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Small cell carcinoma of the ovary of hypercalcemic type (SCCOHT) is an extremely rare,
aggressive cancer affecting children and young women. We identified germline and somatic
inactivating mutations in the SWI/SNF chromatin-remodeling gene SMARCA4 in 69% (9/13) of
SCCOHT cases in addition to SMARCAA4 protein loss in 82% (14/17) of SCCOHT tumors but in
only 0.4% (2/485) of other primary ovarian tumors. These data implicate SMARCA4 in SCCOHT
oncogenesis.

SCCOHT occurs in young adult and pediatric patients (mean age of 24, range of 14 months
to 58 years)14. Most patients with SCCOHT are diagnosed at an advanced stage and do not
respond to chemotherapy. More than 65% of patients succumb to their disease within 1-2
years of diagnosisl. SCCOHT is distinguished from more common types of ovarian cancer
by its histological appearance, immunophenotype and cytogenetic characteristics?.
Histologically, SCCOHT is composed of sheets of small, tightly packed cells with scant
cytoplasm and hyperchromatic nuclei frequently interrupted by follicle-like structures?.
SCCOHT shows a unique immunoprofile that includes expression of Wilms tumor
suppressor gene 1 (WT1), epithelial membrane antigen (EMA), vimentin and cytokeratins
alongside lack of expression of inhibin, chromogranin, thyroid transcription factor 1 (TTF1),
$100 calcium-binding protein A1 and a-fetoprotein (AFP)®. Unlike most poorly
differentiated, highly malignant tumors, SCCOHT is characteristically diploid, but its
cellular and molecular mechanisms of pathogenesis remain poorly understood?.

To analyze the genetic etiology of SCCOHT, we performed next-generation sequencing on a
series of tumors and germline samples from 12 SCCOHT cases (9 tumors with 4 matched
germline samples and 3 additional germline samples) and on the SCCOHT cell line BIN-67
(ref. 6). DNA from tumor and blood specimens was analyzed using whole-genome
sequencing (two matched tumor-normal pairs and the BIN-67 cell line) and whole-exome
sequencing (remaining samples; Supplementary Table 1). Stringent variant-calling methods
were used to identify single-base substitutions and indels (see the Online Methods and
Supplementary Table 2 for a list of the variants identified in each tumor). SARCA4, a gene
previously implicated in SCCOHT’, was the only recurrently mutated gene, bearing
inactivating mutations in six of nine tumors and in BIN-67 cells (Table 1). Two tumors
harbored two mutations each in SMARCA4, suggesting biallelic inactivation. The majority of
the mutations affected the ATPase domain and are expected to result in truncated proteins
(Fig. 1a).

Given that SCCOHT has been reported to occur in families!-8:9 and that germline mutations
of SWI/SNF complex genes have also previously been reported in highly malignant
pediatric cancers9, we evaluated SCCOHT germline samples for SMARCA4 mutations. We
discovered truncating mutations in two of the seven cases examined (Fig. 1a and Table 1),
diagnosed at ages 9 and 10 years. The case diagnosed at 9 years bore the germline
heterozygous nonsense mutation ¢.2935C>T (p.Arg979*), which truncates the SMARCA4
protein upstream of the helicase domain and bromodomain. Similarly, germline DNA from
the case diagnosed at 10 years carried a frameshift mutation in exon 4, c.
722_735delGTCCCGGCCCGGCA (p.Gly241fs), removing all essential SMARCA4
functional domains. Because we did not have matching germline DNA for five of the

Nat Genet. Author manuscript; available in PMC 2015 February 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ramos et al.

Page 3

sequenced tumors, four of which had SMARCA4 mutations, we cannot exclude the
possibility that some of the detected tumor mutations might also be present in the germ line
of these cases.

