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Figure 7-4 Molecular Biology of the Cell (© Garland Science 2008)

Different cells:
• Similar DNA sequence
• Different protein expression
• Different function
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Regulation of Gene expression
Prokaryotic 
-Transcriptional control
-Translational control

Eukaryotic
-Transcriptional control
- Post-transcriptional control
- Translational control
- Post-translational control
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Gene expression 
Prokaryotes   vs    Eukaryotes
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Regulatory proteins are important for gene regulation.
Regulatory proteins: Proteins that control the expression of genes
• Repressors: Negative regulators
• Activators: Positive regulators

Table 7-1 Molecular Biology of the Cell (© Garland Science 2008)

Protein-DNA interaction
Bind specific sequence of DNA and 
facilitate gene expression.
Protein-Protein interaction
Bind other proteins and activate 
transcription
Protein-RNA pol. interaction
Bind RNA polymerase and activate 
transcription
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Figure 7-37 Molecular Biology of the Cell (© Garland Science 2008) 6



Regulation of Gene expression in Prokaryotes

lac operon 
trp operon

Operon: group of genes that need the same set of 
regulatory machineries
- Regulatory region:
(1) Regulatory gene: Repressor
(2) Promoter
(3) Operator

- Structural genes: 
Group of functional genes
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lac operon

Regulatory protein: 
lac repressor
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Structural genes:
(1) β-galactosidase
(2) permease
(3) transacetylase 
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lac operon
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No lactose

Repressor active

Operon off

+ Lactose

Repressor inactive

Operon on
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activator

lac operon
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CAP (Catabolite gene activator protein)  



Figure 7-39 Molecular Biology of the Cell (© Garland Science 2008)

lac operon
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Regulatory gene: trp repressor
Regulatory region: 

(1) Promoter
(2) Operator
(3) trpL (attenuated mRNA)
(4) Attenuator

trp operon

http://upload.wikimedia.org/wikipedia/commons/thumb/9/95/Trpoperon.svg/753px-Trpoperon.svg.png 12

Structural genes:
(1) trpE
(2) trpD
(3) trpC
(4) trpB
(5) trpA

http://upload.wikimedia.org/wikipedia/commons/thumb/9/95/Trpoperon.svg/753px-Trpoperon.svg.png


Figure 7-35, 36 Molecular Biology of the Cell (© Garland Science 2008)

trp operon
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Attenuation
trp operon
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Figure 7-5 Molecular Biology of the Cell (© Garland Science 2008)

Regulation of Gene expression in Eukaryotes
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Chromosome structure of Eukaryotic cells is complicated. 

https://images2.clinicaltools.com/images/gene/chromosomebreakdown.jpg

Heterochromatin 
More Condensed
Silenced genes

Euchromatin 
Less condensed
Gene à express

16

https://images2.clinicaltools.com/images/gene/chromosomebreakdown.jpg


NON-GENE GENE DNA

intron intron intron intronexon exon exon exon

Genome/DNA

Gene

exon exon exon exon AAAAAAAA mRNA

From Chromosome to DNA to RNA 
Transposon 45%
-LINES 21%
-SINES 13%
-Retrovirus like 8%
Miscellaneous 25%
- SSR (repeated) 3%
- SD (segment) 5%
- Others (?) 17% 

30%

1.5%28.5% 

Human DNA = 3.2 X 109 bp à ~35,000 genes
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http://embryology.med.unsw.edu.au/MolDev/Images/epigenetics.jpg

Epigenetics
DNA-methylation
Histone modification
- Acetylation
- Methylation
- Ubiquitination
- Phosphorylation

Polycomb/Trithorax
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Transcription control
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DNA methylation
• Methyl group (CH3)

• Cytosine (C) at “CpG”

