal organization, it is likely
that there are also genes uniquely affected by STAG2 loss versus loss of a core
cohesin subunit. 

Mutations that cooperate with cohesin 

As many studies have described, 31–35 cohesin loss alone is insufficient
to promote leukemic transformation. This is likely because AML requires
multiple mutations to drive leukemogenesis, agreeing with the classical
2-hit hypothesis. 5 To b1egin identifying some of the other candidate
mutations that may be responsible for promoting leukemia along with
cohesin mutations, we can look at mutations that are enriched in cohesin-
mutant AML. The most common co-occurring mutation is with NPM1 .
Other common co-occurring mutations have been identified in RUNX1,
CBFB, FLT3 , and ASXL1 . Below, and in Table 1 , we discuss these mutations
and how each may cooperate with cohesin mutations to drive AML. 

NPM1 

Approximately 30% of AML patients harbor a mutation in NPM1 that
results in the mislocalization of the NPM1 protein from the nucleolus
to the cytoplasm (termed NPM1c ). 57 , 58 NPM1 has roles in centrosome
duplication and the DNA damage response, and also shuttles proteins from
the nucleus to the cytoplasm. 59 NPM1c can drive AML development in
a mouse model, however disease develops with a prolonged latency and
incomplete penetrance, 60 suggesting that additional mutations may facilitate
leukemic transformation of NPM1 -mutated hematopoietic cells. Several
tudies have observed a correlation between NPM1 and cohesin mutations
n adult patients with AML. 5 , 61 Thol et al. reported that 57% of AML
atients with a cohesin mutation also harbored an NPM1 mutation. The
llelic ratios of mutated NPM1 or cohesin to wildtype are similar, suggesting
oth mutations exist within the same clone. 61 

While the exact mechanism by which NPM1 mislocalization facilitates 
ML development is unclear, several studies report that NPM1 mutation

esults in an elevated expression of the HOXA and HOXB gene clusters
s well as MEIS1 in AML patients and in model systems. 60 , 62–66 As
iscussed above, overexpression of these genes has been linked to aberrant
SPC self-renewal and myeloid leukemogenesis and also occurs with 

ohesin mutation. 31–34 , 37 , 38 , 60 , 63 , 64 , 66 , 67 For instance, HOXA9 and MEIS1 
verexpression is sufficient for the leukemic transformation of primary 
one marrow cells. 37 As both cohesin and NPM1 mutations drive HOXA
ene expression and NPM1 mutation additionally drives MEIS1 expression, 
ells harboring both mutations may have enhanced or reinforced self-
enewal, which may facilitate AML development. Mechanistically, both 
PM1 mutation and cohesin deficiency have been linked to epigenetic

hanges at HOXA loci. Interestingly, forced nuclear relocalization of NPM1
esults in a loss of active chromatin marks, such as H4K4me3 and H3K27ac,
t the HOXA and MEIS1 loci, although no changes in the repressive
ark H3K27me3 were observed. 62 In contrast, loss of cohesin has been

hown to reduce H3K27me3 at HOXA7/9 through a failure to recruit
he silencing complex PRC2, as described above. 35 These results provide
dditional support to the hypothesis that NPM1 and cohesin mutations may
ooperate to drive aberrant self-renewal in AML, synergistically reinforcing 
OX7/9 and MEIS1 expression by affecting different epigenetic pathways. 
dding further support to this hypothesis, HOXA genes are activated by
3K79 methylation through DOT1L, and NPM1 mutated cell lines have

ncreased H3K79 methylation at HOXA genes. Because the PRC2 complex
nhibits DOT1L’s activity, NPM1c; cohesin mut cells may also cooperatively 
rive HOXA gene expression through effects on H3K79me2/3 levels. 35 , 63 

Interestingly, NPM1c has been shown to interact with CTCF, 
esulting in a partial mislocalization of CTCF to the cytoplasm. 68 

islocalization disrupts CTCF’s insulator function, driving aberrant gene 
xpression. 68 Therefore, in addition to effects on HOXA and MEIS1
ene expression, NPM1 and cohesin mutations may also cooperate 
o deregulate gene expression in AML through disruptions of CTCF
unction. While the discussed hypotheses may explain why cohesin and
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NPM1 mutations commonly co-occur, definitive mechanistic confirmation
awaits the development of a combined cohesin /NPM1 mutant model
system. 

