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ABSTRACT 

The SWI/SNF (Switch/Sucrose non-fermentable) 
complex is a key epigenetic regulator that is con-
served across different species. While its functions 
as a gene expression regulator have been widely 
characterized, new evidences suggest that it can 
act as a fundamental modulator of metabolic path-
ways both in physiological and pathological pro-
cesses. In this review, we summarized the most re-
cent literature addressing molecular interactions 
involving members of the SWI/SNF complex and 
metabolic pathways. We focused on how genetic 

1 Department of Genomic Medicine, The University of Texas MD Anderson Cancer Center, Houston, TX, USA
2 Department of Genitourinary Medical Oncology, The University of Texas MD Anderson Cancer Center, Houston, TX, USA
3 Department of Translational Medicine and Surgery, Università Cattolica del Sacro Cuore, Rome, Italy
4 Scientific Direction, Centro di Riferimento Oncologico della Basilicata - IRCCS-CROB, Rionero in Vulture, Potenza, Italy 

5 David H. Koch Center for Applied Research of Genitourinary Cancers, The University of Texas MD Anderson Cancer 
Center, Houston, TX, USA

CORRESPONDING AUTHOR:
Giannicola Genovese
Department of Genitourinary Medical Oncology
The University of Texas MD Anderson Cancer Center
David H. Koch Center for Applied Research of Genitourinary Cancers 
1515 Holcombe Blvd 
77030 Houston, TX, USA 
E-mail: ggenovese@mdanderson.org 
ORCID: 0000-0003-1392-9954

Doi: 10.48286/aro.2021.31

History
Received: Jul 27, 2021  
Accepted: Nov 29, 2021
Published: Dec 1, 2021

M. Soeung 1, L. Perelli 2,3, A. Sgambato 3,4, G. Genovese 2,5

TARGETING SWI/SNF METABOLIC 
VULNERABILITIES IN CANCER

alterations of SWI/SNF subunits lead to tumorigen-
esis and aggressive phenotypes during cancer evo-
lution. Finally, we highlighted metabolic vulnerabil-
ities of cancer cells with altered SWI/SNF complex 
that can be exploited as future clinical targets for 
the treatment of advanced disease. SWI/SNF com-
plex is a critical regulator of chromatin accessibility 
frequently mutated in human cancers. Mutations 
in the SWI/SNF complex renders cancer cells vul-
nerable to metabolic perturbations, that may con-
stitute new potential oncological targets.
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THE SWI/SNF COMPLEX IN 
HOMEOSTASIS
The SWI/SNF (Switch/Sucrose non-fermentable), 
also known as the BAF (BRG1-BRM-associated fac-
tor), complex, principally functions as an orchestra-
tor of gene expression regulation by coordinating 
the chromatin remodeling process via Adenosine 
triphosphate (ATP) hydrolysis and interaction with 
transcription factors. Therefore, the SWI/SNF com-
plex plays a major role in several cellular functions 
as well as physiological and pathological process-
es such as cancer (1). As a chromatin remodeler, 
the SWI/SNF complex is involved in orchestrating 
a plethora of cellular processes to maintain ho-
meostasis by changing the accessibility status of 
chromatin, thereby activating or repressing gene 
transcription (1, 2). Studies have suggested that 
the SWI/SNF subunits are likely tightly regulated to 
maintain their critical functions in establishing cel-
lular homeostasis (3). Consequently, an imbalance 
in the concentration of SWI/SNF proteins can lead 
to diseases like cancer (figure 1). Bultman and 
colleagues showed that homozygous knockout of 
SMARCA4 (also called BRG1) in mouse models was 
embryonic lethal, while heterozygotes had a high-
er proclivity to develop tumors (4). Other studies 
have shown that ectopically overexpressing SWI/
SNF subunits induces senescence in cells, further 
supporting the notion that the correct concentra-
tion of SWI/SNF proteins is important in homeo-
stasis and that their imbalances can lead to dire 
consequences (5). 

