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A growing number of studies suggest critical tumor suppressor roles of the SWI/SNF chromatin remodeling
complex in a variety of human cancers. The recent discovery of SMARCA4-deficient thoracic sarcomas has
added to the list of tumor groups with the SMARCA4 inactivating mutation. To better characterize these tumors
and establish their nosological status, we undertook a clinicopathological and molecular analysis of 12
SMARCAA4-deficient thoracic sarcomas and compared them with three potentially related disease entities. Eleven
men and one woman with SMARCAA4-deficient thoracic sarcomas (aged 27-82 years, median 39 years) were
included in the study. Most of the patients had heavy smoking exposure and pulmonary emphysema/bullae. The
primary tumors were large and involved the thoracic region in all cases and simultaneously affected the
abdominal cavity in 3 cases. The patients followed a rapid course, with a median survival of 7 months.
Histologically, all tumors showed diffuse sheets of mildly dyscohesive, relatively monotonous, and
undifferentiated epithelioid cells with prominent nucleoli. Inmunohistochemically, all tumors demonstrated a
complete absence (8 cases) or diffuse severe reduction (4 cases) of SMARCA4 expression. Cytokeratin, CD34,
SOX2, SALL4, and p53 were expressed in 6/12, 10/12, 10/12, 10/12, and 7/10 cases, respectively. SMARCA2
expression was deficient in 11/12 cases, and none (0/8) expressed claudin-4. Targeted sequencing was
performed in 5 cases and demonstrated the inactivating SMARCA4 mutation in each case and uncovered
alterations in TP53 (5/5), NF1 (2/5), CDKN2A (2/5), KRAS (1/5), and KEAP1 (1/5), among others. Comparative
analysis supported the distinctiveness of SMARCA4-deficient thoracic sarcomas as they were distinguishable
from 13 malignant rhabdoid tumors, 15 epithelioid sarcomas, and 12 SMARCAA4-deficient lung carcinomas based
on clinicopathological and immunohistochemical grounds. SMARCA4-deficient thoracic sarcomas constitute a
unique, highly lethal entity that requires full recognition and differentiation from other epithelioid malignancies
involving the thoracic region.
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plex is an evolutionarily conserved ATP-dependent
chromatin remodeling complex that plays important
roles in transcription, differentiation, and DNA
repair. Each complex is comprised of multiple
subunits that have a mutually exclusive ATP-
dependent catalytic unit, either SMARCA4 (BRG1)
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or SMARCA2 (BRM), core regulatory subunit such as
SMARCB1 (INI1, BAF47), and other variant subunits
including ARID1A (BAF250a).! Recent studies
revealed critical tumor suppressor roles of SWI/
SNF complex as 20% of human cancers harbor
mutations of its subunits.?3 For example, atypical
teratoid/rhabdoid tumors and its extra-cranial analog
involving the kidney or soft tissues, collectively
referred hereafter as malignant rhabdoid tumors, are
characterized by the consistent (>95%) presence of
bi-allelic inactivating mutations of the SMARCB1
gene* and the resultant immunohistochemical loss of
SMARCB1 expression.® A subset of SMARCB1-intact
malignant rhabdoid tumors harbors SMARCA4
mutations, leading to the loss of SMARCA4
immunoexpression.®” Similarly, more than 90% of
epithelioid sarcomas lack SMARCB1 expression,?
commonly due to the homozygous deletion of the
encoding gene. More recently, an inactivating
mutation of SMARCA4 (or rarely SMARCB1) was
identified in >95% of small cell carcinomas of the
ovary, hypercalcemic type,'®!3 and studies showed
a high utility of SMARCA4 immunohistochemical
loss in the diagnosis of this rare cancer that affects
young women. 416

The SWI/SNF complex mutations can also occur in
common carcinomas in older population, and exam-
ples include ARID1IA mutations in endometrial
carcinomas and SMARCA4 mutations in lung
carcinomas.'® SMARCA4 mutation and/or loss of
SMARCA4 immunoreactivity in lung cancers occurs
in ~10% of poorly differentiated adenocarcinomas,
which are wild type for EGFR and ALK, typically
affect smoking men, and are associated with worse
survival.17~1® In addition, SWI/SNF complex abnorm-
ality occurs in the process of carcinoma dedifferentia-
tion. For example, SMARCA4 or SMARCB1
deficiency occurs in 24-50% of dedifferentiated
endometrial adenocarcinomas, in which SWI/SNF-
deficient undifferentiated growth develops from the
SWI/SNF-proficient better-differentiated endome-
trioid adenocarcinomas.?%-24 Dedifferentiated carci-
nomas with SMARCA4 or SMARCB1 deficiency were
also reported in the ovary, colon, and urinary
tract.2-27 Abnormal DNA mismatch repair protein
expression was noted in 65-75% of endometrial
dedifferentiated carcinomas???223 and a subset of
colonic dedifferentiated carcinomas,?” suggesting a
potential synergistic role of the SWI/SNF and DNA
mismatch repair pathways in cancer development.