To evaluate the possible functional effects of mutations on the SMARCA4 gene product, we
assessed SMARCAA4 protein expression in SCCOHT tumors (Supplementary Table 3).
Immunohistochemical analysis of 17 tumors (8 overlapping with the 12 cases sequenced
above and an additional 9 validation cases) showed that 14 of 17 (82%) lacked SMARCA4
protein (Fig. 1b). SMARCAA4 staining was seen in only two tumors, both from pediatric
cases. One of these cases had no germline SMARCA4 mutations by exome sequencing, and
the mutational status of the second case was unknown. All samples with SMARCA4
mutation lacked detectable SMARCA4 protein. We also noted loss of SMARCBL1 protein
expression in one SCCOHT tumor (SCCO-010) that had no SMARCA4 mutations and
retained SMARCA4 protein expression (Supplementary Table 3). SMARCAA4 loss was
specific to tumor cells, as normal cells within the same sections showed robust SMARCA4
staining (Fig. 1b). The antibody to SMARCAA4 recognizes an epitope comprising amino
acids 240-277. Excepting the p.Gly241fs alteration encoded in the germ line of SCC0O-017,
all alterations were predicted to yield proteins detectable by this antibody. Thus, the
complete loss of SMARCAA4 protein observed might be consistent with nonsense-mediated
decay of mutant transcripts. Although loss of SMARCAA4 protein in tumors with wild-type
SVIARCA4 and in tumors without multiple SMARCA4 mutations suggests that other
mechanisms lead to SMARCAA4 loss, neither DNA methylation nor loss of heterozygosity
(LOH) contribute to SVIARCA4 inactivation in these cases (Supplementary Figs. 1-3 and
Supplementary Note).

To determine the specificity of SMARCAA4 loss to SCCOHT, we performed
immunohistochemistry for SMARCA4 in 485 primary ovarian epithelial, sex cord stromal
and germ cell tumors (Supplementary Table 4) as well as in normal premenopausal ovary
and fallopian tube (Supplementary Fig. 4). Only two tumors (0.4%), both clear cell
carcinomas, were negative for SMARCA4 staining. Notably, the tumors that most closely
resembled SCCOHT histologically, including all granulosa cell tumors of juvenile (n = 8)
and adult (n = 36) types, maintained SMARCA4 expression. In addition, representative cell
lines from four ovarian carcinoma subtypes as well as immortalized granulosa cells
(SVOGS) and adult granulosa tumor cells (KGNs) all maintained SMARCA4 expression as
determined by protein blotting (Fig. 1c). In contrast, the BIN-67 SCCOHT cell line, which
harbored two splice-site mutations in SMARCA4, showed complete absence of SMARCA4
protein (Fig. 1c). These results demonstrate that SMARCA4 loss is highly specific to
SCCOHT.

We have identified frequent germline and somatic SMARCA4 mutations and SMARCA4
protein loss in SCCOHT. These data suggest a tumor suppressor role for SMARCAA4,
reminiscent of data in which mice with conditional loss of Smarca4 develop ovarian cysts
and uterine tumors?L. The loss of normal SWI/SNF complex function might therefore
represent a key tumorigenic step in SCCOHT and might further constitute a key therapeutic
vulnerability in SMARCA4-deficient cells12-14, Finally, we have shown that loss of

Nat Genet. Author manuscript; available in PMC 2015 February 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ramos et al.

URLs

Methods

Page 4

SMARCAA4 protein expression is extremely specific to SCCOHT and can facilitate the
differential diagnosis of SCCOHT.

Small cell carcinoma of the ovary (SCCO) research study, https://www.tgen.org/research/
research-divisions/genetic-basis-of-human-disease/scco-research-study.aspx.

Methods and any associated references are available in the online version of the paper.

Online Methods

Clinical samples

At TGen, we established a web-based IRB-approved Health Insurance Portability and
Accountability Act-compliant protocol to facilitate the collection of biospecimens from
consenting patients with SCCOHT, their legal proxy if under 18 years of age or the loved
ones of deceased individuals. Self-reported demographic and medical history data were also
collected. At the University of British Columbia, we collected biospecimens from the
Ovarian Cancer Research Program (OvCaRe) tissue bank in Vancouver, British Columbia,
Canada; the University of Toronto in Toronto, Ontario, Canada; the Children's Oncology
Group at Nationwide Children's Hospital in Columbus, Ohio, USA; and the Hospital de la
Santa Creu i Sant Pau at the Autonomous University of Barcelona in Barcelona, Spain,
using an IRB-approved protocol. All patients signed consent forms according to IRB-
approved protocols. All of the specimens were SCCOHT, with four cases (SCCO-009,
SCCO0-010, SCCO-017 and SCCO-019) classified as large cell variants of SCCOHT in their
pathology reports. Cases of small cell carcinoma of pulmonary type were excluded from the
study.