THE SWI/SNF COMPLEX IN CANCER
Analysis of malignant rhabdoid tumors (MRTs) 
and atypical/teratoid rhabdoid tumors (AT/RT) ge-
nomes identified mutations and deletions on the 
SMARCB1 locus of chromosome 22, providing the 
first evidence of the role of the SWI/SNF complex 

KEY WORDS
SWI/SNF; Metabolism; Cancer; Vulnerabilities.

in cancer (6). Additional studies have shown that 
other subunits of the SWI/SNF complex are dys-
regulated in cancer; a meta-analysis by Kadoch 
and colleagues demonstrated that the SWI/SNF 
complex is mutated in more than 20% of human 
cancers (7). A review by Hodges showed, using 
data from The Cancer Genome Atlas (TCGA), that 
SWI/SNF complex subunits are frequently mutat-
ed in human cancers, and that mutations occur in 
subunit-specific patterns, further supporting the 
importance of targeting the SWI/SNF complex as 
a modality of treatment (8). Previous reviews have 
extensively summarized the research on the SWI/
SNF complex in human cancers, demonstrating 
the significant role of the SWI/SNF complex in tu-
morigenesis, maintenance, and progression (1, 8) . 
However, the mechanism of how mutations in the 
SWI/SNF complex lead to tumorigenesis and dis-
ease progression is still largely unknown. Deeper 
molecular understanding of how SWI/SNF muta-
tions cause disease is complicated by the fact that 
the SWI/SNF complex is composed of up to 15 subu-
nits that are encoded by 29 genes, which can result 
in 1400 different combinations of the complex as-
sembly (9, 10). Given the complexity of the SWI/SNF 

Vol. 1(4), 261-271, 2021

Figure 1. Illustration showing how the SWI/SNF complex plays a crit-
ical role in maintaining cellular homeostasis by modulating chroma-
tin accessibility (left). Consequentially, SWI/SNF mutations can lead to 
disruptions in cellular homeostasis that lead to disease (right). Creat-
ed with BioRender.com.

IMPACT STATEMENT
SWI/SNF complex is a critical regulator of chromatin 
accessibility frequently mutated in human cancers. 
Mutations in the SWI/SNF complex renders cancer 
cells vulnerable to metabolic perturbations, that 
may constitute new potential oncological targets.
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complex, different mutations can result in different 
biological effects, highlighting the critical role of the 
SWI/SNF complex in regulating cell homeostasis. 
This review summarizes an emerging body of data 
strongly suggesting that the SWI/SNF complex plays 
a critical role in cellular metabolism. Therefore, it is 
provocative to postulate that cancers and other dis-
eases characterized by SWI/SNF genetic alterations 
are “metabolic diseases” that could be targeted by a 
new set of tools modulating the cellular metabolic 
status. Although the role of the SWI/SNF complex 
in metabolism and disease is a developing research 
field in humans, the role of the SWI/SNF complex 
in yeast (Saccharomyces cerevisiae) metabolism has 
been characterized to a larger extent. The SWI/SNF 
complex, was first studied in S. cerevisiae, but it has 
since been investigated in other organisms, includ-
ing Drosophila melanogaster and other mammals 
due to the growing evidence of its fundamental role 
in human diseases. Since it has been extensively in-
vestigated in various organisms, the nomenclature 
for the SWI/SNF complex can mislead researchers 
in understanding the specific roles of each subu-
nit. For clarity, this review will refer to the complex 
as the SWI/SNF complex and utilize the HUGO no-
menclature for the subunits. Overall, this review will 
summarize the current body of literature demon-
strating the role of the SWI/SNF complex in meta-
bolic processes and the associated vulnerabilities in 
human diseases like cancer. 

METABOLIC FLEXIBILITY IN 
ENERGY HOMEOSTASIS AND 
DISEASE
Metabolism can be defined as a chain of chemical 
processes that breaks down nutrients, enabling 
life in organisms. The key metabolic pathways (i.e. 
The Citric Acid Cycle) are highly conserved from 
unicellular organisms like Escherichia coli to multi-
cellular organisms like humans (11). This high lev-
el of conservation across species of key metabolic 
pathways alludes to their ancient origins and their 
high efficiency. However, the availability of nutri-
ents and oxygen, key components of life, are not 
always readily available due to a dynamic environ-
ment. Therefore, metabolic flexibility, or the ability 
of organisms to adapt their metabolism to fluctu-
ating fuel availability, is critical for survival (12).
Louis Pasteur demonstrated that S. cerevisiae can 
switch between glycolysis and mitochondrial respi-

