1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Semin Diagn Pathol. Author manuscript; available in PMC 2021 May 14.

-, HHS Public Access
«

Published in final edited form as:
Semin Diagn Pathol. 2021 May ; 38(3): 222-231. doi:10.1053/j.semdp.2020.05.005.

SWI/SNF complex-deficient soft tissue neoplasms: An update

Inga-Marie Schaefer, Jason L. Hornick”
Department of Pathology, Brigham and Women'’s Hospital, Harvard Medical School, Boston, MA,
USA

Abstract

The SWitch Sucrose Non-Fermentable (SWI/SNF) chromatin remodeling complex is a large
multi-subunit protein assembly that orchestrates chromatin compaction and accessibility for gene
transcription in an ATP-dependent manner. As a key epigenetic regulator, the SWI/SNF complex
coordinates gene expression, cell proliferation and differentiation, and its biologic functions, in
part, antagonize the polycomb repressive complex 2. The mammalian SWI/SNF complex consists
of 15 subunits encoded by 29 genes, some of which are recurrently mutated in human cancers, in
the germline or sporadic setting. Most SWI/SNF-deficient tumors share common “rhabdoid”
cytomorphology. SMARCBL1 (INI1) is the subunit most frequently inactivated in soft tissue
neoplasms. Specifically, SMARCB1 deficiency is observed as the genetic hallmark in virtually all
malignant rhabdoid tumors, and most cases of epithelioid sarcoma and poorly differentiated
chordoma. In addition, subsets of myoepithelial carcinoma (10-40%), extraskeletal myxoid
chondrosarcoma (20%), epithelioid schwannoma (40%), and epithelioid malignant peripheral
nerve sheath tumor (70%) demonstrate SMARCBL loss. The gene encoding the SS18 subunit is
involved in the S578-SSX rearrangement, which is pathognomonic of synovial sarcoma and
indirectly inactivates SMARCBL. Finally, undifferentiated SMARCA4-deficient thoracic sarcomas
are defined by SMARCA4 subunit inactivation, leading to SMARCA4 and SMARCAZ2 loss.
Rarely, inactivation of alternate but biologically equivalent key regulators can substitute for
canonical subunit deficiency, such as SMARCA4 inactivation in cases of SMARCB1-retained
epithelioid sarcoma. This review briefly highlights SWI/SNF complex biologic functions and its
roles in human cancer and provides a detailed update on recent advances in soft tissue neoplasms
with canonical SWI/SNF complex deficiency, correlating morphologic, genomic, and
immunohistochemical findings.
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Introduction

As a key epigenetic regulator, the mammalian SWItch Sucrose Non-Fermentable (SWI/
SNF) chromatin remodeling complex coordinates chromatin compaction and accessibility
for gene transcription in an ATP-dependent manner. As discussed in detail in other articles in
this edition of Seminars in Diagnostic Pathology, a significant subset of human cancers
harbor SWI/SNF complex perturbations,1-2 which impact tumor suppressor or oncogenic
functions of one or more SWI/SNF complex subunit.3 A variety of mutational evens
targeting distinct subunits is observed in specific cancers, indicating tissue-specific
protective roles.3

In soft tissue tumors, the SMARCBL1 (INI1, BAF47, hSNF5) core subunit encoded by
SMARCBI1 on 22q11.23 is most frequently targeted by genomic mutations causing loss of
tumor suppressor function. These neoplasms, which will be reviewed here in detail, share
common “rhabdoid” cytomorphology.#° Synovial sarcoma is characterized by the hallmark
S5518-55X gene fusion, which represents another mechanism of indirectly inactivating
SMARCBL1 function.®.7 Finally, SMARCA4 loss is identified in undifferentiated
SMARCAA4-deficient thoracic sarcoma, a recently discovered distinct neoplasm, and can
occur as alternate event in small subsets of tumors lacking canonical SMARCBL loss.

This review highlights what is known about the SWI/SNF complex and its roles in soft
tissue neoplasms through correlation of characteristic morphologic appearances, genomic
mutations, and protein deficiencies in select entities, and demonstrates how these insights
enabled discovery of the first targeted treatments for SWI/SNF-deficient neoplasms.

