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Abstract

Objective: Chromatin remodeling genes (CRGs) encode components of epigenetic regulatory
mechanisms and alterations in these genes have been identified in several tumor types, including
gynecologic cancers. In this study, we sought to investigate the prevalence and clinicopathological
associations of CRG alterations in endometrial carcinoma (EC).

Methods: We performed a retrospective analysis of 660 ECs sequenced using a clinical
massively parallel sequencing assay targeting up to 468 genes, including 25 CRGs, and defined
the presence of somatic CRG alterations. Clinicopathologic features were obtained for all cases.
Immunohistochemical interrogation of ARID1A and PTEN proteins was performed in a subset of
samples.
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Results: Of the 660 ECs sequenced, 438 (66.4%) harbored CRG alterations covered by our
panel. The most commonly altered CRG was AR/D1A (46%), followed by CTCF (21%), KMT2D
(18%), KMT2B (17%), BCOR (16%), ARID1B (12%) and SMARCA4 (11%). We found that
ARIDIA genetic alterations were preferentially bi-allelic and often corresponded to altered
ARID1A protein expression in ECs. We further observed that AR/D1A alterations were often
subclonal when compared to PTEN alterations, which were primarily clonal in ECs harboring both
mutations. Finally, CRG alterations were associated with an increased likelihood of myometrial
and lymphovascular invasion in endometrioid ECs.

Conclusion: CRG alterations are common in EC and are associated with clinicopathologic
features and likely play a crucial role in EC.

Keywords

Chromatin remodeling; DNA; Endometrial carcinoma; Genetics; Mutations; Massively parallel
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INTRODUCTION

Chromatin is the complex of chromosomal DNA that is organized by coiling around
octamers of histone proteins and forming complexes called nucleosomes. The nucleosomes
are in turn packaged together to form the chromatids of chromosomes. The organization

and packaging of the nucleosomes along with the epigenetic modifications of the DNA
determine the availability of DNA for transcription and replication (1, 2). Proteins involved
in regulation of chromatin structure and accessibility are referred to as chromatin remodelers
(3), and the genes encoding them are chromatin remodeling genes (CRGS).

Histones have long and flexible N-terminal tails rich in lysine and arginine residues that can
undergo extensive modifications (4). One such modification is acetylation which neutralizes
the positive charge of the histones and weakens the interaction of histones with DNA
leading to transcriptional activation. Acetylation and subsequent gene activation is mediated
by histone acetyltransferases (HAT); conversely, the effects of histone deacetyl-transferases
(HDAC) lead to gene repression (5). Methylation is another common histone modification,
and varying levels and sites of methylation affect the availability of DNA for transcription.
For example, H3K4me3 is abundant in active gene promoter sites while H3K9me3 is
associated with transcriptional repression (6). Other modifications of histones including
phosphorylation, ubiquitination and biotinylation also affect DNA availability. In cancer
cells, the balance of histone modification is often altered through mutations of histone
modifying enzymes (7, 8).

Another group of chromatin regulators is the SWI/SNF complex, which is involved in
altering the position of nucleosomes along the DNA, which in turn affects the organization
of DNA and changes the distribution of chromosomal DNA into euchromatin and
heterochromatin (9). These alterations lead to spatiotemporal changes in chromatin structure
(10). Modifications of the chromatin structure can also occur at the macromolecular level
affecting the overall organization of chromatin within the nucleus, including formation of
chromosomes and centromeres (11).
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In tumors, chromatin remodeling alterations transform the epigenetic and transcriptional
programs modulating DNA replication and repair, and cell differentiation and proliferation
(12). Massively parallel sequencing analyses revealed that chromatin remodeling genes
are recurrently altered in several cancer types (13-15), including endometrial carcinoma
(EC). In this study, we sought to define the landscape of CRG alterations and their clinico-
pathologic associations in a large cohort of ECs subjected to massively parallel sequencing
analysis.

This study was approved by the Institutional Review Board at Memorial Sloan Kettering
Cancer Center (MSK). Untreated primary ECs of all histologic types that underwent
clinical FDA-authorized tumor-normal targeted massively parallel sequencing of 410-468
cancer-related genes (MSK-Integrated Mutation Profiling of Actionable Cancer Targets;
MSK-IMPACT) (16, 17) during the years 2014 to 2019 were evaluated. Classification of
ECs into the Cancer Genome Atlas molecular subtypes (18) was performed by employing
a surrogate of the ProMisE maodel, as described previously (19, 20): tumors with hotspot
POL E exonuclease domain mutations (n=50) were assigned to the ‘ POL £ ultra-mutated’
category; tumors with DNA mismatch repair (MMR)-deficiency were defined either by
immunohistochemistry and/or genomic determination (high MSlsensor score; n=140) (21);
tumors with aberrant p53 immunohistochemical expression and/or 7P53 genetic alterations
(n=237) were assigned to the p53 altered, non-hypermutated category (as a surrogate for
copy number-high tumors); and the remainder of the samples (n=233) were assigned to the
ECs of no specific molecular subtype (NSMP, a surrogate for copy number-low tumors).

