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Abstract

Small cell carcinoma of the ovary, hypercalcemic type (SCCOHT) is a highly aggressive cancer in young women.
The histogenesis remains unclear although a potential origin of germ cells has been suggested recently. The high
throughput next generation sequencing techniques have facilitated the identification of inactivating SMARCA4
mutations as the driver of SCCOHT. These findings may greatly impact on the prevention, diagnosis, molecular
classification and treatment of SCCOHTs. The SMARCA4 mutations, typically associated with dual loss of
BRGI1 and BRM expression, are highly sensitive and specific for the diagnosis of SCCOHT. Germline mutations
of SMARCA4 support familial SCCOHT with a critical requirement of genetic counseling and possible
prophylactic surgery for carriers. SCCOHT, malignant atypical teratoid/rhabdoid tumors, thoracic sarcomas
and some undifferentiated carcinomas harbor rhabdoid morphology and mutations in the SMARC genes,
generating an emerging molecular classification of SMARC-mutated tumors. A multi-modality treatment
approach consisting of surgery and high dose multi-agent chemotherapy in atypical teratoid/rhabdoid tumors
may have potential benefits for SCCOHT patients. Preliminary studies have implicated that the inhibitors
targeting EZH2 and the receptor tyrosine kinase, and anti-PD-L1 immunotherapy might be potentially effective
for SCCOHT patients. These recent advances on molecular genetics, diagnosis and treatment of SCCOHT
address the necessity of multiple institutional collaboration work among oncologist, pathologist, genomic
scientist, geneticist, molecular biologist, and pharmacologist.
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Background

Small cell carcinoma of the ovary is a rare, lethal
cancer, containing two different subtypes: the
pulmonary type (small cell carcinoma of the ovary,
pulmonary type (SCCOPT), and hypercalcemic type
(small cell carcinoma of the ovary, hypercalcemic
type, SCCOHT) [1]. SCCOPT resembles small cell
carcinoma of the lung owing to its neuroendocrine
differentiation. Less than 20 SCCOPT cases have been
reported to date [2, 3]. The age of the patients ranges
from 28 to 85 years. SCCOHT differs from SCCOPT
both clinically and histopathologically [1]. SCCOHT is
the most common undifferentiated ovarian malignant
tumor in women under 40 years. It frequently has a

variable component of large cells showing “rhabdoid”
features, but lacks neuroendocrine features.

In SCCOHT, many aspects including its molecu-
lar pathogenesis and histogenesis, remain understud-
ied. Recent advances in next generation sequencing,
such as whole exome sequencing and whole genome
sequencing, provide powerful tools to identify novel
significant genomic alterations in ovarian cancers [4,
5]. Several studies have demonstrated that inactiv-
ating mutations of SMARCA4, a gene involving the
SWIltch/Sucrose Non-Fermentable (SWI/SNF) chro-
matin remodeling complex, are the likely driver in the
majority of SCCOHT cases [6-8]. This finding has
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greatly changed our recognition on the pathology and
clinical practice of this rare disease. Moreover, the
expanding data from multiple institutes worldwide
have thrown the light on the potential improvement
of prognosis with aggressive multi- modality
treatment [9-12]. In this review, we will discuss recent
advances on SCCOHT, particularly focusing on the
molecular genesis and their clinical implications.

An overview of SCCHOT

Dr Robert Scully initially depicted the terrains of
SCCOHT nearly 3 decades ago [13]. Approximately
400 cases have been reported in the English literatures
to date. Most patients presented with abdominal
discomfort and/or distention. Some asymptomatic
patients were found by close clinical examination due
to their familial history. A small number of patients
had symptoms of hypercalcemia, which might result
in severe pancreatitis, altered mental status and even
unnecessary neck exploration [14-16]. The largest
series showed that most tumors were unilateral
(148/150, 99%) with a higher proportion in the right
ovary (341/457, 66%) [16]. Familial cases were often
bilateral [17, 18]. The tumors usually have a large size
(average 15.3 cm, 6-26 cm in greatest dimension).
Only one case was suggested to be of primary
peritoneal origin since the tumors were present on the
pelvic/abdominal peritoneum and the normal-sized
ovaries were free of tumors grossly [19]. Another
pericolonic case might be secondary to a previous
ovarian mucinous borderline tumor, intestinal type
[20].

The rare undifferentiated cancer has two distinct
clinical features, which are helpful clues for the
clinical discrimination from common ovarian
carcinomas. First, SCCOHT patients are young. In the
large cohort of Young et al. [16], the patients ranged
from 9 to 43 (average 23.9) years of age. About 92%
patients were diagnosed between 10 and 40 years. It
should be very cautious to diagnose SCCOHT in
women aged over 60 years although only one 71-year
patient was reported to date. That case might be a
misdiagnosis most likely since the modern diagnostic
markers (SMARCA4 immunostaining or mutation
analysis) were not available at that time. Second,
preoperative calcium levels are elevated in about 62%
patients. Thus, the term “hypercalcemic type” has
been applied to distinguish it from ovarian small cell
carcinoma of the pulmonary type (SCCOPT), a high
grade neuroendocrinal carcinoma [2, 3]. Hypercalc-
emia has been presumed to be associated with
tumoral production of parathyroid hormone related
peptides, or rarely parathyroid hormone [16, 21, 22].
However, the immunoexpression level of parathyroid
hormone related peptides or parathyroid hormone in

SCOCHT tissues does not parallel with the serum
calcium prior to surgery [23]. The possible underlying
explanation is that parathyroid hormone related pep-
tides or parathyroid hormone produced by the tumor
cells cannot be totally released from the cytoplasm.
Hypercalcemia can return to a normal level after the
tumors are totally removed. Nevertheless, the value of
serum calcium is unclear in the assessment of cancer
relapse or therapeutic response in SCCOHT. Serum
CA125 was slightly elevated in 15 SSCOHT patients
with available data [9]. A recent study from the
National Cancer Data Base (NCDB) between 2004 and
2014 showed a high frequency of elevated CA125
(271/337, 83.9%) [24]. CA125 can potentially be
applied as a clinical indicator for SCCOHT although
we feel like that the serum level in SCCOHT does not
elevate as obviously as that in ovarian epithelial
carcinomas.

Clinical behavior and treatment of
SCCOHT

SCCOHT is a highly aggressive tumor. Extraov-
arian spread is seen in approximately half of the cases.
Lymph node metastasis is present in 19/34 (55.8%)
cases. Tumor stage remains the mainstay in the
assessment of prognosis [9-11, 16]. Young et al. [16]
reported that one third patients (14/42) at FIGO
(International Federation of Gynecology and Obstet-
rics) stage la survived free of disease 1-13 years after
surgery whereas almost all patients at an advanced
stage died of disease. A study from a single institution
showed that 35 of 47 (74.5%) SCCOHT patients recur-
red (median: 6.5 months, range 2.3-125.4 months), 30
(63.8%) died of disease (median: 14.9 months, 95% CI
11.8-23.5 months), and 6 (12.8%) were alive with
disease [9]. The mean overall survival time was 35.3
months in patients at stage I, and only 3.3 months at
stage IV. A combined investigation on 293 SCCOHT
patients [10] showed that patients at 40 years or older
had a worse outcome than younger patients, but there
was no significant survival difference between
patients with and without germline SMARCA4
mutations. The 5-year overall survival rate in the
NCDB cohort was 24.1% for patients with cancer-
directed surgery, and only 18% and 12.3% in patients
with stage III and IV respectively [24]. Intriguingly,
Ghazi A, et al. [25] reported a SCCOHT patient that
developed after two months of ovarian stimulation
for in vitro fertilization and died one month after her
initial symptoms. This unique case suggests the
possibility of ovarian stimulation- associated cancer
risk and mortal prognosis, which merits further
multi-centric clinical investigation.