The core-binding factor complex 

The core-binding factor complex is a heterodimeric complex composed
of an alpha and a beta subunit. The alpha subunit can be one of 3
RUNX proteins while there is only one beta subunit (referred to simply
as CBFB). RUNX1, also known as AML1, is the imperative alpha subunit
for hematopoiesis and is responsible for the DNA binding activity of the
complex. 69 The beta subunit enhances the DNA binding activity of the alpha
subunit but does not directly bind DNA itself. 70 The CBF complex plays
a role in both fetal and adult hematopoiesis, acting through a variety of
epigenetic pathways. RUNX1 -null or CBFB -null mouse embryos die from
lack of definitive hematopoiesis at day E12.5-13.5. 71–74 

CBF AMLs account for 25-30% of pediatric and 15% of adult AML. 75 , 76 

In general, patients have a good prognosis in comparison with other AML
subtypes, however relapse still occurs in 40% of patients, 77–79 indicating
a need for better therapeutic options and the likely existence of genetic
heterogeneity. More than a dozen chromosomal rearrangements in both
RUNX1 and CBFB have been identified in patients with AML, but the
most common are t(8;21) and inv(16) which lead to the fusion oncoproteins
AML1-ETO (RUNX1-RUNX1T1) and CBFB-MYH11, respectively. 69 The
AML1-ETO oncoprotein retains the N-terminal ability of RUNX1 to bind
DNA and is fused with full-length ETO at the C-terminus, which is
known to recruit repressive factors such as the nuclear receptor corepressor
(N-CoR) and histone deacetylases. 80 , 81 This fusion protein is thought to
predominantly function by repressing gene expression thereby preventing
normal myeloid differentiation. The most widely discussed role of CBFB-
MYH11 in leukemogenesis is a dominant negative phenotype, that mimics
RUNX1 loss of function models, 74 , 82 while some newer studies delve into
RUNX1-independent functions. 83 

The genetics of CBF leukemias have recently been profiled by Faber et
al. and Duployez et al. 75 , 76 Interestingly, studies of CBF leukemias indicate
a varying interaction with mutations in the cohesin complex depending on
the driver oncogene. Both Duployez and Faber identified cohesin mutations
cooccurring with t(8;21) in 18% to 27% of cases, but failed to identify a
single patient with a mutation in cohesin and inv(16). This observation is
likely related to the enrichment of STAG2 mutations in AML arising from
antecedent MDS, 84 while inv(16) typically occurs in younger patients with
de novo AML. 75 , 76 While the importance of the difference in interaction
frequency of cohesin mutations in CBF leukemogenesis is unknown, the
overlapping roles that the fusion proteins have with cohesin could be
meaningful. Currently, CBF leukemias are referred to in the clinic as one
group, both prognostically and perhaps more importantly treatment-wise. If
the presence of cohesin mutations is deemed important for leukemogenesis,
and the interaction is different between AML1-ETO and inv(16) driven
leukemias, this would indicate the need for treatment stratification based on
an individual’s mutational status. 

RUNX1 

As discussed above, RUNX1 is involved in the t(8;21) chromosomal
translocation in some cases of AML, however the gene can also be affected
by loss-of-function point mutations and deletions. In a study encompassing
a range of hematopoietic disorders including MDS, MPN, and primary and
secondary AML, Thota et al. noted that mutations in RUNX1 were enriched
in patients with cohesin mutations. 85 A similar finding was described
in Tsai et al. in a large cohort of de novo AML patients, with STAG2
and RUNX1 mutations frequently co-occurring. 86 Studies have indicated
that cohesin regulates RUNX1 expression in both zebrafish and a human
romyelocytic leukemia cell line. 87 , 88 Both enhancer and promoter regions of 
he RUNX1 gene contain multiple binding sites for cohesin, which have been
xperimentally verified in zebrafish, mouse, and human cells. 88 , 89 Mazumdar 
t al. also reported that hematopoietic cells with RAD21 mutations have 
ncreased chromatin accessibility at promoter regions containing RUNX1 
inding sites, as well as enhanced RUNX1 binding to the genome. 33 These 
ata suggest that cohesin mutation results in deregulation of not only RUNX1 

tself, but also of RUNX1 target genes. 
While cohesin mutation alone may result in exacerbated RUNX1 

xpression, it is unclear why mutations in both genes commonly co-occur 
n AML. Recently, Ochi et al. provided insight to this question discovering a
unctional relationship between STAG2 and RUNX1 in regulating chromatin 
tructure and gene expression in hematopoietic cells. 90 The authors examined 
he effects of Runx1 and Stag2 double knockout in a mouse model. 
nterestingly, all mice that were transplanted with double knockout-derived 
one marrow cells developed MDS within 6 mo, while none of the single
nockout animals did, experimentally verifying that Runx1 and cohesin 
utations cooperate to drive disease development. Mechanistically, the 

uthors showed that wild type Runx1 and the cohesin complex can interact, 
nd ChIP sequencing studies showed that Stag2 and Runx1 co-occupy active 
nhancer sites. While some alterations in enhancer-enhancer or enhancer- 
romoter loops are observed upon Stag2 knockout, the authors show that the 
ddition of Runx1 deficiency causes a further disruption in certain enhancer- 
romoter loops. Such loops were predominantly associated with genes that 
xhibit a high rate of transcriptional pausing, such as p53 pathway and 
nterferon response genes as well as some involved in ribosomal translation 
nd DNA repair. 90 Thus, STAG2 and RUNX1 co-mutation may result in the 
eregulation of a specific set of genes that are critical for maintaining DNA
tability and mounting an appropriate immune response to transformed cells. 