Genomic data extraction

Genomic data were extracted from the MSK-IMPACT assay, including somatic mutations,
copy number (CN) alterations, structural variants, fraction of genome altered and tumor
mutational burden, as previously described (20). The mutational data included data on
chromosomal location, base-pair change, protein change, predicted functional impact of the
mutation and the associated variant allele frequency (VAF). The mutations were further
annotated using the OncoKB database (22). Data on allele specific CN alterations and ploidy
were extracted using the “facets’ R package (version 0.5.14) (23). Cancer cell fractions
(CCFs, i.e. the bioinformatically inferred percentage of tumor cells harboring a given
mutation in a sample, indicating clonality) of all mutations were inferred using ABSOLUTE
(v1.0.6), as described previously (24). To identify genes that were mutated more often than
expected by chance given background mutation processes we used the MutSig (MutSigCV)
Matlab package (25). Evaluation for mutual exclusivity/co-occurrence was performed using
the ‘DISCOVER’ R package (v0.9) (26).

The MSK-IMPACT assay includes 25 CRGs, which are listed in Supplementary Table 1;
the designation of these CRGs to various categories was determined based on previously
described criteria (3, 27, 28).
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Pathology review

Histopathologic and morphologic data were extracted from the synoptic pathology reports.
Scanned pathology slides of the sequenced tumors were reviewed by one author (AMB)

to confirm the findings in the pathology report. To mitigate the effect of suboptimal
interobserver concordance in histologic typing (12, 13), we confined this study to a single
institution in which all tumors had been reviewed by a group of experienced gynecologic
pathologists. Biweekly diagnostic consensus conferences encouraged a uniform diagnostic
approach within the group, as did frequent review of cases for Tumor Board meetings and
quality assurance, as previously described (20).

As a proof of concept, 18 cases were randomly chosen for testing by immunohistochemistry
(IHC); IHC analyses for PTEN (clone 6h2.1, Ventana) and ARID1A (clone CL3595,
AMAD91192, Atlas) proteins were performed. Loss of expression was considered as
abnormal and extent and distribution of loss of expression was documented in the tumor
and corresponding normal tissue. ARID1A and PTEN IHC analysis was performed on the
same tissue blocks from which DNA for the sequencing assay was obtained.

Statistical analysis and clustering

Comparisons of quantitative data between the groups were performed using ANOVA with
post-hoc Tukey tests and comparison of qualitative data including associations between
clinicopathologic features and molecular data were performed using chi-squared tests
with Fisher’s exact p-value calculation. P-values of <0.05 were considered statistically
significant. Disease-free survival (DFS) and overall survival (OS) were analyzed using the
log-rank test to compare subgroups, with the start date set as the date of initial diagnostic
biopsy. Univariate and multivariate Cox proportional hazards analyses were performed to
determine hazard ratios (HRs). RNA expression data (in the FPKM format) from The
Cancer Genome Atlas EC cohort (18) were obtained from the Genomic Data Commons
Data Portal (https://portal.gdc.cancer.gov) and the iDEP R package was used for analysis
of differentially expressed genes (DEG) and unsupervised clustering and dimensionality
reduction (29). For DEG; genes were selected using a paired t test with £< 0.05 and
[log2(fold change)| > 1.

RESULTS

CRG alterations in ECs

The 660 primary untreated ECs included the following histologic subtypes: endometrioid
carcinoma (n=418); serous carcinoma (n=131); clear cell carcinoma (n=22); mesonephric-
like carcinoma (n=9); dedifferentiated carcinoma (n=3); undifferentiated carcinoma (n=3);
corded and hyalinized EC (n=2); 72 ECs were diagnosed as high-grade endometrial
carcinoma (not otherwise specified) based on ambiguous morphologic features and absence
of type-specific immunophenotypes, which precluded confident histologic subclassification.