The rarity of SCCOHT limits the implementation
of randomized clinical trial by now. Therefore, there is
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no consensus of the standard treatment on this lethal
cancer [9-11]. The patients can be treated with surgery
including unilateral salpingo-oophorectomy with or
without hysterectomy, or total abdominal hysteric-
tomy with bilateral salpingo-oophorectomy. Some
patients may undergo omentectomy, debulking of
extra-ovarian tumors, lymph node dissection, and
peritoneal biopsies. Bilateral oophorectomy has been
addressed in patients with germline SMARCA4
mutations to date [26]. Fertility-conserving surgery
has not been recommended by most surgeons because
of its aggressive behavior [27]. However, some
gynecologists advocated that the poor survival rates
of SCCOHT may justify a less aggressive fertility
sparing approach without compromising the outcome
[28]. A patient with advanced stage of SCCOHT was
alive for 60 months without evidence of disease after
the treatment of a fertility-sparing approach and the
following induction chemotherapy, interval debulk-
ing surgery, and local radiotherapy [28]. The standard
chemotherapy for ovarian carcinoma is applied in
most SCCOHT patients, but no form is of proven
benefit [16]. However, a Germany study reported that
4 of 7 patients with the treatment of conventional
chemotherapy achieved a complete response for 7 to
73 months [12]. Two studies in vitro indicated that
SCCOHT cell lines were resistant to platinum chemo-
therapeutic drugs [29, 30] whereas microtubule-
stabilizing compounds, particularly epothilone B/
Ca2+, demonstrated an strong anti-proliferation effect
in vitro and in xenografts in vivo [30]. Epothilone
B/Ca2+ might be incorporated into a multi-modality
approach to improve the treatment effect of this rare,
lethal cancer although clinical data have been
unavailable by now.

Recent data have indicated that a multi-modality
treatment approach consisting of surgery, high dose
multi-agent chemotherapy with possible stem cell
transplantation and radiotherapy is an attractive
treatment option for the SCCOHT patients [9-11, 24,
31, 32]. Qin Q, et al. [32] reported that a young girl
with stage Illc SCCOHT had an 8-year disease free
survival after a combined treatment of cytoreductive
surgery, high-dose consolidative chemotherapy,
autologous hematopoietic stem cell transplantation
and pelvic radiotherapy. One patient with relapse
achieved her second complete response and had
survived for 64 months after treatment of high-dose
chemotherapy [12]. Witkowski L, et al [10] found that
the 5-year survival after surgery was 71% in FIGO
stages II-IV patients with high dose chemotherapy-
stem cell rescue, and only 25% with conventional
chemotherapy alone. However, they failed to
demonstrate a survival benefit for patients with
adjuvant radiotherapy. A retrospective study on 47

SCCOHT patients also suggested that multi-agent
chemotherapy and radiotherapy were associated with
a good prognosis [9]. A GCIG (the Gynecological
Cancer Intergroup) study demonstrated that the five
of six SCCOHT patients at stage I with adjuvant
radiotherapy, and only one of four without adjuvant
radiotherapy, were alive and disease-free [11]. In the
seven patients at stage III or unknown stage, all but
one died of cancer despite the salvage treatment with
chemotherapy and radiotherapy. In the recent NCDB
(national cancer database) cohort [24], the survival in
patients with cancer directed surgery, high dose
chemotherapy and hematologic transplant procedure
was superior to patients with surgery and standard
chemotherapy. Moreover, the combination of surgery,
chemotherapy and radiotherapy achieved a better
survival than patients with surgery and chemother-
apy alone.

Histopathology of SCCOHT

The tumors are generally large and unilateral.
They have a fleshy white, pale to grey appearance
[Figure 1A]. They are predominantly solid. Large
areas of hemorrhage, necrosis and cystic degeneration
are not uncommon. The most significant microscopic
change is a diffuse growth pattern consisting of
closely packed small cells and focal areas of
follicle-like spaces containing eosinophilic and rarely
basophilic fluids [Figure 1B]. The neoplastic cells are
predominately small, uniform, and hyperchromatic.
The nuclei contain coarsely clumped chromatins and
single small nucleoli. The mitotic figures are brisk.
The large cells are seen in at least half of all SCCOHTs
if the tumors are extensively sampled. They can be
focal, predominant or exclusive (so called “large cell
variant of SCCOHT”) [16, 33]. The large cells show
“rhabdoid” features with eccentric nuclei, prominent
nucleoli and glassy eosinophilic cytoplasm [Figure
1C]. Approximately 12% cases have small foci of
mucinous glands or cysts lined by mature epithelium,
signet-ring cells or atypical mucinous cells.

The tumor cells showed diffuse nuclear staining
with antibodies against the N-terminal of WT1, and
focal with pan-cytokeratin (AE1/AE3), epithelial
membrane antigen, CD10 and calretinin, etc [34].
Some tumors can express parathyroid hormone relat-
ed peptide, or rarely parathyroid hormone. CK5/6,
chromogranin, CD99, desmin, alpha inhibin. Thyroid
transcription factor 1 (TTF1) is generally negative. The
immunostaining profile has limited diagnostic value
and cannot classify SCCOHT into any specific types of
epithelium. Until recently, loss of SMARC4 protein
(also called BRG1) expression has been recognized as
a diagnostic hallmark for this rare tumor [Figure 1D]
[35-38].
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Figure 1. Histopahtology of SCCOHT. The large tumor has a fleshy white to grey appearance with extensive hemorrhage, necrosis and cystic degeneration (A).
Microscopically, the tumor has a diffuse growth pattern consisting of closely packed small cells and focal areas of follicle-like spaces containing eosinophilic fluids
[Figure 1B]. The large cells characteristically show “rhabdoid” features with eccentric nuclei, prominent nucleoli and glassy eosinophilic cytoplasm [Figure 1C]. The
cancer cells are negative for BRG I immunostaining while the lymphocytes have a retained BRGI staining [Figure 1D].

SCCHOT should be differentiated from a wide
range of primary or metastatic ovarian tumors
including adult and juvenile granulosa cell tumor,
small cell neuroendocrine carcinoma (metastatic or
pulmonary type), and germ cell tumors, etc. It
remains a challenging task to differentiate SCCOHT
from juvenile granulosa cell tumors even by expert
gynecological pathologists because of their overlapp-
ing morphological and immunohistochemical
features, particularly when juvenile granulosa cell
tumors have hypercalcemia [39-41]. The predomin-
ance of monotonous, small, hyperchromatic cells with
brisk mitotic activity is the pinpoint directing to the
diagnosis of SSCOHT. We feel like that the presence
of “rhabdoid” cells also provides another helpful clue
in favor of SCCOHT.