The SWI/SNF chromatin remodeling complex and its roles in cancer

ATP-dependent chromatin modification was initially discovered in yeast,® and subsequent
studies revealed similar mechanisms in Drosophila, vertebrates, and mammals including
humans.3 The mammalian SWI/SNF chromatin remodeling complex is a large multi-unit
protein assembly reaching a molecular weight of ~2 MDa, and is comprised of 15 highly
conserved subunits encoded by 29 genes (Fig. 1).3 The SWI/SNF complex functions as a
key epigenetic modifier and coordinates chromatin compaction and decompaction to enable
DNA replication and accessibility for selective gene transcription, DNA repair and
recombination.3 The catalytic activity of the SWI/SNF complex fosters a state of open
chromatin associated with active transcription, and biologically opposes the polycomb
repressive complex 2 (PRC2)° with distinct roles in a variety of cancers, e.g., MPNST.10.11

More than 20% of solid tumors and hematologic malignancies in children and adults are
characterized by SWI/SNF complex deficiency.12 Genomic mutations targeting certain
subunits can be either heterozygous or homozygous, occur in the somatic or germ-line
context, and include deletions, point mutations, and translocations. SWI/SNF complex
dysfunction in cancer can lead to either loss-of-function of tumor suppressor or gain-of-
function oncogenic mechanisms.3
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SWI/SNF-deficient soft tissue neoplasms

Selected examples of SWI/SNF-deficient soft tissue neoplasms will be discussed here in
detail. Most of these tumors are comprised of monomorphic undifferentiated epithelioid
cells with prototypical rhabdoid cytomorphology and anaplastic large cell or small round
cell features.12 Given its roles in coordinating cellular differentiation and proliferation,
inactivation of the SWI/SNF complex often results in an undifferentiated cellular state,
which may be responsible for the universal monotonous undifferentiated cytomorphology in
most SWI/SNF-deficient neoplasms.# Because rhabdoid morphology is characteristic of
SWI/SNF-deficient neoplasms, its recognition can be helpful in the diagnostic workup of
undifferentiated epithelioid (and epithelial) neoplasms, in combination with
immunohistochemical testing for SWI/SNF subunit deficiency.

SMARCB1-deficient soft tissue tumors

The SMARCBLI subunit is most frequently targeted by genomic inactivation in soft tissue
neoplasms. SMARCB1 deficiency is observed as the genetic hallmark in virtually all
malignant rhabdoid tumors and in most cases of epithelioid sarcoma and poorly
differentiated chordoma (Table 1). In addition, subsets of myoepithelial carcinoma,
extraskeletal myxoid chondrosarcoma, and epithelioid peripheral nerve sheath tumors are
SMARCB1-deficient (Table 1). While not discussed here in detail, the hallmark SS18-SSX
oncoprotein has been shown to indirectly inactivate SMARCBL in synovial sarcoma,® where
it leads to gain of SSX to SS18 and competes for assembly with wild-type SS18, forming an
altered complex lacking the SMARCB1 tumor suppressor.” Thereby, synovial sarcoma
represents another sarcoma characterized by SWI/SNF abnormalities and loss of SMARCB1
function through impaired subunit assembly.5:/

SMARCBI genomic perturbations do not only occur as somatic events in cancer, but also in
the germ-line setting: SMARCBI mutations have been identified in several hereditary
SWI/SNF deficiency syndromes predisposing to development of malignant rhabdoid tumor
(OMIM # 609,322), familial schwannomatosis (OMIM # 162,091) or SWI/SNF-related
meningiomas (OMIM # 607,174), which will not be further discussed here.>

Malignant rhabdoid tumor

Malignant rhabdoid tumor, a rare tumor occurring almost exclusively in infants and young
children, is caused by SMARCBI biallelic inactivation in virtually all cases.13-15 The
discovery of SMARCBI germline abnormalities in one third of malignant rhabdoid tumor
patients shed light on SMARCB1 tumor suppressor functions and provided the earliest
evidence for involvement of the SWI/SNF chromatin remodeling complex in cancer.14-16
Inactivating genomic events include point and frameshift mutations, intragenic deletions and
duplications, larger deletions including regions both proximal and distal to SMARCBI, 22q
deletions or translocations, and monosomy 22.14