In total, 438/660 (66.4%) ECs harbored alterations in CRGs covered by our gene panel.
Of the 2,229 somatic mutations identified in the 438 samples, 1,021 (45.8%) were loss
of function alterations, including nonsense, frame-shift and splice site variants. Among the
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remainder of the 1,208 missense and inframe alterations, only 82 (6.8%) were classified

as oncogenic, likely oncogenic or predicted oncogenic (22). The most commonly altered
CRG was ARID1A (n=305, 46%), followed by CTCF (n=141, 21%), KMT2D (n=118,
18%), KMT2B (n=111, 17%), BCOR (n=106, 16%), ARID1B (n=76, 12%) and SMARCA4
(n=74, 11%) (Figure 1A). On average, 27% of the alterations in each gene consisted of
multiple hits (2 or more mutations) and on average, a further 29% of the mutations in

the CRG genes were accompanied by gene deletion and loss of heterozygosity in the
corresponding wild-type allele. AR/D1A (65%), and KMTZA (43%) were the genes most
often associated with multiple hits or combinations of mutations and loss of heterozygosity/
deletion; in contrast, CARMI1 and SMARCD1 were least likely to harbor more than one hit
(8% and 0% respectively).

Overall, the SWI/SNF family of genes, including ARID1A, ARID1B, ARIDZ2, PBRM],
SMARCA4, SMACRB1, and SMARCD, were the most frequently altered CRGs in ECs
(n=329, 50%). Other CRG complexes that were commonly altered included histone lysine
methyltransferases (HLMT; n=190, 29%), histone deacetylases (HDAC; n=139, 21%),
histone acetyltransferases (HAT; n=129, 20%) and histone demethylases (HDM; n=78,
12%).

CRG alterations in molecular subtypes of EC

The distribution of these alterations differed among molecular subgroups, e.g., HDAC
alterations were common in ECs of POLE, MMR-deficient and NSMP molecular subtypes
while these alterations were rare in p53-altered ECs (31% versus 3%; X2 P <0.0001;
Figure 1D). Specifically, among the 50 POL E exonuclease domain-mutated ECs, 49 had at
least one CRG mutation. All MMR-deficient ECs (n=140) had at least one CRG mutation.
Of the 233 NSMP ECs, 155 (67%) had CRG alterations, whereas only 41% (n=98) of
p53-altered ECs harbored CRG alterations. In fact, only 32% (n=77) of p53-altered EC had
pathogenic CRG alterations (Figures 1-A, B). In concordance with this observation, CRG-
altered tumors were found to have lower fraction of the genome altered (median fraction

of genome altered 0.037 versus 0.16; Mann-Whitney U P: <0.001) and conversely a higher
tumor mutation burden (median tumor mutation burden 9.7 versus 4.4, Mann-Whitney U P:
<0.001).

ARIDIA alterations were the most common CRG alteration in POLE (88%), MMR-
deficient (90%) and NSMP (45.5%) subgroups, however, they were relatively uncommon

in p53-altered ECs (12.2%; X2 P. <0.0001). POLE and MMR-deficient tumors showed a
higher abundance of CRG alterations compared to other molecular subtypes across all genes
evaluated in the cohort.

ARID1A alterations in ECs

In total, 481 gene mutations and 9 deep deletions of AR/D1A were observed in 305 ECs.
In general, somatic mutations were observed along the length of the AR/D1A gene, but
there were recurrent frameshift mutations of codon D1850 (n=30, 10%) and nonsense
mutations of codon R1989 (n=20, 7%; Figure 2-A). While the majority (86%; 38/50)

of POLE exonuclease domain-mutated ECs harbored truncating (frameshift or nonsense)
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ARID1IA mutations, 87% of the mutations in all other genes in POL E-mutated tumors were
missense mutations, showing relative enrichment of loss-of-function AR/D1A mutations

in this subgroup. Also, the 90% (126/140) MMR-deficient ECs harboring AR/D1A gene
alterations were in the form of truncating mutations.

ARID1A is thought to have a tumor-suppressive role and we therefore assessed whether both
ARIDI1A alleles were affected in the ECs studied. Of the 305 AR/D1A-mutant ECs, 104
(34.1%) showed either loss of heterozygosity (LOH) or copy neutral LOH of the wild-type
allele, and 9 ECs (2.9%) harbored AR/D1A homozygous deletions in addition to mutations.
In addition, 128 (42%) ECs harbored at least two mutations in AR/D1A, either pairs

of loss-of-function mutations or missense mutations involving the -cis and -trans alleles.