Histogenesis of SCCOHT

SCCOHT is included in the catalogue of
miscellaneous ovarian tumors in the recent World
Health Organization (WHO) Classification of Tumors
of the Female Reproductive Organs (2014) [42] since
its histogenesis and cell lineage are unclarified by
now. Recent studies have indicated that SCCOHT is
characterized by germline or somatic mutations in

SMARCA4 and other subunits in the SWI/SNF
chromatin remodeling complex [6-8]. These mutations
are found in a variety of cancers including epithelial
carcinoma and mesenchymal neoplasms [43-45].
These mutations can not provide useful information
on their histologic origin, either. Variable speculations
on the histogenesis have been proposed, but none is
fully accepted.

Initially, SCCOHT was regarded as an epithelial
malignancy (so the name “carcinoma” was given)
since the tumor cells were positive for epithelial
markers, such as pan-cytokeratin and epithelial
membrane antigen, and harbored abundant dilated
rough endoplasmic reticulum and numerous riboso-
mes under electron microscopy [16, 46 47]. In fact, the
diffuse expression of epithelial markers is very
uncommon in SCCOHT. Histochemical, immunohi-
stochemical and ultrastructural examinations provide
no reliable features of a specific cell lineage in the
ovarian epithelial carcinomas. Moreover, no other
convincing evidence has been added to support the
epithelial origin later on. Flow cytometry on
paraffin-embedded tissues indicates that diploidy is
typically present in SCCOHT [16, 48, 49] whereas high
grade carcinomas are commonly aneuploidy and
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polyploidy [50-52]. Unlike high grade serous
carcinoma [52, 53], a recent genomic study has
demonstrated that, SCCOHT harbors a simple
genome including few somatic significant mutations
and chromosomal alterations [29]. Collectively, great
doubts have been cast on the epithelial histogenesis of
SCCOHT although the term “carcinoma” is
conventionally applied to date.

The young age distribution, uniform small cells
and follicle formation raise the possibility of a sex
cord derivation. However, transitions to recognizable
forms of sex cord tumors, such as Call-Exner bodies or
Sertoli tubules, have never been observed in
SCCOHT. The relatively uniform cell population
without thecal cells or other gonadal stroma is very
unlikely in sex cord tumors. The reliable expression of
classical sex cord markers, such as alpha inhibin and
steroidogenic factor-1, has not been found in
SCCOHT yet. Mutations in FOXL2 and Dicers are
frequently present in adult granulosa cell tumors and
Sertoli-Ledig cell tumors, respectively [54-56], but
they have not been identified in SCCOHT by recent
high throughput next-generation sequencing studies
[6-8]. The sex cord derivation of SCCOHT seems very
unlikely. SCCOHT lacks diffuse expression of the
classical neuroendocrinal markers, such as
chromogranin A, and dense-core granules under
electron microscope, therefore, there is no evidence
for its neuroendocrinal differentiation.

In 1987, Ulbright et al. [57] proposed the
potential germ cell origin of SCCOHT by providing
some pieces of evidence. In addition to young age
distribution, they found some common microscopic,
ultrastructural and immunohistochemical features
between SCCOHT and yolk sac tumor. These features
included eosinophilic, hyaline globules and extra-
cellular basement membrane-like substance under
microscopy and electron microscopy, and cytoplasmic
staining of laminin and alpha-l-antitrypsin by
immunohistochemistry. They also commented on a
histologically mimicking testicular tumor with mixed
components of seminoma and teratoma. Moreover,
the patient had an aggressive clinical course similar to
SCCOHT. It was well documented that small foci of
mucinous epithelium, ranging from benign, border-
line to malignancy, can be found in approximately
12% SCCOHT cases [16]. A 33-year-old woman had a
morphologically and immunohistochemically comp-
atible SCCOHT in her peri-colonic region 5 years after
removal of the ovarian borderline mucinous tumor of
the intestinal type [20]. A subset of primary ovarian
mucinous neoplasm is believed to be associated with
teratoma [58]. As a collar, the coexistence of mucinous
epithelium and SCCOHT might be regarded as a clue
to support the germ cell origin of SCCOHT.

Kupryjanczyk et al. [59] reported two SCCOHT cases
with small foci of immature teratoma and one also
with small foci of yolk sac tumor after extensive
sampling (80 and 120 sections in each). It can be
inferred from this report that extensive sampling may
increase the chance of identifying teratoma or other
germ cell tumor components in SCCOHT.
Unfortunately, such laborious work is very unlikely in
pathological practice even in large medical centers.
Recently, McCluggage et al. [60] also reported two
SCCOHT cases, one with dermoid cyst and another
with immature teratoma and small foci of yolk sac
tumor. Theoretically, all kinds of cancers throughout
the body can occur in teratoma, such as primitive
neuroectodermal tumor, glioblastoma multiform and
malignant melanoma, etc [61]. It is unequivocally
acceptable to speculate that SCCOHT may arise from
teratoma. Presumably, the overgrowth of SCCOHT
may predominate over other components in the
teratoma resulting in small foci of teratoma, mucinous
epithelium or other transformed malignant germ cell
tumors including yolk sac tumor [60]. In addition,
recent advances in molecular genetics have indicated
that SCCOHT can be regarded as an ovarian
malignant teratoid/rhabdoid tumor (MRT) [62];
thereof, SCCOHT is most likely an embryonic tumor
originating from neural elements within an immature
teratoma or other germ cell tumors [60]. Familial
SCCOHT has been recognized for two decades [63,
64]. Theoretically, SCCOHT might occur in patients
with familial teratoma if teratoma was the histological
origin of SCCOHT. A woman with SCCOHT had a
prior history of cystectomy for dermoid cyst in the
same ovary. The patient’s sister had been treated for
an immature ovarian teratoma. This unique case
provides a tentative link between SCCOHT and
teratoma in the familial setting [65].

Molecular genetics of SCCOHT

Familial SCCOHT characterized by an
autosomal dominant transmission implicates the
possibility of the underlying mutations in a single
gene or a family of genes [63, 64]. Mutations in
hereditary diseases might be potential causative
molecular events in sporadic cases. Great efforts have
been taken on the foundation of comprehensive
molecular characterization in SCCOHT. Accumula-
tion of p53 proteins was occasionally reported in
SCCOHT [34, 66], but TP53 mutations, the hallmark of
high grade serous carcinoma, were extremely rare in
SCCOHT. To date, only two patients harbored TP53
mutations: one was a woman with Li-Fraumeni
syndrome (germline TP53 mutation) [67]; another was
a recurrent SCCOHT case showing TP53 (I1254N) and
POLE (D287A) mutations [68]. The additional
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mutations in the recurrent SCCOHT might reflect the
molecular evolution in the process of tumor
progression. BRCA1- and BRCA2-gemline mutation
carriers have significant risk of developing ovarian
carcinomas, predominantly including high grade
serous carcinoma and rarely other histotypes, such as
none-small neuroendocrine carcinoma [69, 70].
However, so far, no SCCOHT case has been found to
be associated with BRCA1- or BRCA2-germline
mutations. It becomes clear that SCCOHT differs from
ovarian carcinoma by displaying a low mutational
burden and little chromosomal abnormalities [29, 71].
No activated mutations in classical oncogenes
including KRAS or BRAF have been identified in
SCCOHT yet. Despite of a low mutation load cancer,
SCCOHT harbored an immunogenic microenviron-
ment resembling the landscape of the tumors with
immune checkpoint blockade, characterized by a high
Programmed Death Ligand-1 (PD-L1) expression
(8/11), strongly associated with T-cell infiltration, and
increased expression genes related to Thl and
cytotoxic cell function [72]. The inconsistencies
between mutation burden and immunogenicity
underscored the requirement for additional
biomarkers for tumor recognition in SCCOHT.

