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Abstract

The SWI/SNF (mating type SWItch/Sucrose NonFermentable) chromatin
remodeling complexes interact with histones and transcription factors
to modulate chromatin structure and control gene expression. These
evolutionarily conserved multisubunit protein complexes are involved
in regulating many biological functions, such as differentiation and cell
proliferation. Genomic studies have revealed frequent mutations of genes
encoding multiple subunits of the SWI/SNF complexes in a wide spectrum
of cancer types, including gynecologic cancers. These SWI/SNF mutations
occur at different stages of tumor development and are restricted to unique
histologic types of gynecologic cancers. Thus, SWI/SNF mutations have to
function in the appropriate tissue and cell context to promote gynecologic
cancer initiation and progression. In this review, we summarize the current
knowledge of SWI/SNF mutations in the development of gynecologic
cancers to provide insights into both molecular pathogenesis and possible
treatment implications for these diseases.
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1. INTRODUCTION

Gynecologic cancers, also referred to as cancers of the female reproductive tract, include malig-
nancies arising from the cervix, fallopian tubes, ovaries, uterus, vulva, and vagina. Among these
cancers, although uterine cancer is the most common, ovarian cancer is the most common cause
of death. Both ovarian and uterine cancers are composed of several distinct histologic subtypes.
Many of these subtypes are believed to arise from distinct cellular origins in addition to having dis-
tinct and sometimes pathognomonic mutations. Recent genomic studies have revealed that each
histologic subtype is often associated with a distinct mutational landscape and signature, such as
the homologous recombination signature characteristic of BRCA-deficient high-grade serous can-
cer of the ovary. In addition to finding common, well-studied tumor suppressors and oncogenes,
genomic analyses of gynecologic cancers have identified frequent mutations of genes encoding
subunits of the SWI/SNF (mating type SWItch/Sucrose NonFermentable) chromatin remodel-
ing complex. Some mutations, such as those in SMARCA4 (encoding the BRG1 protein), occur as
a germline event and function as a classic tumor suppressor and key driver in small cell carcinoma
of the ovary, hypercalcemic type (SCCOHT). Other mutations occur either early during trans-
formation or as a late event during the progression of a gynecologic cancer. These studies suggest
specific roles for mutations in the SWI/SNF complex during multiple steps of development of
gynecologic cancer. In this review, we summarize the current knowledge of SWI/SNF mutations
in the development of gynecologic cancer to provide insights into both molecular pathogenesis
and the potential treatment implications for these diseases.

2. BIOLOGY OF THE SWI/SNF COMPLEXES

The SWI/SNF complexes were first discovered in Saccharmomyces cerevisiae. They are evolutionar-
ily conserved,multisubunit protein complexes that interact with histones and transcription factors.
They are composed of 10 to 15 subunits, with many possible combinations of subunits, resulting
in the presence of numerous distinct subcomplexes in a single cell (1–5) (Figure 1). Two ma-
jor types of SWI/SNF complexes have been well documented in mammalian cells: the canonical
BAF (BRG1-associated factors) complex, which contains a mutually exclusive ARID1A (AT-rich
interaction domain 1A) or ARID1B subunit, and the PBAF (polybromo-associated BAF) com-
plex, which incorporates ARID2, PBRM1 (polybromo 1), and BRD7 (bromodomain-containing
protein 7) as its signature subunits (6–8). Recently, a third type of SWI/SNF complex was discov-
ered independently by Alpsoy et al. (9) and Mashtalir et al. (8), and it does not include ARID1A or
ARID1B and ARID2 and instead contains BRD9 and either GLTSCR1 (glioma tumor suppressor
candidate region gene 1) or GLTSCR1L (GLTSCR1-like) as its unique subunit and, therefore,
is called either GBAF or the noncanonical BAF complex (8, 9). All of these SWI/SNF complexes
include a catalytic ATPase subunit (mutually exclusive SMARCA4/BRG1 or SMARCA2/BRM)
and core subunits, including SMARCC and SMARCD proteins (10). Assembly of these complexes
occurs in a highly ordered and modular fashion through which the core module acts as an essen-
tial platform for recruiting complex-specific subunits and, subsequently, the preassembled ATPase
module caps (8).

The SWI/SNF complexes are believed to bind to DNA regions via ARID1A and ARID1B,
two mutually exclusive accessory subunits of the complex with nonselective DNA binding ac-
tivities (11), or via interaction with general or specific transcription factors (12), or both. They
utilize the energy of ATP hydrolysis to mobilize nucleosomes to control chromatin accessibility
(1–5). Therefore, these complexes are crucial for gene transcription, cell fate control, and lineage
specification, all of which are frequently perturbed in cancer (13–15). Although it remains unclear
whether and how each class of the SWI/SNF complex functions differently, Pan et al. (16) have
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Figure 1

Scheme of three classes of the SWI/SNF complex. For each class, there are distinct SWI/SNF complexes containing unique
combinations of mutually exclusive subunits (indicated by asterisks) of several components. Abbreviations: BAF, BRG1-associated
factors; GBAF, GLTSCR1/1L-associated BAF; PBAF, polybromo-associated BAF; SWI/SNF, SWItch/Sucrose NonFermentable.

recently demonstrated that both the noncatalytic and the ATPase activities of the ATPase module
cap determine the divergent localization of each class of SWI/SNF complex to its genomic loci.
Furthermore, Michel et al. (17) mapped SWI/SNF complexes onto chromatin and revealed that
each class of the SWI/SNF complex has a differential preference for chromatin localization. The
BAF complex displayed strong enrichment in active enhancers, marked by the presence of both
H3K27ac and H3K4me1 histone modifications, and primed enhancers, marked by the presence
of only the H3K4me1 modification, suggestive of its key roles in enhancer regulation, whereas
the PBAF complex had the strongest enrichment in active promoters, marked by the presence
of both H3K27ac and H3K4me3 modifications (17). In contrast, a great portion of the GBAF
complex binds to CTCF (CCCTC binding factor) sites (17), which are known to play important
roles in maintaining DNA architecture (18). These findings highlight the diverse functions of the
SWI/SNF complexes.

Given its pivotal role in regulating diverse pathways, it is not surprising that mutations
impacting SWI/SNF function occur in a broad spectrum of cancers. Indeed, data from The
Cancer Genome Atlas (TCGA) have shown that mutations in SWI/SNF subunits are found in
approximately 20% of all cancers (19, 20), a rate that approaches the frequency of TP53mutations.
At least nine subunits of this complex are recurrently mutated, suggesting a conserved or shared
mechanism at the heart of its tumor suppressor activity. Genomic, functional, and genetically
engineered mouse model (GEMM) studies all strongly support SWI/SNF subunits as bona fide
tumor suppressors (21–24). However, specific subunits are mutated in different malignancies
across the body, suggesting there are subunit-, complex-, or context-dependent functions, or
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Figure 2

SWI/SNF mutations and protein loss in gynecologic cancers. Specific mutations of the SWI/SNF complex are indicated for each
gynecologic cancer described. Representative H & E and IHC staining of relevant SWI/SNF subunits is shown. Abbreviations: H & E,
hematoxylin and eosin; IHC, immunohistochemistry; SCCOHT, small cell carcinoma of the ovary, hypercalcemic type; SWI/SNF,
SWItch/Sucrose NonFermentable.

some combination of these, of the SWI/SNF complexes. The mechanisms by which inactivating
mutations in distinct SWI/SNF subunits promote oncogenic transformation and progression
remain largely unaddressed. Investigating the function of specific mutations in relevant contexts
with appropriate biological models will help in designing novel strategies for managing a large
number of malignancies associated with defects in this complex.

3. MUTATIONS IN THE SWI/SNF COMPLEXES
IN GYNECOLOGIC CANCERS

Mutations in SWI/SNF complexes have been reported in multiple types of gynecologic cancers
(Figure 2). These mutations, which impact different subunits of the complex, arise at different
stages of tumor development and thus may play distinct roles in each tumor type. For example,
the inactivating mutations of the SMARCA4 gene, the only recurrent genetic event in SCCOHT,
are considered to be the driver event of SCCOHT development. In contrast, the inactivating mu-
tations in SMARCA4, SMARCB1, ARID1A, and ARID1B genes are late events in the development
of endometrial cancer that may promote disease progression. In this section, we summarize the
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current understanding of SWI/SNF mutations in gynecologic cancers. This review is ordered by
the point in time in which the SWI/SNF deficiencies operate during disease development and
progression: whether as a driver event, an early event, or a progression event.

3.1. Gynecologic Cancers with SWI/SNF Deficiency as a Driver Event

SCCOHT is a rare type of ovarian cancer that primarily affects young women, with a median
age of diagnosis in the mid-twenties (25–29). About two-thirds of SCCOHT patients display hy-
percalcemia, which resolves upon removal of the tumor. Various mechanisms have been proposed
that may account for the paraneoplastic hypercalcemia, including elevated levels of parathyroid
hormone and parathyroid hormone–related peptide, but none have yet been fully substantiated
(30, 31). Patients’ outcomes are abysmal, with a 65% recurrence rate and a 2-year survival rate of
less than 35% (32–34). While standard treatment for SCCOHT includes surgery and aggressive
multiagent chemotherapy, conventional treatment is often ineffective, which highlights the urgent
need to develop new tumor-specific treatment strategies.

Histologically, SCCOHT tumors most often grow as sheets of closely packed, small-to-
intermediate-sized cells with scant cytoplasm, but with hyperchromatic nuclei and prominent
nucleoli. Follicle-like spaces containing eosinophilic fluid are seen in 80% of cases. A minority
of cases will have mixed architectural patterns, including nests, cords, and single cells. Glands or
cysts lined by mucinous epithelium are seen in 10% of cases, and signet ring cells are seen in 1%
of cases. The stroma varies from fibrous to myxoid to edematous. Approximately half of these tu-
mors contain larger cells, some of which have rhabdoid features (e.g., eccentric nucleus, prominent
nucleolus, and abundant eosinophilic cytoplasm). Contrary to what its name implies, SCCOHT
tumors are actually composed of cells that are mostly intermediate in size. Scully coined the name
SCCOHT to highlight the relatively small size of the cells compared with typical undifferen-
tiated carcinoma of the ovary, which is composed of conspicuously large cells (35). In addition,
some SCCOHT tumors are composed exclusively of large or rhabdoid cells and, thus, are given
the paradoxical name of SCCOHT, large cell variant (29). Historically, diagnosis was challenging
due to nonspecific, poorly differentiated histology and a lack of diagnostic immunohistochemistry
(IHC) markers (32, 34–36). The majority of SCCOHT tumors are positive for WT1 (Wilms’ tu-
mor 1) and CD10, and they are variably positive for cytokeratins, EMA (epithelial membrane
antigen), and calretinin. However, none of these markers reliably distinguishes SCCOHT from
other ovarian tumors. It was not until the molecular underpinnings of SCCOHTwere discovered
that specific IHC markers were revealed for diagnostic use.

We and others have discovered that unlike most common ovarian malignancies, the genome
of SCCOHT is diploid, with inactivating germline and/or somatic mutations of the SMARCA4
gene, as the only recurrent feature and the likely driver event in approximately 90% of SCCOHT
tumors (37–40). In addition, SCCOHT tumors do not express SMARCA2 (41, 42), the alter-
native ATPase of the SWI/SNF chromatin remodeling complex, a surprising finding given that
SMARCA2 is essential for the survival of most other SMARCA4-deficient cancer cells (43, 44).
Through IHC analysis of more than 3,000 primary gynecologic tumors, we further demonstrated
that the loss of SMARCA4, either alone or together with SMARCA2, is highly sensitive and
specific for the diagnosis of SCCOHT (41), thus providing a definitive tool for SCCOHT
diagnosis. Furthermore, claudin-4, an epithelial differentiation marker that distinguishes tumors
of epithelial origin from sarcomas exhibiting epithelioid morphology, was not expressed in any of
the 10 SCCOHT tumors examined (45), suggesting that SCCOHT does not fit the classification
of a bona fide epithelial tumor. SCCOHT tumors share both histologic and genetic similarities
with malignant rhabdoid tumors of the kidney, soft tissues, and brain, which are tumors caused by
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mutations in SMARCB1 (46). As such, SCCOHT has been proposed to be essentially a rhabdoid
tumor of the ovary (47) and has now been included in rhabdoid tumor predisposition syndrome 2
(MIM numbers: ∗ 603254, # 613325; the asterisk indicates a gene and the number sign indicates
a descriptive entry). Although the removal of the term small cell may circumvent confusion with
neuroendocrine small cell carcinomas, it is our opinion that changing the name to rhabdoid
tumor of the ovary will still lead to confusion rather than clinical clarity unless SCCOHT shares
a unique and effective treatment with rhabdoid tumors.