In total, 241 ECs (79%) harbored biallelic AR/D1A genomic alterations. The proportion

of endometrioid ECs harboring more than one genomic alteration of AR/D1A was 73%
(Figure 2-B), in contrast to only 9% in non-endometrioid ECs (X2 2. <0.0001). When
assessing the mutation status by molecular subtype, we observed that among the POLE
exonuclease domain-mutated ECs with AR/D1A alterations (n=44), 27 (61%) harbored bi-
allelic AR/ID1A alterations with 16 (36%) having more than one truncating mutation and 11
(25%) displaying LOH or copy neutral LOH. The prevalence of biallelic AR/D1A mutations
in MMR-deficient ECs was also high (75/126, 59.5%), with 57 having more than one
truncating mutation (45%) and 18 (14%) having LOH or copy neutral LOH of the wild-type
allele. Of note, while the median tumor mutation burden for POLE exonuclease domain-
mutated ECs and MMR-deficient ECs were 135.1 and 31.6 mutations/Mb respectively, the
median mutation burden for the AR/D1A gene in these molecular subtypes was 285.7 and
266.3, respectively (2. <0.001 for both). Furthermore, evaluation by MutSig showed that
among CRG genes, the mutation rate in AR/D1A and CTCF is significantly higher than the
background mutational process (£ <0.0001 and ¢ <0.0001 for both).

Alterations in PTEN were the most common genomic alterations in ECs, and were identified
in all but the p53-altered molecular subtype. Of the 660 ECs included in our study, 54%
harbored alterations involving the PTEN gene. The majority of AR/D1A-mutant ECs had a
co-occurring PTEN alteration (245/305, 80.3%, DISCOVER P. <0.00001). PTEN alterations
are believed to be the initiating event in pathogenesis of many ECs, especially endometrioid
carcinomas (30). Consequently, we decided to compare the clonality of the PTEN and
ARID1A mutations in endometrioid ECs harboring alterations in both genes (n=236). We
observed that the ratio of the variant allele frequency (VAF) of ARID1A versus PTEN was
0.45 in endometrioid ECs harboring both mutations (Figure 2-C). In addition, the mean
cancer cell fractions (CCFs) of PTEN were significantly higher than those of AR/ID1A
mutations (0.91 versus 0.78; Wilcoxon signed-rank test 2. <0.0001), providing evidence to
suggest that PTEN mutations are more frequently clonal (n=221, 93.6%) as compared to
ARIDI1A mutations, which are commonly subclonal (n=147, 62.3%) (Figure 2-D).

Most alterations in the AR/D1A gene are predicted to be truncating events; to verify whether
ARIDIA mutations indeed lead to loss of protein expression, we determined the levels of
ARID1A protein expression using IHC in 18 randomly selected endometrioid ECs harboring
both PTEN and ARID1A alterations (Figure 3). We also stained the tumors for PTEN to
serve as a comparator. All 18 ECs showed some loss of PTEN expression in tumor cells: 11
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tumors displayed complete loss of PTEN protein expression in the presence of an internal
control; two tumors showed subclonal loss of expression; and 5 tumors showed variable loss
of PTEN protein expression (Figure 3 and 4). ARID1A IHC analysis revealed complete loss
of expression in 6 tumors, subclonal loss in 3 tumors, variable loss in 6 tumors and retained
expression in 3 tumors. As expected, given their lower CCFs, loss of ARID1A expression
was observed in a lower fraction of tumor cells compared to PTEN in 10/18 cases. However,
3 endometrioid ECs showed complete loss of ARID1A and PTEN expression and 3 further
cases showed complete loss of ARID1A expression with variable loss of PTEN expression
(Figure 4-A, Supplementary Table 2). 2 cases showed variable/subclonal staining for both
ARID1A and PTEN.

Comparison of loss of ARID1A expression with the predicted CCFs of AR/D1A mutation
showed good concordance in 13 cases. In the 5 outliers, little or no loss of ARID1A protein
expression was observed despite a high predicted CCF of AR/D1A mutation in the tumor
(Figure 4-B). When assessing the mutation types, we found that the cases with discordant
ARIDIA CCFs and ARID1A IHC levels of expression all either harbored mono-allelic and
non-pathogenic missense mutations (p.H2090R and p.R1658W) or mono-allelic frameshift
mutations. Of note, we found that 8 ECs also had normal endometrium present in the tissue
block; one of these cases showed subclonal loss of ARID1A and PTEN expression in the
normal endometrium and two other samples showed subclonal loss of PTEN expression

in the normal endometrium (the results of PTEN and ARID1A IHC are summarized in
Supplementary Table 2).