ration depending on oxygen availability in order to 
survive during periods of stress. Metabolic flexibil-
ity is also critical for energy homeostasis in mam-
mals; several studies revealed that impairment of 
metabolic flexibility can lead to altered homeosta-
sis (12). For example, the healthy mammalian heart 
relies primarily on fatty acid oxidation as its source 
of fuel, but has the ability to rapidly switch sub-
strates in order to adapt to physiological changes 
(i.e. exercise) (13, 14). However, in both mouse and 
rat models of type 1 and type 2 diabetes, research-
ers demonstrated that the diabetic heart is almost 
exclusively constrained to the use of fatty acid oxi-
dation for its source of ATP (15, 16). Studies in hu-
mans showed that fatty acid oxidation is increased 
in individuals with type 1 diabetes, supporting the 
findings in animals models (17).
Cancer is another example of a disease with ab-
normal metabolism. Tumor cells are hyper-prolif-
erative cells that require a constant influx of ener-
gy and nutrients in order to maintain their rapid 
growth and dissemination (18). Therefore, studies 
have shown that tumor cells can rewire their me-
tabolism to adapt to their environment and needs. 
Otto Warburg first described one of these met-
abolic adaptations utilized by tumor cells in his 
observation that tumor cells used “aerobic” glyco-
lysis or metabolized glucose even in the presence 
of oxygen (19). This phenomenon is now termed 
the “Warburg effect” or “aerobic glycolysis,” and it 
is seen in various cancers. Cancer metabolism is 
often mistakenly associated with Warburg effect, 
or aerobic glycolysis. Although some tumor cells 
exhibit Warburg effect, this is not true in all cases 
(20).  In 2011, Hanahan & Weinberg included dereg-
ulation of metabolism as a new hallmark of cancer 
cells (21). Indeed, an enormous amount of evidenc-
es following Warburg’s findings sustained how can-
cer cells increase their dependency from glucose. 
For example, oncogenes like RAS or MYC can fuel 
the glycolytic pathways of tumoral cells (22).
On the contrary, emerging evidences revealed 
that at least two differently metabolically regu-
lated subpopulations are present in tumors: one 
subpopulation reflecting the metabolic changes 
as described by Warburg’s effect, and a second 
population characterized by dependency on other 
metabolic pathways, such as oxidative phospho-
rylation (OXPHOS) (23). These premises highlight 
the metabolic plasticity of cancer cells in terms of 
adaptation and survival to different environmen-
tal or cell autonomous events. In this review, we 
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will summarize the different metabolic roles of the 
SWI/SNF complex described in recent studies.

THE SWI/SNF COMPLEX 
REGULATES CARBON FLEXIBILITY
The genes encoding the different subunits of the 
complex were first revealed in screens for mating 
type switching and sucrose metabolism in S. cere-
visiae, providing the first evidence of the involve-
ment of the SWI/SNF complex in carbohydrate me-
tabolism. This genetic screen identified five new 
sucrose non-fermenting (Snf) alleles, Snf2, Snf3, 
Snf4, Snf5, and Snf6 in addition to Snf1 as positive 
regulators of SUC2, a member of the SUC gene fam-
ily that encodes invertase to hydrolyze extracellu-
lar sucrose into glucose and fructose (24). Snf2 
and Snf5 were later confirmed as members of the 
yeast SWI/SNF complex. Both Snf2 (BRG/BRM) and 
Snf5 (SMARCB1) also have mammalian homologs 
that are implicated in human diseases. 
Hypoxia is one of the most studied environmen-
tal stresses impacting cellular metabolism and 
general homeostasis, depleting ATP reserves and 
altering carbohydrate metabolism (25). Interest-
ingly, a study by Burgain and colleagues demon-
strated that Candida albicans (C. albicans) with Snf5 
(also called SMARCB1) mutations cannot grow on 
alternative carbon sources in hypoxia. However, 
the mutants can grow normally on fermentable 
carbohydrates like glucose and fructose (26). The 
authors determined that Snf5 is required for sur-
vival in hypoxia via regulation of carbon flexibility, 
ultimately concluding that the SWI/SNF complex is 
a master regulator that connects the oxygen-sens-
ing machinery with carbon utilization in C. albicans. 
The metabolic phenotypes seen in SWI/SNF mu-
tants in S. cerevisiae previously described suggest 
that the role of SWI/SNF is to maintain overall car-
bohydrates homeostasis by regulating metabolic 
pathways. As eluded in S. cerevisiae and C. albicans, 
the SWI/SNF complex probably plays a critical role 
in carbon flexibility in humans as well, and the loss 
of this flexibility leads to various metabolic vulner-
abilities that can be exploited therapeutically as it 
will be summarized in the following. Depending on 
the availability of nutrients and oxygen in the tumor 
microenvironment, the loss of the SWI/SNF com-
plex can possibly manifest into different metabolic 
phenotypes in a context-dependent manner such 
as tissue type, timing, and energy requirements. 

