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Abstract

The SWI/SNF complexes, initially identified in yeast 20 years ago, are a fam-
ily of multi-subunit complexes that use the energy of adenosine triphosphate
(ATP) hydrolysis to remodel nucleosomes. Chromatin remodeling processes
mediated by the SWI/SNF complexes are critical to the modulation of gene
expression across a variety of cellular processes, including stemness, differ-
entiation, and proliferation. The first evidence of the involvement of these
complexes in carcinogenesis was provided by the identification of biallelic,
truncating mutations of the SMARCBI gene in malignant rhabdoid tumors,
a highly aggressive childhood cancer. Subsequently, genome-wide sequenc-
ing technologies have identified mutations in genes encoding different sub-
units of the SWI/SNF complexes in a large number of tumors. SWI/SNF
mutations, and the subsequent abnormal function of SWI/SNF complexes,
are among the most frequent gene alterations in cancer. The mechanisms
by which perturbation of the SWI/SNF complexes promote oncogenesis
are not fully elucidated; however, alterations of SWI/SNF genes obviously
play a major part in cancer development, progression, and/or resistance to
therapy.
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INTRODUCTION

The recent genome-wide sequencing approaches that have been applied to human cancers have
produced a much more complete catalog of genes that are recurrently mutated in human cancer.
Numerous epigenetic processes related to chromatin and DNA modifications are affected by
somatic mutations. These include mutations in genes encoding histone-modifying enzymes (such
as CREBBP, EP300, KDM6A, EZH2, SUZI2, and MLL), DNA methylation or hydroxylation
enzymes (such as DNMT3A, TETI, and TET?2), or histones (such as H3F3A and HIST1H3B). For
example, 59% of bladder tumors have mutations in at least one gene encoding enzymes involved
in epigenetic gene regulation, including KDM6A, MLL, MLL3, CREBBP, EP300, ARID1A, and
CHDé6 (1, 2).

Among epigenetic changes, chromatin remodeling has raised a tremendous level of interest.
The family of adenosine triphosphate (ATP) dependent chromatin remodeling complexes can be
subdivided into five different classes: SWI/SNF, ISWI, NuRD/Mi2/CHD, INO80, and SWRI.
Numerous studies provide substantial evidence that the SWI/SNF complexes are altered in many
cancer types, making genes that encode chromatin remodelers probably the most frequently mu-
tated epigenetic regulators. Involvement of the SWI/SNF complexes in tumor formation was first
revealed 15 years ago, with the identification of somatic truncating mutations in the SMARCBI
gene (also known as ASNFS5, INII, or as the gene encoding the BAF47 subunit) in malignant
rhabdoid tumors (MRTs) (3). Subsequently, germline mutations of the SMARCBI gene have
been implicated in an MRT predisposition syndrome (4). Since these seminal observations, global
genomic analyses of several tumor types have revealed high rates of SWI/SNF complex gene
mutations, which are observed in close to 20% of all human tumors (5). The mutation rate affect-
ing genes encoding SWI/SNF subunits is similar to those of TP53, KRAS, or PTEN, which are
the most frequently mutated oncogenes/tumor suppressor genes. Therefore, SWI/SNF complex
dysfunction is a major factor in carcinogenesis. We review the genetic and posttranscriptional
modifications that affect the SWI/SNF complexes and drive tumor development and progression.

STRUCTURE AND FUNCTIONS OF SWI/SNF COMPLEXES

Snf (sucrose nonfermenting) and swi (switch) genes were initially discovered in yeast using genetic
screening to identify genes that control, respectively, either the induction of the suc2 gene that
encodes the invertase enzyme or the induction of the HO endonuclease that s required for mating-
type switching (6, 7). Subsequently, it became apparent that these two genetic approaches had
uncovered a set of genes that encode subunits of large protein complexes, conserved throughout
evolution from yeast to human, that play a major role as global regulators of transcription through
ATP-dependent chromatin remodeling (8, 9). These complexes were named swi/snf based upon
the two phenotypes that led to their discovery.

Human SWI/SNF complexes contain a single ATPase, either BRM (encoded by the SMARCA?2
gene) or BRG1 (SMARCA4), and three main core subunits: BAF155 (SMARCCI), BAF170
(SMARCC2), and BAF47 (SMARCBI). These complexes have been traditionally divided into two
main types, depending upon their subunit composition: BAF complexes contain either BAF250a
(ARID1A) or BAF250b (ARIDIB) subunits; PBAF complexes contain BAF180 (PBRMI) and
BAF200 (ARID2) subunits (Figure 1; Table 1). In addition to these core subunits, SWI/SNF
complexes contain 7 to 15 accessory subunits (Figure 1; Table 1). Kadoch et al. (5) recently
conducted a proteomic analysis and identified several new SWI/SNF subunits, including BCL7A,
BCL7B, and BCL7C; BCL11A and BCL11B; and BRD9 and SYT (SS18). Data further indi-
cate that the variability of the protein composition of SWI/SNF complexes is much higher than
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Figure 1
Scheme of the BAF and PBAF SWI/SNF complexes based on the model proposed by Kadoch et al. (5). The

different subunits are labeled with their protein names. For correspondence with gene names, see Table 1.

envisioned by the traditional view of a limited number of well-defined and stable complexes,
which has been replaced by a new concept that takes into account a large number and variety of
specialized SWI/SNF complexes. Indeed, different subunits are encoded by sets of paralogs and,
therefore, the composition of SWI/SNF complexes is highly variable and depends on cellular and
developmental contexts (10, 11).

ATP-dependent remodeling complexes work by directly disrupting histone-DNA contacts
using the energy derived from ATP hydrolysis. Mechanisms of remodeling involve nucleosome
sliding, dissociation, or replacement (12, 13). Although the precise biochemical mechanisms of
the mobilization of nucleosomes remain largely unknown, SWI/SNF proteins contain a number
of domains that are known to interact with histones (chromo-, bromo-, and SANT) or DNA (AT-
hook, ARID, HMG, zinc finger) and that are expected to play essential roles in the nucleosome
targeting and remodeling functions of the complexes.