• Promoter : CpG island

•Gene suppression

http://www.newsperuvian.com/wp-content/uploads/2011/05/dna-methylation-4.jpg

• DNA methytransferases (DNMT)
-DNMT1

-DNMT2

-DNMT3
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DNA methylation
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Methylation of notch signalling pathway genes in cancer

can play both tumour inducive and suppressive roles within
the same tissue (Klinakis et al. 2011). Overexpression of
NOTCH1 and NOTCH2 in small cell lung cancer cell
lines caused growth arrest, associated with a G1 cell
cycle blockage. Upregulation of p21waf1/cip1 and p27kip1

were also observed in concert with the cell cycle changes
(Sriuranpong et al. 2001). Activation of Notch 1 signalling
in cervical cancer cells induced apoptosis, cell cycle arrest
and tumour suppression (Franko-Tobin et al. 2012). Dotto
(2008) described that the Notch pathway genes function as
tumour suppressors, by loss of function in keratinocytes. In
hepatocellular carcinoma, activation of the Notch pathway
via E2F transcription factors, leads to tumour regression
(Viatour et al. 2011). In head and neck squamous cell car-
cinoma, 40% of the 28 mutations in NOTCH1 were found
to truncate the gene product showing tumour suppressor
role of the gene (Agrawal et al. 2011). Additional study
showed mutations in NOTCH1 gene resulting in its dysre-
gulation leading to head and neck squamous cell carcinoma
(Stransky et al. 2011). Yet another study by Kunnimalaiyaan
and Chen (2007) showed activation of Notch 1, which is
usually absent in neuroendocrine tumours, reduced tumour
growth in vitro.

Methylation of Notch pathway genes in cancer

DNA methylation is an epigenetic way of inheritance with-
out any alterations in the DNA sequence. It involves methyl-
ation of cytosine nucleotide usually adjacent to a guanine
nucleotide (CpG islands) by DNA methyltransferase (DNMT)
enzyme, forming 5-methylcytosine in the upstream region

of promoter sequence. DNA methylation is found to be
responsible for regulation of imprinted genes, X chromo-
some inactivation, tumour suppressor gene silencing in can-
cer, control of gene expression, chromosomal integrity and
recombinational events.

The role of DNA methylation in development of cancer is
one of the hottest and widely studied areas in cancer biology.
Global and local distribution of 5-methylcytosines have been
studied in normal cells and changes in this DNA methyla-
tion pattern seen in cancer cells have been used as biomark-
ers for diagnosis and treatment (figure 3). Apart from using
DNA methylation status as a biomarker for cancer diagnosis,
it can also be used to identify different cancer types, aid in
tracing the primary origin of metastatic tumours, detect the
stage of cancer and assess the risk of progression to malig-
nancy. Monitoring DNA methylation pattern after treatment
can provide evidence of treatment efficacy and detect cancer
recurrence. Thus DNA methylation is an important area in
the field of cancer biology.

Not much is known about the methylation status of Notch
pathway genes in cancer. Both Notch gene hypermethy-
lation and hypomethylation have been reported in some
human cancers. Lack of Notch 1 ligand DLL1 expression
in gastric cancer cell lines was associated with promoter
hypermethylation resulting in decreased NOTCH1 expres-
sion. This indicates that Notch 1 activity in gastric can-
cer is controlled by epigenetic silencing of DLL1 (Piazzi
et al. 2011). Comparison of methylation pattern of certain
genes between tumour and surrounding tissue from hepato-
cellular carcinoma patients, showed reduced methylation of
NOTCH4 gene promoter in tumour compared to surrounding
tissue (Hernandez-Vargas et al. 2010). Notch pathway genes

Figure 3. Methylation status of oncogene and tumour suppressor gene in normal and tumour cells:
(a) DNA hypermethylation resulting in transcriptional silencing of proto-oncogene in normal cells.
(b) DNA hypomethylation causing activation of oncogenes in tumour cells. (c) Actively transcribed
tumour suppressor gene associated with DNA hypomethylation in normal cells. (d) DNA hypermethyl-
ation of tumour suppressor gene leading to gene silencing in tumour cells.

Journal of Genetics, Vol. 92, No. 3, December 2013 671

Aithal et al, J of Genetics, 2013



DNA methylation targeting for cancer treatment

siRNA-mediated knockdown of DNMT1 in H1299 lung cancer cells
resulted in induction of various TSGs such as p16, RASSF1A, and E-cadherin
implicated in pathogenesis of lung cancer (Suzuki et al., 2004). siRNA-
mediated simultaneous knockdown of DNMT1 and DNMT3B in hepato-
cellular carcinoma cell lines reduced cell proliferation and sensitized hep-
atoma cells to TRAIL-mediated apoptosis by upregulating TRAIL-R2/DR5

and hypermethylation-silenced pro-apoptotic protein, caspase-8 (Kurita
et al., 2010).