While this study lends insight into how RUNX1 and STAG2 mutations 
ay cooperate in AML, it does not accurately depict the disease setting. 

TAG2 mutations are not homozygous in female AML patients, and 
UNX1 mutations in AML are also typically not homozygous nulls. While 
any RUNX1 mutations disrupt gene function, some result in dominant 

egative effects, some result in RUNX1 overexpression, and some impart new 

unctions, such as those that occur upon RUNX1 translocation, as discussed 
bove (AML1-ETO). 91 Because the effects of the inv(16) fusion mimic 
UNX1 loss of function, and inv(16) has not been observed to co-occur with
ohesin, comparing the effects of gain of function RUNX1 point mutations 
ith those of AML1-ETO in the presence of cohesin may be particularly 
elpful, as altered RUNX1 DNA binding may uniquely impact cohesin 
unction. It is additionally of interest that STAG2 mutations are less common 
n t(8;21) AMLs but readily co-occur with RUNX1 mutations, highlighting 
 complicated relationship between RUNX1 and cohesin. Additional models 
hat more accurately represent the disease-associated mutations will thus 
e critical in delineating the relationship between cohesin and RUNX1 
utations in AML. 

LT3 

Several studies have uncovered an enrichment of FLT3 mutations 
n cohesin-mutated AML. 5 , 86 FLT3 is a receptor tyrosine kinase that 
s expressed on HSPCs and regulates myeloid and lymphoid lineage 
evelopment, proliferation, and survival. 92 , 93 The kinase activity of FLT3 
ctivates downstream signaling molecules including PI3K, RAS, and STAT5. 
utations occur at a rate of approximately 30% in AML. 92 The most 

ommon type of FLT3 mutation is an internal tandem duplication ( FLT3- 
TD ), however point mutations in the tyrosine kinase domain are also 
bserved. 92 , 93 Both types of mutation result in chronic activation of FLT3 
hich drives aberrant proliferation and a block in HSPC differentiation. 
owever, FLT3 mutations are not sufficient to drive AML development. 31 , 93 
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Mouse models of Smc3 haploinsufficiency combined with Flt3-ITD
result in an acute leukemia phenotype and have been used to decipher
the cooperative pathogenic effects. 31 Mice transplanted with bone marrow
carrying single Smc3 −/ + or Flt3-ITD mutations did not develop AML,
whereas all of the Smc3 −/ + ;Flt3-ITD mice died of AML with a median
survival of 167 d. Smc3 −/ + ;Flt3-ITD cells exhibited enhanced serial replating
compared to cells with either single mutation. Consistent with this result,
double mutant animals had increased numbers of hematopoietic stem cells
(HSCs). ATAC sequencing of HSCs showed an increase in accessible sites in
the Smc3 −/ + ;Flt3-ITD cells, which were enriched for Stat family transcription
factor binding sites. FLT3-ITD has been previously shown to alter gene
expression through STAT5 family transcription. 31 , 92 As an enrichment of
the Stat5 gene expression signature was observed in Smc3 −/ + ;Flt3-ITD cells,
these data collectively suggest that cohesin mutation results in an opening
of chromatin at sites that STAT5 is able to bind, and permits amplification
of the FLT3-ITD enforced STAT-driven transcriptional program. 31 The
specific downstream STAT5 targets that are critical for AML development
are currently unknown. 

Interestingly, the presence of a STAG2 mutation is predictive of a
poor response to the pan-FLT3-inhibitor Crenolanib in FLT3-ITD AML
patients. 94 The variant allele frequency of STAG2 increased in patients
treated with Crenolanib, suggesting that STAG2 mutation may contribute
to drug resistance or may drive clonal outgrowth in response to treatment. 94

Therefore, further understanding of the FLT3-cohesin interaction may aid in
the development of more effective therapies. Additionally, it is important to
consider that FLT3-ITD mutations often co-occur with NPM1 mutations. 5 
As both mutations are enriched in cohesin-mutated patients, it may be useful
to study the effect of all 3 mutations ( FLT3-ITD, NPM1 , and cohesin) in
combination in an effort to more carefully tease apart the impact each has on
disease development and progression. 