Malignant rhabdoid tumor is a highly aggressive neoplasm predominantly arising in kidney,
brain, and soft tissue in children <10 years of age.1®17 The tumors are comprised of
“rhabdoid cells”, defined by eccentric vesicular nuclei with prominent nucleoli and glassy
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eosinophilic, inclusion-like cytoplasmic structures that represent para-nuclear aggregates of
intermediate filaments on ultrastructural examination (Fig. 2). The tumor cells usually grow
in solid sheets or trabeculae separated by fibrous septa, displaying a high mitotic rate and
frequent necrosis. Expression of keratins and EMA is usually identified (Table 2), along with
SMARCBL loss in virtually all cases.1”-18 CD99, synaptophysin, CD57, neuron-specific
enolase (NSE), smooth muscle actin (SMA) and S-100 protein can be positive in subsets of
cases; these markers are not diagnostically helpful in this context.

The differential diagnosis includes other tumors with rhabdoid cytomorphology and
SMARCB1 deficiency discussed below. One pitfall to avoid is misinterpretation of FISH
results in tumors with 22q11-12 deletions involving SMARCBI. As demonstrated in cases
of SMARCB1-deficient soft tissue neoplasms, co-deletions of £WSRI at 22q12.2 may be
incorrectly interpreted as equivalent to £WSR1 rearrangement.1® Clinicopathologic
correlation and supplementing £WSR1 FISH with other methods may be required in this
context.20

Patients with malignant rhabdoid tumor develop distant metastases in 50-80% of cases, with
5-year-survival rates of 15-20%.21:22

Epithelioid sarcoma

Epithelioid sarcoma occurs mostly in the distal extremities of patients with a median age of
30-40 years and slight male predominance. Histologically, this tumor is composed of
epithelioid and spindled tumor cells arranged in cellular nodules with occasional central
necrosis, resulting in a pseudogranulomatous appearance. The tumor cells show mild nuclear
atypia, vesicular nuclei, and small nucleoli with a low mitotic rate and are often surrounded
by abundant intercellular collagen (Fig. 2). Perineural and vascular infiltration are common.
Epithelioid sarcoma is generally classified into a conventional (“distal”) type with classic
cytomorphology and a less frequent, proximal (“large cell”) type displaying larger
epithelioid cells with eosinophilic to amphophilic cytoplasm, marked nuclear atypia,
vesicular nuclei, and prominent nucleoli; this variant typically affects somewhat older
patients and is associated with a more aggressive clinical course.

FISH analysis demonstrates SMARCBI genomic inactivation through homozygous deletion
in 90% of epithelioid sarcomas, 2324 along with SMARCBL1 loss in 90% of cases,
irrespective of histologic subtype. Most cases show expression of keratins and EMA. CD34
expression in >50% of epithelioid sarcomas is helpful to rule out metastatic carcinoma
(Table 2). Rare cases of SMARCB1-retained epithelioid sarcoma may show perturbations of
alternate SWI/SNF subunits such as deficiency of SMARCA4, SMARCC?2, or
SMARCC1.25 However, comprehensive genomic studies in larger case series are required to
fully characterize the spectrum of SWI/SNF perturbations in rare epithelioid sarcomas with
retained SMARCBL.

More than half of patients with epithelioid sarcoma develop metastases, with 5- and 10-year-
survival rates of 70% and 42%, respectively.26 As discussed below, novel therapeutic
approaches targeting SWI/SNF complex deficiency across a wide range of neoplasms might
provide clinical benefit for some patients with this rare tumor type.
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Poorly differentiated chordoma