Yeast swi/snf genes and proteins were initially identified based on their ability to activate tran-
scription of the o and suc2 genes. For these two genes, as well as for many others that are regulated
by this complex in yeast, the mechanism of action involves binding in close vicinity to the promoter
to assist in the subsequent binding of specific transcription factors. The mechanism of action is
less clear in mammals, in which SWI/SNF complexes can bind at a distance from promoters.
Recently, the effect of SWI/SNF inactivation on the nucleosome landscape was investigated on
a genome-wide scale (14, 15). The detailed mechanisms of action of SWI/SNF complexes have
been thoroughly investigated in the context of the activation of the mouse mammary tumor virus
(MMTYV) promoter by the glucocorticoid receptor (GR) (16). Schematically, the hormone-bound
GR first binds the MMTV promoter and then recruits a variety of coactivators, including the
SWI/SNF complex, via direct protein interactions with BAF250, BAF60a, BAF57, and BAFS53a.
The subsequent SWI/SNF chromatin remodeling is critical for the binding of nuclear factor (NF)
1, a transcription factor that is essential for the recruitment of additional transcription factors and,
ultimately, activation of transcription (16). Another thoroughly investigated system is the induc-
tion of interferon (3 in response to viral infection (17). The first step consists of the cooperative
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Table 1 Subunits of the SWI/SNF complexes

Predicted Type of
molecular SWI/SNF
Subunit Gene (alias) weight (kDa) complex Domain Function
BRGI1 SMARCA4 184.5 Core subunit ATPase/bromo ATPase and helicase
catalytic subunit
BRM SMARCA2 181 BAF-specific core | ATPase/bromo ATPase and helicase
subunit catalytic subunit
BAF47 SMARCBI (bSNF5, | 44 Core subunit SNF5 Unknown
INIT)
BAF155 SMARCCI (SWI3) 123 Core subunit Chromo/SANT/BRCT | Unknown
BAF170 SMARCC2 133 Core subunit Chromo/SANT/BRCT | Unknown
BAF250a ARIDIA 242 BAF-specific core | ARID DNA binding
(SMARCFI) subunit
BAF250b ARIDIB 236 BAF-specific core | ARID DNA binding
subunit
BAF200 ARID2 197 PBAF-specific ARID DNA binding
core subunit
BAF57 SMARCE1 47 BAF/PBAF HMG Unknown
BAF45a PHF10 56 BAF/PBAF Zinc finger_RING Unknown
BAF45b/c/d | DPF1/3/2 42.5/43/44 BAF/PBAF Zinc finger RING Unknown
BAF53a/b ACTL6A/B 47.5/47 BAF/PBAF Actin Chromatin/nuclear matrix
association
Enhance ATPase activity
B-actin ACTB 41.5 BAF/PBAF Actin Unknown
BAF60a/b/c | SMARCDI1/2/3 58/59/55 BAF/PBAF SWIB/MDM2 Unknown
BCL7A/B/C | BCL7A/B/C 23/23/23.5 BAF Unknown Unknown
BCL11A/B | BCL11A/B 91/95.5 BAF Zinc finger_C2H2 Unknown
BRD9 BRDY 67 BAF Bromo Bind acetylated H3
SYT SS18 46 BAF Unknown Transcriptional
coactivator
BAF180 PBRM1 193 PBAF BAH/HMG/Bromo Unknown
BRD7 BRD7 74 PBAF Bromo Unknown

binding of transcription activators (NF-«kB, activating transcription factor 2/JUN, and interferon
regulatory factors) and the HMGA1 architectural chromatin protein to form a stable complex
called the enhanceosome. This complex transiently recruits the PCAF acetyltransferase, which
acetylates lysines on adjacent histone 3 (H3) and histone 4 (H4) tails. SWI/SNF is then recruited
through direct interaction with the CREB binding protein (CREBBP) and acetylated histone tails,
and it promotes the twisting of DNA and the removal of histones. This SWI/SNF-mediated chro-
matin remodeling allows transcription factor II D binding and displacement of the nucleosome
located at the transcription start site, an event that permits transcription initiation (17).

Many reports have shown that SWI/SNF complexes may have both transcription activation
and repression roles. This dual function of SWI/SNF has recently been dissected in the con-
text of HIV infection (18). During virus latency, the BAF complex represses HIV long terminal
repeat (L'TR) activity through ATP-dependent active positioning of a nucleosome immediately
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downstream of the transcription start site in a thermodynamically unfavorable position. Upon
activation, the BAF complex is released from the L'TR, which results in a repositioning of nucle-
osomes in a more favorable position and subsequent derepression of the promoter leading to 7at
gene transcription. Acetylated tat protein finally recruits the PBAF complex, which repositions
nucleosomes downstream of the transcription start site to enable efficient initiation of transcrip-
tion (18). Obviously, it cannot be concluded from this study that BAF has general repressive roles
whereas PBAF has activating roles. Rather, insights from this system, as well as from the MMTV
and interferon (3 systems, indicate that the mechanism of action of SWI/SNF complexes is highly
dependent on the DNA sequence of the regulated region, the position and posttranslational mod-
ifications of occupant nucleosomes, the stoichiometry of general and specific transcription factors,
and, ultimately, the precise subunit composition of the complex.

These few examples illustrate how SWI/SNF complexes may play key parts in regulating
transcription by remodeling nucleosome occupancy at critical DNA elements, which in turn has
major impacts on transcription repression or activation.

STRUCTURE AND FUNCTIONS OF SWI/SNF COMPLEXES
IN DIFFERENTIATION AND PROLIFERATION

SWI/SNF complexes are thought to play critical roles in cancer through a broad range of activi-
ties. A key role is the general control of the balance between stemness and differentiation (19, 20).
As an example, Lessard et al. (21) have recently demonstrated that a switch in the composition of
the SWI/SNF complex has an essential role during neurogenesis. Proliferating neural stem cells
and progenitor cells express complexes that contain BAF45a and BAF53a. Across neuronal differ-
entiation, these subunits are replaced by BAF45b, BAF45¢, and BAF53b, which are predominant
in postmitotic neurons (21). This illustrates the role of SWI/SNF complexes in cellular differen-
tiation and indicates that a switch in the composition of SWI/SNF complexes may be a critical
component of cell fate choices. The SWI/SNF complexes also contribute to the regulation of a
large number of master genes in cancer cells through physical and functional interactions. Indeed,
studies have demonstrated that SWI/SNF complexes downregulate the expression of the cyclin-
dependent kinase inhibitor p16™K# (22); repress RB target genes, including E2F factors and
CCND1 (23); promote c-MYC oncogene-mediated transactivation (24); induce aberrant activa-
tion of Hedgehog signaling by interacting with GLI1 and localizing at GLI1-regulated promoters
(25); and participate in the control of genes involved in cellular adhesion and cellular motility
(Rho family GTPase), thus contributing to invasion and metastasis (26). These few examples
highlight the pleiotropic role that SWI/SNF complexes may have in cancer. Moreover, as initially
demonstrated in Drosophila and subsequently shown in mammals, SWI/SNF complexes antagonize
the action of the Polycomb complex. This has been demonstrated in the context of SMARCBI-
mediated cancer. Indeed, the development of lymphoma induced by somatic, biallelic inactivation
of Smarch] in mouse T  cells is prevented by the simultaneous deletion of the Ezh2 member of the
Polycomb-group genes (27). Studies have also suggested that SWI/SNF is a critical component
of nuclear-receptor hormone-response programs. The above-mentioned GR-mediated induction
of the MMTYV promoter has been investigated in particular detail and provides the basis for our
understanding of such regulation. Many nuclear receptors—including retinoic acid (28), estrogen,
peroxisome proliferator-activated receptor y (PPARY) (29), and vitamin D3—recruit SWI/SNF
to specific promoters upon hormone binding (28, 30, 31). In addition to nuclear hormone recep-
tors, SWI/SNF complexes cooperate with various transcription factors (32, 33). Taken together,
these results indicate that the SWI/SNF complexes have an impact on a broad range of cellular
processes through their role in chromatin remodeling.
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Figure 2