Genomic DNA isolation

Gentra Puregene kits (Qiagen) or AllPrep kits (Qiagen) were used for DNA isolation. Fresh-
frozen tissue was disrupted and homogenized in Buffer RLT plus (Qiagen), using the Bullet
Blender (Next Advance), and transferred to a microcentrifuge tube containing Buffer RLT
plus and 1.6-mm stainless steel beads. Blood leukocytes (buffy coat) were isolated from
whole blood by centrifugation at room temperature and were resuspended in Buffer RLT
plus. All samples were homogenized and centrifuged at full speed, and lysates were
transferred to Qiagen AllPrep DNA spin columns. Genomic DNA was purified following
the manufacturer's protocol. DNA was quantified using the Nanodrop spectrophotometer on
the basis of 260 nm/280 nm and 260 nm/230 nm absorbance ratios and using Qubit assays
(Life Technologies).

Exome library preparation

Briefly, ~3 pg of high-quality genomic DNA was fragmented to a target size of 150 to 200
bp on the Covaris E210 system. Fragmentation was verified on a 2% Tris-acetate-EDTA
(TAE) gel, and fragmented samples were end repaired using the NEBNext kit (New England
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BioLabs). Repaired samples were purified using Ampure XP beads, polyadenylated at the 3’
end using the NEBNext kit and purified again with Ampure XP beads. Illumina index
adaptors were then ligated onto polyA-tailed fragments, and products were purified with
Ampure XP beads. Samples were then PCR amplified using Herculase 11 polymerase
(Agilent). Samples were next run on an Agilent Bioanalyzer to verify amplification and to
quantify them. Samples were adjusted to 147 ng/ul for a 16-h hybridization with exonic
probes using the SureSelect All Exon 50Mb Plus kit (Agilent). Captured products were then
selected for, purified and PCR amplified. Final libraries were verified and quantified using
an Agilent Bioanalyzer.

PCR-free whole-genome library preparation

Genomic DNA (3 pg) from each sample was fragmented to a target size of 300-350 bp.
Overhangs in the fragmented samples were repaired, and fragments were polyadenylated.
Diluted paired-end Illumina adaptors were then ligated onto the polyadenylated products.
After ligation, samples were run on a 3% TAE gel to separate products. Ligation products of
300 bp and 350 bp were selected for each sample, isolated from gel punches and purified.
Products were quantified using the High-Sensitivity DNA chip (Agilent) on an Agilent 2100
Bioanalyzer.

Paired-end next-generation sequencing

Tumor and normal libraries were prepared for 100-bp paired-end sequencing. Clusters were
generated using the Illumina cBot and HiSeq Paired-End Cluster Generation kits and
sequenced on an lllumina HiSeq 2000 using the Illumina HiSeq Sequencing Kit.

Mapping and variant analysis

For whole-genome and whole-exome sequencing, fastq files were aligned with Burrows-
Wheeler Aligner (BWA) 0.7.5a to hs37d5, and the SAM output file was converted into a
sorted BAM file using SAMtools 0.1.19. BAM files underwent indel realignment, duplicate
marking and recalibration steps in this order with the Genome Analysis Toolkit (GATK)
2.8-1, where dpsnp137 was used for known SNPs and Mills_and_1000G_gold_
standard.indels.b37.vcf was used for known indels. Lane-level sample BAM files were then
merged with Picard 1.91 if samples were sequenced across multiple lanes. Variant calling
was carried out with Unified Genotyper, and output VCF files were recalibrated with
VariantRecalibrator from GATK 2.8-1. SnpEff 3.2 and SnpSift 1.9¢c were then used to
annotate these VCF files with database version GRCh37.70. Only variants with a minimum
quality score of 20 were extracted. Thereafter, we excluded somatic coding variants (SNVs)
that either appeared in the 1000 Genomes Project database, the dbSNP database or the
National Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing Project database,
assuming that these SNVs might be of less importance for tumorigenesis. All SMARCA4
mutations were validated by Sanger sequencing.