THE SWI/SNF COMPLEX IN OXPHOS
Recent reports suggest that several cancers with inac-
tivating mutations of the SWI/SNF complex subunits 
are dependent on OXPHOS. An analysis of RNA-se-
quencing data from The Cancer Genome Atlas (TCGA) 
project of human lung adenocarcinoma tumors re-
vealed that the most enriched pathway in tumors 
with SMARCA4 and ARID1A mutations is the oxidative 
phosphorylation pathway (27). In this study, Lissanu 
and colleagues found that metabolic genes, such as 
peroxisome proliferator-activated receptor-gamma 
coactivator (PGC1-α), mitochondrial ATP synthase F0 
complex subunit ATP5L, and genes involved in oxida-
tive stress response, including glutathione S-trans-
ferase GSTO7 and GSTO1, were enriched in lung 
adenocarcinoma tumors with SMARCA4 and ARID1A 
mutations. PGC1-α is known to drive mitochondrial 
respiration and biogenesis, and shRNA mediated 
knockdown of PGC1-α in a SMARCA4-deficient lung 
cancer cell line was significantly detrimental to their 
growth in colony formation assays whereas, re-ex-
pression of SMARCA4 reversed the phenotype, con-
firming its dependency on SMARCA4 (27). 
In the same study, it was demonstrated that tu-
mors derived from a KPS (KrasLSLG12D/WT, p53fl/fl, 
Smarca4fl/fl) Smarca4-deficient genetically engi-
neered mouse model displayed enriched OXPHOS 
based on gene enrichment analysis (GSEA) com-
pared to tumors derived from the KP (KrasLSLG12D/WT, 
p53fl/fl) mouse model, providing further evidence 
of the role of Smarca4 in regulating OXPHOS (27). 
They also demonstrated, using a novel inhibitor of 
mitochondrial complex I (IACS-010759), that can-
cer cell lines and xenografts with inactivating mu-
tations in a subunit of the SWI/SNF complex (either 
SMARCA4 or ARID1A) were more sensitive to inhibi-
tion of OXPHOS in comparison to their wild-type 
counterparts. These results highlight the fact that 
the loss of SWI/SNF complex members confers a 
unique metabolic vulnerability that can be exploit-
ed to treat cancers with these mutations. 

THE SWI/SNF COMPLEX 
REGULATES FATTY ACID 
OXIDATION/LIPID METABOLISM
Interestingly, PGC1-α is implicated in the interaction 
with the SWI/SNF complex by independent studies. 
A genome-wide coactivation screen in mouse liv-
ers identified BAF60a (SMARCD1), a member of the 
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cans that demonstrated the role of the SWI/SNF 
complex in regulating carbohydrate metabolism. 
In these studies, investigators showed that oppor-
tunistic organisms like yeast and fungus with SWI/
SNF inactivating mutations had impaired carbohy-
drate metabolism and flexibility (24, 26, 30, 31). 
Meng and colleagues also demonstrated that 
BAF60c (SMARCD3) is involved  in coordinating 
muscle adaptation to high endurance exercise 
through the PGC1-α pathway by regulating glycolyt-
ic and oxidative metabolism (32). Specifically, they 
showed that BAF60c is required in skeletal muscle 
for maintaining glycolytic capacity to improve glu-
cose homeostasis through the Deptor-mediated 
AKT pathway (33). Another study by Meng and col-
leagues also showed that the SWI/SNF complex is 
an important glucose sensor in myocytes through 
the Baf60c-Deptor-AKT signaling axis (34). Togeth-
er, these studies suggest that human cancers with 
inactivating mutations of the SWI/SNF complex 
also lack carbohydrate flexibility and might be ex-
ceptionally vulnerable to glucose deprivation. 