3.2. Gynecologic Cancers with SWI/SNF Deficiency as an Early Event

Mutations in ARID1A, which encodes an accessory subunit of the SWI/SNF BAF complex, are
prevalent in both endometriosis-associated ovarian cancer and multiple subtypes of endometrial
cancer.However,ARID1A inactivation alone is not sufficient to drive oncogenic transformation of
either the endometrium or ovarian surface epithelium. Instead, additional oncogenic mutations,
such as PIK3CA-activating mutations, cooperating with ARID1A mutations are required to drive
cancer development, suggesting thatARID1Amutation is an early event, but not a sufficient driver
event, during cancer initiation.

3.2.1. ARID1A mutations in endometriosis-associated ovarian cancer. Clear cell ovarian
carcinoma (CCOC) and endometrioid ovarian carcinoma (ENOC) are strongly associated with
endometriosis (48), a common complication affecting 10% of women who have functional en-
dometrial tissue outside the endometrial cavity of the uterus that likely arises from retrograde
menstruation (49). ENOC represents approximately 10% of ovarian carcinomas, while CCOC
represents 5–12% of ovarian carcinomas, with CCOC having a higher frequency in some Asian
countries (50–53). CCOC tends to be diagnosed at a younger age and an earlier stage than the
more common high-grade serous ovarian carcinoma, but unlike the majority of other ovarian can-
cer subtypes, CCOC is inherently resistant to standard platinum and taxane chemotherapy (54).
In the absence of an alternative, however, platinum- and taxane-based chemotherapy is still the
standard of care for this disease.

Although both CCOC and ENOC arise from ovarian endometriotic cysts, these two cancers
are quite distinct. ENOC forms glandular or solid architecture and is composed of columnar cells
with eosinophilic cytoplasm, and it is mostly estrogen receptor (ER) positive; while CCOC often
has tubulocystic or papillary architecture and is composed of cuboidal cells, usually with clear cyto-
plasm, and it is predominantly ER negative. Our genomic interrogation of these cancers revealed
that although there are no specific mutations found exclusively in either subtype, there are some
genomic features that differentiate these cancers, such as the APOBEC (apolipoprotein B mRNA
editing enzyme catalytic polypeptide-like) signature found in 26% of CCOCs and the microsatel-
lite instability found in 28% of ENOCs (55). Interestingly, CCOC and its atypical endometriosis
precursor have histologic and immunophenotypic similarities to the Arias-Stella reaction (56), a
distinct and benign morphologic change to the endometrium induced by high levels of estrogen
or progesterone from pregnancy or exogenous hormone use that cytologically resembles a ma-
lignancy. It has also been observed that the Arias-Stella reaction and CCOCs have similar gene
expression patterns (56).

Research from our group and others has shown that somatic mutations in the ARID1A gene
commonly occur in both CCOC and ENOC, resulting in complete loss of ARID1A protein
expression in approximately 50% of CCOCs and 30% of ENOCs (57, 58). ARID1A protein can
also be lost in the endometriotic cysts adjacent to ARID1A-deficient CCOCs (58). Yamamoto
and colleagues (59) confirmed that ARID1A protein loss occurred frequently in precancerous
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lesions adjacent to ARID1A-deficient CCOCs, including in 86% (12/14) of nonatypical en-
dometrioses, and 100% of atypical endometrioses (14/14), benign (3/3), and borderline (6/6) clear
cell adenofibroma components, but ARID1A loss was absent in 22 solitary endometrioses and
10 endometrioses distant from the carcinomas. Another study from the same group further
confirmed that ARID1A was also lost in endometriotic cysts adjacent to ARID1A-deficient
ENOCs (60). Furthermore, ARID1A loss has also been recently discovered in 4.5% (3/66) of
histologically benign ovarian endometriotic cysts (61) and at a low frequency in deep infiltrating
endometrioses (62, 63), which have nearly no risk of malignant transformation. Thus, although
ARID1A inactivation occurs early during transformation, it appears that ARID1A loss by itself is
insufficient for malignant transformation. Moreover, ARID1A loss is significantly associated with
genetic alterations that activate the PI3K/AKT signaling pathway in CCOC, such as the loss of
PTEN (phosphatase and tensin homolog) or gain-of-function mutations of the PIK3CA gene
(59, 64, 65), suggesting a cooperative role for ARID1A inactivation and PI3K/AKT activation in
malignant transformation of premalignant lesions.

3.2.2. ARID1A mutations in endometrial cancer. Endometrial cancer is the most common
and second most lethal gynecologic cancer. The term refers to endometrioid endometrial
carcinoma (EEC), the most common subtype and an estrogen-dependent cancer type, and
estrogen-independent subtypes including serous endometrial carcinoma (SEC) and clear cell
endometrial carcinoma (CCEC). Mutations of ARID1A occur in 30–50% of low-grade EECs
and 40–60% of high-grade EECs, and at a much lower frequency in SECs and endometrial
carcinosarcomas (66, 67), as highlighted by TCGA and ourselves. We further validated that
ARID1A protein is lost in 29% (29/101) of low-grade EECs, 39% (44/113) of high-grade EECs,
18% (17/95) of SECs, and 26% (6/23) of CCECs (68). Similarly, Guan et al. (69) reported a
comparable rate of ARID1A loss in 26% (15/58) of low-grade EECs, but this loss was not seen
in any of the 12 SECs or 5 carcinosarcomas. The mutation landscape of pure CCECs has been
described by DeLair et al. recently (70). Mutation of ARID1A was observed in 22% (7/32) of
CCECs along with protein loss (70), in agreement with an earlier report by Fadare et al. (71).
Thus, ARID1A mutations occurs at different frequencies in most common types of endometrial
carcinomas, with a significant enrichment in EECs.

EEC is believed to arise from atypical hyperplasia (AH), which is sometimes referred to as en-
dometrial intraepithelial neoplasia (EIN).Mao et al. (72) analyzed ARID1A expression by IHC in
246 cases of benign endometrium, hyperplasia, and endometrioid carcinoma at different stages of
progression, of which ARID1Awas intact in all 65 benign endometrial tissues, but was lost clonally
in 16% (6/38) of EIN (AH) and either completely lost or clonally lost in, respectively, 25% (22/88)
and 24% (21/88) of low-grade EECs and completely or clonally lost in, respectively, 44% (24/55)
and 9% (5/55) of high-grade EECs.This was supported by a study fromWerner et al. (73) that re-
ported a similar frequency of ARID1A loss in EIN (AH) but not in benign hyperplasia, suggesting
that ARID1A loss is likely an important driver event for the transition of EIN (AH) to carcinoma.
Accordingly, Yen et al. (74) revealed that the detection of complete or heterogeneous ARID1A loss
from tissue samples from biopsy or curettage by IHC predicted EEC in subsequent hysterectomy
in 94% (15/16) of patients, but only 15% of patients with retained ARID1A developed EEC, thus
supporting a predictive value for ARID1A loss in the diagnosis of sporadic cases of EEC. Fur-
thermore, Mao et al. (72) uncovered a significant increase in the complete loss of ARID1A in the
high-grade component of 19 cases of high-grade EECs that contained concurrent low-grade car-
cinomas, with 26% (5/19) of them showing progressive loss of ARID1A from retention or clonal
loss in low-grade components and complete loss in high-grade areas, thus indicating that ARID1A
loss may also play an important role in the progression of EECs, which requires further validation.
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Patients with Lynch syndrome, one of the most prevalent hereditary cancer predisposition
syndromes arising from a germlinemutation in one of the fourmismatch repair (MMR) genes (i.e.,
MLH1, MSH2, MSH6, or PMS2), have a 40–60% lifetime risk of developing ECs (75, 76). The
value of ARID1A loss in predicting malignant transformation in patients with Lynch syndrome
has also been studied. Using IHC, Niskakoski et al. (77) discovered that ARID1A loss occurs
in approximately 60% (14/23) of patients with Lynch syndrome EECs in Finland and appears
in approximately 20% of the EINs (AHs) preceding the development of EECs, suggesting that
ARID1A loss may predict the risk of EC development in these patients. However, Bosse et al. (78)
reported that ARID1A loss was seen in only 14% (5/36) of patients in the Netherlands with Lynch
syndrome EECs. This discrepancy may be attributed to the size and origin of different Lynch
syndrome kindreds that may carry distinct mutations ofMMR genes. For example, 79% (52/66) of
the Finland cohort carriers harbored theMLH1 germline mutation (77), whereas the Netherlands
cohort carriers had germline mutations in any of the four MMR genes, with the frequency being
unknown (78). Therefore, additional studies are required to validate the significance of ARID1A
loss in predicting the likelihood of malignant transformation of the gynecologic tract in patients
with Lynch syndrome with distinct germline mutations.

3.3. Gynecologic Cancers with SWI/SNF Deficiency as a Progression Event

Dedifferentiated endometrial carcinoma (DDEC) occurs when an undifferentiated carcinoma
arises abruptly within a clonally related low-grade EEC, which is often a microsatellite insta-
ble (MSI) tumor, as seen both in Lynch syndrome and in sporadic cancer (79–81). The undiffer-
entiated component shows sheet-like proliferations of monomorphic round-to-polygon-shaped
cells that lack cellular cohesion and evidence of epithelial architecture (i.e., an absence of glands,
nests, or trabeculae). Rhabdoid-like cells are seen in 20% of cases (82). In about 40% of cases, the
low-grade component is eclipsed, likely due to an outgrowth of the undifferentiated component,
and the overall appearance of the tumor is that of a pure undifferentiated endometrial carcinoma
(79, 83). The endometrioid components usually express ERs, progesterone receptors, and PAX8
(paired box 8), whereas the undifferentiated components are negative for ERs and PAX8 and ex-
press stem cell markers, such as SOX2 (SRY-box transcription factor 2). DDEC and undifferen-
tiated endometrial carcinoma (hereafter referred to only as DDEC) occur in women, with a peak
of age of diagnosis at 55 years. DDEC is clinically aggressive, and most patients quickly succumb
to their disease, even when the undifferentiated component is only a minor fraction of the tumor
(79, 81). Its clinical behavior is worse than high-grade EEC, the entity with which DDEC is most
often confused. Although DDEC is relatively rare, its actual incidence is largely undetermined
due to its late recognition, as it was described by Silva and colleagues (79) at the University of
Texas M.D. Anderson Cancer Center only in 2006. By reviewing 633 cases of endometrial adeno-
carcinoma accessioned in the department of pathology at the cancer center during 2003 and 2004,
Silva et al. (79) found that DDEC accounted for approximately 9% of cases (83), suggesting that
the incidence of DDEC may be underestimated due to misdiagnosis or underrecognition.

The genomic landscape of DDEC remains largely undetermined. Espinosa et al. (84) recently
analyzed the immunophenotypic features andmutational status of a small panel of genes in 21 cases
of DDEC and revealed that DDECs with POLE exonuclease domain mutations were more often
stage I disease [78% (7/9) versus 25% (3/12); p = 0.023] with favorable disease-specific survival
compared with DDECs without POLE mutations. This finding has yet to be validated in larger
series of DDECs.We and others have discovered three types of inactivating mutations occurring
in subunits of the SWI/SNF complex in DDECs (85–88). These include inactivating mutations
in SMARCA4 resulting in the loss of SMARCA4 protein in 30–40% of DDECs, inactivation of
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SMARCB1 resulting in the loss of SMARCB1 protein in 2–7% of DDECs, or co-inactivation of
ARID1A and ARID1B resulting in concurrent loss of ARID1A and ARID1B proteins in 28% of
DDECs (82, 85, 86, 88, 89). Loss of SMARCA4 or SMARCB1 is restricted to the undifferentiated
component of DDECs. In such instances, about half of the cases also exhibit a loss of ARID1A
expression in both components (86, 89). While the loss of ARID1B is also restricted to the un-
differentiated component of DDECs, it occurs concordantly with ARID1A loss, which usually
occurs in both low-grade and undifferentiated components (86, 89). Furthermore,mutational loss
of SMARCA4, SMARCB1, or ARID1A or ARID1B is often associated with the loss of expression
of SMARCA2 protein, which is the alternative ATPase of the SWI/SNF complex, through non-
genetic mechanisms (82, 86, 89). Such SWI/SNFmutations are also implicated in undifferentiated
carcinomas of the ovary (86), urinary tract (90), gastrointestinal tract (91), and kidney (92), sug-
gesting that the SWI/SNF deficiency acquired during tumor progression may be a widespread
mechanism that promotes cancer dedifferentiation. Furthermore, no apparent histologic differ-
ences have been observed between ARID1A and ARID1B co-inactivated tumors and SMARCA4-
or SMARCB1-inactivated tumors, as the inactivation of these SWI/SNF proteins coincided with
an undifferentiated histology (86). However, ARID1A–ARID1B dual-deficient DDEC has intact
PBAF and GBAF complexes, and SMARCB1-deficient DDEC has a functional GBAF complex,
whereas SMARCA4-deficient DDEC likely loses the ATPase activity of all SWI/SNF complexes
completely. Thus, it remains possible that DDEC driven by these distinct modes of mutations
in the SWI/SNF complexes may result in abrogation of cell lineage determination differentially.
Future digital histology analysis using advanced technologies, such as artificial intelligence, may
help identify subtle difference among these cancers. Last, it has been shown that there is a greater
propensity for MMR protein–deficient endometrioid carcinomas to give rise to either ARID1A–
ARID1B co-deficient or SMARCA4- or SMARCB1-deficient DDECs, with nearly 75% of them
being MMR protein deficient (86, 89). Given the reported reliance of ARID1A-deficient cells
on the presence of ARID1B (93), we speculate that an MSI tumor background may facilitate the
acquisition of the additional molecular aberrations required for the successful emergence of an
ARID1A–ARID1B dual-deficient subclone.