BCOR alterations

BCOR is another commonly altered CRG in ECs (n=106, 16%). BCOR alterations were
found to be more common in endometrioid than non-endometrioid ECs (24% vs 3%,

X2 P <0.0001). Of the BCOR-altered tumors, 62 (58%) harbored p.N1459S hotspot
mutations including 33 NSMP, 27 MMR-deficient, 1 POLE and 1 p53-altered ECs (Figure
5-A). While the functional consequences of this hotspot alteration are not known, in the
TCGA EC (TCGA-UCEC) cohort, 27 of 517 samples (5%) harbored the p.N1459S BCOR
mutation, including 11/147 (7%) NSMP [CN-L] EC and 16/148 (10.8%) MMR-deficient
[MSI] carcinomas (18). To identify whether this alteration leads to any changes in the
transcriptomic landscape of tumors, we performed hierarchical clustering and principal
component analysis of the normalized RNA expression in the NSMP subgroup of the TCGA
cohort which revealed that the 7 (7/11) of the BCOR-mutated ECs clustered together, and

in a branch separate from most BCOR wild-type ECs, suggesting transcriptomic differences
between BCOR-mutated and the other tumors in the cohort (Figure 5-B, C). Furthermore,
differential expression analysis showed 41 differentially expressed genes (31 upregulated
genes and 10 downregulated genes) in the 11 EC harboring pathogenic BCOR mutations as
compared to those lacking these alterations (n=136; Figure 5-D, Supplementary Table 3).

Clinicopathologic associations of CRG alterations in ECs

We explored whether the presence of CRG alterations was associated with specific
clinicopathologic features. While CRG alterations are seen in all histologic subtypes of
endometrial carcinoma, the frequency of CRG alterations was found to be higher in
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endometrioid ECs (80%) compared to non-endometrioid ECs (27%, X2 P 0.001). CRG-
wild-type ECs occurred in older patients compared with CRG-mutant tumors (median age:
67 versus 63 years, Mann-Whitney U £ <0.001).

Information on myometrial invasion was available in 397/418 endometrioid ECs. In these
tumors, the presence of CRG alterations was associated with increased likelihood of
myometrial invasion (75%, 242/324 CRG-altered versus 51%, 38/75 no CRG alterations;
X2 P. <0.001; Figure 6-A). The presence of CRG alterations was associated also with
greater depth of myometrial invasion in endometrioid ECs (median depth of myometrial
invasion as proportion of myometrial thickness: 25% versus 6%; Mann-Whitney U P.
0.02). Of the 280 endometrioid ECs with myometrial invasion, CRG-altered tumors were
more likely to exhibit a microcystic, elongated and fragmented (MELF) pattern of invasion
(49, 20.2% versus 2, 5.3%, X2 P 0.026). The association of myometrial invasion and
MELF pattern of invasion in endometrioid ECs was also seen when focusing on tumors
with AR/D1A alterations only (74% versus 55%, X2 2. 0.001 and 16% versus 5%, X2
P.0.012, respectively). Endometrioid ECs with CRG alterations were more likely to have
lymphovascular invasion (45%, 146/324 versus 29%, 22/75; X2 P. 0.018). In endometrioid
ECs with known pelvic lymph node status (233/418), the presence of CRG alterations

was associated with increased likelihood of pelvic lymph node metastasis (12%, 18/155
versus 3%, 2/78, X2 P. 0.038). CRG alteration status did not show any correlation with
non-lymphoid extrauterine disease spread at presentation or at recurrence (X2 £> 0.05 for
both). None of the CRG alterations showed statistically significant associations with clinical
stage, recurrence rate, recurrence/metastatic site, disease free survival or overall survival (P
>0.05 for all comparisons).

DISCUSSION

Our analyses show that alterations of CRGs are common events (present in 67%) in
ECs, most commonly in endometrioid ECs, but are less prevalent in p53-altered non-
hypermutated ECs.

The most commonly altered CRGs in ECs encode proteins involved in the SWI/SNF
complex. This complex is composed of many subunits including ARID1A, ARID1B,
ARID2, SMARCA2, SMARCA4, SMARCB1, SMARCEL, and DPF2 among others (9,
31). Among our samples, the most frequently altered gene from this group was AR/ID1A
(altered in 46% of tumors) which is in line with prior studies showing frequent occurrence
of somatic AR/D1A mutations and loss of ARID1A expression in endometrioid ECs (32—
35). We have also provided further evidence that AR/D1A gene alterations are commonly
truncating/inactivating mutations (85%), as previously suggested (14, 18, 36). The rate of
ARIDIA alterations and CRG alterations in serous ECs was significantly lower than the
endometrioid ECs, suggesting that genomic landscape alterations caused by 7253 mutation-
associated chromosomal instability in the former group might (to varying degrees) supersede
epigenetic landscape modulations and epigenetic instability due to CRG alterations (37).
Interestingly, in ECs with either POLE exonuclease domain mutations or microsatellite
instability, there is an enrichment of AR/D1A mutations as shown by higher mutation
burden of the gene compared to other the other cancer genes assessed. Furthermore, even
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in POLE exonuclease domain mutated carcinomas which mainly harbor missense mutations
of various genes, the AR/D1A mutations are almost entirely truncating, suggesting an
evolutionary selective pressure for loss of ARID1A function.