Different types of SMARCBI-deficient tumors. (#) Rhabdoid tumor of the kidney exhibiting cells with
prominent nucleolus in an uncondensed chromatin and typical cytoplasmic eosinophilic inclusions. (4) Loss
of BAF47 staining in the tumor cells. (¢) Schwannomas showing the typical biphasic pattern, with both the
compact cellular Antoni A area and the loose paucicellular Antoni B areas. (/) BAF47 immunostaining in a
schwannoma shows a mosaic pattern of loss of BAF47 expression. (¢) Proximal-type epithelioid sarcoma of
left groin showing large epithelioid cells with vesicular nuclei. (f) BAF47 immunostaining shows an absence
of nuclear staining in tumor cells, whereas inflammatory and endothelial cells are positive.

SMARCBI: A BONA FIDE TUMOR SUPPRESSOR GENE
Somatic Inactivation of SMARCBI1 in Malignant Rhabdoid Tumors

MRTs are rare, aggressive tumors of infancy, characterized by the presence of so-called rhabdoid
cells that have a prominent nucleolus, uncondensed chromatin, and characteristic cytoplasmic
eosinophilic inclusions consisting of whorls of intermediate filaments (Figure 24). Although these
tumors occur in various anatomical regions—the kidney (34); soft parts (35); the brain, in the
atypical teratoid/rhabdoid tumor (ATRT) (36); the liver (37); or peripheral nerves (38)—they are
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considered to be a unique entity because of pathological similarities and because of a shared
SMARCBI loss of function (3, 39, 40). Moreover, recent exome analyses of MRT's have shown re-
markably few genomic alterations (41), making MRT's one of the least-mutated tumors among all
cancer types sequenced (42). The only gene found to be recurrently mutated is SMARCBI, which
is biallelically inactivated in almost 95% of MRTs. Biallelic inactivation of SMARCBI resulting
in a complete loss of function occurs through a variety of events, including whole-gene deletions,
large intragenic deletions/duplications, small out-of-frame intragenic deletions/insertions,
splice-site mutations, and nonsense mutations (39-41, 43). Missense mutations are rare (39,
40). No mutation hot spot has been found, but exon 1 and exon 8 are almost never altered. In
rare MRTs, only one mutated allele is found in the exonic sequence of SMARCBI; mutation
occurring in the promoter regions or in the intronic sequence (39) of the other allele may explain
these exceptional cases. Ultimately, and whatever the mutation, the normal nuclear expression
of the protein is consistently abolished, an alteration now shown routinely in clinical practice by
immunohistochemistry (Figure 2b) (43, 44).

Tumor Predisposition Syndromes Linked to SMARCB1 Germline Mutations

Although most MRT's appear to be sporadic, some exceptional familial cases as well as multifocal
presentations have long suggested the existence of a germline predisposition in some patients. Ac-
cordingly, germline mutations and deletions of SMARCBI have been identified in pedigrees with
several affected siblings [rhabdoid tumor predisposition syndrome (RTPS) 1; Online Mendelian
Inheritance in Man database (OMIM) #609322] (4). Broader analyses of apparently sporadic cases
have revealed an unexpectedly high (25-30%) frequency of SMARCBI germline mutations in
infants suffering from MRTs, regardless of the anatomical location (45, 46). The germline muta-
tions cover a spectrum similar to that observed for somatic mutations, with possible contiguous
gene syndromes in cases of large germline deletions (47, 48). The penetrance is close to 100% at
18 months (45). In most cases associated with a germline mutation, the germline sequences of the
parents are normal. This is consistent with either gonadal mosaicism in one of the parents or with
early postzygotic mosaicism in the affected patient. Unaffected carriers have occasionally been
reported (45, 46, 49-52). In half of such cases, the alteration is a SMARCBI splice-site mutation,
which may produce only partial loss of function.

The spectrum of tumors that is observed in the context of a germline SMARCBI mutation is
not restricted to MRTs. Indeed, Amerlaan (52) and Forest (53) have reported a myoepithelioma
and a chondrosarcoma with complete SMARCBI inactivation in two patients who survived MRT's
in childhood and who harbored, respectively, a germline SMARCBI splice-site mutation and a
whole-gene deletion. More recently, a case of leiomyoma, a benign smooth muscle tumor, has been
described in a patient with a germline splice-site mutation of SMARCBI (54). These observations
have expanded the spectrum of tumors linked to germline truncating mutations of SMARCBI.

SMARCBI1 germline mutations are also responsible for about half of the familial cases of
multiple schwannomas (55-58). Remarkably, familial schwannomatosis is mostly related to splice-
site and missense variants, particularly those affecting exon 1, which is, in contrast, remarkably
preserved in MRT's. Nucleotide substitution in the 3" untranslated region of SMARCBI also seems
to be frequently associated with familial schwannomatosis (57). In contrast to the full depletion
of BAF47 (the product of the SMARCBI gene) observed in MRT's, schwannomas usually show
a mosaic pattern of BAF47 expression (55), suggesting less deleterious effects of the mutations
(Figure 2¢,d). Smith et al. (59) showed that, unlike mutations found in MRT's, schwannomatosis-
related mutants consistently retain a normal ability to control the expression of cell-cycle
activators. Hence, schwannomatosis-related mutations are likely hypomorphic variants, whereas

www.annualyeviews.org © SWI/SNF in Cancer



Annu. Rev. Pathol. Mech. Dis. 2015.10:145-171. Downloaded from www.annualreviews.org

Access provided by INSERM-multi-site account on 06/29/15. For personal use only.

MRT=-related mutants have more dramatic effects on protein function. This genotype-to-
phenotype correlation may at least partly explain the tremendous difference in the aggressiveness
of the two tumor types. Nevertheless, some pedigrees show coassociation of MRT's and schwan-
nomatosis, suggesting that the delineation of the two tumor-predisposition syndromes is not
absolute (46, 60).

The frequent association between schwannomatosis and meningiomas in neurofibromatosis
type 2 (OMIM #101000) has raised the question of a SMARCBI-related predisposition to menin-
giomas. Supporting this possibility, meningiomas, which are usually associated with multiple
schwannomas, have been described in the context of splice-site/missense SMARCBI germline
mutations (61, 62). Interestingly, both schwannomas and meningiomas are frequently associated
with SMARCBI and NF2 gene mutations, together with a 22q loss of heterozygosity encompassing
the two genes in the tumors (56, 63). This four-hit/three-steps mechanism suggests a synergistic
effect of the alterations in these two genes, which are located in the same chromosome region.