The phenomenon of dedifferentiation has yet to be described in the context of CCEC or
CCOC. Further studies are needed to determine why this phenomenon either does not occur
or, alternatively, is lethal to CCEC and CCOC cells.

3.4. Gynecologic Cancers with SWI/SNF Deficiency Not Mapped
to Disease Progression

In addition to playing crucial roles in the development of themultiple types of gynecologic cancers
described above, SWI/SNF mutations have also been discovered in several gynecologic cancers
in which their significance is unclear.

3.4.1. SMARCA4 mutations in undifferentiated uterine sarcoma. Undifferentiated uter-
ine sarcoma is a diagnosis of exclusion, and limited molecular genetic data are available. Recently,
Kolin et al. (94) discovered SMARCA4mutations along with SMARCA4 protein loss in five cases
of undifferentiated uterine sarcoma, who had a median age at diagnosis of 33 years, which is close
to that of SCCOHT. These tumors were composed of sheets of large, atypical epithelioid cells
with prominent rhabdoid morphology, indistinguishable from the large cell variant of SCCOHT.
They were uniformly aggressive, and all patients died of their disease, having a median survival of
7 months (range 1–43 months).Given that these tumors share a similar age of diagnosis and histo-
logic and molecular features with SCCOHT,Kolin et al. (94) suggested giving these tumors a new
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identity: SMARCA4-deficient undifferentiated uterine sarcoma or malignant rhabdoid tumor of
the uterus. Aside from the age at diagnosis, SMARCA4-deficient uterine stromal tumors, which
occur in younger women, are challenging to distinguish from SMARCA4-deficient DDECs with
no identifiable low-grade components, which occur in older women. The SMARCA4-deficient
undifferentiated uterine sarcomas did not express claudin-4, which is noted to be a marker of ep-
ithelial differentiation that distinguishes tumors of carcinoma origin from sarcomas in SWI/SNF-
deficientmalignancies (45).Kolin et al. suggest that claudin-4 expression can be a useful feature for
differential diagnosis. However, a recent study by Tessier-Cloutier et al. (95) discovered that the
undifferentiated components of DDECs always lost the expression of claudin-4, indicating that
claudin-4 cannot be used to infer mesenchymal or epithelial tumor origin in the endometrium.
Furthermore, all three SMARCA4-deficient undifferentiated uterine sarcomas with knownMMR
protein status were microsatellite stable (MSS) tumors (94), whereas MSI tumors comprise the
majority of SMARCA4-deficient DDECs (89). Whether the SMARCA4-deficient uterine stro-
mal sarcoma has a stable genome requires further study. Therefore, a large number of cases are
required to fully characterize the clinicopathologic, immunophenotypic, and genomic features of
this entity and understand the role of SMARCA4 loss in the development of SMARCA4-deficient
uterine stromal sarcomas.

3.4.2. SMARCB1 mutations in epithelioid sarcoma and myoepithelioma-like tumors of
the vulvar region. Epithelioid sarcoma and myoepithelial carcinoma are rare malignancies of
the vulvar region. Recently, Folpe et al. (96) studied the clinicopathologic, IHC, and molecular ge-
netic features of 14 SMARCB1-deficient vulvar neoplasms and discovered that the proximal-type
epithelioid sarcoma was the predominant subtype of SMARCB1 deficiency, followed by myoep-
ithelial carcinoma. The mean age at diagnosis was 46 years, with a range from 22 to 62 years.
Follow-up data on 13 patients (at 4–72 months; mean, 31 months) indicated that 3 patients had
died of their disease, 1 was alive with unresectable metastatic disease, 1 was alive with radiographic
evidence of extensive lymph node disease, and 8 were alive without disease (96). SMARCB1 de-
ficiency in myoepithelial carcinoma was further supported by a study from Yoshida et al. (97), in
which such tumors, referred to as myoepithelioma-like tumors of the vulvar region, were diag-
nosed at a median age of 41 years (range, 24–65 years). The cells of these tumors of the vulvar
region were well circumscribed, focally encapsulated, and lobulated, and follow-up data demon-
strated that all nine patients were alive without metastases at a mean follow-up of 66 months (97).
Despite this, future study of a large number of cases is required to fully characterize the clinico-
pathologic, immunophenotypic, and genomic features of these two entities and address whether
SMARCB1 inactivation is the only recurrent driver event, as seen in epithelioid sarcomas at other
anatomic sites.

4. PROGNOSTIC AND CLINICOPATHOLOGIC SIGNIFICANCE
OF SWI/SNF MUTATIONS IN GYNECOLOGIC CANCERS

4.1. Does ARID1A Loss Have Prognostic Value in Endometrial Carcinoma
or Endometriosis-Associated Ovarian Cancer?

As ARID1A inactivation appears in a portion of endometriosis-associated ovarian cancer and
endometrial cancer, it has been of great interest to investigate the prognostic value of ARID1A
loss. We initially analyzed ARID1A expression in 132 CCOCs and 125 ENOCs by IHC and did
not identify any correlation between ARID1A loss and a patient’s age at diagnosis, disease stage,
and disease-specific survival in either cancer type (58). Accordingly, Maeda (98), Yamamoto (99),
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and Lowery (100) and their colleagues independently analyzed the expression of ARID1A by
IHC in, respectively, 149 CCOCs, 90 CCOCs, and 82 CCOCs and 130 ENOCs; they did not
identify significant differences between ARID1A expression status and histopathologic features,
such as age at diagnosis, clinical stage, tumor grade, or overall survival. Supporting these findings,
analyses of transcriptomic profiles from the ARID1A wild-type and mutant CCOCs failed to
identify a canonical signaling process that was distinct between wild-type and ARID1A mutant
tumors (101). In contrast, Katagiri et al. (102) found that loss of ARID1A was significantly
correlated with advanced FIGO (International Federation of Gynecology and Obstetrics) stage
and high CA125 levels and a shorter progression-free survival in 60 patients with CCOC who
received platinum-based chemotherapy. However, only 15% (9/60) of CCOCs in the Katagiri
study were deficient in ARID1A expression, raising the possibility that some cases in that cohort
were misdiagnosed. Interestingly, in a cohort of CCOCs that included 39% (44/112) of the cases
being negative for ARID1A by IHC, Itamochi et al. (103) discovered that although ARID1A loss
was not correlated with a patient’s age at diagnosis, FIGO stage, or status of the residual tumor,
the 5-year overall survival rate was significantly lower in stage I or II CCOCs with intact ARID1A
than in those without ARID1A expression [74% (15/20) versus 92% (23/25)]. This observation
indicates that the loss of ARID1A protein expression may have some prognostic value among
patients with early-stage CCOC. Liu et al. (104) recently performed a meta-analysis of more than
600 CCOCs from seven studies that mostly included patients from Japan and China, and they
concluded that ARID1A loss correlated with a shorter progression-free survival (hazard ratio,
1.97; 95% confidence interval, 1.37 to 2.83; p = 0.000) but not with overall survival. To validate
these findings in independent cohorts, most recently our group studied 1,024 ENOCs from
the Ovarian Tumor Tissue Analysis consortium and 595 CCOCs from the Canadian Ovarian
Experimental Unified Resource. In this study, we found no evidence that ARID1A expression
status is prognostically significant in either CCOC or ENOC (105).

The prognostic value of ARID1A loss in endometrial cancer has also been analyzed by several
groups. Werner et al. (73) analyzed a collection of 535 primary endometrial cancers as well as
77 metastatic endometrial cancers and documented a significant correlation between ARID1A
loss and younger patient age and deeper myometrial infiltration, but not survival. Zhang et al.
(106) failed to detect any association between ARID1A loss and clinical stage, the depth of
myometrial invasion, presence of lymph node metastasis, or overall survival in patients with en-
dometrial carcinoma. In contrast, Heckl et al. (107) determined the expression of ARID1A in 59
EECs by immunohistochemistry and reported a significant association between ARID1A loss
and worse 5-year survival. However, this EEC cohort had an unusually high rate of ARID1A
loss [90% (53/59)] (107), calling into question whether such an observation was a consequence
of an unusual collection of patients with EEC. Interestingly, using data from the molecularly
defined endometrial carcinoma cohort from TCGA, Shen et al. (108) demonstrated that ARID1A
mutations correlated with a better outcome in endometrial carcinoma. Because patients with MSI
endometrial cancer had a better prognosis than patients with MSS endometrial cancer, Shen et al.
(108) further investigated whether such correlation reflects the enrichment of ARID1Amutations
in MSI tumors. It was revealed that ARID1Amutation status was not significantly associated with
survival in patients with MSI tumors, but it was associated with a better prognosis in patients
with MSS tumors, implying that ARID1Amutation status may predict patients’ outcomes in MSS
endometrial cancer (108). Furthermore, Fadare et al. (71) investigated 22 CCECs and found
that ARID1A loss occurred only in stage III and IV and was associated with a worse outcome.
However, the sample volume in the Fadare study was small, highlighting a need for further
investigation.
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4.2. Prognostic Values of SWI/SNF Deficiency in Dedifferentiated
Endometrial Carcinoma

Although patients with DDEC had a worse outcome than those with grade 3 EEC, our initial
comparison between 15 cases of DDEC with intact SMARCA4 and SMARCB1 and 15 DDECs
with a loss of SMARCA4 or loss of SMARCB1 did not identify significant differences in disease-
specific survival (89).This may be due to the presence of ARID1A–ARID1B dual-deficient cases in
the DDECs with intact SMARCA4 and SMARCB1. Subsequently, we found that DDEC patients
with any of the three types of SWI/SNF deficiency had worse outcomes than those with intact
SMARCA4, SMARCB1, and ARID1B (86). DDECs with any of the three modes of SWI/SNF
deficiency exhibited similarly aggressive clinical behavior, with more than 50% of the patients in
both groups dying of their disease within 2 years of initial diagnosis (86). In another study that
examined only DDEC with no identifiable low-grade components, Kobel et al. (87) confirmed
that patients with any of the three types of SWI/SNF deficiency had much worse 1-year disease-
specific survival [26% (4/15)] than did those with intact SMARCA4, SMARCB1, and ARID1B
[75% (12/16)]. Therefore, clinically, SWI/SNF complex deficiency defines a highly aggressive
subset of DDEC.

5. UNDERSTANDING THE PATHOGENIC ROLES OF SWI/SNF
MUTATIONS IN GYNECOLOGIC CANCER USING IN VITRO MODELS

5.1. Role of SMARCA4 Loss in Small Cell Carcinoma of the Ovary,
Hypercalcemic Type

Despite the rarity of SCCOHT, there are three cell linemodels available for studying its molecular
pathogenesis. BIN-67 cells were derived from a metastatic pelvic nodule of a primary SCCOHT
(109). SCCOHT-1 cells were established from a recurrent chemotherapy-naive SCCOHT (110).
COV434 was established from a primary tumor that was initially diagnosed as a granulosa cell
tumor (111) and later reclassified as SCCOHT due to the absence of SMARCA4 and SMARCA2
and through reexamination of the original tumor material (A.N. Karnezis, Y. Wang, S.Y. Chen,
W.P.D.Hendricks, P. Ramos, et al., manuscript in preparation). Reexpression of either SMARCA4
or SMARCA2 dramatically suppressed the growth of all three cell lines (41, 112), supporting the
tumor-suppressive role of SWI/SNF complexes in the development of SCCOHT.

