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nucleosomes, octamers of histones 
wrapped in 147 bp of dna, are the 

basic unit of chromatin. in eukaryotic cells, 
the placement of nucleosomes along the 
genome is highly organized, and modula-
tion of this ordered arrangement contrib-
utes to regulation of gene expression. the 
swi/snf complex utilizes the energy of 
atP hydrolysis to mobilize nucleosomes 
and remodel chromatin structure. recently, 
the complex has also been implicated 
in oncogenesis as genes encoding mul-
tiple swi/snf subunits have been found 
mutated at high frequency across a wide 
spectrum of cancers. given that epigenetic 
aberrations are now characterized as a hall-
mark of human cancer, hypotheses have 
been put forth that the swi/snf complex 
inhibits tumor formation by regulating 
key chromatin functions. to understand 
how the swi/snf complex contributes 
to nucleosome organization in vivo we 
performed a genome-wide study in mam-
malian cells. we found that inactivation of 
swi/snf subunits leads to disruptions of 
specific nucleosome patterning and a loss 
of nucleosome occupancy at a large num-
ber of promoters. these findings define a 
direct relationship between the swi/snf 
complex, chromatin structure and tran-
scriptional regulation. in this extra view, 
we discuss our findings, their relevance to 
gene regulation and possible links to the 
tumor suppression activities of the swi/
snf complex.

Introduction

Eukaryotic cells compact their genetic 
material into chromatin ultimately 

achieving orderly, and dynamic, packag-
ing of nearly two meters of DNA into a 
nucleus only a few microns in diameter.1 
At the initial level of chromatin forma-
tion, while nucleosomes are found broadly 
throughout the genome, their place-
ment is not random.2 Rather, stereotypi-
cal patterns occur, particularly at gene 
promoters and at other regulatory loci.3 
Establishment of nucleosomal occupancy 
at these regions is in part contributed 
to by DNA sequence.2,3 However, ATP 
remodelers also serve an important role 
in this process. For example, the addition 
of crude yeast extract to purified histones 
and genomic DNA results in the recon-
stitution of nucleosome arrays in vitro.4 
However, the addition of ATP results 
in generation of array positions that are 
a closer match for those found in vivo. 
Such results suggest that ATP-consuming 
chromatin remodelers are involved in the 
establishment, and also dynamic regula-
tion, of nucleosome arrays and that they 
can override preferred nucleosome posi-
tions dictated by the underlying DNA 
sequence.

The transcriptional start sites of most 
active genes in metazoans are located in 
a nucleosome-depleted region (NDR) 
flanked by two specifically-positioned 
nucleosomes known as the –1 and +1 
nucleosomes.2 Downstream, this struc-
ture is followed by a spaced array of 
nucleosomes leading into the gene body. 
In the promoter region, cis-regulatory ele-
ments are highly concentrated and can be 
targeted by various transcriptional regu-
lators for transcriptional activation and 
initiation. However, the embedding of 
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promoter DNA into the nucleosome struc-
ture restricts the accessibility of the DNA 
to transcription factors and is therefore 
inhibitory to transcription.5 In this regard, 
only genes that are actively repressed have 
nucleosome-covered promoters.2 Most 
other genes adapt an open chromatin con-
figuration, which is thought to leave the 
genes ready for transcription factor bind-
ing and for launching swift transcriptional 
response.5 It is within this chromatin 
environment that dynamic modulation 
of nucleosome placement is thought to 
make important contributions to the 
control of gene expression. However, the 
mechanisms by which this is achieved, the 
effects of nucleosome landscape on tran-
scription and the contributions of indi-
vidual remodeling complexes are poorly 
understood.

ATP-dependent chromatin remodelers 
are large multimeric machines that utilize 
the energy derived from ATP hydrolysis 
to unwrap, mobilize, reconstruct or eject 
nucleosomes and alter chromatin struc-
ture.6 Based on the domain structures of 
the ATPase subunits, chromatin remod-
elers are divided into five families: the 
SWI/SNF, ISWI, CHD, INO80, and 
SWR1 complexes.6 Of these, the SWI/
SNF complex is perhaps the most stud-
ied remodeler. This family of complexes 
was initially identified in yeast via genetic 
screenings searching for genes that regu-
late mating type switching (SWI) and 
sucrose fermentation (sucrose non-fer-
menting, SNF).6 Because of evolution-
ary differences in the composition of the 
complex between yeast and mammals, 
the mammalian SWI/SNF complex has 
also been referred to as mSWI/SNF or 
the BAF (BRG1 associated factors) com-
plex. Each mammalian SWI/SNF com-
plex consists of roughly 10–14 subunits 
and has a molecular mass of approxi-
mately 2 MDa. In vitro, the complex is 
able to break DNA-histone interactions, 
slide histone core octamers on DNA and 
dissociate the histone core from DNA.7-9 
In evaluating functional contributions of 
these complexes, genetic studies have sug-
gested that SWI/SNF complex members 
are important for controlling cell fate, 
lineage specification and cell proliferation 
in vivo, likely by acting as a master tran-
scriptional regulators.10,11