Recently, Le Loarer et al.?® described 19 patients
with a high-grade thoracic neoplasm that harbored
SMARCA4 inactivating mutation and loss of
SMARCA4 immunoexpression. Consistent clinico-
pathological findings and distinctive expression
profile led to the proposal of a new entity,
SMARCA4-deficient thoracic sarcomas. In order to
better characterize this emerging entity and to
establish its nosological status, we undertook a
clinicopathological and molecular analysis of our
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archival cases and compared them with potentially
related diseases.

Materials and methods
Cases

After receiving approval from the institutional review
board (2014-089), we retrieved unclassifiable round
cell or epithelioid-cell sarcomas from the pathology
files of the National Cancer Center Hospital, Tokyo,
Japan. We also identified a few tumors that had been
originally diagnosed as epithelioid sarcomas despite
the absence of SMARCB1 deficiency. In addition,
high-grade tumors that were originally suspected or
diagnosed as undifferentiated carcinomas, not other-
wise specified, that either affected the thoracic region
or lacked clear information on the primary sites were
retrieved. Some tumor samples that met the above
search criteria were also contributed from the Koma-
gome Hospital, Tokyo, Japan. We ultimately collected
42 tumors for which materials were available, and all
were immunostained with SMARCA4 antibody. As a
result, 14 tumors presented with complete loss or
severe diffuse reduction of nuclear immunoreactivity
of SMARCAA4. Of these, 2 tumors mainly affected both
the ovary and uterus without significant thoracic
involvement, and they were excluded from the study
cohort as they may represent either small cell
carcinomas of the ovary, hypercalcemic type or
dedifferentiated endometrial carcinoma. The remain-
ing 12 tumors are the subjects of the analysis.

Comparative Cohort

For comparative purposes, we collected three differ-
ent tumor entities, whose relationship with
SMARCAA4-deficient thoracic sarcomas is potentially
controversial. They included 13 malignant rhabdoid
tumors (all in pediatric patients), of which 11 lacked
SMARCB1 expression and 2 were deficient for
SMARCA4 expression (complete loss in 1 case and
marked reduction in 1 case), and 12 epithelioid
sarcomas (all in adults), all of which lacked
SMARCB1 expression. In addition, we retrieved 12
lung adenocarcinomas that were deficient for
SMARCA4 immunoexpression (complete loss in 9
cases and severe reduction in 3 cases), 4 of which
(including 1 with reduced SMARCA4 staining) were
known to harbor SMARCA4 mutations as determined
by previous studies.'®2?° Their clinicopathological
data are provided in Supplementary Tables 1-3.

Immunohistochemistry

A paraffin section of 4-pm thickness was cut from the
representative block of each tumor, and routinely
deparaffinized. Heat-induced antigen retrieval was
performed. The primary antibodies used were cytoker-
atin (AE1/AE3, 1:100; Dako, Glostrup, Denmark),



SMARCB1 (25/BAF47, 1:100; BD Biosciences, Frank-
lin Lakes, NJ, USA), SMARCA4 (EPNCIR111A, 1:200;
Epitomics, Burlingame, CA, USA), SMARCA2
(HPA029981, 1:800; Sigma-Aldrich, St. Louis, MO,
USA), CD34 (QBEnd10, 1:100; Dako), SALL4 (6E3,
1:1000; Abnova Corporation, Taipei, Taiwan), and
SOX2 (AB5603, 1:1000; EMD Millipore, Billerica,
MA, USA). p53 (DO-7, 1:100; Dako), TTF-1 (8G7G3/1,
1:100, Dako), and claudin-4 (3E2C1, 1:500, Zymed
Laboratories, San Francisco, CA, USA) antibodies were
used for selected entities. Because previous studies
showed a common occurrence of abnormal DNA
mismatch repair protein expression in SWI/SNF-
deficient dedifferentiated carcinomas,???3 we analyzed
mismatch repair protein status by a proposed 2-
antibody panel using MSH6 (EP49, 1:400; Dako) and
PMS2 (EP51, 1:200; Dako).3% The reactions were
detected using the EnVision system (Dako). Reactions
that labeled at least 1% of the cells were considered
positive for CD34 (membranous), SALL4 (nuclear),
SOX2 (nuclear), and claudin-4 (membranous). The
intensity of the staining was graded as negative, weak,
moderate, or strong, and the extent was classified as
negative (< 1%), 1+ (1 to <10%), 2+ (10-50%), or 3+
(>50%). When the intensity was heterogeneous, the
most prevalent intensity was recorded. p53 was
considered overexpressed (positive) when >50% of
tumor cells expressed strong nuclear expression, while
the reactions falling short of this criterion were deemed
negative. For SMARCB1, MSH6, and PMS2, the
reactivity was considered deficient when all tumor
cells showed complete absence in the background of
intact positive controls (ie, non-neoplastic cells). For
SMARCA4 and SMARCA2, the reactivity was con-
sidered deficient when there was complete absence or
severe diffuse reduction of staining in the background
of intact positive controls (ie, non-neoplastic cells).
Other immunohistochemical data were retrieved from
the original pathology report. The results of SALL4 and
CD34 for a subset of epithelioid sarcomas and mali-
gnant rhabdoid tumors were previously reported.®!