In order to understand the oncogenic pathways that sustain the proliferation of SMARCA4-
deficient SCCOHT cells, we and others have performed genetic screens and identified key
oncogenic features of SCCOHT. In agreement with the notion that SWI/SNF complexes func-
tion antagonistically to PRC2 (Polycomb repressive complex 2) (113, 114), the master regulator
depositing the repressive histone marker H3K27me3, we discovered that SMARCA4 loss in
SCCOHT leads to increased expression of EZH2 (enhancer of zeste homolog 2), the catalytic
subunit of PRC2 (115), resulting in a dependency of SCCOHT cells on the enzymatic activity of
PRC2 and its companion histone deacetylases for maintaining their survival (112, 115, 116). Lang
et al. (117) performed a screen in BIN-67 cells using a druggable genome small interfering RNA
library and uncovered receptor tyrosine kinase (RTK) signaling as the top supportive oncogenic
pathway in SCCOHT, including fibroblast growth factor receptors, platelet-derived growth
factor receptors, and epidermal growth factor receptors alongside the AKT (protein kinase B)
and MAPK (mitogen-activated protein kinase) signaling cascades downstream of these RTKs.
These findings suggest that SMARCA4 loss mediates malignant transformation of precursor
cells in part through PRC2-dependent epigenetic rewiring and activation of RTKs. Furthermore,
although the cell origin of SCCOHT remains to be determined, extensive sectioning of two
SMARCA4-deficient SCCOHT primary tumors identified minor foci of immature teratoma or
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Figure 3

A hypothetical model of the development of SCCOHT. SCCOHT may arise from progenitor cells of the ovary that hold the potential
to undergo differentiation into neuronal lineages, in which SMARCA4 inactivation causes hyperactivation of PRC2, reduces
chromosomal accessibility of the promoters and/or enhancers of genes that promote differentiation, and drives the development of
poorly differentiated cancer. Alternatively, SMARCA4 loss in sympathetic neurons of the ovary may alter the chromosomal structure,
unleash the suppression of genes required for maintaining cell stemness (e.g., EZH2), and thereby drive cellular dedifferentiation and
malignant transformation. Abbreviations: Ac, acetylation; CG, cytosine–guanine sites; EZH2, enhancer of zeste homolog 2; HDAC,
histone deacetylase; K27, histone H3 lysine residue 27; Me3, histone H3 trimethylation; PRC2, Polycomb repressive complex 2;
SWI/SNF, SWItch/Sucrose NonFermentable; SCCOHT, small cell carcinoma of the ovary, hypercalcemic type.

both immature teratoma and yolk sac tumor that displayed the reduced protein expression of
SMARCA4 in comparison to stromal cells (38). Restoring the expression of SMARCA4 triggered
neuronal-like differentiation of SCCOHT cell lines (41, 112). Therefore, it is plausible that
some SCCOHTs may arise from the neuroepithelium of immature teratomas or from adult
mesenchymal progenitor cells of the ovary, which hold the potential to differentiate into multiple
lineages, including neurons (118, 119), where complete inactivation of SMARCA4 may pause the
differentiation of these putative precursors and drive their malignant transformation (Figure 3).
Alternatively, as terminally differentiated neurons can undergo dedifferentiation upon activation
of oncogenes (120), it is possible that SMARCA4 loss may unleash the suppression of genes
essential for maintaining cell stemness (e.g., EZH2), thereby initiating the dedifferentiation and
malignant transformation of sympathetic neurons in the ovary. However, because SMARCA4 is
required to maintain adult neural stem and progenitor cells and is only rarely mutated in brain
cancers, such as atypical teratoid rhabdoid tumors, the unique microenvironment of the ovary
may be crucial for sustaining the viability of SMARCA4-deficient mesenchymal progenitor cells,
neuronal cells, or neural progenitor cells and fostering their transformation.

5.2. Role of ARID1A Loss in Endometriosis-Associated Ovarian Cancer
and Endometrial Cancer

In order to understand the role of ARID1A loss in the development of gynecologic cancers,
Guan et al. (121, 122) reexpressed ARID1A in an OVISE cell line, which is an ARID1A-null
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CCOC cell line, and demonstrated that restoring the expression of wild-type ARID1A, but not
mutant ARID1A, with naturally occurring in-frame insertions or deletions suppressed cell prolif-
eration, partly through upregulation of the expression of p21, and inhibited the growth of OVISE
xenografted tumors in mice. Another study from the same group further revealed that ARID1A
loss reversed the suppression of hTERT (human telomerase reverse transcriptase) in endometrial
epithelial cells and conferred a survival advantage on tumor cells by maintaining their telomeres
(123). Furthermore, Bitler et al. (124) discovered that reexpression of ARID1A in OVISE cells
reactivated the expression of PIK3IP1, a known negative regulator of the PI3K/AKT pathway,
by recruiting the SWI/SNF complex. Although it was shown that the induction of PIK3IP1 was
crucial for apoptosis of OVISE cells induced by GSK126 (124), an EZH2 inhibitor, it remains un-
determinedwhether suppression of PIK3IP1 is required for the proliferation of ARID1A-deficient
CCOC cells.

Utilizing a drug screen combined with target identification in a panel of CCOC cell lines
with intact or no ARID1A expression, Miller et al. (101) discovered that the loss of ARID1A
expression in CCOCs created a dependency on YES1, an SRC tyrosine kinase that is involved
in cell proliferation, migration, and invasion. Lakshminarasimhan et al. (125) knocked down
ARID1A expression in an immortalized endometriosis cell line and identified altered expression
of genes enriched in the integrin signaling and the paxillin pathways. Furthermore, Goldman
et al. (126) performed proteome analyses of an isogenic CCOC cell pair (OVCA429) with or
without ARID1A expression and revealed that ARID1A depletion impacted only 5% of the
detected proteome, and there was a significant enrichment in proteins of the mevalonate pathway,
an important metabolic pathway involved in isoprenoid synthesis, cholesterol synthesis, and
other downstream pathways. Mechanistically, it has been demonstrated that downregulation of
ARID1A in an immortalized endometriosis cell line did not markedly alter global chromatin
accessibility or DNA methylation, but it increased the active H3K27ac mark in promoter regions
and decreased H3K27ac at potential enhancers, suggesting a role for ARID1A loss in impacting
the distribution of H3K27ac histone marks (125). In agreement with this observation, depletion of
ARID1A played a dominant role in limiting chromatin accessibility at enhancers in an HCT116
colon cancer cell line (127). Therefore, although the significance of these findings warrants
further investigation, these studies suggest that ARID1A loss may reactivate hTERT activity,
unleash cell cycle control, and alter cell metabolism and cell-to-cell communication in precursor
cells by reducing chromatin accessibility in enhancer regions to allow malignant transformation.

Furthermore, to address whether ARID1A loss is sufficient for the transformation of precursor
cells, Guan et al. (121) depleted ARID1A in nontransformed human ovarian surface epithelial
cells using short hairpin RNAs and observed increased cellular proliferation and tumorigenicity,
suggesting that ARID1A loss alone is sufficient for the transformation of human ovarian surface
epithelial cells. However, a subsequent study from the same group demonstrated that Arid1a
loss alone was insufficient for the transformation of mouse ovarian surface epithelium (128).
Accordingly, simultaneous ARID1A deletion and PIK3CA activation drove the transformation of
human ovarian epithelial surface cells, while concordant deletion of both Arid1a and Pten is also
required for the transformation of mouse ovarian epithelial surface cells (128–130). Nevertheless,
as both CCOC and ENOC are believed to have an endometrial cell origin, these studies did not
address whether ARID1A loss is sufficient for the transformation of endometrial cells. Recently,
Lakshminarasimhan et al. (125) knocked down ARID1A expression in an immortalized en-
dometriosis cell line and observed signs of neoplastic transformation, such as higher efficiency
of anchorage-independent growth, increased adhesion to collagen, and increased invasion into
basement membrane extract, leading the authors to conclude that ARID1A loss alone is sufficient
for the transformation of endometrial cells in endometriosis. However, the genomic background

480 Wang et al.



PM15CH19_Huntsman ARjats.cls December 24, 2019 13:19

CTH+

ER–

FOXJ1–

EZRIN+

CTH–

ER+

FOXJ1–

EZRIN–

CTH+

ER–

FOXJ1+

EZRIN+

CTH–

ER+

FOXJ1–

EZRIN–

Endometrial epithelial 
progenitor cells

Ovarian 
endometriotic cyst

Pure CCOC or 
mixed ENOC–CCOC

ENOC

Additional mutation

ARID1A loss;
PIK3CA

and other
mutations

CCOC differentiation 
pressure

Retrograde
menstruation Additional mutation

Secretory cell

Ciliated cell

Figure 4

A hypothetical model of the development of ENOC and CCOC. Endometrial epithelial progenitor cells can differentiate into ciliated
cells or secretory cells in normal endometrium or typical endometriosis. The local ovarian microenvironment of each patient, which
holds distinct differentiation pressure, may determine the differentiation of ARID1A-deficient bipotent premalignant progenitor cells
of endometriotic cysts and, together with accumulated additional mutations, drive malignant transformation toward either ENOC or
CCOC. Such CCOC development pressure may include exposure to excessive hormones. The thicker arrow indicates a preferential
differentiation pathway. Abbreviations: CCOC, clear cell ovarian carcinoma; CTH, cystathionine γ-lyase; ENOC, endometrioid
ovarian carcinoma; ER, estrogen receptor; FOXJ1, forkhead box J1.

of this immortalized endometriosis cell line was not determined. Given that PIK3CA mutations
and PTEN loss occur in both benign endometriotic tissues and endometriotic lesions with a low
risk of cancer development (62, 131), it is plausible that such mutations may be present in this
endometriosis cell line.

As no specific mutations have been found exclusively in either ENOC or CCOC, it remains
unclear how a common premalignant lesion develops into two histologically distinct entities.
Through proteomic analysis of epithelial carcinoma followed by IHC validation, we have recently
discovered that ENOC shares many immunophenotypic features with secretory cells of normal
endometrial epithelium, such as ERs, whereas CCOC expresses some markers of ciliated cells of
the endometrial epithelium, such as cystathionine γ-lyase and EZRIN (132, 133). Since within the
normal uterine environment endometrial epithelial progenitor cells undergo terminal differenti-
ation with a preference toward secretory cells, it is speculated that the local ovarian microenvi-
ronment of each individual patient, which holds distinct differentiation pressure, may determine
the differentiation of ARID1A-deficient bipotent premalignant progenitor cells in endometriotic
cysts and together with accumulated additional mutations or epigenetic changes, drive their ma-
lignant transformation toward either ENOC or CCOC (Figure 4). Thus, it will be crucial to
identify the factors that alter the differentiation of bipotent endometrial progenitor cells. It will
also be interesting to determine whether the introduction of simultaneous mutations in ARID1A
and PIK3CA will drive the malignant transformation of endometrial progenitor cells that have
committed to differentiation into either secretory or ciliated cells.

5.3. Role of SWI/SNF Mutations in Dedifferentiated Endometrial Carcinoma

Although a worse outcome has been associated with SWI/SNF defects in DDEC, which estab-
lishes an unmet need for an expanded understanding of DDEC biology and treatment paradigms,

www.annualreviews.org • SWI/SNF Mutations in Gynecologic Cancer 481



PM15CH19_Huntsman ARjats.cls December 24, 2019 13:19

Precursor cells

PTEN loss,
PIK3CA
mutation, etc.