Immunohistochemistry

A tissue microarray (TMA) representing nine SCCOHT cases was fabricated at TGen for
this study as previously described!®. At least two representative core punches of 0.6 mm in
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diameter were included for each case. Although no case-matched normal ovary tissue was
available, two cases were obtained with uninvolved fallopian tube tissue and were included
in the TMA. Whole slide sections from six additional SCCOHT tumor cases were used for
an immunohistochemical validation cohort. Paraffin blocks were also prepared from
formalin-fixed A549 (American Type Culture Collection) and BIN-67 cells. TMAs of
ovarian epithelial, sex cord stromal and germ cell tumors were constructed and stained at the
Genetic Pathology Evaluation Centre in British Columbia, Canada. At least two
representative core punches of 0.6 mm in diameter were included for each case. Histological
sections of normal premenopausal ovaries and fallopian tubes were obtained from the
Vancouver General Hospital Pathology archives. Unstained slides were processed using the
Ventana Discovery Ultra system (Ventana Medical Systems), using a rabbit monoclonal
antibody to SMARCA4 (BRG1; Abcam, ab110641; 1:25 dilution) and mouse monoclonal
antibody to SMARCBL1 (INI1; BD Transduction Laboratories, 612110; 1:50 dilution). The
antibody to SMARCB1 was used to confirm the antigenic reactivity of the tumor cells and
cell lines that were negative for SMARCA4 expression. Tumors were scored positive if any
tumor cell nuclei showed moderate to strong (definite) positive nuclear staining. Tumors
were scored negative when tumor cells showed no nuclear staining only if there was
adequate nuclear staining of an internal positive control (endothelial cells, fibroblasts or
lymphocytes). No cytoplasmic staining was seen for SMARCAA4.

Protein blot analysis

Whole-cell extracts were prepared in RIPA buffer containing protease and phosphatase
inhibitors. Lysates were electrophoresed by 8% SDS-PAGE, blotted onto nitrocellulose,
probed overnight with primary antibodies to SMARCA4 (see above; 1:1,000 dilution) and
vinculin (Sigma, V9131; 1:60,000 dilution) incubated for 1 h with horseradish peroxidase
(HRP)-conjugated secondary antibodies (Sigma) and visualized using ECL-Plus (GE Life
Sciences). The lung cancer cell line A549, previously shown to lack SMARCA4 proteinl3,
was used as a negative control. All cell lines were confirmed to be negative for mycoplasma
contamination.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Inactivating germline and somatic SMARCA4 mutations identified in SCCOHT. (a)
Schematic of the SMARCAA4 protein showing the location of the alterations identified in
SCCOHT germline and tumor DNA samples. QLQ, GlIn, Leu, GIn motif; HSA, helicase/
SANT-associated domain; BRK, brahma and kismet domain; DEXDc, DEAD-like helicase
superfamily domain; HELICc, helicase superfamily C-terminal domain; Bromo,
bromodomain. (b) SMARCA4 immunohistochemistry analysis. Representative images of
SMARCAA4-negative SCCOHT tumors. Only two tumor cases showed positive nuclear
staining for SMARCA4 (SCCO0-018 shown). 200x magnification; scale bars, 100 um.
Immunohistochemistry of A549 cells for SMARCA4 and SMARCB1 was used for negative
and antibody specificity controls, respectively. 400x magnification; scale bars, 50 um. (c)
SMARCAA4 protein expression in representative cell lines from five major ovarian
carcinoma subtypes (small cell, BIN-67; high-grade serous, OVSAYO; clear cell, TOV21G;
endometrioid, A2780; low-grade serous, VOA1312), immortalized granulosa cells (SVOG)
and an adult granulosa cell tumor cell line (KGN). Lung (A549) and gastric (GP202)
carcinoma cell lines were included as negative and positive SMARCAA4 expression controls,
respectively.
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