The SWI/SNF complex has also 
emerged as a critical tumor suppressor.6 
The first clue to a role for the complex in 
tumor suppression came when the SNF5 
(SMARCB1/INI1/BAF47) core subunit 
was found to be specifically inactivated in 
nearly all cases of rhabdoid tumors (RT), 
highly aggressive cancers that strike young 
children.12,13 Genetically engineered 
mouse models then revealed a bona fide 
tumor suppressor role and induced biallelic 
inactivation of Snf5 was shown to lead the 
rapid onset of cancer in all mice.14-17 More 
recently, via cancer genome sequencing 
studies, mutations in genes that encode 
SWI/SNF subunits have been broadly 
linked to cancer.6 Recurrent, typically 
inactivating, mutations in at least eight 
SWI/SNF subunit genes have been identi-
fied across a wide spectrum of human can-
cers. These include mutations in ARID1A 
(BAF240A), SMARCA4 (BRG1), ARID1B 
(BAF250B), ARID2 (BAF200), PBRM1 
(BAF180), and other SWI/SNF subunit 
genes. In total, SWI/SNF subunit genes 
are mutated in 20% of all human cancers, 
a high rate comparable to that of TP53 
(27%).18

The mechanism by which the SWI/
SNF complex serves as a tumor suppressor 
has become an active area of interest. Both 
in yeast and mammals, the complex has 
been implicated in DNA repair processes 
including double-strand break repair, 
non-homologous end-joining, nucleotide 
excision repair and DNA decatenation.19-21 
This raises the possibility that mutation of 
the complex gives rise to cancer via disrup-
tion of DNA repair processes leading to 
genetic damage and/or genomic instabil-
ity. However, an epigenetic mechanism 
underlying the tumor suppressor role 
has also been proposed. Interestingly, 
sequencing analysis of 35 human SNF5-
mutant RT samples recently revealed that 
the genomes of these aggressive SWI/
SNF-mutant cancers are remarkably 
simple: the average exome contained less 
than five mutations, SNF5 was the sole 
identified locus that contained repeated 
mutations and in two cases was the only 
mutant gene identified.22 This finding 
suggests that chromosomal instability 
is dispensable for the genesis of at least 
some SWI/SNF mutant cancers. Given 
that the SWI/SNF complex is capable 

of modulating chromatin structure, and 
that epigenetic aberration is now recog-
nized as a hallmark of human cancers,23 
these observations have led to speculation 
that the SWI/SNF complex may suppress 
tumor formation more by epigenetic tran-
scriptional regulation than by modulation 
of DNA repair.24,25

The SWI/SNF Complex 
Regulates Promoter 

Nucleosomes

In order to investigate the contributions 
of the SWI/SNF complex to chromatin 
structure and transcriptional regulation 
in vivo, we utilized murine embryonic 
fibroblasts (MEFs) conditional for one of 
two core SWI/SNF subunits, both tumor 
suppressors, Snf5 (Smarcb1) and Brg1 
(Smarca4).26 This enabled us to geneti-
cally inactivate these subunits in normal 
cells and compare the effects to wild type 
MEFs. We then performed genome-wide 
mapping of nucleosomes in these engi-
neered cells with the Mnase-Seq technol-
ogy. As others and we have found that the 
SWI/SNF complex is highly enriched at 
promoters, we analyzed the effects of sub-
unit inactivation upon nucleosomes sur-
rounding transcription start sites (TSS) 
genome wide. We found that Snf5 and 
Brg1 are essential for establishment or 
maintenance of the canonical nucleosome 
structures flanking TSS. Following acute 
inactivation of Snf5 or Brg1, nucleosome 
occupancy in the peri-TSS region includ-
ing both the –1 and +1 nucleosomes, as 
well as the +2 to +5 nucleosomes were 
markedly reduced. In addition, the relative 
infrequency of nucleosomes at the NDR 
was further reduced. Overall, the effect 
of nucleosome loss was broad and at least 
some reduction could be detected 2 kb 
up- and down-stream the NDR. In addi-
tion, phasing of the +2 nucleosome and 
those further downstream was affected 
such that each successive nucleosome 
was shifted an average of 8 bp toward the 
TSS. Notably, despite the great reduction 
of nucleosome occupancy, the positions 
of the –1, +1 nucleosomes, when pres-
ent, remained identical to the position in 
wildtype (WT) cells suggesting that Snf5 
and Brg1 were not involved in positioning 
these nucleosomes.
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Regulation  
of the +1 Nucleosome