Somatic SMARCB1 Mutations and Loss of Expression in Non-Rhabdoid Tumors

The variety of tumors observed in SMARCBI-related predisposition syndromes indicates that
somatic SMARCBI mutations may not be restricted to MRTs. Indeed, SMARCBI missense mu-
tations have also been reported in approximately 5% of sporadic meningiomas, with a possible
hotspotin exon 9 (64, 65). No sporadic case of schwannoma with a somatic mutation of SMARCB1
has been reported, but complete loss of expression of BAF47 has been observed in half of epithe-
lioid malignant peripheral nerve sheath tumors (66). The underlying genetic alteration has not yet
been specified for this tumor. Several studies have also assessed the genetic status of SMARCBI
and/or the expression profile of BAF47 in various sarcomas (67). Interestingly, complete loss of
expression of BAF47 has been observed in 80-90% of distal and proximal epithelioid sarcomas
(66, 68) (Figure 2e,f). The absence of protein expression seems mostly related to homozygous
deletions of the gene (69, 70), whereas point mutations seem to be rare (71, 72). Further study is
needed to more fully assess the potential diagnostic utility of SMARCBI genetic analysis in adult
sarcomas.

Several other types of sarcomas or undifferentiated tumors also show a complete loss of BAF47
expression. Kohashi etal. (73) reported an absence of BAF47 protein expression in 4/24 extraskele-
tal myxoid chondrosarcomas lacking the EWS/NR4A3 fusion transcripts. A truncating mutation
of both alleles of SMARCBI was evident in two cases. Renal medullary carcinomas also show a
negative staining for BAF47 protein expression, with loss of heterozygosity at the SMARCBI locus
in all cases that have been investigated (74, 75). Nevertheless, no point mutation has been observed
in these carcinomas. Some pediatric undifferentiated sarcomas (76) or hepatoblastomas (37) that
lack rhabdoid morphology may harbor a loss of BAF47 expression. It is unclear at present whether
these tumors would be better considered to be MRT variants or new types of SMARCBI-deficient
tumors. The distinction between aggressive ATRT's and another central nervous system tumor
called CRINET (cribriform neuroepithelial tumor) is clearer. CRINET is an indolent choroid
plexus tumor with specific morphology and clinical behavior that shows constant loss of BAF47
expression, which is occasionally associated with biallelic nonsense mutations of SMARCBI (77).
Loss of expression of BAF47 has also been described in undifferentiated chordomas, aggressive
tumors with notochordal differentiation that typically arise in the axial spine (78). Finally, BAF47
loss has been described recently in a subset of sinonasal carcinomas (79, 80).

The variety of tumor types that show a loss of BAF47 expression was unknown until a few years
ago. The histological heterogeneity of MRT's is a diagnostic challenge for pathologists, especially
when the typical rhabdoid morphology is lacking. However, loss of expression of BAF47 can be
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observed in tumors other than MRT and, obviously, negative BAF47 staining is not by itself
sufficient to firmly establish the diagnosis of MRT (Figure 2). The overall genetic landscape of
the various SMARCBI-deficient tumors remains scarcely known. Further studies are needed to
evaluate whether more complete genomic profiling will help in developing diagnostic criteria that
more reliably discriminate between MRTs and other BAF47-negative malignancies.

MUTATIONS OF OTHER GENES ENCODING SWI/SNF
COMPLEX SUBUNITS

Germline Mutations

Heterozygous nonsense germline mutations of SMARCA4 have been identified in two pedigrees
with familial MRT's. Analysis of the tumors revealed a complete loss of expression of the BRG1
protein (encoded by SMARCA4) with somatic inactivation of the wild-type allele by either copy-
neutral loss of heterozygosity (81) or acquired somatic mutation (82). Thus, SMARCA4 is the
second member of the SWI/SNF complex involved in the MRT predisposition syndrome (RTPS2;
OMIM #613325). More recently, heterozygous mutations in SMARCEI have been identified in
four individuals with familial multiple spinal meningiomas (OMIM #607174) (83). Again, the four
germline mutations described are truncating, and the tumors showed complete loss of BAF57, the
SMARCE] product, which is consistent with a tumor suppressor mechanism.

Aside from their involvement in tumor predisposition syndromes, germline mutations in
SWI/SNF genes have also been described in neurodevelopmental disorders. Indeed, heterozygous
germline mutations in ARIDIA, ARID1B, SMARCA2, SMARCA4, SMARCBI1, and SMARCEI
have been described in individuals with Coffin—Siris syndrome (CSS; OMIM #135900). CSS is
a neurodevelopmental disorder characterized by mental retardation, microcephaly, coarse facial
features, agenesis of the corpus callosum, and nail hypoplasia (84). Heterozygous mutations of
SMARCA2, ARID1B, and SMARCBI have also been reported in patients with Nicolaides—Baraitser
syndrome (OMIM #601358) (85), which is characterized by dysmorphia and mental retardation
and shares overlapping clinical features with CSS butalso has characteristic facial morphology, hair
and digital abnormalities, and epilepsy. CSS and Nicolaides-Baraitser syndrome do not predispose
to tumor formation, as none of the CSS patients with SMARCE1, SMARCA4, or SMARCBI mu-
tations has been reported to suffer from meningiomas, schwannomas, or MRT's. Conversely, none
of the individuals with a SWI/SNF gene-related inherited predisposition to meningiomas, schwan-
nomas, or MRT's showed neurodevelopmental disorders, suggesting that specific types of germline
mutations lead to specific disease phenotypes. Indeed, although all SMARCEI, SMARCA4, and
SMARCBI mutations described in patients with CSS or Nicolaides—Baraitser syndrome are mis-
sense mutations or in-frame deletions, all mutations in the same genes that predispose to tumor
formation are clearly truncating.

Somatic Point Mutations

Whole-exome and whole-genome sequencing have enabled mutational profiling of increasing
numbers of tumor types. These studies have identified mutations in several genes that encode sub-
units of the SWI/SNF complex (in addition to SMARCBI) (Figure 3). These genomic data as well
as data from the international Cancer Genome Atlas and the International Cancer Genome Con-
sortium, and the Catalogue of Somatic Mutations in Cancer database, have shown that SMARCA?2,
SMARCA4, ARIDIA, ARIDIB, ARID2, and PBRM]I are mutated at high frequencies in one or
several cancer types.
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Somatic variations of SWI/SNF genes across different tumor types. The frequency of somatic mutations (including neutral mutations)
is identified by exome sequencing of 28 genes encoding different SWI/SNF subunits across 12 cancer sites. The different SWI1/SNF
subunit genes are indicated along the x-axis. The y-axis indicates the frequency of mutations. Data were extracted from the Integrative
OncoGenomics (IntOGen) platform (http://www.intogen.org/), which collects data from the Cancer Genome Atlas, the International
Cancer Genome Consortium, and PubMed.
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SMARCA?2, which encodes the BRM ATPase and helicase catalytic subunit of SWI/SNF
complexes. SMARCA? is infrequently mutated in primary human tumors, except in adenoid
cystic carcinoma (ACC); three missense mutations and two homozygous deletions have been seen
in a series of 60 ACCs (86) (Figure 4). Thus, this study identified SMARCA?2 as one of the most
frequently mutated genes in ACC and also pinpointed mutations in other SWI/SNF complex
genes, namely, SMARCEI and ARID1A (86).