Genetic Analysis

The results of cytogenetic and molecular genetic
studies documented in the medical record were
reviewed. In addition, to determine the mutation
status of SMARCA4 and other oncologically relevant
genes, targeted next generation sequencing analysis
was performed using an original cancer gene panel,
NCC oncopanel v4. We examined 5 cases whose
tumor tissues (2 snap frozen and 3 formalin-fixed
paraffin-embedded materials) were applicable to this
analysis. NCC oncopanel v4 was designed using
SureDesign (Agilent Technologies, Santa Clara, CA,
USA) to capture all coding exons of 114 genes and
reported translocated introns of 12 genes
(Supplementary Table 4). Sequencing libraries were
prepared using SureSelect XT reagent (Agilent Tech-
nologies). Paired-end sequencing (2x150bp) was
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performed on NextSeq sequencer (Illumina, San
Diego, CA, USA). Mutations (single-nucleotide varia-
tions and short insertions and deletions), gene
amplifications, and gene fusions were detected using
an in-house program cisCall (Kato et al., manuscript
in preparation). For elimination of single-nucleotide
polymorphism, we used 1000 Genomes (http://www.
1000genomes.org), ESP6500 (http://evs.gs.washing
ton.edu/EVS/), Human Genetic Variation Database
(http://www.genome.med.kyoto-u.ac.jp/SnpDB), and
in-house Japanese germ-line single-nucleotide poly-
morphism data. In addition to known oncogenic
mutations, COSMIC database (http://cancer.sanger.
ac.uk/cosmic/)-registered mutations and truncation
mutations were considered functionally important
mutations as shown in Supplementary Table 5. Other
mutations were judged as variants of unknown
significance or single-nucleotide polymorphisms.
The assay has been used in clinical practice.?

Statistical Analysis

Overall survival, which was measured from the date
of the patient’s presentation to the facility where
treatment was initiated, was determined using the
Kaplan—-Meier method. The analysis was performed
using SPSS software version 20.0 (IBM Corporation,
Armonk, NY, USA).

Results
Clinical Findings

The clinical findings of SMARCA4-deficient thoracic
sarcomas are summarized in Table 1. The tumors
occurred in 11 men and 1 woman with ages that
ranged from 27 to 82 years (median, 39 years). All
patients were Japanese. Smoking history was available
for 10 patients, 7 of whom reported heavy (>20
pack x years) smoking exposure. By radiography (and
subsequent autopsy examination in a few cases), 10/12
patients had bilateral pulmonary emphysema, bullae,
or both, including 2 patients who reported no smoking
history. None of the 11 patients tested showed
hypercalcemia. Tumor serum marker status was
available for 9 cases, and neuron-specific enolase,
carcinoembryonic antigen, squamous cell carcinoma
antigen, CA125, and human chorionic gonadotropin
levels were mildly increased in 6 out of 7, 1 out of 6, 1
out of 5, 2 out of 5, and 2 out of 3 cases tested,
respectively. CA19.9, pro-gastrin-releasing peptide,
and alpha fetoprotein were not elevated in 6, 5, and
4 cases tested, respectively. The primary tumor sites
were the thoracic wall, thoracic cavity, mediastinum,
or the lung in 9 cases, and they were large (Figure 1).
Among these, 8 tumors involved the thoracic cavity at
least focally, whereas 1 tumor (in case 6) involved the
axillary soft tissue without involvement of the thoracic
cavity. Case 12 presented with a 7.8 cm mass involving
the right upper lobe of the lung and the mediastinum,
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Table 1 Clinical summary of SMARCA4-deficient thoracic sarcomas

Outcome (follow-up)

Treatment

Metastatic sites

Primary site (size in cm)

Age (yv)/ sex TOB (pxy) Lung status

Cases
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AWD (0.5 mo)
DOD (1 mo)

Palliation

Stomach

Lung hilum (3.7) or abdominal cavity (9)?

Lung to mediastinum (6)

Emphysema
Bullae

50
28
55

71/M
34/M
75/M
29/F
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DOD (1.5 mo)
DOD (9.5 mo)

Chemo, radiation

Lung, liver, adrenal, bone, subcutis  Palliation
Palliation

LN, liver
Ovary

Mediastinum (8) or pelvis (9)?

Lung (7.8)?