ASXL1 

Mutations in ASXL1 and cohesin have also been linked by several
studies. ASXL1 is involved in epigenetic regulation through its interactions
with polycomb complex proteins. 95 Mutations in ASXL1 commonly co-
occur with cohesin mutations in MDS, MPN, and primary and secondary
AML patients. 86 , 96 In AML, a trend toward co-occurrence was observed
between ASXL1 and STAG2 mutations. 86 Interestingly, Li et al. recently
published a study describing an interaction between Asxl1 and the cohesin
complex, with ChIP sequencing studies indicating significant overlap in
binding sites between Asxl1, Rad21, and Smc1a. 97 Loss of Asxl1 resulted
in reduced genomic occupancy of Rad21 and Smc1a as well as alterations
in the expression of genes involved in apoptosis, proliferation, and myeloid
differentiation. 97 Interestingly, ASXL1 can recruit PRC2, which deposits
the repressive histone mark H3K27me3. 98 As mentioned above, Fisher et
al. have previously shown that the cohesin complex also recruits PRC2 to
regulate HoxA gene expression. 35 These data collectively suggest that ASXL1,
cohesin, and PRC2 may, at times, all be present within the same complex
and may cooperatively affect gene transcription. Mutations in PRC2 complex
members SUZ12 and EZH2 are also found in AML, suggesting that the PRC2
complex is a common target in AML. 

Although ASXL1 and cohesin may share some functions, Li et al.
showed that some genomic regions are uniquely bound by Asxl1 or cohesin,
suggesting that their roles are not entirely redundant. 97 One can thus
speculate that the loss of ASXL1 in an AML setting would result in the
deregulation of a certain set of genes, and that a further loss of cohesin
would compound gene dysregulation. It will be interesting to learn if ASXL1
cooperates with cohesin in genomic looping or organization events, or if both
ASXL1 and cohesin can independently recruit PRC2 to different genomic
locations. 
onclusions 

It has become increasingly clear that a one-size-fits-all approach to
reatment for AML patients may not be applicable to this disease, greatly
nderscoring the need for targeted therapies. The advent of next generation
equencing and its application to patient cohorts has uncovered the vast
enetic complexity of AML, including the prevalence of cohesin mutations
n AML as well as the role of cohesin mutations in driving leukemogenesis.
ome have begun to investigate whether targeting cohesin may be a successful
herapeutic strategy. For example, inhibition of HDAC8 (which is necessary
or the removal of cohesin from sister chromatids during mitosis) may be
seful in treating cohesin-mutated AML by preventing normal cell cycle
rogression. 85 , 99 

While moderate success has been achieved with some targeted therapies,
uch as with FLT3 or IDH1/2 inhibitors, different mutational combinations
ay have unique effects on the underlying molecular environment. The

evelopment of model systems that allow researchers to study how different
enetic lesions influence one another has yielded some promising results,
articularly in the case of cohesin mutations. Themes are beginning to
merge, suggesting several mutations target the same molecular pathway. 
or instance, while EZH2 and SUZ12 mutations in AML directly disrupt
he PRC2 complex, new research points to cohesin and ASXL1 mutations
lso affecting PRC2. Further, NPM1 and cohesin mutations both affect
SPC self-renewal and HOXA gene expression as do MLL-rearrangements, 

nother common driver mutation in AML. Several studies indicate that
nhibition of the DOT1L complex (responsible for H3K79 methylation) may
ormalize HOXA upregulation, which is commonly found in leukemic gene
xpression profiles, including loss of cohesion. 63 , 100 , 101 Clinical trials have 
hown moderate success with use of pinometostat (a DOT1L inhibitor), 102 

ut perhaps efficacy could be improved by selecting patients with known
oxA dysregulation). The use of combinatorial genetic models thus offers

nsight into underlying commonalities that may be exploited for therapeutic
evelopment. Teasing apart the complex genetic interactions in AML seems
aunting, but if several different mutations affect a common pathway, 

t may be possible to target the pathway rather than each individual
utation, which would make a therapy more widely applicable. Cases of

lear mutual exclusivity, such as occurs with cohesin and inv(16), are also
nteresting to consider. If the 2 mutations result in synthetic lethality, this

ay be exploitable for therapeutic use by identifying potential precision
edicine targets. It is thus important to determine why the cohesin and

(8;21) mutational combination is permissive yet the cohesin and inv(16)
ombination is not. 

Cohesin is unique in that it can alter genomic organization and ultimately
ffect gene transcription. Several studies have indicated differences in 
ene transcription and looping between cohesin mutations alone and in
ombination with other AML lesions, making it important to examine the
ffects of cohesin mutation in different genetic backgrounds. The differences
etween STAG1 and STAG2 mutation must also be considered. Although
esearch on cohesin mutations in AML development and progression is still
oung, the development of new combinatorial genetic models will not only
rovide insight into how cohesin functions in normal versus disease states,
ut also holds promise in the generation of tailored therapies. 
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