A pilot study investigated gene expression and
mutations of SMARCA4 and INI-1 in two SCCOHT
cases since the authors noted the histological resembl-
ance between SCCOHT and atypical teratoid/
rhabdoid tumor (AT/RT) of the central nervous
system which harbored an alternative loss of INI-1 or
SMARCA4 [73]. The authors found that both tumors
had retained INI-1, but lost SMARCA4 expression by
immunohistochemistry. Sanger sequencing on DNA
from formalinfixed paraffin-embedded tissues
identified that both tumors harbored SMARCA4
mutations (c.2184_2206del and nonsense ¢.3277C>T in
one tumor, and nonsense c.3760G>T in another). This
pilot observation has two important implications: the
emerging pathogenic role of SMARCA4 mutations in
SCCOHT, and the necessity of multiple-institutional
collaborations among clinicians, pathologists and
molecular biologists to further confirm the pathogenic
mutations. However, from this study, it remained to
be clarified whether SMARCA4 mutation was the
driver of SCCOHT in the absence of familial studies,
large case series, comprehensive sequence and
functional analysis.

The high throughput, cost-effective next genera-
tion sequencing technologies contain a variety of
platforms such as whole-exome sequencing and
whole genome sequencing [5]. They have greatly
contributed to the identification of driver mutations in
rare heritable cancers, such as SCCOHT. Multi-
institutional collaborations to recruit large cohorts are

the key to get the strong power to discriminate driver
mutations from the passenger mutations or
nonpathogenic normal variations in the background.
Three far-reaching SCCOHT collaborations, which
applied various next generation sequencing technolo-
gies with a large cohort, have further validated that
SCCOHT is a monogenic disease caused by
SMARCA4 mutations [6-8]. Recently, Lang JD and
Hendricks WPD [74] have underpinned that the
approaches and methods for the identification of
SMACA4 mutations as drivers in SCCOHT “point to
the broader relevance of this paradigm for future research in
rare cancers”.

Witkowski, L et al. [7] initially performed
whole-exome sequencing of tumor and normal DNA
from 6 affected individuals of three independent
families. They found that SMARCA4 was the only
gene that had deleterious germline mutations in the
affected women. Moreover, the identical SMARCA4
mutations were found in the germline of the mothers
and their daughters in these families, and a second
somatic hit, either in loss of heterozygosity or
mutations in the second allele, occurred in each
tumor. They next used whole-exome sequencing
(n=11) and Sanger sequencing (n=15) of additional
formalin-fixed paraffin-embedded tumors (3 familial
cases, 23 individual cases), confirming that at least one
germline or somatic deleterious SMARCA4 mutation
was present in 24 of 26 SCCOHT tumors. Moreover,
SMARCAA4 protein (i.e. BRG1) expression was lost in
38 of 40 tumors. Ramos P, et al. [6] applied
whole-genome sequencing, whole-exome sequencing
and Sanger sequencing of tumors and germline
samples from 12 SCCOHT patients (9 tumors with 4
matched germline samples, 3 additional germline
samples) and one cell line. SMARCA4 was the only
recurrently mutated gene, bearing inactivating
mutations in 6/9 tumors (2 with biallelic inactivation)
and the BIN-67 cells, and truncating mutations in 2/7
germline samples. They also found that SMARCA4
protein was absent in 82% (14/17) of SCCOHT tumors
and only in 0.4% (2/485) of other primary ovarian
tumors. Thereafter, Ramos P, et al. [26] reported the
presence of SMARCA4 mutations in all but one of
additional 12 tumors and a second cell line
(SCCOHT-1). Levine DA and colleagues [8] carried
out a custom hybrid capture-based sequencing of
matched tumor/germline samples from 12 SCCOHT
tumors. The targeted panel, which was developed by
Memorial Sloan Kettering Cancer Center, contained
279 cancer genes. This study also confirmed that
biallelic SMARCA4 mutations were present in all 12
SCCOHT tumors and loss of protein expression in 7 of
9 cases. In vitro experiments showed that deprived
SMARCA4 expression promoted cell growth and
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re-expression resulted in dose-dependent cell growth
inhibition, further supporting that SMARCA4 might
function as a tumor suppressor gene in this rare
cancer.

After these breakthrough works, a growing body
of evidence unanimously provides an etiologic link
between SMARCA4 mutations and SCCOHT [10, 17,
18, 26, 75, 76]. A total of 118 (96 none-redundant)
pathogenic SMARCA4 mutations have been describe-
ed in 94 patients to date [Table 1] [10, 17, 18, 26, 75-79].
These SMARCA4 mutations do not reveal the
presence of hotspots yet. Twenty-six patients harbor
germline mutations including 10 familial cases from 5
pedigrees. The specific mutations consist of frameshift
(43/118, 36.4%), stop/nonsense (38/118. 32.2%)),
splice-site (24/118, 20.3%), missense (7/118, 5.9%) and
in-frame deletions (6/118, 5.1%). Most tumors (80/84,
95.2%) with these mutations are associated with loss
of SMARCA4 protein (BRG1) expression. Four
SCCOHTs with retained or equivocal BRGI1

Table 1. SMARCA4 mutations in SCCOHTY

expression may suggest the presence of inactivated
proteins considering the biological significance of
these mutations (in frame deletion of exons 2,
missense 1 and splicing 1). Biallelic mutations of
SMARCAA4 are present in 24 of 94 (25.5%) SCCOHTs.
Fourteen tumors contain biallelic somatic mutations
while five have one somatic and another germline
mutation. Loss of heterozygosity and epigenomic
alterations are very likely for inactivation of one allele
in cases having SMARCA4 mutation of one allele
(70/94, 74.5%).

Rare exceptions with no SMARCA4 mutations
and intact BRG1 expression may bear mutations in
other subunits in the SWI/SNF chromatin remodeling
complex. Ramos P, et al. [6] found one SCCOHT that
had no SMARCA4 mutation, but instead exhibited
loss of SMARCBI1 (INI1). One SCCOHT was found to
have an ARIDIA (an accessory subunit of the
SWI/SNF complex) mutation rather than SMARCA4
mutations [71].