SWI/SNF MUTATIONS AND 
ABNORMAL GLYCOGEN 
ACCUMULATION 
Glycogen turnover is a critical part of cellular met-
abolic adaptation to environmental stress caused 
by activities such as high-intensity exercise (35). The 
breakdown of glycogen releases glucose-1-phos-
phate that is converted into glucose-6-phosphate, 
which then enters glycolysis or the pentose phos-
phate pathway (PPP) (36). Considering that several 
malignancies utilize glycolysis to support rapid pro-
liferation, glycogen turnover may be a key player in 
their pathogenesis. If glucose-6-phosophate enters 
PPP, it contributes to several essential metabolic 
activities including the generation of nucleotides, 
NADPH, amino acid synthesis, lipid synthesis, and 
reactive oxygen species (ROS) scavenging molecules 
that help maintain cell homeostasis and growth (37).
The presence of abnormal glycogen metabolism 
has been described in tumors, and its potential 
importance in cancer pathophysiology is acknowl-
edged, although it is still not clearly understood 
(38). Studies have reported that glycogen storage 
is inversely correlated with tumor proliferation, 
suggesting that it may be utilized as a fuel to sup-
port tumor growth (39). The accumulation of glyco-
gen in both cancer and non-cancer cells has been 
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SWI/SNF complex, to have nearly overlapping ac-
tivity to PGC-1α (28). Further investigation revealed 
that BAF60a increases the mitochondrial DNA con-
tent, the expression levels of respiratory complex 
proteins, and fatty acid β-oxidation genes. Li and 
colleagues showed that BAF60a and PGC-1α in-
teracted in the cell, and co-immunoprecipitation 
(IP) studies revealed that PGC-1α associated with 
BRG1 and BAF53a, two other members of the SWI/
SNF complex, in addition to BAF60a. Pharmacolog-
ical activation of peroxisome proliferator-activated 
receptor α (PPARα), which interacts with PGC-1α to 
regulate fatty acid oxidation, amplified the activa-
tion of fatty acid β-oxidation genes by BAF60a. 
RNAi knockdown studies in the liver of fasted mice 
showed that the livers of BAF60a-deficient mice had 
impaired fatty acid oxidation with larger fat droplets, 
based on Oil Red O staining, increased free fatty ac-
ids, and a 2-fold increase in triglycerides (TG) content 
(28). Chromatin immunoprecipitation (ChIP)-qPCR 
analysis also revealed that BAF60a recruitment to the 
FAO promoters during fasting in mice are significant-
ly compromised in PGC1-α deficient murine livers, 
suggesting that PGC1-α is required for mediating the 
recruitment of BAF60a to the FAO gene promoters in 
liver (28). Similarly, Meng and colleagues showed in a 
mouse model with conditional BAF60a deficiency in 
the liver that BAF60a plays a role in mediating plas-
ma cholesterol levels in response to diet. Also, BA-
F60a inactivation protected mice from diet-induced 
hypercholesterolemia and atherosclerosis (29). To-
gether, the results of this study provided evidence of 
the role of the SWI/SNF complex in promoting fatty 
acid oxidation and hepatic lipid metabolism, particu-
larly during metabolic stress such as fasting, via the 
PGC-1α/PPARα molecular pathway. 

THE SWI/SNF COMPLEX IN 
GLUCOSE SENSING AND 
METABOLISM
Lissanu and colleagues also observed that remov-
al of glucose from the growth media augmented 
the effects of OXPHOS inhibition in lung tumor 
cell lines deficient in SMARCA4, and reconstitu-
tion of SMARCA4 was able to prevent cell death 
by glucose deprivation in A549 and H1299 cells.
(27) These results lead the investigators to spec-
ulate that SMARCA4 might have a broader role in 
energy-deprivation-induced stress. This result is 
reminiscent of studies in S. cerevisiae and C. albi-



266

Vol. 1(4), 261-271, 2021

Interestingly, this phenomenon is well described 
in S. cerevisiae yeast, providing potential insight 
into the role of SWI/SNF in metabolic regulation 
of glycogen metabolism. In the presence of abun-
dant glucose, S. cerevisiae will generate ATP via gly-
colysis. However, when glucose is exhausted, ATP 
levels decrease and AMP levels increase, resulting 
in a high AMP/ATP ratio that activates Snf1 kinase 
(AMP-activated protein kinase (AMPK) in humans) 
(49). In this state, S. cerevisiae cells grow slower and 
accumulate glycogen as a carbohydrate reserve 
before glucose, their preferred carbon source, is 
completely depleted. Studies demonstrated that 
the addition of glucose will cause S. cerevisiae to 
switch back to their preferred glycolytic metabo-
lism (50). Mutant S. cerevisiae defective in Snf1 are 
known to not accumulate glycogen (51). Similarly 
in mammals, mice with liver specific embryonic 
loss of Snf5 (SMARCB1 in humans), a core member 
of the SWI/SNF complex, died prematurely due to 
severe hypoglycemia, and were not able to store 
glycogen properly in their cells (52). These results 
provide evidence that glycogen accumulation is an 
adaptation mechanism to stress such as nutrient 
deprivation that is likely modulated by the SWI/
SNF complex.