Emphysema, bullae
Emphysema

28

Abbreviations: AWD, alive with disease; DOD, died of disease; F, female; LN, lymph node; M, male; mo, months; NA, data not available; pxy, pack x years; TOB, smoking status.

aSee text for details.
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and subsequently developed a large ovarian tumor in
4 months; because the ovarian mass was undetectable
at the initial workup for staging, the tumor was
considered metastasis from the primary lung cancer.
In 3 cases (cases 3, 9, and 11), determining the primary
tumor site was problematic. Case 3 presented with a
6.5cm lung mass and 2 retroperitoneal masses
measuring 11 cm and 8.5 cm. Case 9 presented with
a 3.7 cm lung mass and a 9 cm abdominal mass. Case
11 presented with an 8 cm mediastinal mass and a
9 cm pelvic mass. No tumor arose from the extremities
or genital regions. Most patients presented with
metastatic diseases. The tumors were resected for
palliative purposes in 2 patients, and the remaining 10
patients received biopsy only. Chemotherapy was
administered to 6 patients. The chemotherapy regi-
mens varied, which reflected the heterogeneous
diagnoses originally rendered. Overall, the tumors
were resistant to chemotherapy, although transient
response to adriamycin-ifosfamide treatment was
reportedly achieved in 1 case. Eight patients died
1-13 months after presentation because of their
diseases, while 4 patients were alive with their
diseases at 0.5 and 7 months after presentation. The
estimated median overall survival duration was
7 months. Autopsy was performed for 2 cases.

Pathological Findings

The gross findings were available for 4 cases, and the
tumors were described as white or soft. The numbers
of glass slides available for the histological analyses
ranged from 1 to 39 (median, 2). The tissue types
were biopsies only for 8 tumors, both biopsies and
autopsy specimens for 2 tumors, and resections for 2
tumors. Histologically, all tumors showed similar
histology comprising diffuse sheets of mildly
dyscohesive large epithelioid cells (Figures 2a and
b). The tumor cells harbored amphophilic or lightly
eosinophilic cytoplasm with focal clearing in some
cases and their nuclei exhibited vesicular chromatin
and 1-3 prominent nucleoli (Figures 2c and d).
Rhabdoid cells were present in 6 cases with their
number varying from rare to focal (Figure 2d inset).
Two tumors contained focal spindled component
(Figure 2e). The tumor cells were relatively
monotonous with at most mild nuclear pleomorph-
ism in all but 3 cases, the latter of which focally
exhibited moderate degree of pleomorphism.
Mitotic figures were plentiful in all cases ranging
3—12/high power field. All tumors showed geo-
graphic necrosis. No case demonstrated clear evi-
dence of differentiation in the form of glandular
formation, papillary structure, keratinization,
neuroendocrine morphology, or specific mesenchy-
mal lineage. One exceptional finding noted in 1 case
(case 11) was a prominent myxoid stroma in which
tumor cells grew in a reticular manner (Figure 2f).
The original pathological diagnoses were inconclu-
sive in 9 cases, all of which were however
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Figure 1 Computed tomography scan of SMARCA4-deficient thoracic sarcomas showed large tumors involving the thoracic structures
such as the chest wall (a, case 1), the mediastinum, and/or the lung (b, case 5). In 3 cases, the patients presented with masses in both
thoracic (c, case 3) and abdominal cavities (d, case 3). Most patients showed pulmonary emphysema and/or bullae (see lung parenchyma

in ¢). Arrows indicate masses.

interpreted as high-grade malignancy, with
sarcomas or carcinomas being variably favored.
Three tumors originally received definitive diag-
noses of undifferentiated carcinoma, large-cell
variant of Ewing sarcoma, and proximal-type epithe-
lioid sarcoma.

Immunohistochemical Findings

The immunohistochemical results obtained for this
study are summarized in Table 2. As per inclusion
criteria, all tumors demonstrated complete lack
(8 cases, Figure 3a) or diffuse severe reduction
(4 cases, Figure 3b) of SMARCA4 expression.
Cytokeratin (AE1/AE3), CD34, SOX2, and SALL4
were expressed in 6, 10, 10, and 10 cases, respec-
tively (Figures 4a—d). SMARCB1 was retained in all 9
cases tested, and SMARCA2 expression was defi-
cient in 11 cases (Figure 4e). p53 expression was
positive in 7 out of 10 cases tested, all of which
exhibited diffuse strong staining in >90% of cells