SMARCA4, which encodes the BRG1 ATPase and helicase catalytic subunit of SWI/SNF
complexes. In addition to the few cases of malignant MRT's mentioned above, SMARCA4 was
found to be mutated in 15.3% (9/59) of patients with Burkitt’s lymphoma (87) (Figure 4), 10.9%
(20/183) of patients with lung adenocarcinoma (88), 7.4% (11/149) of patients with esophageal
adenocarcinoma (89), and 4.3% (13/305) of patients with medulloblastoma (90-92).

Interestingly, in medulloblastoma, mutations were exclusively observed in the WNT (5/17,
29.4%) and group 3 (5/50, 10.0%) molecular subtypes, being absent from the sonic Hedgehog
and group 4 subtypes.
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Figure 4

Main tumor types for which SWI/SNF genes are among the five most frequently mutated genes. Abbreviations: ccRCC, clear cell renal
cell carcinoma; HCC, hepatocellular carcinoma; OCCC, ovarian clear cell carcinoma; MRT, malignant rhabdoid tumors;

TCC, transitional cell carcinoma.

Approximately 25% of esophageal adenocarcinomas harbor mutations in genes encoding
SWI/SNF complex proteins. In addition to SMARCA4, they may affect ARIDIA (14/149;
9.4%), ARID2 (9/149; 6.0%), and PBRM]1 (5/145; 3.4%), usually in a mutually exclusive fashion
(89).

Most SMARCA?2 and SMARCA4 mutations are missense or in-frame small deletions (5/5 of the
SMARCA?2 mutations in ACC and 9/9 of the SMARCA4 mutations in Burkitt’s lymphoma, 10/20
in lung adenocarcinoma, 8/11 in esophageal adenocarcinoma, and 9/10 in medulloblastoma). Most
of these missense mutations cluster within the region encoding the catalytic domains. Recently,
Dykhuizen et al. (93) demonstrated that the missense mutations of SMARCA4 found in medul-
loblastoma and Burkitt’s lymphoma compromise the ATPase activity of SWI/SNF complexes.
However, truncating mutations of these two subunits have been observed in some tumors. Indeed,
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very recently, germline and somatic truncating mutations in SMARCA4 have been described as
occurring at high frequency (52/57; 91.2%) in ovarian small cell carcinoma of the hypercalcemic
type (94-96).

Further investigations are needed to understand the roles of these mutations in tumor
formation.

ARID1A, alias SMARCF1, encodes the BAF250a subunit. ARIDIA is the most frequently
altered SWI/SNF gene in human cancers (Figure 3). Indeed, ARID1A mutations are present
at high frequency in a number of human cancer types including ovarian clear cell carcinomas
(OCCCs), an uncommon but aggressive type of ovarian cancer. Roughly half (79/161; 49.1%) of
OCCC:s carry ARID 1A mutations, mostly truncating, making it the most frequently mutated gene
in this subtype of ovarian cancer (97, 98) (Figure 4). These mutations are specific to this subtype
of ovarian cancer as serous ovarian carcinomas do not have ARIDI1A mutations. Interestingly,
loss of ARID1A4 in OCCCs has been correlated with shorter survival in patients treated with
platinum-based chemotherapy (99). Together with SMARCA4 mutations in ovarian small cell
carcinoma of the hypercalcemic type, this suggests a crucial role for SWI/SNF complexes in
ovarian tumorigenesis.

In endometrial cancers, two independent studies have shown that ARID1A is mutated in 39.0%
(155/397) of cases, making it one of the most frequently mutated genes in this type of cancer as
well (100, 101) (Figure 4). Interestingly, another study compared the rate of ARID1A mutation
in different histological subtypes and showed that ARID14 mutations are enriched in clear cell
tumors (3/23; 13%) when compared with serous tumors (3/52; 5.8%) (102).

Hepatocellular carcinoma (HCC) is another tumor in which ARID14 mutations are common.
Guichard etal. (103) have sequenced a cohort of 125 alcohol-related HCCs and found that ARID 1A
was mutated in 16.8% (21/125) of cases (Figure 4). Huang et al. (104) characterized a series of 110
hepatitis B virus—associated HCCs and identified ARID1A as the second most frequently mutated
gene (14/110; 12.7%) after TP53. These results indicate that alteration of ARIDIA is a major
oncogenic event in HCC formation, irrespective of etiology.

In lung adenocarcinoma, in addition to the SMARCA4 mutations mentioned above, ARID1A
is mutated in 9.8% (18/183) of cases (88). ARID1A and SMARCA4 mutations tend to be mutually
exclusive and together account for 18% (33/183) of lung adenocarcinomas, thus making SWI1/SNF
gene mutations in aggregate the third most frequent type of mutation, just after mutations in 7P53
and KRAS (88). Interestingly, no mutation of SWI/SNF genes has been described in squamous
cell lung cancers (105), indicating that, as in ovarian cancers, tumors arising in the same organ
may show highly variable mutation frequency depending on the histological subtype.

ARID1A is also frequently mutated in other cancer types, including 18.7% (41/219) of gastric
cancers (106, 107), 14.3% (28/196) of bladder cancers (1, 2), 9.7% (19/195) of colorectal cancers
(108), 4.9% (6/122) of pancreatic cancers (109, 110), 13.6% (8/59) of Burkitt’s lymphomas (87),
18.8% (6/32) of cholangiocarcinomas (111), and 16.7% (5/30) of lymphoplasmacytic lymphomas
(also known as Waldenstrém’s macroglobulinemia) (112) (Figure 4).

Most ARID1A somatic mutations are truncating, with nonsense or frameshift mutations de-
tected throughout the gene, thus strongly supporting a loss-of-function mechanism. However,
both alleles are affected in only 30% of OCCCs, and a similar situation prevails in other tumors,
such as gastric cancer and HCC. The observation that only one allele of ARID1A is mutated while
the other allele is expressed suggests that ARID 14 haploinsufficiency is being selected for in cancer
cells.

Finally, comparison of ARID1A4 mutation types in gastric (106) and colorectal cancers (108) has
revealed similar patterns, with most mutations consisting of indels within G or C homopolymer
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repeats in coding regions. This suggests that ARID1A mutations, like those involving TGFBRII
or BAX in these tumors, result from microsatellite instability (MSI) stemming from mismatch
repair defects. Supporting this hypothesis, studies on gastric cancer have revealed that ARID1A
mutations are significantly associated with MSI (106, 107). Similarly, the Cancer Genome Atlas
Research Network has reported that ARIDI1A mutations in colorectal tumors were enriched in
MSI tumors (37% versus 5%) (108).