The +1 nucleosome is unique in that it 
is the most tightly positioned nucleosome, 
and is highly modified, and incorporated 
with histone variants.2 Functionally, the +1 
nucleosome is believed to be a gateway for 
transcription: for example, it is implicated 
in the regulation of Pol II promoter-prox-
imal pausing and the recruitment of chro-
matin remodelers and/or transcription 
factors to gene promoters. The position of 
the +1 nucleosome may also influence the 
positions of the nucleosomes downstream. 
Perhaps consistent with these special roles, 
the occupancy and positioning of the +1 
nucleosome always seem to be the last to 
be affected by mutations that disrupts 
nucleosome assembly in gene bodies.27-29 
The effects on the +1 nucleosome are also 
dramatically lower as compared with the 
other nucleosomes.27,28 But in our results, 
SWI/SNF perturbation caused a severe 
loss of the +1 nucleosome density and this 
was consistently observed in both the Snf5 
and Brg1 deficient MEFs. The extent of 
nucleosome loss at the +1 position was also 
similar to that of the other positions. More 
strikingly, when we analyzed sequencing 
data derived from human CD36+ eryth-
rocyte precursor cells where BRG1 was 
knocked down, we made a nearly identi-
cal observation.26,30 These findings collec-
tively argue that the SWI/SNF complex 
is involved in establishing +1 nucleosome 
density in mammalian cells.

The Contributions  
of the SWI/SNF Complex 
to Promoter Nucleosome 

Positioning

The yeast SWI/SNF complex binds 
the +1 nucleosome and pulls it away from 
the NDR.31 In MEFs, consistent with 
findings in other mammalian cell types, 
we found that the SWI/SNF complex was 
substantially enriched at the +1 nucleo-
somes as indicated by our Brg1 ChIP-Seq 
data.32 But unlike in yeast, Snf5 or Brg1 
loss did not affect the positioning of the 
residual +1 nucleosomes in MEFs. This 
result raises the possibility that the mam-
malian SWI/SNF complex functions dis-
tinctly from its yeast counterpart in that 

we found no effect upon positioning of 
the +1 nucleosome. However, in order to 
directly evaluate this, it would be neces-
sary to confirm that the +1 nucleosomes 
retained in the Snf5 or Brg1 deficient 
MEFs represented those at SWI/SNF tar-
get genes and not just nucleosomes from 
non-bound genes. Owing to our limited 
sequencing depth achieved when sequenc-
ing nucleosomes genome-wide, we were 
unable to perform this analysis and thus 
evaluation of this possibility will rely on 
future experiments. It is important to 
note that DNA associated with unstable 
remodeled nucleosomes, and in certain 
cases histone variants, can be more sen-
sitive to Mnase digestion and can result 
in regions containing such nucleosomes 
appearing to have no or low nucleosome 
occupancy during Mnase-Seq analysis.33,34 
In this regard, our study cannot rule out 
the possibility that loss of Snf5 or Brg1 
results in unstable nucleosomes, rather 
than complete nucleosome loss, at pro-
moters. In addition, we did not evaluate 
placement of variant histones, which can 
also have effects upon MNase sensitivity, 
and thus may be an interesting area of 
future study.