Chordomas are rare malignant bone tumors of notochordal origin that usually occur in the
skull base and clivus, cervical spine, sacrum or coccyx of adult patients with a male
predominance. Chordomas can metastasize to soft tissue sites and, very rarely, arise
primarily in somatic soft tissue as “chordoma periphericum”.2” Chordomas are classified
into conventional, chondroid, dedifferentiated, and poorly differentiated subtypes. The latter
variant is extremely rare, occurs predominantly in children (median age, 11 years), and
behaves more aggressively than conventional chordoma.28 Poorly differentiated chordoma
does not resemble conventional chordoma; this variant shows unusual histologic features
that include sheet-like growth with limited stroma and tumor cells with vesicular nuclei,
prominent nucleoli, and frequent mitotic figures (Fig. 2).2° As demonstrated recently,
virtually all cases of poorly differentiated chordoma show SMARCBL loss, which is
generally retained in conventional chordoma.8 In addition, they express keratins and
nuclear brachyury; the latter is highly specific and helps in the distinction from metastatic
carcinoma, while S-100 protein is generally not expressed (Table 2).28-30 Homozygous
deletions have been identified by genetic analyses as the most important mechanism of
SMARCBI genomic inactivation in poorly differentiated chordoma.31:32

Poorly differentiated chordoma has a mean overall survival of 53% and requires aggressive
management with multimodality therapy.28

Myoepithelial carcinoma

Myoepithelial carcinomas of soft tissue develop predominantly in the limbs and limb
girdles, and less frequently in the head and neck, trunk, and visceral soft tissues of middle-
aged adults with a median age of 40-50 years and slight male predominance. They can
present with varied morphologies, including lobulated architecture composed of epithelioid
to spindled tumor cells arranged in cords, strands or nests in a hyalinized or chondromyxoid
matrix (Fig. 3). The tumor cells may display classic rhabdoid cytomorphology with
abundant eosinophilic cytoplasm or a plasmacytoid appearance with prominent hyaline
cytoplasmic inclusions. Some myoepithelial carcinomas, particularly when arising in
children, contain an undifferentiated round cell component. Expression of one or more
myoepithelial markers (e.g., p63, SOX10, SMA, GFAP, and/or S-100 protein) is present to
varying extent, as well as keratins and EMA in most cases (Table 2). SMARCBL loss is
identified in up to 40% of cases, especially in children.33 SMARCBI homozygous deletions
have been identified by FISH in a subset of SMARCB1-deficient cases.23

EWSR1 gene fusions are found in about 50% of myoepithelial tumors of soft tissue,
including t(1;22)(q23;q12) resulting in EWSR1-PBX1 fusion,34 (19;22)(q13;q12) resulting
in EWSRI-ZNF444 fusion3® or t(6;22)(p21;q12) resulting in EWSR1-POU5FI fusion,38
which might each be associated with distinct morphologies (Table 2). EWSR1
rearrangement does not appear to be mutually exclusive with SMARCBI inactivation,3” and
given the proximity of both gene loci on 22q, it seems conceivable that both EWSR1 and
SMARCBI1 would be disrupted simultaneously by a single genomic (translocation) event.
However, the association between EWSR fusions and SMARCBI perturbations in
myoepithelial carcinomas remains to be characterized.
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Local recurrence is observed in approximately 40% of patients with myoepithelial
carcinoma, and distant metastases (mostly to lung, lymph nodes and soft tissues) develop in
30% of patients.38 These rates approach 50% in pediatric patients, in whom myoepithelial
carcinomas behave more aggressively.

Extraskeletal myxoid chondrosarcoma

Extraskeletal myxoid chondrosarcoma is a rare malignant mesenchymal neoplasm of
uncertain differentiation that usually occurs in adults with a median age of 50 years, being
more common in males.3% Despite its name, this tumor type has no relationship to cartilage.
Most tumors arise in deep soft tissue of the proximal extremities and limb girdles.
Histologically, extraskeletal myxoid chondrosarcoma displays a multinodular architecture
comprised of hypocellular tumor lobules separated by fibrous septa (Fig. 3). The tumor cells
have round to ovoid nuclei with inconspicuous nucleoli and moderate amounts of
eosinophilic cytoplasm with a low mitotic rate. They are arranged in clusters and
interconnected strands, embedded in a myxoid or chondromyxoid matrix. Extraskeletal
myxoid chondrosarcomas express S-100 protein in 20-50% of cases and EMA in about 30%
of cases (Table 2).40 In addition, expression of INSM1 has recently been described in 90%
of extraskeletal myxoid chondrosarcomas.*! One study demonstrated loss of SMARCB1
expression in 4/24 (17%) cases, of which three cases showed rhabdoid cytomorphology.42
Two of those 4 SMARCB1-deficient extraskeletal myxoid chondrosarcomas revealed
SMARCBI genomic inactivation through homozygous deletion and frameshift mutation,
respectively. However larger studies correlating protein expression and genomic findings are
required to fully assess the true frequency of SWI/SNF deficiency in this rare sarcoma type.