THE SWI/SNF COMPLEX IN 
GLUTATHIONE METABOLISM/
OXIDATIVE STRESS RESPONSE
Ogiwara and colleagues demonstrated that SWI/
SNF mutations in cancer caused a vulnerability to 
inhibition of the antioxidant glutathione (53). In this 
study, Ogiwara and colleagues used a drug sensitiv-
ity screen in parental HCT116 colon cancer cells and 
HCT116 with ARID1A-knockout to identify PRIMA-1 
(APR-017), an inhibitor of glutathione, as a com-
pound that inhibited the growth of ARID1A-deficient 
HCT116 colon cancer cells. They also measured a 
corresponding increase in ROS in ARID1A-deficient 
colon cancer cell lines in comparison to ARID1A-pro-
ficient colon cancer cell lines. Additionally, SLC7A11 
gene expression was significantly decreased in ARI-
D1A-deficient cancer cells, and a chromatin immu-
noprecipitation (ChIP) assay showed that ARID1A 
localized at the transcription start site of SLC7A11 in 
ARID1A wild-type cells. Further investigations using 
gas chromatography/mass spectrometry identified 
that cysteine was enriched greater than 2-fold in 
ARID1A-deficient cancer cells, and re-expression of 

reported in hypoxic conditions as well (40-44). A 
study by Favoro et al. demonstrated that glycogen 
levels are increased in the hypoxic areas of tumors 
and are induced by bevacizumab, an inhibitor of 
angiogenesis (37). This study reported that upon 
hypoxia (0.1% O2) in vitro there was an initial rap-
id accumulation of glycogen (24 hours of hypoxia) 
followed by a decline (72 hours of hypoxia) in U87 
(glioblastoma), MCF-7 (breast), and HCT116 (colon) 
cancer cell lines,. Accordingly, GYS1 (glycogen syn-
thase stores glycogen) increased initially, but grad-
ually declined after prolonged hypoxia (72 hours), 
while PYGL (glycogen phosphorylase breaks down 
glycogen in the cytosol) gradually increased and 
peaked at 72 hours of hypoxia. The depletion of 
PYGL led to a decrease in proliferation, induced 
p53-dependent senescence, and increased glyco-
gen and ROS, suggesting that glycogen breakdown 
is required for free radical protection and growth 
in hypoxia. This study also showed that glucose 
utilization through glycogen is necessary for opti-
mum expansion of proliferating cancer cells (37). 
Cumulatively, these findings highlight the impor-
tance of glycogen turnover in cancer pathogen-
esis and progression, especially in the context of 
hypoxia. 
In particular, “clear cell carcinomas” derive their 
name from the presence of large, clear vacuoles in 
their cytoplasm that result from the extraction of 
glycogen during histological processing. It is note-
worthy that cancers of the clear cell sub-type are 
characterized by aberrations in the SWI/SNF com-
plex. A study by Steinberg and colleagues investi-
gated the glucose metabolism in different clear cell 
cancers and showed that cancers with the clear 
cell phenotype have increased levels of glycogen, 
glucose-6-phosphate, andglycolytic activity, and a 
reduced gluconeogenesis (45). Another study by 
Wang and colleagues demonstrated that CARM1, 
an arginine methyltransferase, methylates BAF155, 
a core member of the SWI/SNF complex (46). Inter-
estingly, a separate study showed that CARM1 is 
required for glycogen gene expression program in 
skeletal muscles (47). Together, these observations 
lead Delattre and colleagues to postulate that al-
terations in the SWI/SNF complex “induce excessive 
glycogen accumulation as a consequence of abnor-
mal carbohydrate metabolism” (48). Delattre fur-
ther speculated that the clear cell phenotype might 
be indicative of SWI/SNF aberrations in other rare 
tumors with this histotype that have not yet been 
characterized in large-scale genomic studies. 
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enocarcinomas characterized by downregulation 
of SMARCB1 and other members of the SWI/SNF 
complex resulted in undifferentiated/sarcoma-like 
transformation with aggressive behavior (56, 57). 
Upon SMARCB1 downregulation, pancreatic cancer 
cells exhibited a defective regulation of proteosta-
sis; such disruption of the proteostatic equilibrium 
leads to specific vulnerabilities of mesenchymal 
pancreatic cancer cells that can be exploited ther-
apeutically with clinically available drugs (56, 57). 
These results demonstrated yet another way in 
which SWI/SNF mutations lead to metabolic abnor-
malities and vulnerabilities in cancer that can be 
targeted therapeutically. Altogether, these studies 
support prior reports showing how mutations in 
the SWI/SNF complex initially play tumor suppres-
sor roles in tumor initiation but have additional 
functions in tumor maintenance in a context-de-
pendent manner. 