However, apart from mechanism-based inhibition of DNA methyla-
tion, the AZN-induced effects may also be via DNMT-independent
mechanisms. Recently, AZN have been shown to induce specific
immune responses in cancer cells (Li et al., 2014; Wrangle et al., 2013)

Fig. 2.Mechanismofmolecular action of azanucleosides Azacytidine and its congener decitabine are transported into the cell byhumaneqilibrative nucleoside transporter 1 (hENT1). After
their cellular uptake, these AZN aremetabolically converted into their active triphosphate forms, 5-aza-2′-cytidine-triphosphate (5-aza-CTP) and 2′-deoxy-5-azacytidine-triphosphate (5-
aza-dCTP) respectively, through phosphorylation by the different kinase. During replication, decitabine-derived 5-aza-dCTP is incorporated into newly synthesizedDNA,whereas, 80–90%
of azacytidine is incorporated into RNA as 5-aza-CTP, and only 10–20% is incorporated into DNA after multistep conversion by the enzyme ribonucleotide reductase to 5-aza-dCTP.

48 K. Agrawal et al. / Pharmacology & Therapeutics 188 (2018) 45–79

1. Cellular uptake
2. Cellular metabolism
3. Incorporate into DNA/RNA
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Histone modification
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Fig. (2). The acetylation of histone N-terminal tails. (A) Major epigenetic modifications to the N-terminal tails of the H2A, H2B, H3, and 
H4 histones (from Inche et al. [8]). (B) Role of histone acetylation and deacetylation on chromatin condensation and on transcriptional 
activation. Acetylation of lysine residues on the N-chain of histones, which is catalyzed by HATs and reversed by HDACs, leads to the 
opening of chromatin. Transcription factors, RNA polymerase II (RNA pol II), and other elements that are required for transcription bind to 
the relaxed chromatin and initiate transcription (adapted from Bieliauskas et al. [14]). 

Folmer et al, Current Nutrition & Food Science, 2010 



Histone acetylation and deacetylation
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Fig. (2). The acetylation of histone N-terminal tails. (A) Major epigenetic modifications to the N-terminal tails of the H2A, H2B, H3, and 
H4 histones (from Inche et al. [8]). (B) Role of histone acetylation and deacetylation on chromatin condensation and on transcriptional 
activation. Acetylation of lysine residues on the N-chain of histones, which is catalyzed by HATs and reversed by HDACs, leads to the 
opening of chromatin. Transcription factors, RNA polymerase II (RNA pol II), and other elements that are required for transcription bind to 
the relaxed chromatin and initiate transcription (adapted from Bieliauskas et al. [14]). 



HDAC targeting for cancer treatment



Polycomb (PcG) & Trithorax (trxG)
recruitment of PRC2 proteins by Pho (and Pho-like, a pro-
tein that binds to the same DNA motifs), followed by PRC1
recruitment to the H3K27me3 mark deposited by PRC2.
However, PcG recruitment is much more complex than
this. Firstly, Pho is not only able to recruit PRC2, but it
also interacts directly with the Pc and Ph subunits of
PRC1 in vitro (Mohd-Sarip et al., 2002). The presence of
Pho enables the core complex of PRC1 (PCC) to bind
specifically, and without the need of PRC2, to a short se-
quence motif that is present at natural PREs close to Pho
sites (Mohd-Sarip et al., 2005). Secondly, core PREs
might be depleted of nucleosomes. Mohd-Sarip and col-
leagues studied the architecture of the ternary complex
of PRE DNA, Pho and PCC that had been reconstituted
in vitro. This complex wraps DNA around the protein com-
ponent and, in the presence of 6 Pho binding sites and jux-
taposed PC binding elements, it includes over 400 bp of
DNA in this interaction. This argues against a nucleosomal
structure for this PRE in vivo (Mohd-Sarip et al., 2006). The
absence of core histones at the Ubx PRE is also supported
by in vivo studies using chromatin immunoprecipitation
(ChIP) (Kahn et al., 2006; Mohd-Sarip et al., 2006; Papp
and Muller, 2006), which suggest that the H3K27me3
chromatin mark might not be the recruiter of PcG proteins
at core PREs. Finally, Pho binding sites alone are insuffi-
cient to tether PcG proteins to DNA in vivo, even when
multimerized or when the number of sites and the spacing
between them is the same as in a natural PRE (Brown
et al., 1998; Dejardin et al., 2005). Indeed, Pho can form
a second complex with components of the INO80 nucleo-
some remodeling complex, and may play other roles in
addition to recruitment of PcG proteins, which may be
mediated by a subset of the genomic Pho binding sites
(Klymenko et al., 2006). Moreover, a Drosophila mutant
lacking both Pho and Pho-like is lethal at a late develop-
mental stage and, in mutant salivary glands, most PcG
sites are stained normally in polytene chromosomes de-
spite lack of detectable Pho protein (Brown et al., 2003),
suggesting that other proteins can recruit PcG factors in
the absence of Pho and Pho-like. GAGA factor (GAF), Pip-
squeak, Dsp1, Grainyhead and members of the Sp1/KLF
family have all been suggested to be involved in PcG re-
cruitment (reviewed in Muller and Kassis, 2006). Mutations
in these genes do not have a clear PcG phenotype and, in-
triguingly, all seem to be involved in activation as well as in
silencing. One possibility is that a combination of several
DNA binding factors, including as yet unknown compo-
nents, could lead to tethering of PcG proteins to DNA
in vivo.