ARID1A loss

ARID1B loss*

SMARCB1 loss

Endometrial
progenitor cells

Loss of
SMARCA4,
SMARCB1,
or ARID1B  

No transformation
or cell death

or other genetic
defect

BAF deficiency

BAF/PBAF/GBAF
deficiency

BAF/PBAF
deficiency

Incomplete
differentiation of 

cancer-initiating cells

ARID1B loss* Decreased fitness

SMARCA4 loss No impact on differentiation 

MMR
defect

Loss of
SMARCA4,
SMARCB1, 
ARID1A,
or ARID1B  

DDEC
EEC

ENOC

CCEC
CCOC

SMARCA4 loss

Figure 5

A hypothetical model of the development of dedifferentiated carcinoma of the endometrium and ovary. The accumulation of genetic
alterations, including ARID1A-inactivating mutations, in endometrial epithelial progenitor cells drives their malignant transformation
and the development of either endometrioid or clear cell carcinoma. In endometrioid carcinoma, but not in clear cell carcinoma, the
subsequent loss of additional SWI/SNF components, such as ARID1B (in the presence of ARID1A loss), SMARCA4, or SMARCB1,
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neither a cell line nor a genetic model of DDEC has been reported. Recently, we and others
have demonstrated that TOV112D and OVK18, two ENOC cell lines, are likely DDEC cell
lines derived from dedifferentiated carcinomas of the ovary based on their lack of expression
of both SMARCA4 and SMARCA2 and histologic reevaluation of the original tumor materials
(116; A.N. Karnezis, Y. Wang, S.Y. Chen, W.P.D. Hendricks, P. Ramos, et al., manuscript in
in preparation). We and others have proven that both OVK18 and TOV112D cells behaved
similarly to SCCOHT cells in their responses to reexpression of SMARCA4 or to EZH2
inhibitor treatment (112, 116), suggesting that SMARCA4–SMARCA2 dual-deficient DDEC
cells may largely resemble SCCOHT cells. Because ARID1A–ARID1B dual-deficient DDEC
has intact PBAF and GBAF complexes, and SMARCB1-deficient DDEC has a functional GBAF
complex, whereas SMARCA4-deficient DDEC loses ATPase activity in all SWI/SNF complexes
completely (Figure 5), it is plausible that inactivation of the BAF complexes is sufficient to stall
the differentiation of cancer-initiating cells and drive histologic dedifferentiation. Future devel-
opment of DDEC cell lines and in vivo models, particularly the ARID1A–ARID1B dual-deficient
models, will be essential for understanding the molecular pathogenesis of the disease.

6. GENETICALLY ENGINEERED MOUSE MODELS OF SWI/SNF
MUTATIONS IN GYNECOLOGIC CANCERS

GEMMs offer the opportunity to investigate the contribution of genetic mutations to cancer eti-
ology and to test novel therapeutics in immunocompetent organisms. Therefore, there has been
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great interest in developing SWI/SNF GEMMs of various human cancer types. Efforts from sev-
eral teams have attempted to determine whether inactivation of ARID1A is sufficient to drive the
development of ovarian cancer and whether coexisting mutations are required to synergize with
ARID1A loss to promote tumorigenesis. Guan et al. (128) reported that adenoviral-mediated co-
depletion of Pten and Arid1a in the ovarian surface epithelium of Ptenfl/fl;Arid1afl/fl mice induces
ovarian hyperplasia as early as 2 months after genetic depletion, which drives the development
of undifferentiated or endometrioid carcinoma of the ovary in 46% (6/13) of mice examined at
6 months and 78% (7/9) of mice at 8–9 months. Notably, inactivation of one or both alleles of
Arid1a in ovarian surface epithelium prolonged the survival of tumor-bearing Apc/Pten-deficient
mice and promoted cancer cell differentiation to more closely resemble the histology of human
ENOC (134). Chandler et al. (11) found that inactivation of Arid1a and expression of the Pik3ca
H1047R–activating mutation in ovarian surface epithelium of Arid1afl/fl;(Gt)Rosa26Pik3ca∗H1047R

mice led to the rapid development of primary ovarian tumors, with a 7.5 week latency and CCOC-
like histopathology. In contrast,mice with a deletion of Pten orArid1a or activation of Pik3caH1047R

alone did not develop ovarian lesions except that activation of Pik3caH1047R led to the development
of hyperplasia in ovarian surface epithelium.These studies support the idea that ARID1A loss plays
a critical role in driving the development of ENOC and CCOC. However, these models do not
faithfully recapitulate the pathogenesis of ARID1A-deficient ovarian cancers in human patients.

Both ENOC and CCOC are highly associated with endometriosis (48). Recent genomic stud-
ies have demonstrated clonal relationships between these ovarian tumor types and the adjacent
endometriosis (135, 136). In agreement with the robust protective effect of bilateral tubal ligation
against endometriosis-associated cancer, these observations suggest that both ENOC and CCOC
likely arise from endometrial cell lineages during endometriosis. Therefore, faithful GEMMs
should be developed to reflect the pathogenesis of these diseases. Because ARID1A is also fre-
quently mutated in endometrial carcinomas, inactivation of Arid1a, alone or in combination with
genetic mutations of other genes (such as Pten or Pik3ca), in specific mouse Cre strains in which
Cre expression is driven by endometrial tissue–specific promoters (e.g., Pax8-Cre, Ksp-Cre) will
likely lead to the development of endometrial cancer that resembles human endometrial car-
cinoma with ARID1A loss. The injection of untransformed menstrual endometrial tissue from
these GEMMs into the peritoneum of syngeneic recipient immunocompetent mice, which mim-
ics human endometriosis (137), will likely drive the development of ovarian cancers that resemble
ENOC or CCOC. These putative tissue-specific GEMMs will provide the opportunity to gain a
better understanding of how the inactivation of ARID1A interacts with other genetic mutations
as well as with the ovarian microenvironment to drive the transformation of precursor cells by
enabling comparison of the gene expression profiles and epigenetic states of tumor cells to those
of the precursor cells that can be identified by using lineage tracking markers.

Although SMARCA4 inactivation appears to be the only driver event in SCCOHT, no
SCCOHT GEMM has been developed. This is mainly due to the unknown origin of SCCOHT.
Serber et al. (138) reported that the inactivation of Smarca4 using aWap-Cre line, which activates
Cre expression in granulosa cells of mouse ovary and multiple lineages of mouse uterus, fre-
quently led to the development of ovarian cysts and a low incidence of endometrial cancer. Tumor
incidence was not altered when Smarca2 was simultaneously silenced (138). Therefore, the inacti-
vation of Smarca4 cannot drive the transformation of ovarian granulosa cells, but it has the ability
to transform cells of an unknown lineage in the uterus. The histology of endometrial tumors
developed in Wap-Cre:Smarca4fl/fl GEMM mice was not determined by Serber et al. However,
as SMARCA4 loss can arise in undifferentiated endometrial stromal tumors, the endometrial
tumors of Wap-Cre:Smarca4fl/fl mice may resemble undifferentiated endometrial stromal tumors
histologically. Therefore, specific and effective targeting of Smarca4 in the stromal lineages of
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uterine cells may provide a valuable GEMM of undifferentiated endometrial stromal tumors.
Furthermore, additional inactivation of Smarca4 or the BAF complex through dual inactivation
of Arid1a and Arid1b will likely promote the development of undifferentiated cancer resembling
human DDEC in GEMMs of well-differentiated endometrial cancer, such as Pgr-Cre:Ptenfl/fl

GEMM mice (139). These models will offer great opportunities for better understanding the
context-specific tumor-suppressive roles of distinct SWI/SNF mutations in gynecologic cancers.

7. THERAPEUTIC IMPLICATIONS

Although SWI/SNF-associated gene mutations occur in nearly 20% of all human cancers, most
of these gene mutations are loss-of-function mutations, including nonsense, frameshift, and large
deletions, that lead to concurrent loss of their protein expression. Therefore, these mutations
are not targetable. Consequently, much effort has been invested in identifying synthetic lethal
targets that are conferred by these SWI/SNF-associated mutations on cancer cells, and these
efforts have been summarized in detail in several reviews (140–142). These putative therapeutic
targets include two key hallmarks of human cancer: sustained proliferative pathways—that is, the
PI3K/AKT/mTOR pathway and the YES1/SRC tyrosine kinase pathway in ARID1A-deficient
CCOC (101, 129, 143, 144) or CDK4 and CDK6 and receptor tyrosine kinases in SCCOHT—
and metabolic alterations—that is, the glutathione biogenesis pathway in ARID1A-deficient
CCOC (145, 146). Furthermore, as a consequence of the loss of a specific SWI/SNF subunit,
tumor cells have adapted and evolved to rely on the residual complex or rewired epigenetic
programming, or both. Therefore, the residual complex member and certain epigenetic mod-
ifiers are attractive targets for therapeutic developments aimed at these cancers. For example,
ARID1B has been reported to be a vulnerable target in ARID1A-deficient CCOC (93), and
targeting epigenetic modifiers, such as EZH2, histone deacetylase, and BRD4, is feasible in
SCCOHT (112, 115, 116, 147). Furthermore, ongoing clinical trials of EZH2 inhibitors, for
example, tazemetostat, for both SMARCB1-deficient epithelioid sarcoma and SCCOHT, will
demonstrate whether they can be utilized in the near future for clinical management of these
diseases. Moreover, despite the fact that SCCOHT has a low mutation burden, Jelinic et al. (148)
discovered that 73% (8/11) of SCCOHTs expressed PD-L1 (programmed death ligand 1), which
was associated with strong T cell infiltration. Inspired by this finding, the authors conducted a
pilot study in four additional SCCOHT patients, and all four patients responded to anti-PD-1
immunotherapy (148). Although this study involved only a small number of cases and warrants
validation, it provides a strong rationale for evaluating immune checkpoint blockades in patients
with SCCOHT and, potentially, other SWI/SNF-deficient tumors with a low mutation burden,
such as ARID1A-deficient CCOC and, possibly, SMARCA4-deficient uterine stromal sarcoma.
The implication of possible effectiveness of PD-1 blockade on CCOC is supported by a recent
preclinical study that used an ARID1A-depleted ID8 mouse ovarian cancer cell tumor model
by Shen and colleagues (108). However, since the origin of this ARID1A-depleted mouse tumor
model does not reflect the origin of CCOC, whether ARID1A-deficient CCOC will respond to
immunotherapy requires further investigation.

8. CONCLUSIONS AND PERSPECTIVES

Mutations in several SWI/SNF subunits have been discovered in multiple gynecologic cancers.
The frequency and inactivating nature of these mutations supports the idea that SWI/SNF com-
plexes are bona fide tumor suppressors in gynecologic tissues, and this also defines unique vulner-
abilities that warrant further clinical investigation. These SWI/SNF-associated mutations may
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function as the sole driver event (as in SCCOHT), a malignant transformation–permitting early
event (as in CCOC, ENOC, and EEC), or a late-progression event (as in DDEC) in distinct gy-
necologic cancers. It remains to be further studied whether SMARCA4 loss or SMARCB1 loss
functions as a sole driver or early driver event of undifferentiated uterine sarcoma or vulvar can-
cers. SWI/SNF-associated mutations appear to have a value in predicting a worse outcome for
patients with DDEC, even though a large number of cases are required to validate their clini-
cal utility. In contrast, there is unlikely to be a prognostic value for ARID1A loss in ENOC and
CCOC, although it may hold a prognostic value in MSS endometrial cancers. Furthermore, the
pathogenic roles of the SWI/SNF-associated mutations are far beyond being fully understood
in gynecologic cancers. The fact that specific subunits are mutated in specific gynecologic malig-
nancies implies that SWI/SNF complexes function in context-specific manners. Particularly, since
ARID1A loss occurs predominantly in endometrial cancers and endometriosis-associated ovarian
cancers, we believe that ARID1A loss promotes oncogenesis only in a permissive tissue and cell
context, which is unlikely to be the ovarian surface epithelium or fallopian tube epithelium. Thus,
results should be cautiously interpreted from studies using high-grade serous ovarian carcinoma
cell lines or ovarian surface epithelial cells or tissues to determine the impact of ARID1A depletion
on cellular processes. The development of in vitro and in vivo models that appropriately reflect
the endometrial cell origin of these tumors will be essential to address the role of ARID1A loss
in endometriosis-associated ovarian cancer. In addition, because ARID1A loss occurs as a gate-
way event that permits the malignant transformation of premalignant endometrial cells in AH,
the role of ARID1A loss should also be investigated on an appropriated genetic background. The
understanding of SWI/SNF complex mutations and their cellular interactions will be pivotal to
developing novel treatment strategies for these gynecologic malignancies, particularly those that
portend poor prognoses and often have only conventional platinum- and taxane-based chemother-
apy as a therapeutic option.

DISCLOSURE STATEMENT

D.H. is the founder and chief medical officer of Contextual Genomics. The work of Contextual
Genomics is unrelated to this review article.

ACKNOWLEDGMENTS

We apologize to the many authors whose work could not be appropriately cited due to space
constraints. This work was supported by research funds from the National Cancer Institute of the
US National Institutes of Health (grant 1R01CA195670-01), the Terry Fox Research Institute’s
NewFrontiers Program inCancer (grant TFF1021), and aCanadian Institutes ofHealth Research
Foundation Grant (grant 154290), as well as by the generous research funds from the BC Cancer
Foundation and the VGH & UBC Hospital Foundation. J.X.J. is supported by a Vanier Canada
Graduate Scholarship.