THERAPEUTIC IMPLICATIONS OF 
SWI/SNF ALTERATIONS IN CANCER
The aforementioned molecular mechanisms and 
vulnerabilities following alterations of members of 
the SWI/SNF complex open potential new opportu-
nities for clinical translation (table I). In particular, 
targeting of metabolic pathways with highly selec-
tive compounds might be a feasible and impactful 
therapeutic intervention. For example, Carugo and 
colleagues demonstrated that ixazomib and borte-
zomib (FDA approved drugs), specifically targeting 
proteasome machinery, strongly affect cell vital-
ity and growth of SMARCB1 deleted tumors; this 
pharmacological setting is now tested in clinical 
trials for SMARCB1 deleted urological malignancies 
(NCT03587662). Similarly, Lissanu and colleagues 
showed that SMARCA4 mutated cells are more sen-
sitive to OXPHOS inhibition and inhibitors of OX-
PHOS are being tested on numerous cancer types 
(NCT03291938).  Finally, ovarian cancer cells with 
inactivation for ARID1A have been described to be 
more dependent on glutamine metabolism ren-
dering this particular tumor more sensitive to GLS1 
inhibition via CB-839, a clinically available glutami-
nase inhibitor (58). Taken together, these literature 
data strongly encourage future research on spe-
cific metabolic vulnerabilities of SWI/SNF dysfunc-
tional tumors, whereas metabolic targeted therapy 
can be applied as a single treatment regimen or in 
combination with cytotoxic chemotherapy. 

SLC7A11 decreased sensitivity of ARID1A-deficient 
cancer cells to inhibition of glutathione. Studies in 
ARID1A deficient patient-derived cancer cells con-
firmed their findings in vitro. Altogether, these re-
sults lead Ogiwara and colleagues to conclude that 
ARID1A regulates the balance between basal glu-
tathione levels and ROS through SLC7A11.
In another study, Sun and colleagues demonstrated 
that ARID1A promoted liver cancer initiation by in-
creasing the levels of ROS (54). Gene set enrichment 
analysis (GSEA) of ARID1A overexpression versus 
ARID1A-deficiency in non-malignant mouse livers 
showed that Hnf4a, which drives the transcription 
of CYP450 genes, was enriched in livers with ARID1A 
overexpression. Similarly, ARID1A-overexpression 
in non-malignant livers correlated with increased 
enrichment of CYP450 genes, a superfamily of 
monooxygenases that oxidize metabolites, while 
ARID1A-deficiency was associated with a decrease 
in CYP450 genes. They demonstrated that ARID1A 
promoted liver cancer initiation by stimulating ROS 
production via the regulation of Cyp2e1 expres-
sion. In addition, they showed that suppression of 
Cyp2e1 after ARID1A ablation reduced oxidative 
stress and tumorigenesis in mice, validating that 
the SWI/SNF complex plays a critical role in regu-
lating oxidative stress. This study showed that SWI/
SNF mutations had context-dependent oncogenic 
and tumor suppressor functions.