To date, PREs have only been characterized in Dro-
sophila. In general, PREs can be simply defined as DNA
elements necessary and sufficient for recruitment of PcG
complexes and for PcG-dependent silencing of flanking
promoters. Many of the PcG binding sites identified by
chromatin immunoprecipitation in vertebrates might fit
this criterion, and this prediction will be tested by trans-
genic assays. Their DNA sequences are likely to differ
from fly PREs, because three of the DNA binding factors

Table 1. PcG and trxG Complexes

Drosophila melanogaster Human

PcG complexes

PhoRC dSfmbt ?

Pho ?

PRC2 E(z) EZH2

Esc EED

Su(z)12 SUZ12

N55 RpAp48

RpAp46

PRC1 dRing RING1A

Pc HPC1-3

Ph HPH1-3

Psc BMI1

Scm SCMH1-2

TBP-associated factors

trxG complexes

SWI/SNF Brm BRM

Osa BAF250

Moira BAF170

Snr1 BAF47

NURF Iswi SNF2L

N38 ?

N301 BPTF

N55 RpAp46
RpAp48

TAC1 Trxa

dCBP

Sbf1

Ash1 Ash1

dCBP

MLL1-3 MLL1-3a

WDR5

ASH2L

RbBP5

CFP1

Only the core components of each complex are shown.
a Trx is an ortholog of MLL proteins, but the TAC1 complex
isolated in Drosophila is composed of proteins that differ
from the subunits of the MLL complex. However, orthologs
of the mammalian MLL core-complex subunits are present
in the Drosophila genome, and therefore MLL-like complexes
may exist in flies. Question mark indicates that the protein is
present in human, but it is not known whether it forms the
same complex as in flies.

736 Cell 128, 735–745, February 23, 2007 ª2007 Elsevier Inc.
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However, in contrast to EZH2, which methylates histone 
H3 at lysine 27 to establish a repressive histone mark, 
TrxG HMTs methylate histone H3 at lysine 4 to establish 
active chromatin marks39 (FIGS 2,3a). The human TRX 
homologue mixed-lineage leukaemia (MLL) occupies 
the promoters of Hox genes, facilitating H3K4 meth-
ylation and transcriptional activation40. Therefore, both 
PcG and TrxG complexes regulate chromatin by directly 
methylating histones.

