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Figure 4. Analysis of clonal hierarchy points toward cohesin as a secondary mutation. (A-B) Exemplary serial samples illustrating clonal architecture of
cohesin family genes. (C) VAFs of STAG2 mutations by deep sequencing in serial samples. For each STAG2 mutant patient with available serial samples, the VAF
in each sampling is shown. Although only 2 patients were found to harbor a STAG2 mutation in the dominant clone at the first time point, 7 out of 8 patients (87.5%)
who were initially found to have a subclonal STAG2 mutation underwent clonal expansion, becoming the dominant clone at the time of transformation (P = .05). (D)
VAFs of SMC3 and RAD21 mutations by deep sequencing in serial samples. For 4 patients with SMC3 mutations and the 1 patient with a RAD21 mutation with available serial
samples, the VAF in each sampling is shown. All of these 5 patients harbored subclonal cohesin mutations at the first time point, with 2 out of 4 (50%) of the SMC3 mutant
patients and the 1 out of 1 RAD271 mutant patient undergoing clonal expansion, becoming the dominant clone at the time of transformation.

model identified runx dependence on rad21 expression,® and
given the high association of RUNXI/ mutations in cohesin
mutant myeloid disease, we queried if this relationship would be
evident in our patient cohort. We were unable to find any
correlation between RAD21 and RUNXI expression or between
mutational status and expression in our patient cohorts, suggest-
ing that this interaction in humans may be subject to pathway

redundancy.

Discussion

We have demonstrated that somatic alterations in cohesin complex
genes occur in 11.6% of patients with myeloid neoplasms in our
cohort, consistent with recent reports in smaller patient cohorts. '
The observation that most mutations are nonsense and frameshift

types suggests that cohesin mutations lead to decreased function
of the cohesin complex. As low expression of these genes may
have functionally equivalent consequences, we defined a subset
of patients with altered expression of the cohesin complex in
an additional 15% of patients. Such nonmutated cohesin low
expressors have been described in both AML and Ewing sarcoma
cell lines.> Additionally, this study expands the current knowl-
edge of cohesin mutations across the spectrum of myeloid diseases,
identifying cohesin mutation frequencies in different disease
subtypes, most prominently in SAML (20%). Clonal hierarchy
analysis rarely identified cohesin mutations in founding clones;
rather, cohesins were present in subclones that underwent clonal
expansion over time. This subclonal architecture occurs in the setting
of co-occurring genetic and molecular abnormalities, including
mutations in chromatin modifiers (ASXL/) and key transcriptional
regulators (RUNX1, Ras family genes, and BCOR). Our data further
suggest that cohesin has a cooperative role in epigenetic regulation
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Figure 5. Analysis of cohesin expression identifies a discrete subset of low expressors. (A) Expression of STAG2 in MDS and pAML subtypes. A discrete subset of
patients exhibit low STAGZ2 expression defined as <2 standard deviations below the mean as compared with 17 healthy donors. This was more prevalent in patients with high-
risk MDS and non—core binding factor AML without complex cytogenetics. (B) Percent of low expressors in cohesin genes. The frequency of cohesin low expressors for each
cohesin complex gene (STAG2, RAD21, SMC1A, SMC3, STAG1, and PDS5B) is shown by disease subtype. STAG2 was most commonly underexpressed in high-risk MDS,
whereas RAD21 was most commonly underexpressed in the remaining myeloid malignancies. SD, standard deviation.

and transcriptional programming by virtue of the higher response rate
in cohesin mutant MDS patients treated with HMAs.

In line with other studies, cohesin mutations were not associated
with an increase in the frequency of complex cytogenetic abnormalities.
Despite cohesin’s role in alignment of sister chromatids during
metaphase, these data provide further evidence that the leukemogenic
consequences of cohesin defects do not involve disrupted mitosis and
global chromosomal instability. The expanded sample size of our
cohort also enabled precise analysis of clinical associations. Cohesin
mutations did not alter the IPSS cytogenetic risk of MDS patients
(the average IPSS cytogenetics score was 0.55 points for cohesin
mutant cohort and 0.60 points for WT). Nonetheless, overall IPSS risk
was higher in cohesin-mutated patients, driven by high blast count,
suggesting a stem cell defect in the mutant clone.