Cases [Ref] Mutations, Protein Changes Mutation Types Origin Protein Expression

Ramos, et al. [6, 26]

DAH23 €.2438+1_2438+2insTGA Splicing site UN Loss

DAH457 ¢.3277C>T, p.Argl1093* Nonsense UN NA

DG1006 c.2855delA, p.Glu952fs Frameshift Somatic Loss
¢.4672_4675del AGCG, p.Ser1559fs Frameshift Somatic

DG1219 c.3168+1G>A Splicing site Somatic Loss

SCCO-001 ¢.1595delC, p.Ala532fs Frameshift UN Loss
¢.482C>T, p.Alal61Val Missense UN

SCCO-002 ¢.1237C>T, p.GIn413* Nonsense Somatic Loss
¢.2783C>T, p.Leu928Pro Missense Somatic

SCCO-004 ¢.613delC, p.Val204fs Frameshift Somatic Loss

SCCO-005 ¢.3896_3907del12,p.Glu1300_Asn1303del In-frame Deletion Somatic NA

SCCO-006 €.2293_2315del23, p.Trp764fs Frameshift Somatic Loss
¢.2506G>T, p.Gly836* Nonsense Somatic

SCCO-007 c.1626delC, p.lle542fs Frameshift UN Loss
¢.991C>T, p.GIn331* Nonsense UN

SCCO-008 ¢.2935C>T, p.Arg979* Nonsense Germline NA

SCCO-009 ¢.3539delC, p.Tyr1050fs Frameshift UN Loss

SCCO-011 ¢.3565C>T, p.Argl189* Nonsense UN Loss

SCCO-014 €.2001delG, p.Glu667fs Frameshift UN NA
c.3481delC, p.Leul161fs Frameshift UN

SCCO-015 ¢.3565C>T, p.Arg1189* Nonsense UN NA

SCCO-016 ¢.3985_3986insC, p.Arg1329fs Frameshift UN Loss

SCCO-017 ¢.722_735del15, p.Gly241fs*41 Frameshift Germline Loss

SCCO-019 ¢.2531_2532delTT, p.Phe844fs Frameshift UN Loss

NF10 ¢.3277C>T, p.Argl1093* Nonsense Germline Loss

NF11 ¢.1751_1751delA, p.Lys584Argfs*29 Frameshift Somatic Loss

NF12 ¢.3512_3513delTG, p.Vall171Aspfs*4 Frameshift Somatic Loss
¢.3488_3525del38, p.Leu1163GIn*fs65 Frameshift Somatic

NF13 ¢.3229C>T, p.Argl077* Nonsense Germline Loss

NF14 c.2973+1 G>A Splicing site Somatic Loss

NF15 €.2838_2838delC, p.Phe947Leufs*3 Frameshift Somatic Loss

NF17 c.2274+2T>G Splicing site Somatic Loss

NF18 c.3216-2A>G Splicing site Somatic Loss
c.1189C>T, p.Arg397* Nonsense Somatic

NF21 ¢.2859+1G>C In-frame Deletion Somatic Loss
¢.196C>T, p.GIn66* Nonsense Somatic

Jelinic P. et al. [8]

101 c.3546+1G>A Splicing site Somatic Loss

102 C.4170+1G>A Splicing site Somatic Loss
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Cases [Ref] Mutations, Protein Changes Mutation Types Origin Protein Expression
103 Exon 25-26 Deletion In-frame deletion Somatic Retained
104 C.1746+1G>A Splicing site Somatic NA
c.2932C>T, p.Arg978* Nonsense Somatic
105 €.1626_1626delC, p.lle542Metfs*71 Frameshift Somatic NA
¢.991C>T, p.GIn331* Nonsense Somatic
106 ¢.1165_1165delC, p.Ser391Profs*20 Frameshift Somatic Loss
¢.3277C>T, p.Argl1093* Nonsense Somatic
107 ¢.3896_3907del12, p.Glu1300_Asn1303del In-frame deletion Somatic UN
108 ¢.2539C>T, p.GIn847* Nonsense Somatic Loss
109 €.2287_2288insG, p.Leu762fs Frameshift Somatic Loss
¢.2506G>T, p.Gly836* Nonsense Somatic
110 ¢.3496C>T, p.GIn1166* Nonsense Somatic Loss
111 ¢.3013C>T, p.Arg1005* Nonsense Germline Loss
112 ¢.2859+1G>A Splicing site Somatic Equivocal
114 c.2973+1G>A Splicing site Somatic Loss
Lavrut PM, et al. [17]
¢.301_302del AG, p.Gly102Profs*26 Frameshift Germline Loss
Kupryjanczyk, et al. [73]
PJK1182 ¢.3760G>T, p.Glu1254* Nonsense Germline Loss
PJK1233 ¢.3277C>T, p.Argl093* Nonsense UN Loss
€.2184_2206del , p.GIn729fs Frameshift UN
Bailey S, et al. [75]
¢.1757_1757delA, p.Lys586fs*27 Frameshift Somatic Loss
Laé M, et al. [77]
c.3229C>T, p.Argl077* Nonsense Germline Loss
Le Loarer F, et al. [78]
SCCOHT1 ¢.300_301delAG, p.Gly102Profs*26 Frameshift UN Loss
SCCOHT2 ¢.4236_4237delGC, p.Argl1413GInfs*41 Frameshift UN Loss
SCCOHT3 ¢.3216-1G>T Splicing site UN Loss
SCCOHT4 €.2322_2322delC, p.Asn774Lysfs*57 Frameshift UN Loss
SCCOHT5 ¢.3241A>G, p.Lys1081Glu Missense UN Loss
SCCOHT6 ¢.1542C>T, p.GIn515* Nonsense UN Loss
SCCOHT7 c.3229C>T, p.Argl077* Nonsense UN Loss
SCCOHTS ¢.3216-1G>T Splicing site UN Loss
SCCOHT9 ¢.3229C>T, p.Argl077* Nonsense UN Loss
SCCOHT10 ¢.3951-1G>T Splicing site UN Loss
Witkowski L, et al. [7, 10, 18, 79]
NF1 ¢.1224_1226delGCTinsAG, p.Leu409Glyfs*2 Frameshift Germline Loss
NF2 ¢.1663C>T, p.GIn555* Nonsense Somatic Loss
NF3 ¢.3496C>T, p.GIn1166* Nonsense Somatic Loss
NF4 ¢.3638_3638delA, p.Lys1213Argfs*3 Frameshift Germline Loss
NF5 €.3480_3481insG, p.Leul161Alafs*15 Frameshift Germline Loss
NF6 €.2129_2129delC, p.Lys711Serfs*63 Frameshift Somatic Loss
¢.1378C>T, p.GIn460* Nonsense Somatic
NEF7 €.2245_2246insA, p.Met749 Asnfs*75 Frameshift Somatic Loss
UN1 ¢.2362C>T, p.GIn788* Nonsense UN Loss
¢.561C>G, p.Thr187* Nonsense UN
UN2 ¢.3676C>T, p.GIn1226* Nonsense UN Loss
UN3 c.2932C>T, p.Arg978* Nonsense Germline Loss
UN4 ¢.3531delC, p.Trp1178Glyfs*38 Frameshift Somatic Loss
¢.4687delG, p.Ile1564Serfs*32 Frameshift Somatic
UN5 ¢.2275-1G>T, Splicing site Somatic Loss
UNG6 ¢.2838_2838delC, p.Phe947Leufs*3 Frameshift UN Loss
UN7 c.1141C>T, p.Arg381* Nonsense Germline Loss
UNS8 €.2190_2191insG, p.Tyr731Valfs*10 Frameshift UN Loss
UN9 ¢.1420+1G>T Splicing site UN Retained
UN10 ¢.2049delC, p.Val684Trpfs*90 Frameshift UN Loss
UN11 c.3244delT, p.Phel082Leufs*24 Frameshift UN Loss
UN12 ¢.2766G>A, p.Trp922* Nonsense UN Loss
UN13 ¢.3546+1G>T Splicing site UN Loss
UN14 ¢.2915T>C, p.Leu972Pro Missense UN
¢.3168+1G>C Splicing site UN Loss
UN15 c.1761+2T>A Splicing site UN Loss
UN16 ¢.233_237delCCATGinsACC, Frameshift UN Loss
p-Ser78Tyrfs*3
FAla ¢.1027_1027delG, p.Val343Cysfs*68 Frameshift Somatic Loss
c.4170+1G>A Splicing site Germline
FAlb c.4170+1G>A Splicing site Germline Loss
FA2a ¢.643C>T, p.GIn215* Nonsense Germline Loss
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Cases [Ref] Mutations, Protein Changes Mutation Types Origin Protein Expression
FA2b ¢.1687_1700del14, p.Asn563Glyfs*82 Frameshift Somatic Loss
¢.643C>T, p.GIn215* Nonsense Germline
FA3a ¢.2617-3C>G Splicing site Germline Loss
FA4a ¢.3239G>A, p.Gly1080Asp Missense Germline Retained
FA4b ¢.1326delC, p.Ser442Argfs*59 Frameshift Somatic Loss
¢.3239G>A, p.Gly1080Asp Missense Germline Loss
FA7a €.2859+1G>C In-frame Deletion Germline Loss
FA7b ¢.2859+1G>C In-frame Deletion Germline Loss
FA8a ¢.175C>T, p.GIn59* Nonsense Germline Loss
FA8b ¢.175C>T, p.GIn59* Nonsense Germline Loss
¢.2375C>T, p.Leu792Pro Missense Somatic
2013_Mother ¢.3533G>A, p.Trpl178* Nonsense Germline Loss
€.2438+1G>T Splicing site Somatic Loss
Case24 ¢.1236delC, p.Phe412fs Frameshift Somatic Loss
¢.2970delA, p.Gly990fs Frameshift Somatic
Case25 c.2123+1G>A Splicing site Somatic Loss
Case27 ¢.1119-1G>C Splicing site Somatic Loss
Moes-Sosnowska, et al. [76]
¢.2352insG, p.Lys785Glufs*39 Frameshift Germline Loss