In addition to methylation, PcG and TrxG complexes 
either directly or indirectly recruit proteins that facilitate 
other covalent histone modifications, such as acetyla-
tion (FIG. 3b). Histone acetylation status is regulated by 
histone acetyltransferases (HATs) and histone deacety-
lases (HDACs). Acetylation of histones near promoters 
is associated with transcriptional activation; therefore, 
HATs and HDACs favour transcriptional activation 

and repression, respectively. PcG and TrxG complexes 
recruit these enzymes (FIG. 3b). For example, the HDACs 
sirtuin 1 (SIRT1) and HDAC2 have been purified in 
PRC complexes20. By contrast, the HAT MYST1 (which 
acetylates H4K16, a mark of actively transcribed genes) 
has been purified in MLL-containing complexes41. 
Although ASH1 complexes are not fully characterized, 
it is known that ASH1 interacts with the HAT CREB-
binding protein (CBP; also known as CREBBP), which is 
a transcriptional co-activator42. Importantly, acetylation 
prevents the establishment of H3K27me3. Therefore, 
TrxG proteins facilitate transcriptional activation by 
establishing activating histone methylation and acetyla-
tion marks, while simultaneously preventing PcG com-
plexes from depositing inactivating histone methylation 
marks. These complexes link histone methylation and 
histone acetylation. PcG and TrxG complexes can also 

(KIWTG���^�6JG�F[PCOKE�JQWTINCUU�OQFGN�HQT�2E)s6TZ)�OGFKCVGF�KPVGTCEVKQPU��6JG�JQWTINCUU�TGRTGUGPVU�
FGXGNQROGPVCN�VKOG��YKVJ�VJG�GUVCDNKUJOGPV�CPF�OCKPVGPCPEG�QH�EJTQOCVKP�UVCVGU�DGKPI�FGRKEVGF�D[�VJG�WRRGT�CPF�NQYGT�
RQTVKQPU�QH�VJG�JQWTINCUU��TGURGEVKXGN[��6JG�JQWTINCUU�KU�nHNGZKDNGo��CU�CNVGTCVKQPU�KP�EJTQOCVKP�UVTWEVWTG�CHHGEV�IGPG�
GZRTGUUKQP�KP�C�JKIJN[�F[PCOKE�OCPPGT��C�̂ �6JG�EJTQOCVKP�UVCVG�GUVCDNKUJGF�D[�VTCPUETKRVKQP�HCEVQTU�FWTKPI�FGXGNQROGPV�

UJQYP�CDQXG�VJG�FCUJGF�NKPG��KU�OCKPVCKPGF�D[�CP�GXQNWVKQPCTKN[�EQPUGTXGF�OGEJCPKUO�KPXQNXKPI�C�DCNCPEG�DGVYGGP�
RQN[EQOD�ITQWR�
2E)��TGF��CPF�VTKVJQTCZ�ITQWR�
6TZ)��ITGGP��RTQVGKPU�
UJQYP�DGNQY�VJG�FCUJGF�NKPG���2E)�CPF�6TZ)�
RTQVGKPU�TGIWNCVG�EJTQOCVKP�VQ�GXQMG�VTCPUETKRVKQPCNN[�KPCEVKXG�
nQHHo��QT�CEVKXG�
nQPo��UVCVGU��TGURGEVKXGN[��VJGTGD[�
OCKPVCKPKPI�EGNNWNCT�OGOQT[��6JKU�2E)s6TZ)�OQFWNCVGF�EGNNWNCT�OGOQT[�U[UVGO�OCKPVCKPU�VJG�KFGPVKV[�QH�DQF[�UGIOGPVU�
CNQPI�VJG�CPVGTKQT�
#�s�RQUVGTKQT�
2��CZKU�QH�VJG�GODT[Q��CPF�TGIWNCVGU�VKUUWG�JQOGQUVCUKU�KP�VJG�CFWNV��D�^�2GTVWTDCVKQP�QH�
EGNNWNCT�OGOQT[�QYKPI�VQ�EQORTQOKUGF�2E)�QT�GZEGUUKXG�6TZ)�NGCFU�VQ�KPCRRTQRTKCVG�UGIOGPV�KFGPVKV[�CPF�FGHGEVU�KP�
UVGO�EGNN�TGPGYCN��E�^�2GTVWTDCVKQP�QH�EGNNWNCT�OGOQT[�QYKPI�VQ�GZEGUUKXG�2E)�QT�EQORTQOKUGF�6TZ)�NGCFU�VQ�KPCRRTQRTKCVG�
UGIOGPV�KFGPVKV[�CPF�ECPEGT�|