The AT-rich interactive domain 1A (AR/D1A) gene encodes for BAF250, a nuclear protein
that participates in SWI/SNF complexes, regulates DNA organization and consequently
modulates transcription, DNA repair and replication (9, 38, 39). AR/D1A mutations
contribute to tumor progression and acquisition of invasive properties (33, 34, 36). Since
ARID1A mutations have been shown to result in loss of ARID1A/BAF250 protein
expression, immunohistochemical evaluation for ARID1A can serve as a surrogate marker
for the gene alterations (40, 41). In our cohort, there was evidence of bi-allelic inactivation
of the gene in 65% of ECs and IHC results showed loss of ARID1A expression in some
atypical endometrial hyperplasia and even in rare instances of morphologically normal
endometrium adjacent to carcinoma in some cases; immunohistochemical interrogation of
the ARID1A protein showed generally concordant results between the molecular profile and
the tumor immunophenotype. In contrast to EC, AR/D1A mutations and loss of expression
are less common in EC precursors such as atypical endometrial hyperplasia (33, 34, 36).
Nevertheless, loss of ARID1A immunoreactivity in endometrial biopsies showing atypical
endometrial hyperplasia has been shown to be highly predictive of subsequent endometrial
carcinoma in the hysterectomy specimen (42), suggesting that AR/D1A alteration plays a
role in the progression of endometrial neoplasia.

While some studies have associated AR/D1A mutations with adverse prognostic effects
(43, 44), others have not shown any significant clinical differences between ECs harboring
ARIDI1A alterations and AR/D1A-wild-type tumors (36). There is also evidence that
ARID1A is a tumor suppressor which acts with p53 to regulate CDKN1A and SMADS,
and mutations in this gene lead to endometrial tumor growth (40). ARID1A protein also
binds to estrogen receptor enhancer targets and regulates estrogen-dependent transcription;
as such AR/D1A alterations may affect the response of neoplastic cells to estrogen
regulation (45). Furthermore, murine models have shown that AR/D1A alterations remove
the suppressive effects of TGFp on tumor cells and consequently promote cell migration
and tumor invasion in PTEN-deficient ECs (46). Another study has suggested that AR/D1A
alterations in presence of PI3K pathway activation leads to enhanced invasion through
epithelial mesenchymal transition (38). Our results also show that CRG alterations,
especially AR/D1A alterations, are associated with increased depth of myometrial invasion
and increased frequency of a MELF pattern of invasion, which supports the evidence for
increased cell mobility and invasive properties of CRG altered tumors.

ARIDIA alterations commonly co-occur with alterations that activate the PI3K pathway
(18), with evidence at proteomic level for activation of PI3K pathway in AR/D1A

mutant endometrial cell lines (47). The synergistic effects of PTEN and ARID1A loss

lead to increased proliferation rate in neoplastic endometrial cells (36). Unlike PI3K
pathway alterations which are most commonly truncal and clonal mutations, AR/D1A
alterations commonly occur in phylogenic branches and are subclonal events, with frequent
heterogeneity of the mutations in this gene among spatially sampled endometrial carcinomas
(30). Other SWI/SNF complex alterations also show phylogenetic heterogeneity in various

Gynecol Oncol. Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Momeni-Boroujeni et al. Page 10

cancers (48, 49). This finding suggests that chromatin remodeling alterations occur later
in tumor evolution, the resultant epigenetic transformation furthering tumor growth and
progression (30). Despite subclonal and heterogenous mutations in AR/D1A, null pattern
ARID1A immunophenotype in advanced lesions suggests phenotypic convergence of tumors
towards loss of functional ARID1A protein (30, 35, 50). The results of our study also
suggest that AR/D1A alterations commonly occur later in endometrioid tumor evolution
than PI3K pathway alterations, with CCFs of AR/D1A alterations often being lower than
those of PTEN alterations. However, we also found that in 37.7% of tumors, ARID1A
alterations have a >90% CCF, which may indicate clones which expand to dominate the
tumor as a result of evolutionary benefit conferred by these alterations (a phenomenon
termed ‘clonal sweep’) (51).

Other components of the SWI/SNF complex are also frequently altered in ECs - 50% of

ECs showed at least one alteration in the SWI/SNF complex proteins. Loss of expression of
other members of the SWI/SNF family, especially SMARCA4 and SMARCAZ have been
associated with undifferentiated and dedifferentiated carcinomas of the endometrium (52).
Alterations of the members of SWI/SNF complex other than AR/D1A are preferentially seen
in POLE exonuclease domain-mutated tumors and DNA mismatch repair-deficient tumors
(53), findings which were also corroborated in our cohort.