ARIDI1B, which encodes the BAF250b subunit. When compared with ARIDI1A, ARIDIB is
rarely mutated in human cancers except in childhood neuroblastoma, where mutations of both
genes occur at similar rates: 7.0% (5/71) and 5.6% (4/71), respectively (113) (Figure 4). ARIDIB
somatic alterations described in neuroblastoma are mostly hemizygous intragenic deletions, or
splice-site or missense mutations. Alterations in ARID1A/B correlate with a more aggressive neu-
roblastoma, as the median survival in mutated cases is lower than that observed for any other
genetic alteration, including MYCN amplification. Thus, ARID1A/B mutational status is a po-
tential biomarker for identifying patients at risk for early therapy failure and disease progression
(113).

ARID?2, which encodes the BAF200 subunit. ARID2 is mutated in some primary human can-
cers, in particular in 5-8% of HCCs, particularly HCCs that are related to hepatitis C virus
(HCV) (14% of HCV-related cases compared with 2% of hepatitis B virus—related cases) (103,
114, 115), non-small cell lung cancer (15/183; 8.2%) (116), melanoma (9/121; 7.4%) (117), oral
squamous cell carcinoma (5/50; 10.0%) (118), and esophageal adenocarcinoma (9/149; 6.0%) (89).
Homozygous deletions or somatic mutations associated with a loss of heterozygosity, responsible
for a complete loss of function of ARID2, have been identified in these cancer types.

In melanoma, ARID?2 alterations were exclusive from ARID1A/B mutations, and most fre-
quently resulted from UVB-related C — T transitions (117). Similarly, ARID2 mutations observed
in non—small cell lung cancer may be related to tobacco exposure (116).

PBRM 1, which encodes the BAF180 subunit. PBRM1 is mutated in 20-40% of clear cell renal
cell carcinomas (ccRCCs), making PBRM1 the second most frequently mutated gene after VHL
in the most common histological type of renal cancer (119-122) (Figure 4). PBRM1 and the three
other most commonly mutated genes in ccRCC (i.e., VHL, BAPI, and SETD?2) are all two-hit
tumor suppressor genes and are all located in a 43-Mb region on chromosome 3p that is deleted
in 90% of ccRCCs. Interestingly, SMARCC]I, which encodes another member of the SWI/SNF
complex, is also located in this region but has not been reported to be mutated in ccRCC.

PBRM1I mutations and BAPI mutations are mutually exclusive (but PBRMI mutations are
not exclusive of VHL or SETD2 mutations), suggesting either a functional redundancy or a
synthetic lethality. The BAPI tumor suppressor gene encodes the BRCA1 associated protein-1
(BAP1) deubiquitinase involved in double-strand break repair. In addition to ccRCC, it is fre-
quently mutated in uveal melanoma, mesothelioma, and cholangiocarcinoma. Expression profiles
of PBRMI-mutated tumors are enriched for expression of a hypoxia signature gene set, whereas
BAPI-mutated cases are associated with decreased expression of Polycomb repressive complex 2
(PRC2) target genes (120). Interestingly, PBRM1 and BAPI mutation status identified subtypes
of ccRCC with distinct clinical outcomes—i.e., a high-risk BAPI-mutated group and a favorable
PBRM1-mutated group (123). This case exemplifies how next-generation sequencing can be used
to integrate genomics with clinical prognostication.

Apart from ccRCC, PBRM1 has been found to be mutated in 17% of cholangiocarcinomas
(111) (Figure 4). PBRM1 mutations seem to be infrequent in other human cancers.
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The other genes encoding SWI/SNF subunits—including ACTB, ACTL6A, ACTL6B, BRD7,
BRDY, PHF10,DPF1, D DPF2, DPF3,SMARCC1,SMARCC2,SMARCD1,SMARCD2, SMARCD?3,
and SMARCEI (Figure 1; Table 1)—exhibit rare point mutations in solid tumors (Figure 3).
Their mutation rates are in the range of those observed for passenger mutations that are not
expected to confer any significant selective growth advantage.

Other Types of Alterations in the SWI/SNF Complex

The newly identified SWI/SNF subunits (i.e., BCL7A, BCL7B, BCL7C, BCL11A4, BCL11B, BRD9,
and SS18) (5) (Figure 1; Table 1) may be mutated in hematological malignancies. For exam-
ple, BCL11B truncating, missense mutations and heterozygous deletions are identified in 16%
of human T cell acute lymphoblastic leukemias (124). Satterwhite et al. (125) have described
a subtype of aggressive chronic lymphocytic leukemia harboring a t(2;14)(p13;q32.3) translo-
cation involving the IGH locus and BCLI1A that results in strong upregulation of this gene.
Altogether, these results indicate a clear involvement of the BCL11 gene family in lymphoid ma-
lignancies. BCL7A is also involved in lymphoid malignancies, either by translocation in Burkitt’s
lymphoma (126) or by promoter hypermethylation in primary cutaneous T cell lymphoma (127).
Further studies are necessary to validate the involvement of these new SWI/SNF genes in the
dysregulation of the SWI/SNF complexes in human cancers and, particularly, in hematological
malignancies.

The t(X;18) chromosomal translocation involving the SS18 gene (which encodes the SYT
subunit of the SWI/SNF complex) is the hallmark of synovial sarcoma (128). A reduced expression
of SMARCBI has been noted in about two-thirds of synovial sarcomas with SS18-SSX fusion
transcripts (44, 129). Interestingly, Kadoch et al. (130) recently demonstrated that the SYT-SSX
fusion protein competes for assembly with wild type SYT, leading to an altered SWI/SNF complex
from which the BAF47/SMARCBI protein is evicted; the subsequent degradation of the BAF47
protein accounts for the weak staining observed in these tumors. Therefore, functional inactivation
of SMARCBI and subsequent alteration of the SWI/SNF complex may constitute key elements
in the development of synovial sarcomas.

LINK BETWEEN ALTERATIONS IN SWI/SNF COMPLEXES
AND CLEAR CELL HISTOLOGICAL SUBTYPE

Although abnormalities in SWI/SNF complexes have been observed in a large number of tumors
of various histological types, it is striking that a significant number of tumors exhibit a peculiar
clear cell morphology. Indeed, mutations in ARID1A and PBRM1 are frequently found in, respec-
tively, OCCCs (97, 98) (Figure 54,b) and ccRCCs (119-122) (Figure 5c¢,d). In addition, ARID1A
mutations in endometrial tumors are enriched in the clear cell histological subtype compared
with the serous subtype (102). Moreover, spinal meningiomas associated with germinal mutation
of SMARCEI are of the clear cell histological subtype. Thus, the association between clear cell
histological subtype and SWI/SNF complex mutations extends across tumors with diverse cellular
origins.