4'8+'95

NATURE REVIEWS | %#0%'4�  VOLUME 10 | OCTOBER 2010 | ���

© 20  Macmillan Publishers Limited. All rights reserved10

Polycomb (PcG) & Trithorax (trxG)
Balance

PcG TrxG

27

Nature Reviews | Cancer

a

b c

RBBP SUZ12
EED

PRC2

RING1
RNF2

CBX2
CBX4

CBX8 PHC1

PHC2
PHC3

ASH2 MEN
WDR5HCF1

MLLPRC1

SWI-SNF

SNF5
SMARCE1

SMARCC2

ACTIN
SMARCD1

SMARCD2
SMARCD3ARID1A

ARID1B
SMARCC1

ACTL6A
ACTL6B

BMI1

BRG1*
BRM*

EZH2* MLL*

MLL

MLL fusion
protein

AT hooks
SET
PHD 4

Bromo
PHD 1–3

DNMT

Partner (one of >50)

Bromodomain
A motif that binds acetylated 
lysines present on histone tails.

PHD finger
Around 50–80 residues 
containing the Cys4-His-Cys3 
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bromodomain that is related to BRM, ISWI subunits 
have a SANT domain that is related to ISWI, and the 
chromodomain helicase DNA binding (CHD) family 
is characterized by chromodomains that are related to 
CHD1, Mi-2 and Kismet (KIS) (TABLE 1). Mammalian 
ATP-dependent nucleosome remodelling proteins 
enhance gene expression by facilitating transcriptional 
elongation by RNA Pol II51. Although nucleosome 
remodelling proteins were first associated with tran-
scriptional activation, these complexes can also func-
tion as transcriptional repressors52 (FIG. 3e). Models 
proposed for the mechanism by which nucleosome 
remodelling proteins affect gene expression include 
chromatin looping, nucleosome sliding, nucleosome 
eviction and exchange of variant histones; these events 
facilitate the binding of transcription factors53 and basal 
transcription machinery54. The histone modifying and 
the nucleosome remodelling classes of TrxG proteins 
are not mutually exclusive: TrxG proteins that are HMTs 
can recruit nucleosome remodelling TrxG proteins. 
For example, MLL has been purified from a complex 
containing WD repeat domain 5 (WDR5), a plant 
homeodomain finger (PHD finger)-containing protein 
required for H3K4me3 that recruits the nucleosome 
remodelling factor (NURF) complex, indicating that 
H3K4me3-mediated transcriptional activation is asso-
ciated with nucleosome remodelling55. Therefore, the 
interplay between PcG and TrxG complexes integrate 
histone modifications, DNA methylation and nucleo-
some remodelling, which affects chromatin struc-
ture and gene expression in a complex and dynamic  
fashion. The varied composition of the complexes might 

reflect dynamic changes during development or within 
tissue-specific contexts, adding further diversity to the 
PcG–TrxG-regulated cellular memory system.

2E)s6TZ)�OGFKCVGF�TGIWNCVKQP�QH�VWOQTKIGPGUKU
The gain of PcG and loss of TrxG is a common theme in 
human cancer, demonstrating the oncogenic and tumour 
suppressive roles, respectively, of these complexes (FIG. 1c; 
TABLE 1). For example, BMI1 is an oncogene56,57, whereas 
CHD5 is a tumour suppressor58. However, perturbations 
of other TrxG proteins, such as MLL, cause malignancy 
through gain-of-function mechanisms. Mechanisms lead-
ing to the deregulation of PcG proteins in cancer highlight 
the role of the cell fate transcription factors and long non-
coding RNAs, as recently reviewed14. Many tumours have 
reactivated expression of stem cell-associated genes, such 
as Hox genes, which are the best characterized targets of 
PcG and TrxG proteins, and this is consistent with the 
idea that cellular memory is compromised. PcG and TrxG 
complexes function reciprocally to regulate transcrip-
tional programmes that affect senescence, the cell cycle, 
apoptosis and genomic stability.