Abbreviations: NA=not available; UN=unknown.

Clinical implications from molecular
genetics

Chromatin remodeling is one of the key
mechanisms in dynamic regulation of gene express-
ion. Some different proteins/protein complexes, such
as the SWI/SNF chromatin remodeling complex,
participate in this process. In human, three core
subunits (INI1/SMARCB1, BAF155/SMARCCI, and
BAF170/SMARCC2) and two helicases/ATPases
(BRM/SMARCA2 and BRG1/SMARCA4) are essen-
tial in maintaining the chromatin remodeling activity
of the SWI/SNF complex [80]. The SWI/SNF complex
uses the energy of ATPase hydrolysis to alter
interactions between DNA and histone proteins, and
the nucleosome positioning and restructuring that
makes gene promoter regions more accessible to
transcription factors and key cellular proteins [81].
They play key roles in the biological process of DNA
transcription, replication, repair and recombination
[82]. They can interact with a number of tumor suppr-
essors such as pl15, pl6, p21 and Rb, etc [82, 83]. The
SWI/SNF dysfunction may promote the oncogenic
activities of EZH2 (enhancer of zeste homolog 2) and
the receptor tyrosine kinase (RTK) [84, 85].

Broad transcriptional dysregulation through the
SWI/SNF dysfunction has become evident in human
cancers. An estimated 20% of human cancers
displayed mutations in one or more of the SWI/SNF
subunits [84]. These large set of “SWI/SNFomas” are
particularly associated with pediatric cancers, such as
brain tumors, medulloblastoma, AT/RT, and
leukemia [86-88] as well as a small subset of adult
cancers including non-small cell lung cancer,
gastrointestinal or uterine undifferentiated carcinoma,
and Burkitt lymphoma [43-45, 89-91]. Given the
substantial portion of “SWI/SNFomas” in human
cancers, the identification of SMARCA4 mutations in

virtually all SCCOHT tumors may confer a broader
translational relevance covering tumor classification,
diagnosis, prevention and intervention [Figure 2].

SMARCA4
Mutations:

The Driver
of SCCOHT

KA inhibitor (Ali

—

Figure 2. Clinical implications from SMARCA4 mutations in SCCOHT

Molecular classification: expanding the
rhabdoid tumors/SMARC-gene mutated
tumors

SMARCB1 (INI1) represents the most extensi-
vely investigated subunit of the SWI/SNF complex
[82]. INI1 immunostaining is a highly useful tool in
the diagnosis of a number of cancers in surgical
pathology. The expanding “SMARCBI1 deficient
neoplasia”, characterized by inactivation mutations of
SMARCB1 and loss of INI1 expression, is a hetero-
genous group of tumors with substantial variations in
histology and clinical behavior [92]. AT/RT, which
frequently occurs in the central nervous system,
kidney and soft tissues in children, is the prototype of
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SMARCBI1 deficient neoplasia. They are consisted of
large to medium-sized anaplastic cells with abundant
eosinophilia cytoplasm (so called rhabdoid features).
SMARCB1 mutations/loss of INI1 expression is the
hallmark of AT/RT [93, 94], however, SMARCA4
inactivation/loss of BRG1 expression is occasionally
present in some morphologically typical AT/RT
tumors. In contrast, SCCOHT is predominantly
associated with SMARCA4 (BRG1) mutations and
rarely with SMARCB1 (INI1) [68, 95]. SMARCA4
(BRG1) mutations can be regarded as the hallmark of
SCCOHT although deleterious germline SMARCA4
mutation has been reported in one high grade serous
carcinoma to date [96]. A recent molecular study
demonstrated that the genomic and epigenomic
signature of SCCOHT are similar to those of AT/RT
[97]. Both AT/RT and SCCOHT have a low
mutational burden except deficient SMARCB1 and
SMARCA4 [29, 71]. Moreover, both AT/RT and
SCCOHT share high morphological and clinical
similarities, such as early onset, aggressive clinical
course and the presence of “rhabdoid cells”, etc.
Witkowski L, et al [79] reported an ovarian immature
teratoma arising in a young woman and a clonally
distinct intracerebral immature teratoma developing
in her daughter. They reclassified both tumors as
familial rhabdoid tumors because of a germline
SMARCA4 mutation (c.3533G>A; p.Trp1178%) and a
somatic SMARCA4 mutation in the mother
(c.2438+1G>T) and her daughter (c.3229C>T; p.Arg
1077*) after the histopathological and immunohisto-
chemical re-assessment. Unequivocally, the ovarian
malignant rhabdoid tumor should be regarded as
SCCOHT according to the current opinion [10]. The
unique familial cases indicated the common genetic
rationale of SCCOHT and malignant rhabdoid
tumors. Thereafter, Foulkes WD, et al [62] have
suggested that SCCOHT should be renamed as
malignant rhabdoid tumors of the ovary having
SMARCA4 mutations. This conception is further
supported by SMARCA4-deficient undifferentiated
uterine sarcoma (malignant rhabdoid tumor of the
uterus), which showed rhabdoid morphology,
SMARCA4 loss by immunohistochemistry and
recurrent SMARCA4 mutations and few other
molecular alterations [96]. However, Soslow RA and
colleagues [36] think that the nomenclature change is
premature currently due to the extensive accumula-
tion of literatures under the traditional term
SCCOHT. Moreover, a substantial number of
SCCOHT tumors lack “rhabdoid cells” but have
SMARCA4 mutations. Hence, they suggest that rather
than the exchange of a histology-based term, it is
preferable to create a molecular catalogue, for
example, “SMARC-gene mutated tumors”, in the