The Effects  
of SWI/SNF-Mediated 

Nucleosome Regulation  
on Gene Transcription

In addition to the effects of SWI/SNF 
subunit mutation on promoter nucleo-
somes placement, we also examined how 
these changes correlated with changes in 
transcription.26 Surprisingly, gene expres-
sion in Snf5 or Brg1 deficient MEFs was 
only mildly affected in the face of substan-
tial changes in chromatin structure. Most 
genes in the deficient cells had an expres-
sion level fairly similar to that in the con-
trol cells. For genes whose expression was 
altered, the correlation between changes 
in RNA levels and nucleosome occupancy 
was moderate. We note that some similar 
observations have been made in yeast and 
mammalian cells where mutations that 
alter gross nucleosome organization did 
not affect global gene expression.28,35-37 
Collectively, these findings are perhaps 
surprising given prior findings that nucleo-
somes pose a barrier for transcription.5,38 

We speculate that several possible rea-
sons may contribute to this phenomenon. 
First, nucleosome depletion in promoters 
is not strictly sufficient for transcription 
activation. For example, genes with very 
low levels of transcription frequency, e.g., 
with less than 1% of the maximum level 
can still have a well-configured NDR.2 
Second, the loss of the nucleosomes, espe-
cially the +1 nucleosome, may represent 
the loss of modified histones, which serve 
important roles in marking transcriptional 
start sites and in recruiting transcriptional 
regulators to the promoter-proximal 
region. In this case, effects of removal of 
the +1 nucleosome barrier may be coun-
terbalanced by impairment in recruit-
ment of transcriptional activators and the 
transcription machinery. Third, the SWI/
SNF complex may exert its effects on gene 
regulation by modulating gene enhancers, 
which are functionally as important as the 
promoters.39 For example, in embryonic 
stem cells, Brg1 binds to approximately 
4% of the genome with its majority bind-
ing localized to distal regions that contain 
gene enhancers.32 Moreover, Brg1 binding 
correlates more with H3K4me1 than with 
H3K4me3, further indicating its enrich-
ment at enhancers.32,40 Consequently, 
further analysis of the chromatin states at 
enhancers and their correlation with gene 
expression may provide additional insight 
in this regard.

Additional explanations are possible 
for the modest transcriptional changes 
identified. For example, optimal nucleo-
some occupancy and positioning con-
ferred by chromatin remodelers have been 
shown to prohibit cryptic initiation and 
antisense transcription.29,41,42 Elevated 
cryptic initiation may lead to accumula-
tion of dominant derivatives that can be 
detrimental to the cells, especially in the 
case of malignant transformation.43 In 
addition, the SWI/SNF ATPase subunit, 
BRM, has been shown to exert regula-
tion on alternative splicing, which is again 
essential for normal cell function and 
impairment of splicing has been impli-
cated in cancer development.44,45 Lastly, 
nucleosome occupancy in promoters 
controls transcriptional noise and plastic-
ity.46,47 Here, transcriptional noise refers to 
the random fluctuation in the expression 
of a single gene allele in a cell population 
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that is grown under a constant condition. 
Transcriptional plasticity on the other 
hand refers to gene expression changes 
of the same gene under different condi-
tions such as environmental stress, muta-
tions or developmental transitions. As we 
evaluated cells in a uniform condition, 
our experiments would not detect such 
changes, although Hu and colleagues 
performed such an evaluation and identi-
fied changes in transcription factor bind-
ing at enhancers upon BRG1 mutation.30 
Collectively, while our experiments impli-
cate the SWI/SNF complex in establish-
ment of nucleosome occupancy, much 
remains to be determined in how this 
chromatin remodeling and tumor sup-
pressor complex regulates transcription.

Possible Links between SWI/
SNF-Mediated Regulation  
on Promoter Nucleosomes  

and the Development  
of SWI/SNF Mutant Cancers

The disruption of the SWI/SNF com-
plex by mutations is closely related to 

tumor formation. How would the regu-
lation on promoter nucleosomes by the 
SWI/SNF complex fit into this process? 
Recent discoveries have indicated that 
mutations affecting epigenetic regula-
tors may lead to a state called epigenome 
instability, under which, cells would have 
more plasticity toward developing phe-
notypic heterogeneity.24,48 It is with this 
heterogeneity that cells could be selected 
for growth advantage and many other 
hallmarks of cancers, and then become 
tumorigenic.48 We thus postulate that the 
loss of nucleosome occupancy in gene pro-
moters may promote epigenetic instability 
through mechanisms such as increased 
cryptic initiation, antisense transcrip-
tion, aberrant RNA splicing and abnor-
mal transcriptional noise and plasticity. 
In this model, the mammalian SWI/
SNF complex resides in gene promoters 
and enhancers and modulates the depo-
sition of nucleosomes. This regulation 
may facilitate transcriptional fidelity and 
protect the cells from undergoing epigen-
etic instability that can select for malig-
nant transformation. Further evaluation 

of these ideas will have the potential to 
provide insights into the role of epigenetic 
dysregulation in oncogenesis.
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