Extraskeletal myxoid chondrosarcoma is characterized by recurrent translocations involving
NR4A3, with 1(9;22)(g22;q12) resulting in EWSR1-NR4A3 fusion*3 being most common
(Table 2), followed by alternate fusions of NR4A3with TAF2N, TCF12** TFG*® or
RBP56.%5 It remains to be determined whether EWSR1-NR4A3 fusions may be found
predominantly in the subset of cases showing SMARCBL1 deficiency, or whether these
genetic perturbations occur independently. Extraskeletal myxoid chondrosarcoma develops
metastases in ~50% of patients with 5- and 10-year-survival rates of 91% and 84%,
respectively.4’

A recently reported group of rare primary intracranial neoplasms enters the differential
diagnosis of extraskeletal myxoid chondrosarcoma.*8 Two cases of primary intracranial
myxoid sarcomas with SMARCBL1 loss and monosomy 22q have been reported, and in a
third case with intact SMARCB1, an EWSRI1-CREBI gene fusion was demonstrated by
NGS.48 None of these cases showed NR4A3 rearrangement, suggesting oncogenic pathways
distinct from (conventional) extraskeletal myxoid chondrosarcoma. Follow-up studies with
large series are required to determine the biologic behavior of these rare neoplasms and aid
in their classification.

Benign and malignant epithelioid peripheral nerve sheath tumors

Epithelioid schwannoma and epithelioid malignant peripheral nerve sheath tumor (MPNST)
are rare variants of nerve sheath tumors that exhibit distinct morphologic and
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immunohistochemical features, which clearly distinguish them from their conventional
schwannoma and MPNST counterparts. Loss of SMARCBL1 expression is demonstrated in
40% of epithelioid schwannomas and 70% of epithelioid MPNST (Table 2).49-51

The epithelioid variant of schwannoma affects mostly adult patients with a median age of 45
years and no gender predilection. The extremities and trunk are the most common sites of
involvement; some cases show both conventional and epithelioid morphologies.>°
Epithelioid schwannoma shows multilobulated growth of uniform epithelioid cells in sheets
and nests or singly dispersed within a frequently myxoid or hyalinized stroma.>® The tumor
cells exhibit round vesicular nuclei and abundant pale eosinophilic cytoplasm, without
significant pleomorphism or hyperchromasia (Fig. 4).

Epithelioid MPNST is a distinctive variant that differs biologically and morphologically
from conventional MPNST. While conventional MPNST is associated with
neurofibromatosis type 1 in about half of cases, epithelioid MPNST generally does not arise
in patients with neurofibromatosis type 1.4% Most patients are adults, with a median age of
44 years and equal sex distribution.4® Epithelioid MPNST usually occur as superficial
masses in the extremities and trunk (although some may be deep-seated or in visceral sites).
49.52 Occasional origin in a pre-existing schwannoma or neurofibroma has been reported.
49,52, 53 They demonstrate a lobulated growth pattern within a variably myxoid or fibrous
stroma and are comprised of a generally uniform but clearly atypical population of
polygonal cells with round vesicular nuclei, prominent nucleoli, and abundant amphophilic
or pale eosinophilic cytoplasm (Fig. 4).4° Malignant features include the presence of
cytologic atypia, significant mitotic activity, and frequent tumor necrosis. Based on these
criteria, the distinction of epithelioid schwannoma from epithelioid MPNST is usually
straightforward, but occasional epithelioid peripheral nerve sheath tumors cannot be easily
classified as benign or malignant; there likely exists a morphologic continuum.%°