future when compelling molecular evidence
accumulates. In line with their proposal, gene
profiling analyses demonstrated that SMARCA4-
deficient thoracic sarcomas (“SMARCA4-deficient
thoracic sarcomas”) were related to malignant
rhabdoid tumors and SCCOHTs [78]. SCCOHT and
other tumors, such as thoracic sarcoma, undiffer-
entiated/rhabdoid carcinomas of the gastrointestinal
tract, and SMARCA4-deficient undifferentiated uter-
ine sarcoma can be added to the list of this unique,
highly lethal catalogue [43-45, 78, 91, 98, 99].

Diagnostic implications: discovery of the
hallmark of SCCOHT

Several studies have demonstrated that loss of
BRGI1 is highly specific and sensitive for SCCOHT
among ovarian cancers after the initial descriptions of
SMARCAA4 deficiency in SCCOHT [Figure 1D] [35-38].
Up to date, 121/129 (94%) SCCOHT cases show loss
of BRG1 expression, as summarized by Clarke BA, et
al [37]. However, SMARCA4 mutation is not always
associated with loss of protein expression [Table 1].
The inconsistency between SMARCA4 mutation and
loss of BRG1 may suggest the presence of inactivated
protein products. Alternatively, intact BRG1 may
indicate deficiency in other subunits of the SWI/SNF
complex. Ramos P, et al. [6] noted that one SCCOHT
did not display SMARCA4 mutations, but showed
loss of SMARCB1/INI-1 instead. Karnezis et al. [95]
demonstrated that INI-1 loss was present in 3 of 4
SCCOHT cases with retaining BRG1. These findings
address the necessity of SMARCA4 and SMARCBI1
mutation analysis in cases with SCCOHT
morphology, but with equivocal BRG1 expression.

To test the specificity of BRG1 loss in the
diagnosis of SCCOHT, several studies have
investigated BRG1 expression in approximately 4,000
other tumors in the female tract including sex
cord-stromal tumors, germ cell tumors, carcinomas,
sarcomas, and metastatic cancers, etc [36-38, 95]. Most
tumors showed intact BRG1 expression with rare
exceptions. Absence of BRG1 expression was only
found in ovarian clear cell carcinomas (17/447, 3.8%),
ovarian undifferentiated carcinomas (1/22, 4.5%),
uterine endometrioid carcinoma (1/360, 0.3%),
uterine undifferentiated/dedifferentiated carcinoma
(16/59, 27%), and melanoma (1/47, 2.1%) [37], which
are not morphological mimics of SCCOHT. All
granulosa cell tumors (273/273, 100%), the most
challenging differential diagnosis of SCCOHT, have
intact BRG1 expression. Heterogenous staining of
BRG1 can be seen in a subset of SCCOHT mimics,
such as adult granulosa cell tumor, high grade serous
carcinoma, small round cell sarcoma and Ewing
sarcoma; thereof, caution should be taken in the
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interpretation of BRG1 staining in small biopsy
specimens. Taken together, loss of BRG1 expression is
a specific and sensitive marker for the diagnosis of
SCCOHT.

SMARCA?2, also known as BRM, is one of two
mutually-exclusively ATPases in the SWI/SNF
complex. SMARCA? is essential for the survival of
SMARCAA4-deficient non-small cell carcinoma [99].
However, minimal level of SMARCA?2 expression was
observed in BIN67, a SCCOHT cell line with
SMARCA4-mutation [95]. Jelinic P, et al. [68] showed
that dual loss of both BRM and BRG1 by immuno-
histochemistry was present in 10 of 11 SCCOHT with
SMARCA4 mutations, and intact staining in 1 case.
The concomitant expression pattern is suggestive of a
signature for this rare tumor. The absence of germline
or somatic mutations of SMARCA2 in SCCOHT
implicates that posttranscriptional or epigenomic
modifications are responsible for loss of gene
expression as in other cancers [100]. Another study
simultaneously found that SMARCAZ2 expression was
lost in all 45 SCCOHT cases (43 lacking BRG1 and 2
lacking INI-1) [95]. Concomitant loss of both
SMARCA2 and SMARCA4 expression was not seen in
ovarian clear cell carcinoma, the only tumor lacking
SMARCA4 expression in that study. They also
confirmed that loss of SMARCA2 expression in
SCCOHT was associated with (histone deacetylation)
HDAC-mediated gene silencing. Collectively, both
studies suggest that dual loss of BRG1 and BRM is the
diagnostic hallmark of SCCOHT [68, 95].

Preventive implications: developing genetic
test and counseling

Current data suggest that familial SCCOHT may
be much more common than expected previously [26].
An analysis on the published SCCOHT cases with
SMARCA4 mutations showed that 26 (43%) were
carriers of germline mutations, and 21 had no
reported familial history [10].The under-reported
familial SCCOHT cases can be explained by germline
mutations arising from unaffected father or de novo.
Moreover, patients carrying germline mutations
appear to be younger at the time of diagnosis than
non-carriers. Patients diagnosed below 18 years have
a significantly high risk for a germline mutation.
Germline and somatic mutations of SMARCA4
should be detected in SCCOHT patients with loss of
BRG1 expression. The next-generation sequencing
based platform is recommended for mutation analysis
because the hotspots of SMARCA4 mutations have
not been identified yet. After the confirmation of
deleterious germline mutations, the genetic test and
counseling should be rendered for all her family
members. Male carriers are also important since their

daughters may inherit these mutations although the
risk of other cancers in male carriers is unclear
currently.