(Figure 4f). Claudin-4 was negative in all 8 cases
tested. DNA mismatch repair protein status was
examined for 8 tumors (cases 1-3, 6, and 9-12), and
all retained PMS2 and MSH6 expression. All cases
were extensively worked up at the time of original
diagnosis, and the results included positive reactiv-
ity to CAM5.2 (1/1), CK7 (1/3), TTF-1 (1/10, focal),
epithelial membrane antigen (8/10), vimentin (7/7),
CD138 (1/2), CD99 (3/6), synaptophysin (1/4), and
WT1 (1/4, nuclear). The tumors were negative for
CK20 (0/3), 34pE12 (0/1), p40 or p63 (0/5), napsin A
(0/3), HNF4a (0/5), NUT (0/4), anaplastic lymphoma
kinase (0/2), CD45 (0/7), CD20 (0/4), CD79a (0/4),
CD3 (0/4), CD5 (0/3), TdT (0/1), CD30 (0/6), CD31
(0/4), ERG (0/2), S100 protein (0/10), HMB45 (0/2),
Melan A (0/1), NKX2.2 (0/8), chromogranin A (0/3),
CD56 (0/2), placental alkaline phosphatase
(0/3), c-kit (0/6), human chorionic gonadot-
ropin (0/2), alpha fetoprotein (0/2), OCT3 (0/7),
MUC4 (0/2), smooth muscle actin (0/4), HHF35
(0/2), desmin (0/7), and myogenin (0/4).
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monotonous with mild nuclear pleomorphism and harbored amphophilic or lightly eosinophilic cytoplasm, vesicular chromatin, and
prominent nucleoli (c and d). Rhabdoid cells were focally present in 6 cases (d inset). Two tumors showed spindle cell component (e), and
one case focally showed a prominent myxoid stroma with reticular growth (f).

Molecular Findings

Previously performed fluorescence in situ hybridiza-
tion (FISH) assessments showed negative gene
rearrangements for EWSR1 in 2 tumors and CIC in
2 tumors. In 3 tumors, conventional G-banded
karyotyping was performed at outside institutions

MODERN PATHOLOGY (2017) 30, 797-809

and all were reported to harbor complex karyotypes
(see Supplementary Table 6 for details). The targeted
sequencing was performed in 5 cases, each of which
harbored inactivating SMARCA4 mutations, includ-
ing nonsense or frame-shift mutations. Additional
gene aberrations were detected in TP53, NF1, KRAS,
KEAP1, CDKN2A, ARID1A, EP300, CREBBP, and



Cases SMARCA4 IHC SMARCA2 IHC AE1/AE3 IHC CD34 IHC SOX2IHC SALL4 IHC p53 IHC Claudin-4 IHC SMARCA4 mutation Other genetic alterations®

Table 2 Immunohistochemical and molecular results of SMARCA4-deficient thoracic sarcomas

MAP3K1, RET, NTRK3, TP53, NF1
CDKN2A, CREBBP, TP53, NF1, EP300

TP53, KEAP1
ARID1A, PTCH1, TP53

NA
NA
NAC°
NA
NAC°
NAc°
NA

1658del19 (L553fs)
2396delA (H799fs)
1629delC (D543fs)

C3034T (Q1012X)
G2098T (E700X)

NA
NA
NA
NA
NA
NA
NA

~ N~ —~—~—

Lost
Lost
Lost
Lost
Lost
Retained
Lost
Lost
Lost
Lost
Lost
Lost

Reduced

Lost
Reduced
Lost
Reduced
Lost
Lost
Reduced

Lost
Lost
Lost
Lost

10

11
12

HANM I O N

CDKN2A, KRAS, TP53, MYC (amp)

vy known, registered, or truncated mutations are listed; refer to Supplementary Table 5 for the full list of the detected mutation variants.

Staining in < 1% of cells.

Abbreviations: amp, amplification; IHC, immunohistochemistry; m, moderate; NA, data not available; neg, negative; pos, positive; s, strong; w, weak.
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®Complex karyotypes by conventional cytogenetics.
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MYC among others (Table 2 and Supplementary
Table 5). The presence of MYC amplification in case
12 was verified by FISH.

Clinicopathological Comparison with Potentially
Related Entities

The clinicopathological characteristics of 12
SMARCA4-deficient thoracic sarcomas were com-
pared to those of 3 potentially related entities. The
results are presented in the Supplementary Tables
1-3 and the comparative data are listed in Table 3.

Malignant rhabdoid tumors (n=13) occurred in 8
boys and 5 girls with a median age of 1 year (range, 0—
11 years). The primary sites were the central nervous
system (atypical teratoid rhabdoid tumors) in 5 cases
and extra-cranial sites in 8 cases. Malignant rhabdoid
tumors demonstrated sheets of dyscohesive epithe-
lioid to rhabdoid cells with some spindle components,
a similar histomorphology to SMARCA4-deficient
thoracic sarcomas. Although all SMARCA4-deficient
thoracic sarcomas were deficient in SMARCA4, most
(11/13) malignant rhabdoid tumors lost SMARCBI,
while the remaining 2 were deficient in SMARCAA4.
Other immunoprofiles of malignant rhabdoid tumors
were similar to SMARCA4-deficient thoracic sarco-
mas, in that many expressed CD34 (6/13), SOX2
(10/13), and SALL4 (12/13). In addition, similar to
thoracic sarcomas, SMARCA2 expression was defi-
cient in 6 out of 12 malignant rhabdoid tumors
successfully tested. The remaining 6 cases exhibited
heterogeneous SMARCA2 staining, in which geo-
graphic foci of staining loss or reduction were inter-
spersed among immunopositive area (Supplementary
Figure 1). p53 was overexpressed in none of the 13
malignant rhabdoid tumors tested.