LITERATURE CITED

1. Kassabov SR, Zhang B, Persinger J, Bartholomew B. 2003. SWI/SNF unwraps, slides, and rewraps the
nucleosome.Mol. Cell 11:391–403

2. Phelan ML, Sif S, Narlikar GJ, Kingston RE. 1999. Reconstitution of a core chromatin remodeling
complex from SWI/SNF subunits.Mol. Cell 3:247–53

3. Hu G, Schones DE, Cui K, Ybarra R,Northrup D, et al. 2011. Regulation of nucleosome landscape and
transcription factor targeting at tissue-specific enhancers by BRG1.Genome Res. 21:1650–58

www.annualreviews.org • SWI/SNF Mutations in Gynecologic Cancer 485



PM15CH19_Huntsman ARjats.cls December 24, 2019 13:19

4. Tolstorukov MY, Sansam CG, Lu P, Koellhoffer EC, Helming KC, et al. 2013. Swi/Snf chromatin
remodeling/tumor suppressor complex establishes nucleosome occupancy at target promoters. PNAS
110:10165–70

5. You JS, De Carvalho DD, Dai C, Liu M, Pandiyan K, et al. 2013. SNF5 is an essential executor of
epigenetic regulation during differentiation. PLOS Genet. 9:e1003459

6. Wang W, Cote J, Xue Y, Zhou S, Khavari PA, et al. 1996. Purification and biochemical heterogeneity
of the mammalian SWI-SNF complex. EMBO J. 15:5370–82

7. Wu JI, Lessard J, Crabtree GR. 2009.Understanding the words of chromatin regulation.Cell 136:200–6
8. Mashtalir N, D’Avino AR, Michel BC, Luo J, Pan J, et al. 2018. Modular organization and assembly of

SWI/SNF family chromatin remodeling complexes. Cell 175:1272–88
9. Alpsoy A, Dykhuizen EC. 2018. Glioma tumor suppressor candidate region gene 1 (GLTSCR1) and its

paralog GLTSCR1-like form SWI/SNF chromatin remodeling subcomplexes. J. Biol. Chem. 293:3892–
903

10. Reisman DN, Sciarrotta J, Bouldin TW,Weissman BE, Funkhouser WK. 2005. The expression of the
SWI/SNF ATPase subunits BRG1 and BRM in normal human tissues. Appl. Immunohistochem. Mol.
Morphol. 13:66–74

11. Chandler RL, Brennan J, Schisler JC, Serber D, Patterson C,Magnuson T. 2013. ARID1a–DNA inter-
actions are required for promoter occupancy by SWI/SNF.Mol. Cell. Biol. 33:265–80

12. Kadam S,McAlpineGS,PhelanML,Kingston RE, Jones KA,Emerson BM. 2000. Functional selectivity
of recombinant mammalian SWI/SNF subunits.Genes Dev. 14:2441–51

13. Euskirchen G, Auerbach RK, Snyder M. 2012. SWI/SNF chromatin-remodeling factors: multiscale
analyses and diverse functions. J. Biol. Chem. 287:30897–905

14. Reisman D, Glaros S, Thompson EA. 2009. The SWI/SNF complex and cancer.Oncogene 28:1653–68
15. Wilson BG,Roberts CW.2011. SWI/SNF nucleosome remodellers and cancer.Nat.Rev.Cancer 11:481–

92
16. Pan J, McKenzie ZM, D’Avino AR, Mashtalir N, Lareau CA, et al. 2019. The ATPase module of mam-

malian SWI/SNF family complexes mediates subcomplex identity and catalytic activity-independent
genomic targeting.Nat. Genet. 51:618–26

17. Michel BC,D’Avino AR,Cassel SH,MashtalirN,McKenzie ZM,et al. 2018.A non-canonical SWI/SNF
complex is a synthetic lethal target in cancers driven by BAF complex perturbation. Nat. Cell Biol.
20:1410–20

18. Bell AC,West AG, Felsenfeld G. 1999.The protein CTCF is required for the enhancer blocking activity
of vertebrate insulators. Cell 98:387–96

19. Kadoch C, Hargreaves DC, Hodges C, Elias L, Ho L, et al. 2013. Proteomic and bioinformatic analysis
of mammalian SWI/SNF complexes identifies extensive roles in humanmalignancy.Nat. Genet. 45:592–
601

20. Shain AH, Pollack JR. 2013.The spectrum of SWI/SNFmutations, ubiquitous in human cancers.PLOS
ONE 8:e55119

21. Roberts CW, Leroux MM, Fleming MD, Orkin SH. 2002. Highly penetrant, rapid tumorigenesis
through conditional inversion of the tumor suppressor gene Snf5. Cancer Cell 2:415–25

22. Bultman SJ, Herschkowitz JI, Godfrey V, Gebuhr TC, Yaniv M, et al. 2008. Characterization of mam-
mary tumors from Brg1 heterozygous mice.Oncogene 27:460–68

23. Mathur R, Alver BH, San Roman AK,Wilson BG,Wang X, et al. 2017. ARID1A loss impairs enhancer-
mediated gene regulation and drives colon cancer in mice.Nat. Genet. 49:296–302

24. Han ZY, Richer W, Freneaux P, Chauvin C, Lucchesi C, et al. 2016. The occurrence of intracranial
rhabdoid tumours in mice depends on temporal control of Smarcb1 inactivation.Nat. Commun. 7:10421

25. Longy M, Toulouse C, Mage P, Chauvergne J, Trojani M. 1996. Familial cluster of ovarian small cell
carcinoma: a new Mendelian entity? J. Med. Genet. 33:333–35

26. Martinez-Borges AR, Petty JK, Hurt G, Stribling JT, Press JZ, Castellino SM. 2009. Familial small cell
carcinoma of the ovary. Pediatr. Blood Cancer 53:1334–36

27. Florell SR, Bruggers CS, Matlak M, Young RH, Lowichik A. 1999. Ovarian small cell carcinoma of the
hypercalcemic type in a 14 month old: the youngest reported case.Med. Pediatr. Oncol. 32:304–7

486 Wang et al.



PM15CH19_Huntsman ARjats.cls December 24, 2019 13:19

28. Estel R, Hackethal A, Kalder M, Munstedt K. 2011. Small cell carcinoma of the ovary of the hypercal-
caemic type: an analysis of clinical and prognostic aspects of a rare disease on the basis of cases published
in the literature. Arch. Gynecol. Obstet. 284:1277–82

29. Young RH, Oliva E, Scully RE. 1994. Small cell carcinoma of the ovary, hypercalcemic type. A clinico-
pathological analysis of 150 cases. Am. J. Surg. Pathol. 18:1102–16

30. Dickersin GR, Kline IW, Scully RE. 1982. Small cell carcinoma of the ovary with hypercalcemia: a
report of eleven cases. Cancer 49:188–97

31. Matias-Guiu X, Prat J, Young RH, Capen CC, Rosol TJ, et al. 1994. Human parathyroid hormone–
related protein in ovarian small cell carcinoma: an immunohistochemical study. Cancer 73:1878–81

32. Young RH, Oliva E, Scully RE. 1994. Small cell carcinoma of the ovary, hypercalcemic type: a clinico-
pathological analysis of 150 cases. Am. J. Surg. Pathol. 18:1102–16

33. Estel R, Hackethal A, Kalder M, Munstedt K. 2011. Small cell carcinoma of the ovary of the hypercal-
caemic type: an analysis of clinical and prognostic aspects of a rare disease on the basis of cases published
in the literature. Arch. Gynecol. Obstet. 284:1277–82

34. Clement PB. 2005. Selected miscellaneous ovarian lesions: small cell carcinomas, mesothelial lesions,
mesenchymal and mixed neoplasms, and non-neoplastic lesions.Mod. Pathol. 18(Suppl. 2):S113–29

35. Scully RE. 1979. Tumors of the Ovary and Maldeveloped Gonads. Washington: Am. Regist. Pathol.
36. McCluggage W, Oliva E, Connolly L, McBride H, Young R. 2004. An immunohistochemical analysis

of ovarian small cell carcinoma of hypercalcemic type. Int. J. Gynecol. Pathol. 23:330–36
37. Ramos P, Karnezis AN,Craig DW, Sekulic A, Russell ML, et al. 2014. Small cell carcinoma of the ovary,

hypercalcemic type, displays frequent inactivating germline and somatic mutations in SMARCA4. Nat.
Genet. 46:427–29

38. Kupryjanczyk J,Dansonka-Mieszkowska A,Moes-Sosnowska J,Plisiecka-Halasa J, Szafron L, et al. 2013.
Ovarian small cell carcinoma of hypercalcemic type—evidence of germline origin and SMARCA4 gene
inactivation. A pilot study. Pol. J. Pathol. 64:238–46

39. Witkowski L, Carrot-Zhang J, Albrecht S, Fahiminiya S, Hamel N, et al. 2014. Germline and somatic
SMARCA4 mutations characterize small cell carcinoma of the ovary, hypercalcemic type. Nat. Genet.
46:438–43

40. Jelinic P, Mueller JJ, Olvera N, Dao F, Scott SN, et al. 2014. Recurrent SMARCA4 mutations in small
cell carcinoma of the ovary.Nat. Genet. 46:424–26

41. Karnezis AN,Wang Y, Ramos P, Hendricks WP, Oliva E, et al. 2016. Dual loss of the SWI/SNF com-
plex ATPases SMARCA4/BRG1 and SMARCA2/BRM is highly sensitive and specific for small cell
carcinoma of the ovary, hypercalcaemic type. J. Pathol. 238:389–400

42. Jelinic P, Schlappe BA, Conlon N, Tseng J, Olvera N, et al. 2016. Concomitant loss of SMARCA2 and
SMARCA4 expression in small cell carcinoma of the ovary, hypercalcemic type.Mod. Pathol. 29:60–66

43. Hoffman GR, Rahal R, Buxton F, Xiang K, McAllister G, et al. 2014. Functional epigenetics ap-
proach identifies BRM/SMARCA2 as a critical synthetic lethal target in BRG1-deficient cancers. PNAS
111:3128–33

44. Wilson BG, Helming KC, Wang X, Kim Y, Vazquez F, et al. 2014. Residual complexes contain-
ing SMARCA2 (BRM) underlie the oncogenic drive of SMARCA4 (BRG1) mutation. Mol. Cell. Biol.
34:1136–44

45. Schaefer IM, Agaimy A, Fletcher CD, Hornick JL. 2017. Claudin-4 expression distinguishes SWI/SNF
complex–deficient undifferentiated carcinomas from sarcomas.Mod. Pathol. 30:539–48

46. Versteege I, Sevenet N, Lange J, Rousseau-Merck MF, Ambros P, et al. 1998. Truncating mutations of
hSNF5/INI1 in aggressive paediatric cancer.Nature 394:203–6

47. Foulkes WD, Clarke BA, Hasselblatt M, Majewski J, Albrecht S, McCluggage WG. 2014. No small
surprise—Small cell carcinoma of the ovary, hypercalcaemic type, is a malignant rhabdoid tumour.
J. Pathol. 233:209–14

48. Pearce CL,TemplemanC,RossingMA,Lee A,Near AM, et al. 2012.Association between endometriosis
and risk of histological subtypes of ovarian cancer: a pooled analysis of case–control studies.Lancet Oncol.
13:385–94

49. Bulun SE. 2009. Endometriosis.N. Engl. J. Med. 360:268–79

www.annualreviews.org • SWI/SNF Mutations in Gynecologic Cancer 487



PM15CH19_Huntsman ARjats.cls December 24, 2019 13:19

50. SugiyamaT,KamuraT,Kigawa J,TerakawaN,Kikuchi Y, et al. 2000.Clinical characteristics of clear cell
carcinoma of the ovary: a distinct histologic type with poor prognosis and resistance to platinum-based
chemotherapy. Cancer 88:2584–89

51. Kobel M,Kalloger SE,Huntsman DG, Santos JL, Swenerton KD, et al. 2010.Differences in tumor type
in low-stage versus high-stage ovarian carcinomas. Int. J. Gynecol. Pathol. 29:203–11

52. Tang H, Liu Y,Wang X, Guan L, Chen W, et al. 2018. Clear cell carcinoma of the ovary: clinicopatho-
logic features and outcomes in a Chinese cohort.Medicine 97:e10881

53. Park HK,Ruterbusch JJ, Cote ML. 2017. Recent trends in ovarian cancer incidence and relative survival
in the United States by race/ethnicity and histologic subtypes.Cancer Epidemiol. Biomark. Prev. 26:1511–
18