Cellular senescence. BMI1 was the first PcG protein to 
be implicated in cancer. It was initially identified as an 
oncogene that cooperates with MYC in lymphoma-
genesis56,57, and subsequent studies found it robustly 
expressed in human cancers (TABLE 1). BMI1 facilitates 
tumorigenesis by mediating escape from cellular sene-
scence, which is a state of withdrawal from the cell cycle 
that provides a potent tumour suppressive mechanism 
in vivo59. The mechanism whereby BMI1 promotes eva-
sion of senescence involves transcriptional silencing of 
the cyclin-dependent kinase inhibitor 2A (CDKN2A, 
which encodes both p16INK4A and p14ARF) and CDKN2B 
(which encodes p15INK4B) loci, mapping to human chro-
mosome 9p21 (REFS 20,60). Silencing of CDKN2A and 
CDKN2B simultaneously shuts down expression of three 
tumour suppressors61,62 (FIG. 4a). INK4A (also known as 
p16) and INK4B (also known as p15) are cyclin-dependent 
kinase inhibitors (CKIs) that prevent CDK4-dependent 
phosphorylation of retinoblastoma (RB), thereby pre-
venting E2F-mediated cell cycle progression. BMI1 
coordinately represses CDKN2A and CDKN2B loci by 
mediating the loading of CDC6 onto a cis-acting replica-
tion origin several thousand nucleotides upstream of the 
transcriptional start site63. This was the first example of 
a replication-coupled transcriptional repression mecha-
nism in mammals. Repression of CDKN2A and CDKN2B 
loci is a recurring theme in tumorigenesis: mouse models 
with deletions of these loci are tumour prone, and they 
are frequently inactivated in human cancers by deletion, 
mutation or DNA hypermethylation64.

Senescence limits proliferation, so proliferating cells 
must inhibit senescence to maintain proliferative poten-
tial; PcG-mediated transcriptional repression of CDKN2A 
has a pivotal role in inhibiting senescence65 (FIG. 4b). The 
renewal capacity of both neural and haematopoietic stem 
cells was dramatically compromised in Bmi1–/– mice66,67, 
which occurred concomitantly with homeotic phenotypes 
such as the second cervical vertebrae possessing the 
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ATP-dependent nucleosome remodelling proteins 
enhance gene expression by facilitating transcriptional 
elongation by RNA Pol II51. Although nucleosome 
remodelling proteins were first associated with tran-
scriptional activation, these complexes can also func-
tion as transcriptional repressors52 (FIG. 3e). Models 
proposed for the mechanism by which nucleosome 
remodelling proteins affect gene expression include 
chromatin looping, nucleosome sliding, nucleosome 
eviction and exchange of variant histones; these events 
facilitate the binding of transcription factors53 and basal 
transcription machinery54. The histone modifying and 
the nucleosome remodelling classes of TrxG proteins 
are not mutually exclusive: TrxG proteins that are HMTs 
can recruit nucleosome remodelling TrxG proteins. 
For example, MLL has been purified from a complex 
containing WD repeat domain 5 (WDR5), a plant 
homeodomain finger (PHD finger)-containing protein 
required for H3K4me3 that recruits the nucleosome 
remodelling factor (NURF) complex, indicating that 
H3K4me3-mediated transcriptional activation is asso-
ciated with nucleosome remodelling55. Therefore, the 
interplay between PcG and TrxG complexes integrate 
histone modifications, DNA methylation and nucleo-
some remodelling, which affects chromatin struc-
ture and gene expression in a complex and dynamic  
fashion. The varied composition of the complexes might 

reflect dynamic changes during development or within 
tissue-specific contexts, adding further diversity to the 
PcG–TrxG-regulated cellular memory system.
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The gain of PcG and loss of TrxG is a common theme in 
human cancer, demonstrating the oncogenic and tumour 
suppressive roles, respectively, of these complexes (FIG. 1c; 
TABLE 1). For example, BMI1 is an oncogene56,57, whereas 
CHD5 is a tumour suppressor58. However, perturbations 
of other TrxG proteins, such as MLL, cause malignancy 
through gain-of-function mechanisms. Mechanisms lead-
ing to the deregulation of PcG proteins in cancer highlight 
the role of the cell fate transcription factors and long non-
coding RNAs, as recently reviewed14. Many tumours have 
reactivated expression of stem cell-associated genes, such 
as Hox genes, which are the best characterized targets of 
PcG and TrxG proteins, and this is consistent with the 
idea that cellular memory is compromised. PcG and TrxG 
complexes function reciprocally to regulate transcrip-
tional programmes that affect senescence, the cell cycle, 
apoptosis and genomic stability.