In addition to frequent SMARCB1 deficiency, both epithelioid schwannoma and epithelioid
MPNST are characterized by strong and diffuse positivity for S-100 protein and SOX10
(Table 2) (which distinguishes epithelioid MPNST from conventional MPNST, in which
expression of these markers is generally limited in extent or absent).4950 NGS identified
recurrent SMARCB1 genomic inactivation in both entities, through homozygous deletion,
nonsense, frameshift or splice site mutations targeting the SMARCBI gene.>* Epithelioid
MPNST lacks canonical aberrations of the PRC2 components SUZ12and £ED, in line with
retained H3K27me3 expression in these tumors, and less frequently harbors A/FZ mutations
than conventional MPNST.>* Perturbations affecting other SWI/SNF subunits have not been
identified in the subgroup of SMARCB1-retained epithelioid nerve sheath tumors.>*
Additional studies are required to determine whether epithelioid schwannoma can give rise
to epithelioid MPNST and which epigenetic/genomic events drive malignant transformation.

Epithelioid schwannomas behave in a benign fashion, and epithelioid MPNST appear to
have a low risk for recurrence and metastasis, irrespective of tumor depth, with a much more
favorable prognosis than conventional MPNST.4?
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Given substantial morphologic overlap and characteristic strong and diffuse expression of
S-100 protein and SOX10, distinguishing between epithelioid MPNST and metastatic
amelanotic melanoma may be challenging. In this context, SMARCB1 deficiency may be
useful, as melanomas generally show intact SMARCB1 expression.24 Although
heterozygous SMARCBI missense mutations have been reported in a small subset of
melanomas, such mutations do not lead to SMARCBL1 loss as they are not completely
inactivating.5®

SMARCAA4-deficient soft tissue tumors

SMARCA4 inactivation was identified by RNA sequencing analyses in a subset of
undifferentiated malignancies presenting as compressive mediastinal/pulmonary masses in
adults with very aggressive clinical behavior and median survival of 7 months.56 The fact
that SMARCA4-deficient thoracic sarcomas shared common morphologic features and gene
expression profiles distinct from other SMARCAA4-deficient neoplasms led to their
recognition as a distinct entity. These tumors occur in adult patients with a median age of
40-50 years (range, 28-90 years) and a marked male predominance; they generally form
large compressive masses located in the mediastinum, pleura, or lung.5"~%9 SMARCA4

genomic inactivation results from nonsense, frameshift, missense, and splice-site mutations.
56

SMARCAA4-deficient thoracic sarcoma is composed of diffuse sheets of relatively
monotonous undifferentiated epithelioid cells with prominent nucleoli®’ and frequent
rhabdoid features (Fig. 5).8 Concomitant loss of SMARCA4 and SMARCA? expression
with retained SMARCBL is found in all cases, along with expression of SOX2, CD34, and
SALL4 in >80% of cases, and negativity for the tight junction protein claudin-4.57:58 While
distinction of undifferentiated SMARCAA4-deficient sarcoma from SMARCA4-deficient
carcinomas can be challenging, expression of CD34 and lack of claudin-4 help support
mesenchymal over epithelial differentiation in this context, although the precise nosologic
status of this tumor type remains controversial.

In addition, subsets of undifferentiated sarcomas with similar morphologic features arising
in other anatomic locations (Fig. 5) can show SMARCA4/SMARCAZ2 loss along with SOX2
positivity; their clinical behavior and relationship to SMARCAA4-deficient thoracic sarcomas
remain to be determined.