Epithelioid sarcomas (n=15) occurred in 10 men
and 5 women with a median age of 34 (range, 20-52
years). They occurred in the genital/inguinal region
(6), extremity (5), trunk wall (3), and head and neck
(1), and histologically classified as distal (7), proximal
(5), or hybrid (3) types. Although distal-type epithe-
lioid sarcomas were morphologically distinctive due
to granuloma-like arrangement, proximal-type mor-
phology overlapped with that of SMARCA4-deficient
thoracic sarcomas. Co-expression of cytokeratin and
CD34 was shared by 11 out of 15 epithelioid sarcomas
and 4 out of 12 SMARCA4-deficient thoracic sarco-
mas. However, epithelioid sarcomas were distin-
guished from thoracic sarcomas, because all but 1
epithelioid sarcomas lacked expression of SOX2 and
SALL4, and 14 out of 15 epithelioid sarcomas
retained SMARCAZ2 reactivity.

SMARCA4-deficient lung carcinomas (n=12)
occurred in 11 men and 1 woman with a median
age of 55.5 years (range: 44—69 years). Most (11/12)
reported a heavy smoking history. All SMARCA4-
deficient lung carcinomas were adenocarcinomas in
this study, and morphologically different from
SMARCA4-deficient thoracic sarcomas, because

MODERN PATHOLOGY (2017) 30, 797-809
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Figure 3 SMARCA4-deficient thoracic sarcomas demonstrated complete lack (8 cases, a) or severe global reduction (4 cases, b) of
SMARCA4 expression. Note endothelial and inflammatory cells as internal positive controls.

carcinomas demonstrated sheets of more decidedly
cohesive epithelial cells with only 1 tumor showing
focal dyscohesive growth. Significant pleomorphism
was present in 7/12 lung carcinomas, unlike rela-
tively uniform cytology in most thoracic sarcomas.
None of the carcinomas contained rhabdoid cells.
The histological growth pattern deficient in
SMARCA4 expression was solid in 7, acinar in 1,
and both solid and acinar in 4 cases. In addition, 4
carcinomas showed concomitant SMARCA4-
proficient better-differentiated element with a sharp
border to SMARCA4-deficient growth (Supplem-
entary Figure 2). All SMARCA4-deficient lung
carcinomas expressed cytokeratin in a strong diffuse
manner unlike often weak focal expression in
thoracic sarcomas. TTF-1 was focally expressed in
6 of 12 lung carcinomas unlike focal weak expres-
sion in only 1 thoracic sarcoma. SOX2 expression
was uncommon (4/12) in lung carcinomas with only
1 case showing diffuse strong staining, and none
expressed CD34 or SALL4. SMARCA2 expression
was retained in all but 1 lung carcinomas. Claudin-4
was expressed in all 12 carcinomas.

Discussion

The clinicopathological findings of the cases
reported herein are remarkably similar to those
originally documented by Le Loarer et al.?® and
validate the concept of SMARCA4-deficient thoracic
sarcomas. Totaling these 2 reports, 31 SMARCA4-
deficient thoracic sarcomas affected 27 men and 4
women (median, 40 years). Our study, however,
suggested a broader disease spectrum than that
originally reported. First, the clinical presentation
included abdominal diseases in 3 of our cases. These
tumors exhibited otherwise classic features and
indeed showed simultaneous thoracic components,
and in retrospect, they were compatible with

MODERN PATHOLOGY (2017) 30, 797-809

thoracic primary metastatic to the abdominal cavity,
although strict exclusion of abdominal primary was
impossible. In this connection, our case 12 devel-
oped a large ovarian metastasis, and without clinical
history, it might have been misinterpreted as small
cell carcinomas of the ovary, hypercalcemic type.
Along with our 2 excluded cases that involved both
the uterus and ovary, these examples highlight the
importance of clinical data to tumor classification.

Second, 4 of our SMARCA4-deficient thoracic
sarcomas exhibited severe reduction of SMARCA4
staining rather than complete absence of reactivity.
This observation expanded the data by Le Loarer
et al,?® where all the cases showed complete lack of
SMARCA4 expression using the same antibody
clone as in our study. The staining reduction was
diffuse against the intact internal positive control,
and, thus, was unlikely to be attributed to tissue
degradation or fixation.?! This reduced labeling was
confirmed when staining was performed at a
different institution (Komagome Hosp.) for 2 selected
cases (cases 3 and 10) where adequate amounts of
tissue were available (data not shown). These tumors
demonstrated otherwise typical features and one of
them that was sequenced indeed harbored a frame-
shift SMARCA4 mutation, justifying their inclusion
into the study cohort. Previous studies of small cell
carcinomas of the ovary, hypercalcemic type docu-
mented reduced SMARCA4 expression in a small
subset, some of which harbored SMARCA4 genetic
inactivation.1%131% The relationship between SWI/
SNF gene mutation and the deficiency of its protein
product is known to be complex,10:13:18:33=36 gpd
clinicopathological findings and other marker status
should be considered in problematic cases.