These data suggest that the clear cell phenotype results from a common physiopathological
mechanism related to functional alteration of the SWI/SNF complexes. Different causes have
been proposed to explain the lack of cytoplasmic staining in clear cell tumors, including a paucity
of intracytoplasmic organelles; dilated, swollen, or enlarged mitochondria or cisternae; and exces-
sive cytoplasmic accumulation of substances such as glycogen, lipid droplets, mucosubstances, or
mucin vacuoles. Histochemical and ultrastructural studies of clear cell meningioma (131), ccRCC
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Figure 5

Different types of clear cell carcinomas associated with SWI/SNF mutations. (#) Hematoxylin and eosin
(H+E) staining (x100) of an ovarian clear cell carcinoma in a 63-year-old woman; the tumor shows diffuse
growth with large polygonal cells. (5). H+E staining (x400) of the same tumor showing cells with irregular
nuclei, prominent eosinophilic nucleoli, and large clear cytoplasm. (¢) H+E staining (x200) of a clear cell
renal cell carcinoma with typical solid sheet and alveoli in a 58-year-old man. (/) H+E staining (x400)
showing cells with a large clear cell vegetal cytoplasm and central nuclei surrounded by delicate capillaries.

(132), OCCC (133, 134), and clear cell endometrial cancer (135, 136) reveal mainly glycogen
excess with lipid droplets. Steinberg et al. (137) evaluated glucose metabolism in different his-
tological types of renal carcinoma and noted that ccRCC was distinct in having increased levels
of glycogen, greater glycolytic activity, and reduced gluconeogenesis. Interestingly, it has been
demonstrated that CARM1, the arginine methyltransferase recently found to methylate BAF155
(138), is necessary for the expression of genes directly involved in glycogen metabolism (139).
Although further investigations are necessary to explore the mechanistic links between alterations
in SWI/SNF complexes and the clear cell phenotype, one attractive hypothesis is that they induce
excessive glycogen accumulation as a consequence of abnormal carbohydrate metabolism. It will
be interesting to know whether other rare tumors with clear cell histotypes that have not yet
been investigated in large genome-scale studies also harbor SWI/SNF gene mutations. Possible
examples of such tumors include clear cell adenocarcinoma of the vagina, clear cell sugar tumor
of the lung, perivascular epithelioid cell tumor, clear cell sarcoma (formerly known as malignant
melanoma of the soft parts), clear cell chondrosarcoma, clear cell squamous cell carcinoma, or
the extremely rare glycogen-rich clear cell carcinoma of the breast. Finally, regarding a possible
link between SWI/SNF complexes and carbohydrate metabolism, it is important to recall that
snf mutants in yeast were characterized by deficient carbohydrate metabolism, suggesting that
SWI/SNF complexes have a conserved role in carbohydrate metabolism throughout evolution.
In support of such a hypothesis, mice with liver-specific conditional inactivation of Smuarch1 die
during the neonatal period due to severe hypoglycemia and impaired energy metabolism (140).
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IMPACT AND ROLE OF MUTATIONS OF SWI/SNF COMPLEXES
ON TUMOR DEVELOPMENT

Although SWI/SNF genes are frequently altered in human cancers, making these complexes a
major target in oncogenesis, the pattern of mutations varies from one tumor type to another.
Mutations in SMARCBI and PBRM]1 are observed with a high frequency, and quite specifically in
MRT's and ccRCC, respectively, which may suggest that those subunits have cell- or tissue-type-
specific functions. These mutations are mostly biallelic and clearly truncating, thus supporting a
complete loss-of-function mechanism (Figure 6z).

Most other cancer subtypes exhibit a broader spectrum of SWI/SNF mutations across the
different subunit-encoding genes. The preponderance of mutations in the enzymatic subunits
(BRM/SMARCA?2 and BRG1/SMARCA4) and DNA-targeting subunits (BAF250a/ARIDIA,
BAF250b/ARID1B, BAF200/ARID2, and BAF180/PBRMT) suggests that these subunits have the
most critical role in oncogenesis. For other subunit genes, the types of changes are highly variable.
Some cancer types harbor truncating mutations of a single allele of SWI/SNF genes—for instance,
mutations of ARID1A4 in OCCC—suggesting that haploinsufficiency and reduced levels of the
wild-type protein are critical (Figure 6b). In other cancers, missense mutations are predominantly
observed, which in most cases leaves open several possible functional consequences, including
loss-of-function, dominant negative, and gain-of-function effects. Such missense mutations
are mostly observed in SMARCA2 and SMARCA4, which encode mutually exclusive catalytic
subunits of the SWI/SNF complex (Figure 6b). Interestingly, most of the SMARCA2/4 missense
mutations cluster within the region encoding the helicase domains of BRM and BRG1 proteins.
Recently, some SMARCA4 mutants were shown to have compromised ATPase activity and to act
dominantly over the wild-type allele to increase the percentage of cells in G2/M and anaphase
(93).

BAF250a/ARID1A and BAF250b/ARID1B are mutually exclusive, BAF-specific subunits occu-
pying the same position in the complex. Although mutations in both genes can occur in the same
tumors (120), a recent study demonstrated that ARID1B has synthetic lethality with ARIDIA in
cancer cells (141). Thus, partial loss of ARIDI1A and ARID1B alleles may cooperate to promote
tumor formation, but one persisting functional allele is required for the growth of cancer cells.
Similarly, two studies have recently reported that the silencing of SMARCA?2 in tumors with
SMARCA4 mutations induces cell cycle arrest (142, 143), further demonstrating that, although
hypomorphic SWI/SNF complexes may promote tumor formation, complete inactivation of the
complexes may suppress cell growth. Taken together, these results help clarify the role of muta-
tions in different SWI/SNF genes in the same tumor type and even in the same tumor (Figure 7).

Another mechanism of alteration of SWI/SNF subunits is through chromosome translocation.
The SYT-SSX chimera invades the SWI/SNF complex and evicts the BAF47 subunit (Figure 6c¢)
(130). Other mechanisms that may alter the functions of the SWI/SNF complexes have been
proposed. For example, CARM1, an arginine methyltransferase, specifically methylates Arg1064
of the BAF155/SMARCC]I subunit of SWI/SNF complexes and, hence, may contribute to breast
cancer progression and metastasis (138) (Figure 6d). Consequently, methylated BAF155 could
serve as a sensitive biomarker for human breast cancer progression. Finally, in 2011, Prensner
etal. (144) characterized a long noncoding RNA, termed SChLAP1I, that is overexpressed in 71%
of prostate cancers and is involved in aggressiveness and disease progression. SChLAP1 binds
directly to BAF47/SMARCBI and thus antagonizes SWI/SNF complexes, leading to increased
cancer cell invasiveness and metastasis (145) (Figure 6e). These results suggest that SChLAP1-
mediated alteration in SWI/SNF complexes contributes to the development of prostate cancer
and can potentially serve as a novel marker of aggressive behavior.
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Figure 6