54. Mackay HJ, Brady MF, Oza AM, Reuss A, Pujade-Lauraine E, et al. 2010. Prognostic relevance of un-
common ovarian histology in women with stage III/IV epithelial ovarian cancer. Int. J. Gynecol. Cancer
20:945–52

55. Wang YK, Bashashati A, Anglesio MS, Cochrane DR, Grewal DS, et al. 2017. Genomic consequences
of aberrant DNA repair mechanisms stratify ovarian cancer histotypes.Nat. Genet. 49:856–65

56. Uekuri C, Shigetomi H, Ono S, Sasaki Y, Matsuura M, Kobayashi H. 2013. Toward an understanding
of the pathophysiology of clear cell carcinoma of the ovary.Oncol. Lett. 6:1163–73

57. Jones S, Wang TL, Shih IM, Mao TL, Nakayama K, et al. 2010. Frequent mutations of chromatin
remodeling gene ARID1A in ovarian clear cell carcinoma. Science 330:228–31

58. Wiegand KC, Shah SP, Al-Agha OM, Zhao Y, Tse K, et al. 2010. ARID1Amutations in endometriosis-
associated ovarian carcinomas.N. Engl. J. Med. 363:1532–43

59. Yamamoto S, Tsuda H,TakanoM,Tamai S,Matsubara O. 2012. Loss of ARID1A protein expression oc-
curs as an early event in ovarian clear-cell carcinoma development and frequently coexists with PIK3CA
mutations.Mod. Pathol. 25:615–24

60. Ayhan A, Mao TL, Seckin T, Wu CH, Guan B, et al. 2012. Loss of ARID1A expression is an early
molecular event in tumor progression from ovarian endometriotic cyst to clear cell and endometrioid
carcinoma. Int. J. Gynecol. Cancer 22:1310–15

61. Chene G,Ouellet V, Rahimi K, Barres V, Provencher D,Mes-Masson AM. 2015.The ARID1A pathway
in ovarian clear cell and endometrioid carcinoma, contiguous endometriosis, and benign endometriosis.
Int. J. Gynecol. Obstet. 130:27–30

62. AnglesioMS, Papadopoulos N,Ayhan A,Nazeran TM,NoeM, et al. 2017.Cancer-associated mutations
in endometriosis without cancer.N. Engl. J. Med. 376:1835–48

63. Samartzis EP, Samartzis N, Noske A, Fedier A, Caduff R, et al. 2012. Loss of ARID1A/BAF250a-
expression in endometriosis: a biomarker for risk of carcinogenic transformation?Mod. Pathol. 25:885–
92

64. Wiegand KC,Hennessy BT, Leung S,Wang Y, Ju Z, et al. 2014. A functional proteogenomic analysis of
endometrioid and clear cell carcinomas using reverse phase protein array and mutation analysis: Protein
expression is histotype-specific and loss of ARID1A/BAF250a is associated with AKT phosphorylation.
BMC Cancer 14:120

65. Samartzis EP,Noske A,Dedes KJ, Fink D, Imesch P. 2013.ARID1Amutations and PI3K/AKT pathway
alterations in endometriosis and endometriosis-associated ovarian carcinomas. Int. J.Mol. Sci. 14:18824–
49

66. Levine D, Cancer Genome Atlas Res. Netw., Getz G, Gabriel SB, Cibulskis K, et al. 2013. Integrated
genomic characterization of endometrial carcinoma.Nature 497:67–73

67. McConechyMK,Ding J, CheangMC,Wiegand K, Senz J, et al. 2012.Use of mutation profiles to refine
the classification of endometrial carcinomas. J. Pathol. 228:20–30

68. Wiegand KC, Lee AF, Al-Agha OM, Chow C, Kalloger SE, et al. 2011. Loss of BAF250a (ARID1A) is
frequent in high-grade endometrial carcinomas. J. Pathol. 224:328–33

69. Guan B, Mao TL, Panuganti PK, Kuhn E, Kurman RJ, et al. 2011. Mutation and loss of expression of
ARID1A in uterine low-grade endometrioid carcinoma. Am. J. Surg. Pathol. 35:625–32

70. DeLair DF, Burke KA, Selenica P, Lim RS, Scott SN, et al. 2017. The genetic landscape of endometrial
clear cell carcinomas. J. Pathol. 243:230–41

488 Wang et al.



PM15CH19_Huntsman ARjats.cls December 24, 2019 13:19

71. Fadare O,Renshaw IL, Liang SX. 2012.Does the loss ofARID1A (BAF-250a) expression in endometrial
clear cell carcinomas have any clinicopathologic significance? A pilot assessment. J. Cancer 3:129–36

72. Mao TL, Ardighieri L, Ayhan A, Kuo KT, Wu CH, et al. 2013. Loss of ARID1A expression correlates
with stages of tumor progression in uterine endometrioid carcinoma. Am. J. Surg. Pathol. 37:1342–48

73. Werner HM, Berg A,Wik E, Birkeland E, Krakstad C, et al. 2013. ARID1A loss is prevalent in endome-
trial hyperplasia with atypia and low-grade endometrioid carcinomas.Mod. Pathol. 26:428–34

74. Yen TT,Miyamoto T, Asaka S, Chui MH,Wang Y, et al. 2018. Loss of ARID1A expression in endome-
trial samplings is associated with the risk of endometrial carcinoma.Gynecol. Oncol. 150:426–31

75. Hendriks YM, Wagner A, Morreau H, Menko F, Stormorken A, et al. 2004. Cancer risk in heredi-
tary nonpolyposis colorectal cancer due to MSH6 mutations: impact on counseling and surveillance.
Gastroenterology 127:17–25

76. Meyer LA, Broaddus RR, Lu KH. 2009. Endometrial cancer and Lynch syndrome: clinical and patho-
logic considerations. Cancer Control 16:14–22

77. Niskakoski A,Pasanen A,LassusH,Renkonen-Sinisalo L,Kaur S, et al. 2018.Molecular changes preced-
ing endometrial and ovarian cancer: a study of consecutive endometrial specimens fromLynch syndrome
surveillance.Mod. Pathol. 31:1291–301

78. Bosse T, ter Haar NT, Seeber LM, v Diest PJ, Hes FJ, et al. 2013. Loss of ARID1A expression and
its relationship with PI3K-Akt pathway alterations, TP53 and microsatellite instability in endometrial
cancer.Mod. Pathol. 26:1525–35

79. Silva EG, Deavers MT, Bodurka DC, Malpica A. 2006. Association of low-grade endometrioid carci-
noma of the uterus and ovary with undifferentiated carcinoma: a new type of dedifferentiated carcinoma?
Int. J. Gynecol. Pathol. 25:52–58

80. Kuhn E, Ayhan A, Bahadirli-Talbott A, Zhao C, Shih IM. 2014. Molecular characterization of undiffer-
entiated carcinoma associated with endometrioid carcinoma. Am. J. Surg. Pathol. 38:660–65

81. Tafe LJ, Garg K, Chew I, Tornos C, Soslow RA. 2010. Endometrial and ovarian carcinomas with undif-
ferentiated components: clinically aggressive and frequently underrecognized neoplasms. Mod. Pathol.
23:781–89

82. Ramalingam P,Croce S,McCluggageWG.2017.Loss of expression of SMARCA4 (BRG1), SMARCA2
(BRM) and SMARCB1 (INI1) in undifferentiated carcinoma of the endometrium is not uncommon and
is not always associated with rhabdoid morphology.Histopathology 70:359–66

83. Silva EG, Deavers MT, Malpica A. 2007. Undifferentiated carcinoma of the endometrium: a review.
Pathology 39:134–38

84. Espinosa I, Lee CH, D’Angelo E, Palacios J, Prat J. 2017. Undifferentiated and dedifferentiated en-
dometrial carcinomas with POLE exonuclease domainmutations have a favorable prognosis.Am. J. Surg.
Pathol. 41:1121–28

85. Stewart CJ, Crook ML. 2015. SWI/SNF complex deficiency and mismatch repair protein expression in
undifferentiated and dedifferentiated endometrial carcinoma. Pathology 47:439–45

86. Coatham M, Li X, Karnezis AN, Hoang LN, Tessier-Cloutier B, et al. 2016. Concurrent ARID1A and
ARID1B inactivation in endometrial and ovarian dedifferentiated carcinomas.Mod. Pathol. 29:1586–93

87. Kobel M,Hoang LN,Tessier-Cloutier B,Meng B, Soslow RA, et al. 2018.Undifferentiated endometrial
carcinomas show frequent loss of core switch/sucrose nonfermentable complex proteins. Am. J. Surg.
Pathol. 42:76–83

88. Strehl JD,Wachter DL, Fiedler J, Heimerl E, Beckmann MW, et al. 2015. Pattern of SMARCB1 (INI1)
and SMARCA4 (BRG1) in poorly differentiated endometrioid adenocarcinoma of the uterus: analysis of
a series with emphasis on a novel SMARCA4-deficient dedifferentiated rhabdoid variant. Ann. Diagn.
Pathol. 19:198–202

89. Karnezis AN, Hoang LN, Coatham M, Ravn S, Almadani N, et al. 2016. Loss of switch/sucrose non-
fermenting complex protein expression is associated with dedifferentiation in endometrial carcinomas.
Mod. Pathol. 29:302–14

90. Agaimy A,Bertz S,Cheng L,HesO, Junker K, et al. 2016.Loss of expression of the SWI/SNF complex is
a frequent event in undifferentiated/dedifferentiated urothelial carcinoma of the urinary tract. Virchows
Arch. 469:321–30

www.annualreviews.org • SWI/SNF Mutations in Gynecologic Cancer 489



PM15CH19_Huntsman ARjats.cls December 24, 2019 13:19

91. Agaimy A, Daum O, Markl B, Lichtmannegger I, Michal M, Hartmann A. 2016. SWI/SNF complex–
deficient undifferentiated/rhabdoid carcinomas of the gastrointestinal tract: a series of 13 cases
highlighting mutually exclusive loss of SMARCA4 and SMARCA2 and frequent co-inactivation of
SMARCB1 and SMARCA2. Am. J. Surg. Pathol. 40:544–53

92. Agaimy A, Cheng L, Egevad L, Feyerabend B, Hes O, et al. 2017. Rhabdoid and undifferentiated phe-
notype in renal cell carcinoma: analysis of 32 cases indicating a distinctive common pathway of dedif-
ferentiation frequently associated with SWI/SNF complex deficiency. Am. J. Surg. Pathol. 41:253–62

93. HelmingKC,WangX,Wilson BG,Vazquez F,Haswell JR, et al. 2014.ARID1B is a specific vulnerability
in ARID1A-mutant cancers.Nat. Med. 20:251–54

94. Kolin DL, Dong F, Baltay M, Lindeman N, MacConaill L, et al. 2018. SMARCA4-deficient undiffer-
entiated uterine sarcoma (malignant rhabdoid tumor of the uterus): a clinicopathologic entity distinct
from undifferentiated carcinoma.Mod. Pathol. 31:1442–56

95. Tessier-Cloutier B, Soslow RA, Stewart CJR, Kobel M, Lee CH. 2018. Frequent loss of claudin-4 ex-
pression in dedifferentiated and undifferentiated endometrial carcinomas.Histopathology 73:299–305

96. Folpe AL, Schoolmeester JK, McCluggage WG, Sullivan LM, Castagna K, et al. 2015. SMARCB1-
deficient vulvar neoplasms: a clinicopathologic, immunohistochemical, and molecular genetic study of
14 cases. Am. J. Surg. Pathol. 39:836–49

97. Yoshida A, Yoshida H, Yoshida M,Mori T, Kobayashi E, et al. 2015.Myoepithelioma-like tumors of the
vulvar region: a distinctive group of SMARCB1-deficient neoplasms. Am. J. Surg. Pathol. 39:1102–13

98. Maeda D, Mao TL, Fukayama M, Nakagawa S, Yano T, et al. 2010. Clinicopathological significance of
loss of ARID1A immunoreactivity in ovarian clear cell carcinoma. Int. J. Mol. Sci. 11:5120–28

99. Yamamoto S, Tsuda H,TakanoM,Tamai S,Matsubara O. 2012. PIK3CAmutations and loss of ARID1A
protein expression are early events in the development of cystic ovarian clear cell adenocarcinoma.
Virchows Arch. 460:77–87

100. LoweryWJ, Schildkraut JM,Akushevich L, Bentley R,Marks JR, et al. 2012. Loss ofARID1A-associated
protein expression is a frequent event in clear cell and endometrioid ovarian cancers. Int. J. Gynecol.
Cancer 22:9–14