The nosological status of SMARCA4-deficient
thoracic sarcoma can be controversial, and their
relationship with malignant rhabdoid tumor, epithe-
lioid sarcoma, and SMARCA4-deficient lung carci-
noma needs particular clarification. Despite
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Figure 4 SMARCAA4-deficient thoracic sarcomas expressed cytokeratin (a), CD34 (b), SOX2 (c), and SALL4 (d) in 50, 83, 83, and 83% of
cases, respectively. They were deficient in SMARCA2 expression in 92% of cases (e, note endothelial and inflammatory cells as internal

positive controls), and p53 was overexpressed in 70% of cases (f).

overlapping morphological and expression profiles
(eg, cytokeratin, CD34, SOX2, SMARCA2, and
SALL4) as demonstrated in the present and
previous?837:38 studies, malignant rhabdoid tumors
affect a much younger population than SMARCA4-
deficient thoracic sarcomas and SMARCA4-deficient
extra-cranial malignant rhabdoid tumors have thus

far been documented only in young children.”-?8
Malignant rhabdoid tumors are associated with
germ-line mutation of SMARCB1 or SMARCA4 in a
third of cases,”*® whereas no SMARCA4 germ-line
mutation has been identified in SMARCA4-deficient
thoracic sarcomas.?8 In contrast to a simple genomic
change of malignant rhabdoid tumors,*® SMARCA4-
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Table 3 Clinical and immunohistochemical comparisons among studied entities
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0/12 (0%)
TTF-1 (6/12, 50%) and

1/15 (7%)

12/13 (92%)
P53 (0/13, 0%)

10/12 (83%)
p53 (7/10, 70%), TTF-1 (1/10, 10%), and

SALL4 expression

Others

Claudin-4 (12/12, 100%)

Claudin-4 (0/8, 0%)

Abbreviation: CNS, central nervous system.

8The remaining 6 malignant rhabdoid tumors exhibited heterogeneous loss of SMARCA2.
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deficient thoracic sarcomas are characterized by a
complex genomic profile.?2®8 As a reflection of
differential TP53 mutation status,?849 most
SMARCAA4-deficient thoracic sarcomas exhibit dif-
fuse strong p53 labeling unlike malignant rhabdoid
tumors.

In contrast to epithelioid sarcomas, none of the
SMARCA4-deficient thoracic sarcomas affected the
extremities or genital regions. Over 90% of epithe-
lioid sarcomas lack SMARCB1 expression and retain
SMARCA4, and whether rare SMARCB1-intact
epithelioid sarcomas could lack SMARCA4 instead
remains unknown. Li et al.*! studied 23 epithelioid
sarcomas, including 5 SMARCB1-intact examples,
and found no case deficient in SMARCA4. In
Le Loarer et al?® 6 out of 18 SMARCB1-intact
epithelioid sarcomas were SMARCA4 deficient on
initial screening, all of which were reclassified later
as  SMARCA4-deficient  thoracic  sarcomas.
SMARCA4-deficient thoracic sarcomas often express
SOX2, SALL4, and typically lack SMARCA2 expres-
sion, an immunoprofile opposite to that of epithe-
lioid sarcomas. Our case 6 was therefore exceptional,
because it retained SMARCA2 and lacked SOX2 and
SALL4 expression. This case involving the axillary
thoracic wall was the only in our cohort for whom
the tumor burden did not affect the thoracic cavity
and histologically contained significant spindle cell
component. This case was originally diagnosed as
proximal-type epithelioid sarcoma, and it might
actually represent one with novel SMARCA4 inacti-
vating mutation in light of these phenotypic differ-
ences, although its clinical course was similar to the
other cases.

Unlike SMARCA4-deficient thoracic sarcomas,
most SMARCA4-deficient lung carcinomas showed
cohesive solid sheets of epithelial cells with
enhanced pleomorphism in some cases, a half of
which also contained more differentiated growth
pattern. The differential immunoprofile included
staining pattern of cytokeratin (diffuse vs focal),
TTF-1, CD34, SOX2, SALL4, SMARCA2, and
claudin-4. Low level of SOX2 expression in our
carcinoma cohort is likely related to adenocarcinoma
lineage, because SOX2 is often expressed in squa-
mous cell carcinomas.*?> SALL4 can be expressed in
rare (<0.5%) lung adenocarcinomas often with
fetal-lung-like morphology,*® but such a morphology
was not included in our present cohort. Our study
expanded the recently proposed utility of claudin-4
staining to differentiate SWI/SNF-deficient carcino-
mas from sarcomas.**