Another frequent CRG alteration in ECs were C7CF mutations. Alterations in this gene
were observed almost exclusively in endometrioid carcinomas. C7CFencodes 11-ZF DNA
binding protein, which has extensive and diverse roles in organization of chromatin structure
and regulates inter- and intra-chromosomal interactions, nucleosome positioning, alternative
splicing among other functions (54). This protein is called the ‘master weaver of the
genome’ because of its multifaceted role (54, 55). Loss of CTCF has been associated with
silencing of tumor suppressor genes and activation of oncogenes (56). C7CFknockdown

in cell models has been shown to produce sustained proliferative signaling, anti-apoptotic
properties, and epigenetic dysregulation as well as deregulation of endometrial cancer
spheroid polarity (54).

BCOR was another commonly altered gene in our cohort, almost exclusively in
endometrioid ECs. BCOR encodes for a transcriptional co-repressor (57). Translocations
of the gene are seen in some lymphomas (58) and translocation and internal tandem
duplications of the gene are seen in soft tissue sarcomas (59) and endometrial stromal
sarcomas (60). Somatic mutations of the gene have been previously reported in endometrial
carcinomas with almost all reported mutations involving the N1459S hotspot (15), a finding
corroborated by our results. Evaluation of the TCGA RNA expression data shows that this
hotspot mutation is associated with transcriptional changes in endometrioid ECs, but the
functional significance of this mutation is yet to be determined.

Other commonly altered CRGs included the KMT2 family of genes including KMT2D and
KMT2B (61); these genes encode for histone lysine methyltransferase proteins that regulate
gene transcription by altering the methylation status of the lysine 4 residue of histone 3 tail
(H3K4) leading to transcriptional activation (62). Mutations in these genes commonly occur
in endometrial carcinomas (63). Loss of function of these genes has been to be associated
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with weaker capacity of myometrial invasion by tumors (15) However, this effect was not
observed in our cohort.

One limitation of our study is the limited number of CRGs included in our targeted
sequencing panel. Given this, cases designated as non-CRG-altered in our cohort may harbor
alterations in other CRGs not covered by our panel. Further studies using whole exome

or whole genome sequencing are needed to comprehensively evaluate the role of CRG
alterations in endometrial cancers.

In summary, we have shown that CRG alterations are common in ECs; these alterations

are especially common in endometrioid carcinomas and appear to confer myometrial and
angiolymphatic invasive properties. Functional and mechanistic studies are needed to further
elucidate the roles played by these alterations in the evolution and tumorigenesis of ECs.

Supplementary Material
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. ARIDI1A is the most commonly altered chromatin remodeling gene in

. ARIDIA alterations are often biallelic (n=241, 79%) likely causing loss of

. CRG alterations are less frequent in p53-altered endometrial carcinoma

. BCOR p.N1459S mutation is a hotspot mutation exclusively occurring in

. In endometrioid carcinomas, CRG alterations are associated with an increased
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endometrial carcinomas (n=305, 46%).

function.

(N=77, 32%).

endometrioid carcinomas.

likelihood of myometrial invasion and lymphovascular invasion.
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Landscape of somatic chromatin remodeling gene (CRG) alterations in endometrial
carcinomas. (A) Oncoprint depicting the most recurrent CRG alterations in endometrial
carcinomas. Each column represents a tumor with the bar graphs at the top depicting the
number/distribution of alterations per sample and the fraction of genome alterations per
sample. The Oncoprint rows show alterations in each gene. The lower part of the graph
shows the summary of molecular subtype of endometrial carcinoma and histologic type

for each case. The bar graph on the right of the panel shows the number and distribution

of alterations for each gene. Mutation types and clinicopathologic features are color-coded
according to the legend. (B) Box-plot showing the distribution of fraction of genome altered
(FGA) among molecular subtypes of endometrial carcinoma. (C) Box-plot showing the
distribution of tumor mutation burden (TMB) among molecular subtypes of endometrial
carcinoma. (D) Alluvial graphs showing the distribution of alterations in CRG categories
among the four major molecular subtypes of endometrial carcinoma (18).

POLE, POLE exonuclease domain mutated carcinoma; MMR-deficient, DNA mismatch
repair deficient carcinoma; NSMP, TP53 wild-type non-hypermutant endometrial
carcinomas; p53 Altered, TP53 altered non-hypermutant endometrial carcinomas.
SWI/SNF, SWI/SNF complex; HLMT, Histone lysine methyltransferases; HDAC, Histone
deacetylases; HAT, Histone acetyltransferases; HDM, Histone demethylases; PAMT, Protein
arginine methyltransferases; OCRG, Other chromatin gene alterations.
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Figure 2.
Overview of ARIDI1A alterations in endometrial carcinomas. (A) Lollipop plot showing the