There is no census on the clinical management of
SMARCA4 mutation carriers. Mutation carriers of
hereditary breast and ovarian cancer have two main
clinical options: increased surveillance for the
detection of early (stage I) cancers, or risk-reducing
salpingo-oophorectomy. SCCOHT lacks reliable
biomarkers for cancer detection at present. The
surveillance of SCCOHT largely depends on
sonography. Nevertheless, sonography is not a good
method for early detection. Therefore, taking the
extremely progressive process of tumor growth and
highly lethality of SCCOHT into account, SMARCA4
mutation carriers have to be counseled about
prophylactic bilateral oophorectomy [26, 101]. The
early onset of SCCOHT (median age: 21.5 years)
indicates that prophylactic surgery should be
performed at younger age in these carriers than in the
hereditary breast and ovarian cancer carriers. Most
carriers at this age are unmarried and will not
consider for conception. Thereof, prophylactic
bilateral oophorectomy is not acceptable for these
carriers. However, great improvement on the oocyte
cryopreservation and in vitro fertilization may
facilitate the accomplishment of prophylactic surgery
in women carrying SMARCA4 mutations. To prevent
genetic transmission of the deleterious mutations,
pre-implantation genetic diagnosis should be
recommended for fertilization in vitro. The proposed
clinical algorithm for the management of SMARCA4
mutation carriers is summarized in Figure 3.

| SCCOHT unlikely |

Normal expression

| BRG1 loss |1 SCCOHT confirmed |

| Histopathological suspected SCCOHT |

| BRG1/BRM immuonostaining

| SMARCA4 mutation I | Germline mutation

I

Somatic mutations only;
LOH analysis, if only 1
somatic mutation

Removal of the
unaffected ovary

Test family members

Mutations carriers

If unilateral tumor,
retain unaffected ovary

Genetic counseling
Regular examination

| Early detection of SCCOHT |

Prophylactic surgery

Figure 3. A proposed schema for clinical and genetic management of SCCOHT

Therapeutic implications: mechanism-driven
promising treatment

The survival is poor even for stage I SCCOHT
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patients. The current adjuvant treatment only
achieves a modest improvement of survival
underlying the critical requirement for mnovel
therapies [24]. The recent advance on the molecular
genetics can guide optimal management in addition
to better understanding the pathogenesis although the
rarity of SCCOHT limits prospective clinical trials. A
study of gene expression profiling from a single case
suggests a number of agents such as pazopanib,
bortezomib, 5-azacytidine, and PARP inhibitors as
possible treatment options against the disease [102].
The potential unification of AT/RT and SCCOHT
implicates that chemotherapeutic regimens used to
AT/RT, for example, high dose chemotherapy with
autologous stem cell rescue, can be implemented in
SCCOHT [9-11, 31, 103]. The activity of PD-1/PD-L1
blockage is associated with high tumor mutation load
and tumor infiltration lymphocytes in cancers [104].
SCCOHT is not hypermutated [29, 71], but the
immunogenic microenvironment resembling the
landscape of the tumors with immune checkpoint
blockade provides the rational for immunotherapy.
Four recurrent SCCOHT patients have responded
well to anti-PD-Llimmunotherapy. One patient has a
sustained partial response of 6 months, and the other
three have remained disease free for at least 1.5 years
[72].

SCCOHT is a monogenic disease, almost
exclusively with SMARCA4 mutations and concurent
loss of SMARCA2 expression [29, 71]; therefore,
SCCOHT is an excellent prototype to develop novel
therapy targeting the driver genes and related
pathways. Moreover, novel therapies under develop-
ment in cancers with similar genetic background (i.e.,
“SMARC-gene mutated tumors” or SWI/SNFoma”)
might be encouraged for treating SCCOHT patients.

Previous studies reported an antagonistic
relationship between SMARCB-1 and the histone
trimethylase EZH2 [84]. SMARCB-1-defficient cancers
are dependent on EZH?2 oncogenic activities. Kim KH
et al. [105] demonstrate that cancer cells harboring
mutations of SMARCA4 and other subunits in the
SWI/SNF complex are primarily dependent on a
non-catalytic role of EZH?2 in the stabilization of the
polycomb repressive complex 2 (PRC2), and only
partially dependent on EZH?2 histone methyltransfer-
ase activity. Accordingly, EZH2 is overexpressed in
SMARCB1-inactivated rhabdoid tumors and other
tumors with deficient SWI/SNF complex [106].
Selective EZH?2 inhibition appears to be a promising
treatment in the SWI/SNF complex-deficient tumors
[107]. In AT/RT, EZH2 inhibition can suppress cell
proliferation, promote cell apoptosis and increase
radiotherapy sensitivity in preclinical models [108]. A
preclinical study demonstrated that EPZ-6438

(tazemetostat), a selective inhibitor of EZH2, had
significant antitumor activity in preclinical rhabdoid
tumor models [109]. Two recent studies have
demonstrated that EZH2 inhibitors, such as
(tazemetostat), can restore the SMARCA-2 expression
in SCCOHT cells, and show significantly potent
anti-proliferative and anti-tumoral effects in cell lines
and xenografts [110, 111]. These findings suggest that
pharmacological inhibition of EZH2 will be a
promising therapeutic strategy.

Little attention has been paid on the effects of the
overall oncogenes, such as RTKs in SMARC-deficient
cancers. A recent study showed that RTKs were
activated in SCCOHT cell lines by using high
through-put siRNA screens [84]. Previous studies in
SMARCB1-mutant AT/RT harbored elevated FGFR
and PDGFR expression, and sensitivity to ponatinib,
an FDA-approved, FGFR/PDGEFR-selective inhibitor
[112]. Similarly, ponatinib and other RTK inhibitors,
significantly suppressed cell proliferation in SCCOHT
cell lines whereas re-expression of SMARCA4
conferred a 1.7-fold increase in resistance to
ponatinib. Ponatinib substantially prolonged the
tumor doubling time and reduced final tumor
volumes in xenografts and patient derived xenografts
of SCCOHT [85]. Ponatinib provides a great hope to
improve the SCCOHT patients’ outcomes although
further clinical investigation should be encouraged.

AURKA overexpression is essential in the
survival of non-small cell lung carcinoma (NSCLC)
cells lacking SMARCA4. Inhibition of AURKA
expression induces cell apoptosis and death in vivo
and in vitro [113]. A pilot clinical study on MLN8237
(Alisertib), an Aurora K inhibitor has achieved early
success in the treatment of AT/RT patients [114].
AURKA inhibitor is an emerging biomarker-driven
therapy to treat SCCOHT. HDAC inhibitor, trichosta-
tin A, can restore SMARCA?2 expression and suppress
cell growth in SCCOHT cells [95]. Reversal of
epigenetic silencing of SMARCA2 merits further
exploration as a potential treatment option for
SCCOHT.

Concluding Remarks

The finding of driver mutations of SMARCA4
and a relative simple genome may contribute signific-
antly to our diagnosis and treatment in SCCOHT.
Loss of BRG1 and BRM as well as mutation analysis
has been recognized as the hallmark for the diagnosis
of SCCOHT. Genetic tests enable the identification of
the mutation carriers, and promote the development
of genetic counseling, clinical screening and
prophylactic surgery. SSCOHT can be put into the
expanding catalogue of AT/RT due to their genetic
and morphological similarities. The merging evidence
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supports the benefits of a multi-modality treatment
approach including surgery, high dose multi-agent
chemotherapy with possible stem cell transplantation
and radiotherapy, for SCCOHT patients. Novel target
therapies on SMARCA4 mutations and other related
molecular events, such as tazemetostat and ponatinib,
are under development for the treatment of this
highly aggressive tumor. Future work should be
focused on the development of novel target therapy
directing to restore the function of inactive SMARCA4
gene. A worldwide collaboration is critically required
to reach a census in standard screening, preventive
surgery and treatment for this rare, lethal disease.
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