Although the present data highlighted the pheno-
typic distinctiveness of SMARCA4-deficient thoracic
sarcomas as compared with lung carcinomas, a
hypothesis may still be raised that they may be of
epithelial derivation, in light of the consistent
thoracic location, epithelioid appearance, and focal
cytokeratin expression in half of the cases. These
lesions have been considered sarcomas principally
because of the young age of the affected patients,



extremely large size, phenotypic similarity to malig-
nant rhabdoid tumor, and the lack of true epithelial
structures (eg, glands or papillae). However, many
tumors at least focally involved the lung and the
most were diagnosed by biopsy alone without
examining the entire tumors. They occurred char-
acteristically in male smokers with emphysema/
bullae and often genetically harbored C:G/A:T
transversions similar to smoking-associated lung
carcinomas.?® Further, among the aberrations that
we identified, that involving KRAS is more com-
monly associated with epithelial tumors, and KEAP1
has been listed as one of the most significantly
mutated gene in lung adenocarcinomas as com-
pared to other tumor types.*? In lung carcinomas,
the mutations in NF1, KRAS, and SMARCA4 are
known to be more common in smoking-related
adenocarcinomas.'®4% Together, these data might
implicate, albeit only circumstantially, some related-
ness between SMARCAA4-deficient thoracic sarcomas
and smoking-related lung adenocarcinomas. Rare
TTF-1 expression in the former as reported
previously?® and by ourselves might also be under-
stood along this line.

In this context, the analogy of SMARCA4-deficient
thoracic sarcomas to the undifferentiated component
of dedifferentiated endometrial carcinomas might be
worth exploring. SMARCA4-deficient dedifferen-
tiated endometrioid carcinomas are consistently
co-deficient in SMARCA2,2?2 and may express
SALL4 and/or CD34.2146 One example in our
archive lacked claudin-4 expression (Yoshida,
unpublished data). In most reported cases, the undif-
ferentiated component predominated and sometimes
eclipsed the preexisting glandular component.?1-23
Similar SWI/SNF-deficient dedifferentiation and
undifferentiated proliferations unaccompanied by
better-differentiated element were also docum-
ented in other organs.?5-274447.48,  Whether
SMARCA4-deficient thoracic sarcomas might have
originated via similar dedifferentiation mechanism
from precursor epithelial lesions requires study
involving a large number of cases, which should
include rigorously dissected surgical or autopsy
specimens. In contrast to some SWI/SNF-deficient
dedifferentiated carcinomas,???2*® none of our 8
SMARCA4-deficient thoracic sarcomas tested
showed abnormal DNA mismatch repair protein
expression.

Differential =~ diagnostic ~ considerations  of
SMARCA4-deficient thoracic sarcomas also include
germ-cell tumors, NUT-midline carcinomas, Ewing
sarcomas, lymphomas, malignant mesothelioma, and
thymic carcinomas, among others. Unlike diffuse
strong expression in many germ-cell tumors,*®
SALL4 expression in SMARCAA4-deficient thoracic
sarcomas is often focal and they lack OCT3, CD30,
and placental alkaline phosphatase expression.?®
NUT-midline carcinomas can co-express cytokeratin
and CD34, but they may show squamous differentia-
tion and express NUT and SMARCA4.28 The CD99
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staining in SMARCA4-deficient thoracic sarcomas
was always focal and the more specific Ewing
sarcoma marker, NKX2.2,°0 was uniformly negative.
Ewing sarcomas and Ewing-like sarcomas such
as CIC-rearranged sarcomas retain SMARCA4
expression.'#1528  QOther diagnostic markers (eg,
CD45, CD30, WT1, calretinin, p40, and c-kit) should
also be helpful, although SMARCA4-deficient thor-
acic sarcomas may rarely express WT1 (as in case 9),
c-kit,?8 or p40.28 In addition, rare mesotheliomas
were reported to lack SMARCA4 reactivity, in which
case SMARCA2 expression was retained.?8

In conclusion, SMARCA4-deficient thoracic sar-
coma is a distinct group of high-grade malignancy
that often affects young adults with smoking history
and emphysematous or bullous lungs. These tumors
typically present as a large thoracic mass with a
rapid fatal course, but the clinical picture may be
predominated by abdominal metastases. The tumors
demonstrate a consistent and recognizable histology
and immunophenotype, which are distinguishable
in combination from malignant rhabdoid tumor,
epithelioid sarcoma, and lung carcinomas. Careful
clinicopathological assessment including an immu-
nohistochemical panel (eg, SMARCA4, SMARCAZ2,
cytokeratin, CD34, SALL4, TTF-1, and claudin-4)
should solve the diagnostic dilemma for most
instances including needle biopsy settings. Genetic
analysis of SMARCA4-deficient thoracic sarcomas
suggests some relatedness to smoking-related lung
adenocarcinomas, despite phenotypic difference,
requiring further study to better understand their
pathogenesis.
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