Non-mesenchymal neoplasms with SWI/SNF complex inactivation

The SWI/SNF subunit most frequently dysregulated in human cancer is ARID1A, which
interacts with DNA to facilitate SWI/SNF binding to target sites.50 AR/D1A mutations are
demonstrated across a wide range of tumors including ~45% of endometrioid and clear-cell
ovarian carcinomas, ~20% of gastric and bladder carcinomas, ~14% of hepatocellular
carcinomas, ~10% of colorectal carcinomas and melanomas, and less frequently in lung,
pancreatic, and breast carcinomas.2 AR/D1A inactivation is also found in pediatric
neuroblastoma,®? and dedifferentiated meningioma.82 Genomic inactivation of SMARCA4,
ARIDI1A, ARID1B, ARIDZand PBRM1 is also frequent in cancer and includes mutations
of SMARCA4 and SMARCAZ in non-small cell lung carcinomas,83-65 undifferentiated/
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rhabdoid carcinomas of the gastrointestinal®® and urothelial tract8” and uterus,®8 and in rare
sinonasal carcinomas,9 which are discussed in detail in other articles in this edition.

Based on significant morphologic and immunohistochemical overlap, the distinction
between SWI/SNF-deficient soft tissue tumors and SWI/SNF-deficient undifferentiated
carcinomas may be challenging. In this context, staining for the epithelial tight junction
protein claudin-4 may be useful, as SWI/SNF-deficient soft tissue neoplasms generally lack
claudin-4 expression, whereas some (but not all) SWI/SNF-deficient undifferentiated
carcinomas show expression of claudin-4.7°

Metastatic SWI/SNF-deficient carcinoma represents a major differential diagnosis of SWI/
SNF-deficient soft tissue neoplasms. Detection of a SWI/SNF-deficient malignant neoplasm
at unusual sites should therefore prompt additional clinical workup to identify a possible
visceral primary tumor. The type of SWI/SNF subunit deficiency may help narrow the
differential diagnosis and identify possible or likely primary sites.

In undifferentiated carcinomas with a complex genomic landscape and high mutational
burden, SWI/SNF inactivation may have different implications than in soft tissue neoplasms,
in which SWI/SNF mutations often represent one of very few genomic perturbations and
may have essential functions in tumor development/progression. In many cancers, SWI/SNF
perturbations do not necessarily represent oncogenic drivers but are rather passenger
mutations.

Therapeutic targeting of SWI-SNF-deficient soft tissue neoplasms

Based on functional antagonism of the SWI/SNF and PRC2 complexes, SMARCB1
deficiency results in loss of inhibition of the EZH2 methyltransferase, and subsequent
PRC2-mediated oncogenesis.”172 Studies in SMARCB1-deficient malignant rhabdoid
tumor’3-75 and epithelioid sarcoma’® demonstrated early antiproliferative effects of
therapeutic EZH2 inhibition with durable responses. A subsequent phase 11 trial achieved
clinical responses in 15% of 67 patients with SMARCB1-deficient epithelioid sarcoma, of
which 67% of responses lasted at least 6 months, leading to accelerated FDA approval of the
first EZH2-inhibitor tazemetostat in January 2020 for the treatment of patients aged >16
years with locally advanced or metastatic epithelioid sarcoma not eligible for complete
resection.’’~79

Conclusions

SWI/SNF-deficient soft tissue neoplasms share common undifferentiated “rhabdoid”
appearances and include malignant rhabdoid tumor as the prototypical example, as well as
various other benign and malignant soft tissue tumors in children and adults. The wide range
of seemingly unrelated tumor types affected by SWI/SNF mutations, and the spectrum of
genomic events targeting distinct subunits, highlight the biologic complexity of the roles of
SWI/SNF in cancer. Substantial advances in the past few years have expanded our
understanding of SWI/SNF-deficient tumors and resulted in novel therapeutic approaches
for a variety of malignancies unified by SWI/SNF-deficiency. Future studies are required to
systematically determine the frequencies of SWI/SNF subunit inactivation on the genomic
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d protein level and to generate insights that help characterize in which biologic context

these perturbations foster tumor development and/or progression.
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Fig. 1.
The mammalian SWI/SNF chromatin remodeling complex. This schematic illustrates the

assembly of 15 subunits encoded by 29 genes. Key subunits frequently dysregulated in soft
tissue neoplasms are highlighted in red; modified from: Kadoch C. and Crabtree G. R.,
2015.3