THE SWI/SNF COMPLEX IN 
PROTEOTOXIC STRESS
Few studies recently highlighted a role for the SWI/
SNF complex in regulating protein homeostasis. 
A study by Carugo and colleagues demonstrated 
that ablation of SMARCB1 in embryonic livers of 
mice lead to malignant rhabdoid tumors (MRT) 
characterized by increased endoplasmic reticulum 
(ER) stress to unfolded protein response (UPR) and 
autophagy (55). They demonstrated, using nov-
el embryonic mosaic mouse models of MRT, that 
SMARCB1-deficient tumors are sensitive to com-
binatorial inhibition of the proteasome machin-
ery and autophagy pathways using bortezomib/
ixazomib and Chloroquine, respectively. They also 
showed that p53 and MYC mRNA were enriched 
in SMARCB1-deficient tumors, and they went on 
to demonstrate that inhibition of the proteostatic 
arm of p53 leads to tumor regression in the context 
of SMARCB1-deficiency. Similarly, pancreatic ad-
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cerevisiae with human pathology demonstrates the 
importance of the SWI/SNF complex in regulating 
metabolic adaptations that are critical for survival 
in an environment that has fluctuating resources 
like oxygen and nutrients (figure 2). Cancer cells 
due to their abnormal proliferative capacity also 
have a high energy demand that requires met-
abolic adaptation mechanisms to support their 
rapid expansion. Based on the literature we have 
summarized in this review, the SWI/SNF complex 
appears to play a multifaceted role in regulating 
metabolism from glucose to protein homeostasis 
in higher eukaryotes like humans in addition to S. 
cerevisiae, and mutations in the complex lead to 
metabolic dysregulations that enable rapidly di-
viding cells to survive in microenvironments with 
limited or depleting resources. However, as all of 
these studies have demonstrated, these meta-
bolic adaptations, which are initially beneficial to 
proliferating tumor cells, are also the Achilles’ heel 
of cancers with SWI/SNF mutations, as Gorrini de-
scribed it (59). Therefore, we conclude that cancers 
and other diseases that are characterized by SWI/
SNF mutations are metabolic diseases, and future 
therapies should focus on targeting the unique 
metabolic vulnerabilities associated with SWI/SNF 
complex mutations. 

CONCLUSIONS
We have summarized in this review how SWI/SNF 
mutations in diseases like cancer lead to metabolic 
dysregulations that could be targeted therapeuti-
cally. SMARCB1 and other SWI/SNF subunits have 
been shown to be tumor suppressors in cancer. 
However, we highlighted how mutations in the SWI/
SNF complex subunits can have context-dependent 
functions in tumor initiation, tumor progression and 
maintenance. Such mechanisms of tumor progres-
sion appear to be unique metabolic adaptations 
that can be targeted for the treatment of cancer.
Paralleling molecular and functional studies in S. 

SUBUNIT SPECIES ORGAN/DISEASE VULNERABILITY REFERENCE
Snf2 (hBRM) /Snf5 
(Smarcb1)

Saccharomyces 
cerevisiae N/A glucose/carbohydrate 

metabolism
Neigeborn and 
Carlson 1984

Snf5 (Smarcb1) Candida albicans N/A glucose/carbohydrate 
metabolism in hypoxia Burgain 2019

SMARCA4/ARID1A Homo sapiens lung 
adenocarcinoma OXPHOS Lissanu 2018

Baf60a Mus musculus liver fatty acid oxidation Li 2008

Baf60a Mus musculus liver plasma cholesterol Meng 2015

SMARCA4 Homo sapiens lung 
adenocarcinoma glucose metabolism Lissanu 2018

Baf60c (encoded by 
SMARCD3) Mus musculus muscle glucose homeostasis Meng 2013

Baf155 Homo sapiens breast cancer cells glycogen metabolism Wang 2014

ARID1A Homo sapiens, 
Mus musculus

ovarian clear cell 
carcinomas, non-
malignant liver

glutathione 
metabolism/oxidative 
stress response

Sun 2017, Ogiwara 
2019

SMARCB1, ARID1A Homo sapiens, 
Mus musculus

malignant 
rhabdoid tumors, 
pancreatic cancer

proteotoxic stress Carugo 2019, 
Tomihara 2021

Table III. SWI/SNF mutations and metabolic vulnerabilities.

Figure 2. Schematic of SWI/SNF subunits that have known metabolic 
regulatory roles
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Proteomic and bioinformatic analysis of mam-
malian SWI/SNF complexes identifies exten-
sive roles in human malignancy. Nature Gen 
2013;45(6):592-601.

10. Wang W, Côté J, Xue Y, et al. Purification and 
biochemical heterogeneity of the mam-
malian SWI-SNF complex. The EMBO J 
1996;15(19):5370-82.

11. Peregrín-Alvarez JM, Sanford C, Parkinson J. 
The conservation and evolutionary modularity 
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13. Duncan JG. Peroxisome proliferator activat-
ed receptor-alpha (PPARα) and PPAR gamma 
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2011;32(3):323-8.
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