101. Miller RE, Brough R, Bajrami I, Williamson CT, McDade S, et al. 2016. Synthetic lethal targeting of
ARID1A-mutant ovarian clear cell tumors with dasatinib.Mol. Cancer Ther. 15:1472–84

102. Katagiri A, Nakayama K, Rahman MT, Rahman M, Katagiri H, et al. 2012. Loss of ARID1A expression
is related to shorter progression-free survival and chemoresistance in ovarian clear cell carcinoma.Mod.
Pathol. 25:282–88

103. Itamochi H,OumiN,Oishi T, Shoji T, Fujiwara H, et al. 2015. Loss of ARID1A expression is associated
with poor prognosis in patients with stage I/II clear cell carcinoma of the ovary. Int. J.Clin.Oncol.20:967–
73

104. Liu G,Xu P, Fu Z,Hua X,Liu X, et al. 2017. Prognostic and clinicopathological significance of ARID1A
in endometrium-related gynecological cancers: a meta-analysis. J. Cell. Biochem. 118:4517–25

105. Nazeran T, Mason M, Lee S, Gibson-Wright B, Milne K, et al. 2019. Prognostic and immunological
significance of ARID1A status in endometriosis-associated ovarian cancers.Mod. Pathol. 32(Suppl.):82

106. Zhang ZM, Xiao S, Sun GY, Liu YP, Zhang FH, et al. 2014. The clinicopathologic significance of the
loss of BAF250a (ARID1A) expression in endometrial carcinoma. Int. J. Gynecol. Cancer 24:534–40

107. Heckl M, Schmoeckel E, Hertlein L, Rottmann M, Jeschke U, Mayr D. 2018. The ARID1A, p53 and
β-catenin statuses are strong prognosticators in clear cell and endometrioid carcinoma of the ovary and
the endometrium. PLOS ONE 13:e0192881

108. Shen J, Ju Z, ZhaoW,Wang L, Peng Y, et al. 2018. ARID1A deficiency promotes mutability and poten-
tiates therapeutic antitumor immunity unleashed by immune checkpoint blockade.Nat.Med. 24:556–62

109. Gorn AH, Lin HY, Yamin M, Auron PE, Flannery MR, et al. 1992. Cloning, characterization, and ex-
pression of a human calcitonin receptor from an ovarian carcinoma cell line. J. Clin. Investig. 90:1726–
35

110. Otte A, Gohring G, Steinemann D, Schlegelberger B, Groos S, et al. 2012. A tumor-derived population
(SCCOHT-1) as cellular model for a small cell ovarian carcinoma of the hypercalcemic type. Int. J.Oncol.
41:765–75

490 Wang et al.



PM15CH19_Huntsman ARjats.cls December 24, 2019 13:19

111. van den Berg-Bakker CA, Hagemeijer A, Franken-Postma EM, Smit VT, Kuppen PJ, et al. 1993. Es-
tablishment and characterization of 7 ovarian carcinoma cell lines and one granulosa tumor cell line:
growth features and cytogenetics. Int. J. Cancer 53:613–20

112. Wang Y, Chen SY, Colborne S, Lambert G, Shin CY, et al. 2018. Histone deacetylase inhibitors syner-
gize with catalytic inhibitors of EZH2 to exhibit antitumor activity in small cell carcinoma of the ovary,
hypercalcemic type.Mol. Cancer Ther. 17:2767–79

113. Kennison JA. 1995. The Polycomb and trithorax group proteins of Drosophila: trans-regulators of
homeotic gene function. Annu. Rev. Genet. 29:289–303

114. Wilson BG,Wang X, Shen X, McKenna ES, Lemieux ME, et al. 2010. Epigenetic antagonism between
Polycomb and SWI/SNF complexes during oncogenic transformation. Cancer Cell 18:316–28

115. Wang Y, Chen SY, Karnezis AN, Colborne S, Santos ND, et al. 2017. The histone methyltransferase
EZH2 is a therapeutic target in small cell carcinoma of the ovary, hypercalcaemic type. J. Pathol.242:371–
83

116. Chan-Penebre E, Armstrong K, Drew A, Grassian AR, Feldman I, et al. 2017. Selective killing of
SMARCA2- and SMARCA4-deficient small cell carcinoma of the ovary, hypercalcemic type cells by
inhibition of EZH2: in vitro and in vivo preclinical models.Mol. Cancer Ther. 16:850–60

117. Lang JD, Hendricks WPD, Orlando KA, Yin H, Kiefer J, et al. 2018. Ponatinib shows potent antitu-
mor activity in small cell carcinoma of the ovary hypercalcemic type (SCCOHT) through multikinase
inhibition. Clin. Cancer Res. 24:1932–43

118. Riva F, Omes C, Bassani R, Nappi RE,Mazzini G, et al. 2014. In-vitro culture system for mesenchymal
progenitor cells derived from waste human ovarian follicular fluid. Reprod. Biomed. Online 29:457–69

119. Kossowska-Tomaszczuk K, De Geyter C, De Geyter M, Martin I, Holzgreve W, et al. 2009. The mul-
tipotency of luteinizing granulosa cells collected from mature ovarian follicles. Stem Cells 27:210–19

120. Friedmann-Morvinski D, Bushong EA, Ke E, Soda Y, Marumoto T, et al. 2012. Dedifferentiation of
neurons and astrocytes by oncogenes can induce gliomas in mice. Science 338:1080–84

121. Guan B, Wang TL, Shih IM. 2011. ARID1A, a factor that promotes formation of SWI/SNF-mediated
chromatin remodeling, is a tumor suppressor in gynecologic cancers. Cancer Res. 71:6718–27

122. Guan B, Gao M, Wu CH, Wang TL, Shih IM. 2012. Functional analysis of in-frame indel ARID1A
mutations reveals new regulatory mechanisms of its tumor suppressor functions. Neoplasia 14:986–
93

123. Suryo Rahmanto Y, Jung JG, Wu RC, Kobayashi Y, Heaphy CM, et al. 2016. Inactivating ARID1A
tumor suppressor enhances TERT transcription and maintains telomere length in cancer cells. J. Biol.
Chem. 291:9690–99

124. Bitler BG, Aird KM,Garipov A, Li H, AmatangeloM, et al. 2015. Synthetic lethality by targeting EZH2
methyltransferase activity in ARID1A-mutated cancers.Nat. Med. 21:231–38

125. Lakshminarasimhan R, Andreu-Vieyra C, Lawrenson K, Duymich CE, Gayther SA, et al. 2017. Down-
regulation of ARID1A is sufficient to initiate neoplastic transformation along with epigenetic repro-
gramming in non-tumorigenic endometriotic cells. Cancer Lett. 401:11–19

126. Goldman AR, Bitler BG, Schug Z,Conejo-Garcia JR, Zhang R, Speicher DW. 2016.The primary effect
on the proteome of ARID1A-mutated ovarian clear cell carcinoma is downregulation of the mevalonate
pathway at the post-transcriptional level.Mol. Cell. Proteom. 15:3348–60

127. Kelso TWR, Porter DK, Amaral ML, Shokhirev MN, Benner C, Hargreaves DC. 2017. Chromatin ac-
cessibility underlies synthetic lethality of SWI/SNF subunits inARID1A-mutant cancers. eLife 6:e30506

128. Guan B, Rahmanto YS, Wu RC, Wang Y, Wang Z, et al. 2014. Roles of deletion of Arid1a, a tumor
suppressor, in mouse ovarian tumorigenesis. J. Natl. Cancer Inst. 106:dju146

129. Chandler RL, Damrauer JS, Raab JR, Schisler JC, Wilkerson MD, et al. 2015. Coexistent ARID1A–
PIK3CA mutations promote ovarian clear-cell tumorigenesis through pro-tumorigenic inflammatory
cytokine signalling.Nat. Commun. 6:6118

130. KimM,Lu F,Zhang Y. 2016.Loss ofHDAC-mediated repression and gain ofNF-κB activation underlie
cytokine induction in ARID1A- and PIK3CA-mutation-driven ovarian cancer. Cell Rep. 17:275–88

131. Lac V, Nazeran TM, Tessier-Cloutier B, Aguirre-Hernandez R, Albert A, et al. 2019. Oncogenic muta-
tions in histologically normal endometrium: the new normal? J. Pathol. 249:173–81

www.annualreviews.org • SWI/SNF Mutations in Gynecologic Cancer 491



PM15CH19_Huntsman ARjats.cls December 24, 2019 13:19

132. Hughes CS, McConechy MK, Cochrane DR, Nazeran T, Karnezis AN, et al. 2016. Quantitative pro-
filing of single formalin fixed tumour sections: proteomics for translational research. Sci. Rep. 6:34949

133. Cochrane DR, Tessier-Cloutier B, Lawrence KM, Nazeran T, Karnezis AN, et al. 2017. Clear cell and
endometrioid carcinomas: Are their differences attributable to distinct cells of origin? J. Pathol. 243:26–
36

134. Zhai Y,KuickR,TiptonC,WuR,SessineM,et al. 2016.Arid1a inactivation in anApc- andPten-defective
mouse ovarian cancer model enhances epithelial differentiation and prolongs survival. J. Pathol. 238:21–
30

135. Anglesio MS, Bashashati A,Wang YK, Senz J, Ha G, et al. 2015. Multifocal endometriotic lesions asso-
ciated with cancer are clonal and carry a high mutation burden. J. Pathol. 236:201–9

136. King CM, Barbara C, Prentice A, Brenton JD, Charnock-Jones DS. 2016.Models of endometriosis and
their utility in studying progression to ovarian clear cell carcinoma. J. Pathol. 238:185–96

137. Greaves E, Cousins FL, Murray A, Esnal-Zufiaurre A, Fassbender A, et al. 2014. A novel mouse model
of endometriosis mimics human phenotype and reveals insights into the inflammatory contribution of
shed endometrium. Am. J. Pathol. 184:1930–39

138. Serber DW, Rogala A,MakaremM, Rosson GB, Simin K, et al. 2012. The BRG1 chromatin remodeler
protects against ovarian cysts, uterine tumors, and mammary tumors in a lineage-specific manner. PLOS
ONE 7:e31346

139. van der Zee M, Jia Y, Wang Y, Heijmans-Antonissen C, Ewing PC, et al. 2013. Alterations in Wnt-β-
catenin and Pten signalling play distinct roles in endometrial cancer initiation and progression. J. Pathol.
230:48–58

140. Helming KC,Wang X, Roberts CWM. 2014. Vulnerabilities of mutant SWI/SNF complexes in cancer.
Cancer Cell 26:309–17

141. Caumanns JJ,Wisman GBA, Berns K, van der Zee AGJ, de Jong S. 2018.ARID1Amutant ovarian clear
cell carcinoma: a clear target for synthetic lethal strategies.Biochim.Biophys.Acta Rev.Cancer 1870:176–84

142. Bitler BG, Fatkhutdinov N, Zhang R. 2015. Potential therapeutic targets in ARID1A-mutated cancers.
Expert Opin. Ther. Targets 19:1419–22

143. Samartzis EP, Gutsche K, Dedes KJ, Fink D, Stucki M, Imesch P. 2014. Loss of ARID1A expression
sensitizes cancer cells to PI3K- and AKT-inhibition. Oncotarget 5:5295–303

144. Caumanns JJ, Berns K,Wisman GBA, Fehrmann RSN, Tomar T, et al. 2018. Integrative kinome profil-
ing identifies mTORC1/2 inhibition as treatment strategy in ovarian clear cell carcinoma. Clin. Cancer
Res. 24:3928–40

145. Kwan SY, Cheng X, Tsang YT, Choi JS, Kwan SY, et al. 2016. Loss of ARID1A expression leads to
sensitivity to ROS-inducing agent elesclomol in gynecologic cancer cells.Oncotarget 7:56933–43

146. Ogiwara H, Takahashi K, Sasaki M, Kuroda T, Yoshida H, et al. 2019. Targeting the vulnerability of
glutathione metabolism in ARID1A-deficient cancers. Cancer Cell 35:177–90

147. Shorstova T, Marques M, Su J, Johnston J, Kleinman CL, et al. 2019. SWI/SNF-compromised cancers
are susceptible to bromodomain inhibitors. Cancer Res. 79:2761–74

148. Jelinic P, Ricca J, Van Oudenhove E, Olvera N, Merghoub T, et al. 2018. Immune-active microen-
vironment in small cell carcinoma of the ovary, hypercalcemic type: rationale for immune checkpoint
blockade. J. Natl. Cancer Inst. 110:787–90

492 Wang et al.