The vast majority of mutations identified across cohesin
proteins were heterozygous nonsense and frameshift events, which
would be anticipated to cause expression of a truncated protein. In
addition to clearly hypomorphic mutations, splice site mutations
were also identified (eg, STAG2 5’ of exon 4 and 8). Splice site
mutations can cause activation of a nearby cryptic splice site
(upstream or downstream of the normal site), omission of the whole
exon, or intron retention, any of which can lead to frameshifts and
premature stop codons that will trigger nonsense-mediated decay and
haploinsufficiency. Cohesin haploinsufficiency is thus the operative
pathophysiologic mechanism, a notion further supported by the
mutual exclusivity of cohesin mutations: haploinsufficiency for
one cohesin complex member may be sufficient to initiate the
myeloid transformation pathway, whereas a double hit would be
deleterious. Recent studies of cohesin dynamics at super enhancer
sites are in line with these conclusions: cohesin localizes to sites of
high mediator occupancy at the enhancer-promoter interaction

sites in lymphoma and myeloma. Treatment with the BRD4
inhibitor JQ.1 leads to a 2-fold decrease in cohesin occupancy at
superenhancer sites and normalization of the expression of
oncogenic drivers.'?” Taken together, these data suggest that
cohesin function is integral to expression of key cell-identity
genes and that reduction in gene dose of cohesin alters cellular
identity.

Analysis of clonal dynamics in patients in whom serial samples
are obtained at various time points along their disease course
provides important insight into the timing and effect of cohesin loss
of function on leukemia initiation and progression. Using deep-
sequencing and cross-sectional and serial analyses, we found that
cohesin mutations were not commonly present in the founder clone
but rather promoted clonal expansion and transformation to more
aggressive disease. In 10 of 13 cohesin mutant patients with serial
samples, the cohesin mutant clone achieved clonal dominance at
the time of transformation. Cohesin mutations co-occur with other
mutations known to be drivers of clonal evolution. The strong
association with ASXL] indicates that epigenetic dysregulation may
be synergistic in the mechanism of action exerted by cohesin
haploinsufficiency. Furthermore, activated Ras signaling may
alter the expression of key identity genes, which are then further
dysregulated by cohesin inactivity.

High numbers of informative patients (those with mutations)
are needed to establish correlations with response to specific drugs.
In exploring the effects of cohesin downmodulation/mutations on
expression pattern in cohort, we noted a consistent downmodulation
of DCK in patients with cohesin complex alterations. Expression of
this enzyme has been reported to be reciprocal to the levels of UCK,
arate-limiting enzyme for azacitidine metabolism. Thus, azacitidine
would be expected to have greater efficacy in cohesin-deficient
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Figure 6. Unsupervised hierarchical clustering of gene expression with annotation by cohesin mutational status and cohesin expression. (A) Unsupervised
hierarchical clustering of TCGA AML patients with annotation of STAG2 low expression and STAG2 mutation. Patients with STAG2 mutations and low STAG2 expression
cluster show a unique expression profile and cluster separately from patients with WT STAG2 and high expression. (B) Cohesin complex expression in STAG2 (i), RAD21 (ii),
and SMCS3 (iii) low expressors. Within each group of cohesin low expressors, the entire cohesin family gene complex has similarly decreased expression.

patients. Indeed, we observed a higher response rate in patients with
cohesin mutations treated with azacitidine.

In summary, cohesin mutations, which likely result in loss of
function, are recurrent molecular genetic events in both solid and
hematopoietic tumors. Mechanistic studies to understand their
functional and pathophysiological role are currently underway, but
our genetic data suggest that cohesin mutations do not contribute
to hematopoietic transformation through altered chromosomal
instability. The high frequency with which cohesin mutations
occur in myeloid disease and their presence in expanding subclones
during disease progression suggests that the cohesin complex may
represent an attractive therapeutic target for future preclinical and
clinical studies.
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