Malignant rhabdoid tumor
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Epithelioid schwannoma (subset of cases)
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SMARCA4-deficient thoracic sarcoma
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Fig. 2.
Sarcomas with near-universal SMARCBL1 deficiency. A: Malignant rhabdoid tumor arising

in the epididymis of a one-year-old boy, comprised of epithelioid cells with large eccentric
nuclei with vesicular chromatin and prominent nucleoli, cytoplasmic eosinophilic hyaline
inclusion (arrow), and SMARCBLI loss (A, inset). B: Malignant rhabdoid tumors are
characterized by SMARCBI genomic perturbations (top panel, arrow) in an otherwise
relatively quiet genomic background. In this case, SMARCBI was inactivated through
homozygous deletion (bottom panel, arrow). C: Epithelioid sarcoma located in the thumb of
an adult female, characterized by a proliferation of predominantly epithelioid cells with mild
nuclear atypia, vesicular nuclei, small nucleoli and SMARCBL1 loss (D). E: A case of poorly
differentiated chordoma arising in the clivus of a 3-year-old boy, composed of tumor cells
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with vesicular nuclei and occasional prominent nucleoli growing in solid sheets. The tumor
cells show nuclear expression of brachyury (E, inset) and SMARCBL1 loss (F).
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Fig. 3.
Sarcomas with occasional SMARCBL1 deficiency. A: Myoepithelial carcinoma located in the

lower leg of an adult female, characterized by epithelioid tumor cells with round nuclei and
bright eosinophilic cytoplasm with occasional rhabdoid morphology, arranged in a reticular
growth pattern in a background of myxohyaline stroma. B: The tumor cells are negative for
SMARCBL. C: This case of extraskeletal myxoid chondrosarcoma arose in the pubic region
of an adult female and is comprised of epithelioid to spindled tumor cells with moderate
amounts of eosinophilic cytoplasm arranged in cords and strands, embedded in abundant
myxoid stroma; in areas, the tumor cells appeared to be interconnected (C, inset). D:
Targeted next-generation sequencing (NGS) demonstrated a homozygous deletion of
SMARCBI1 on chromosome 22 (arrow).
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Fig. 4.
SMARCB1-deficient epithelioid peripheral nerve sheath tumors. A: A case of epithelioid

schwannoma located on the arm of a young male. This tumor is comprised of uniform
epithelioid or ovoid tumor cells with vesicular nuclei, small nucleoli, and abundant pale
eosinophilic cytoplasm without significant mitotic activity, nuclear atypia, or necrosis. B:
Expression of SMARCBL1 is lost in tumor cells. This tumor harbored homozygous deletion
of SMARCBL exon 1-4 (not shown). C: Epithelioid malignant peripheral nerve sheath
tumor (MPNST) arising in the lower leg of a young female. The tumor is composed of
monotonous epithelioid tumor cells with prominent nucleoli and abundant cytoplasm with
unequivocal nuclear atypia as well as frequent mitoses and necrosis. SMARCB expression
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was lost in tumor cells (C, inset). D: Targeted NGS revealed a localized homozygous
deletion on chromosome 22 targeting the SMARCBI coding region (arrow).
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Fig. 5.
SMARCAA4-deficient undifferentiated malignancies. A: SMARCA4-deficient

undifferentiated thoracic sarcoma arising in the lung of an adult male, comprised of
malignant epithelioid cells growing in sheets with a high degree of mitotic activity (A,
arrow), areas of tumor necrosis (A, inset), and occasionally prominent eosinophilic nucleoli
(A, inset) with SMARCA4 loss in tumor cells (B). C: Targeted NGS identified a
heterozygous splice-site mutation inactivating SMARCA4 (c.3169-2A> T, arrow). D:
SMARCAA4-deficient undifferentiated sarcoma arising in the base of the tongue of an adult
female, comprised of plump tumor cells with epithelioid and pleomorphic cytomorphology,
irregularly shaped large nuclei, and moderate amounts of eosinophilic cytoplasm, growing in
sheets, with frequent mitoses (D, arrow) and apoptotic bodies. E: Expression of SMARCA4
was lost in tumor cells. The tumor cells expressed strong and diffuse SOX2 (F).
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