distribution of mutations involving AR/D1A in endometrial carcinomas. Each vertical line
shows the location of the mutation, and the height of the lines corresponds to number of
samples with the corresponding mutation. Mutation types are color-coded according to the
legend. (B) Oncoprint showing the distribution of AR/D1A mutation types, variant allele
frequency (VAF) of the AR/D1A mutation in the sample, number of AR/D1A alterations
per sample and corresponding AR/D1A ploidy status in each sample. Color codes are
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provided in the legend. (C) Scattergram comparing VAF of AR/D1A alterations to VAF

of PTEN alterations in samples harboring both alterations. Each circle corresponds to a
sample. The circles are color-coded based on AR/D1A alteration status. The dashed line
represents the hypothetical perfect correlation fit. The solid line represents the fitted line
for the comparison of VAF between the alterations. (D) Box and whisker plots comparing
the cancer cell fraction of PTENto ARID1A in samples harboring both alterations. The
dots represent individual samples. The lines connect the VAF of the two alterations in each
sample. The bar-plot on the right depicts the proportion of samples with various cancer cell
fractions of PTEN and AR/D1A alterations in endometrial carcinomas.

VAF, Variant allele frequency; LOH, Loss of heterozygosity; CCF, Cancer cell fraction; N,
Number.
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Figure 3.
Examples of immunohistochemical evaluation of ARID1A and PTEN protein expression

in endometrial samples. The figures in the left panels represent images of hematoxylin-
eosin-stained tissue samples. The middle panel and the right panel show the corresponding
images of the ARID1A and PTEN immunohistochemical stained slides. (A-C) Uterine
endometrioid carcinoma with complete loss of ARID1A and PTEN expression. (D-F)
Uterine endometrioid carcinoma with complete loss of PTEN and subclonal loss of ARID1A
expression. (G-H) Uterine endometrioid carcinoma with complete loss of PTEN and retained
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ARID1A expression. (J-K) Atypical endometrial hyperplasia with complete loss of PTEN
and ARID1A expression. (M-0) Loss of PTEN and ARID1A expression in morphologically
normal endometrium.
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Figure 4.
Summary of immunohistochemical evaluation of ARID1A and PTEN protein expression

in endometrial carcinoma samples. (A) Alluvial graph showing the relationship of
immunohistochemical expression patterns of PTEN and ARID1A in the interrogated
samples. (B) Scattergram comparing the cancer cell fractions of ARID1A alterations in

a sample with corresponding immunohistochemical expression status of ARID1A in the
corresponding samples. Each circle represents a sample; the colors represent the ARID1A
variant allele frequency (VAF).
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Figure 5.
Overview of BCOR alterations in endometrial carcinomas. (A) Lollipop plot showing the

distribution of mutations involving BCOR in endometrial carcinomas. Each vertical line
shows the location of the mutation, and the height of the lines corresponds to number of
samples with the corresponding mutation. Mutation types are color-coded according to the
legend. (B) Heatmap and hierarchical clustering based on mRNA expression data of the 100
most variably expressed genes in the copy number low molecular subtype of endometrial
carcinomas in The Cancer Genome Atlas (TCGA) cohort (18). The columns mark individual
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samples, and the rows represent individual genes. The expression data is normalized with
the color scale shown at the bottom. The bar at the top indicates BCOR wild-type and
BCOR:-altered samples. (C) Scattergram showing the principal component analysis based

on the MRNA expression data of the 100 most variably expressed genes in the copy
number-low molecular subtype of endometrial carcinomas in TCGA cohort. The pink circles
represent BCOR-mutated samples and green triangles represent BCOR-wild-type samples.
(D) Volcano-plot comparing the mRNA expression of various genes among samples with
and without BCOR alterations in TCGA cohort.

WT, Wild-type; MUT, Mutant; PC, Principal component.
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Correlation of chromatin remodeling gene (CRG) alterations in endometrial carcinomas
with histopathologic features. (A) Bar-plot showing the distribution of myometrial invasion
among CRG-altered and CRG-wild-type uterine endometrioid carcinomas. (B) Bar-plot
showing the distribution of lymphovascular invasion among CRG-altered and CRG-wild-
type uterine endometrioid carcinomas. (C) Box and whisker plots comparing the depth
of myometrial invasion between CRG-altered and CRG-wild-type endometrial carcinomas
among the four molecular subtypes of endometrial carcinoma.
UEC, Uterine endometrioid carcinoma; POLE, POLE exonuclease domain mutated
carcinoma; MSI-H, DNA mismatch repair deficient carcinoma; CN-L, 7P53wild-type non-
hypermutant endometrial carcinomas; CN-H, 7P53altered non-hypermutant endometrial

carcinomas.
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