Different mechanisms of somatic alteration in SWI/SNF complexes. () Biallelic inactivation of one
SWI/SNF subunit, for example, as occurs in SMARCBI in malignant rhabdoid tumors and in PBRM1 in
clear cell renal cell carcinomas. (5) Monoallelic mutation of one SWI/SNF subunit and an example of
mutation in SMARCA4 occurring in medulloblastoma. In some cases, several different SWI/SNF subunits
can be mutated in the same tumor. (¢) Chromosomal translocation. The example shown is the t(X; 18) in
synovial sarcoma that leads to an SYT-SSX oncogenic fusion protein, which disrupts the SWI/SNF complex
by ejecting the BAF47 subunit. (4) Posttranslational modification. The example shows CARM1-mediated
methylation (Me) of arginine residue 1064 of BAF155, which regulates metastasis of breast cancer cells.
(¢) Long noncoding RNA-mediated SWI/SNF alteration. An example is the SChLAP1 overexpression in
prostate cancer that contributes to aggressive behavior by impairing BAF47-mediated regulation of gene
expression.

RELATIONSHIP BETWEEN ALTERATIONS IN THE SWI/SNF
COMPLEX AND OTHER MUTATIONS IN CANCER

In addition to identifying frequent alterations in SWI/SNF complex genes, exome sequencing
studies have unraveled several associations with other mutations in oncogenes and tumor suppres-
sor genes. In gastric cancer (107) and OCCCs (97, 98), ARID1A mutations have been positively
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Figure 7

An example of the variety of SWI/SNF gene mutations in bladder urothelial carcinoma. SWI/SNF mutations in bladder urothelial
carcinomas were extracted from The Cancer Genome Atlas network and visualized using the cBioPortal for Cancer Genomics
(http://www.cbioportal.org) (146, 147). A total of 83 of 127 (65.4%) bladder urothelial carcinomas were mutated in at least one
SWI/SNF gene. For each gene, the two lines schematize the two alleles. This figure highlights three points: (#) that several SWI/SNF
genes can be mutated in a single tumor type, (b) that several SIWI/SNF genes can be mutated in the same tumor, and (¢) that
concomitant loss of functionally redundant subunits (such as ARIDI1A and ARIDIB, or SMARCA?2 and SMARCA4) is not observed.

correlated with the presence of PIK3CA-activating mutations, suggesting potential cooperating
effects between these two genes. Furthermore, ARID1A4 mutations in gastric or OCC cancers,
as well as ARID1B mutations in HCCs (114), show a significant negative correlation with 7P53-
inactivating mutations. Thus, the mutation of genes encoding chromatin-remodeling complexes
may substitute for 7P53 mutations during the process of carcinogenesis. Taken together, these
data reveal potential cooperating interactions between alterations in SWI/SNF complex genes and
other tumor-promoting pathways. However, these data should be considered carefully because
human cancers are both histologically and genetically diverse diseases, and observed statistical
correlations may be due to an association with the molecular context rather than a mechanistic
relationship. For example, in gastric and colorectal cancers, gene mutations in SWI/SNF com-
plexes tend to occur in MSI tumors, whereas 7P53 mutations generally occur in tumors in which
microsatellite DNA is stable (108).

TARGETING ALTERATIONS IN SWI/SNF COMPLEX
FOR CANCER TREATMENT

Some hypotheses are emerging describing how these insights might be translated to novel thera-
pies. One interesting option came from the evidence of functional antagonism between SWI/SNF
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and PRC2 complexes (22, 27). Inhibition of EZH2 in SMARCBI-deficient rhabdoid cells
dramatically affects H3K27 trimethylation, leads to a rapid arrest in G1 phase, and induces late
cytotoxicity (148). These antiproliferative effects have been confirmed in vivo in xenograft models
(148). Whether this approach could be applied to other SWI/SNF-dependent cancers remains
to be investigated; however, it is tempting to speculate that the broad antagonism of SWI/SNF
and PRC2 should not depend only on SMARCBI and, thus, that EZH2 inhibition could target
various cancer types with diverse SWI/SNF mutations. Another approach would be to target the
signaling pathways downstream of SWI/SNF. Several detailed mechanistic studies have proposed
avenues for treating cancers that have alterations in the SWI/SNF complex. The most promising
results have been obtained with Aurora kinase A inhibitors in MRT. The overexpression of
Aurora kinase A observed in malignant rhabdoid cell lines depends on SMARCBI inactivation and
enhances cell proliferation (149). Targeting this kinase in vitro and in vivo dramatically reduces
tumor proliferation. These results have led to an ongoing clinical trial with alisertib (MLLN8237)
in children with ATRT. SMARCBI inactivation also leads to hyperactivation of GLI1 in ATRTs
(25). Because SMO inhibitors act upstream of GLII1, they show no activity on ATRT cell
lines. However, targeting the sonic hedgehog pathway remains of interest because it has been
demonstrated that arsenic trioxide inhibits GLII signaling and has promising antiproliferative
effects on rhabdoid cell lines (150). Although blocking a single pathway is worth trying, the
broad synchronous dysregulation of many oncogenic pathways induced by SWI/SNF alterations
suggests that monotherapy may be suboptimal. The specific inhibition of an active protein
domain might also open novel therapeutic perspectives. For example, BRG1 and BRM helicase
subunits as well as BAF180, BRD7, and BRD9 SWI/SNF subunits have bromodomains (Table 1)
that recognize the acetylated lysine of the histone necessary for nucleosome remodeling
activity. Hence, the use of selective bromodomain inhibitors such as JQ1, which has re-
cently proven efficient against some tumor types (151, 152), could be an effective targeted
therapeutic approach for SWI/SNF-related malignancies. Interestingly, it has been demon-
strated that JQI1 induced a marked decrease of cell viability in patient-derived primary
ATRT cells with loss of SMARCBI (153). Finally, the synthetic lethal interactions between
SMARCA4 and SMARCBI (154), between SMARCA?2 and SMARCA4, and between ARID1B and
ARIDIA may constitute extremely powerful strategies, provided that specific inhibitors can be
identified.

CONCLUSIONS

Evidence has emerged about the central position of the SWI/SNF complexes in human tumori-
genesis. Alterations of the SWI/SNF complex in cancer cells are now used as relevant diagnostic
biomarkers and possible prognostic biomarkers in several tumor types. Some questions remain
to be addressed to fully appreciate these functions, but after more than 20 years of research, it
has become apparent that SWI/SNF complexes are critical epigenetic regulators of tumorigen-
esis through their pleiotropic roles in the regulation of the cell cycle, oncogenic pathways, and
metabolism. In the future, pharmacological manipulation of the SWI/SNF complex may be a
promising approach that will enable therapeutic strategies for cancer to be optimized.
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