Cellular senescence. BMI1 was the first PcG protein to 
be implicated in cancer. It was initially identified as an 
oncogene that cooperates with MYC in lymphoma-
genesis56,57, and subsequent studies found it robustly 
expressed in human cancers (TABLE 1). BMI1 facilitates 
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scence, which is a state of withdrawal from the cell cycle 
that provides a potent tumour suppressive mechanism 
in vivo59. The mechanism whereby BMI1 promotes eva-
sion of senescence involves transcriptional silencing of 
the cyclin-dependent kinase inhibitor 2A (CDKN2A, 
which encodes both p16INK4A and p14ARF) and CDKN2B 
(which encodes p15INK4B) loci, mapping to human chro-
mosome 9p21 (REFS 20,60). Silencing of CDKN2A and 
CDKN2B simultaneously shuts down expression of three 
tumour suppressors61,62 (FIG. 4a). INK4A (also known as 
p16) and INK4B (also known as p15) are cyclin-dependent 
kinase inhibitors (CKIs) that prevent CDK4-dependent 
phosphorylation of retinoblastoma (RB), thereby pre-
venting E2F-mediated cell cycle progression. BMI1 
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mediating the loading of CDC6 onto a cis-acting replica-
tion origin several thousand nucleotides upstream of the 
transcriptional start site63. This was the first example of 
a replication-coupled transcriptional repression mecha-
nism in mammals. Repression of CDKN2A and CDKN2B 
loci is a recurring theme in tumorigenesis: mouse models 
with deletions of these loci are tumour prone, and they 
are frequently inactivated in human cancers by deletion, 
mutation or DNA hypermethylation64.

Senescence limits proliferation, so proliferating cells 
must inhibit senescence to maintain proliferative poten-
tial; PcG-mediated transcriptional repression of CDKN2A 
has a pivotal role in inhibiting senescence65 (FIG. 4b). The 
renewal capacity of both neural and haematopoietic stem 
cells was dramatically compromised in Bmi1–/– mice66,67, 
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remodelling factor (NURF) complex, indicating that 
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reflect dynamic changes during development or within 
tissue-specific contexts, adding further diversity to the 
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TABLE 1). For example, BMI1 is an oncogene56,57, whereas 
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through gain-of-function mechanisms. Mechanisms lead-
ing to the deregulation of PcG proteins in cancer highlight 
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bromodomain that is related to BRM, ISWI subunits 
have a SANT domain that is related to ISWI, and the 
chromodomain helicase DNA binding (CHD) family 
is characterized by chromodomains that are related to 
CHD1, Mi-2 and Kismet (KIS) (TABLE 1). Mammalian 
ATP-dependent nucleosome remodelling proteins 
enhance gene expression by facilitating transcriptional 
elongation by RNA Pol II51. Although nucleosome 
remodelling proteins were first associated with tran-
scriptional activation, these complexes can also func-
tion as transcriptional repressors52 (FIG. 3e). Models 
proposed for the mechanism by which nucleosome 
remodelling proteins affect gene expression include 
chromatin looping, nucleosome sliding, nucleosome 
eviction and exchange of variant histones; these events 
facilitate the binding of transcription factors53 and basal 
transcription machinery54. The histone modifying and 
the nucleosome remodelling classes of TrxG proteins 
are not mutually exclusive: TrxG proteins that are HMTs 
can recruit nucleosome remodelling TrxG proteins. 
For example, MLL has been purified from a complex 
containing WD repeat domain 5 (WDR5), a plant 
homeodomain finger (PHD finger)-containing protein 
required for H3K4me3 that recruits the nucleosome 
remodelling factor (NURF) complex, indicating that 
H3K4me3-mediated transcriptional activation is asso-
ciated with nucleosome remodelling55. Therefore, the 
interplay between PcG and TrxG complexes integrate 
histone modifications, DNA methylation and nucleo-
some remodelling, which affects chromatin struc-
ture and gene expression in a complex and dynamic  
fashion. The varied composition of the complexes might 

reflect dynamic changes during development or within 
tissue-specific contexts, adding further diversity to the 
PcG–TrxG-regulated cellular memory system.

2E)s6TZ)�OGFKCVGF�TGIWNCVKQP�QH�VWOQTKIGPGUKU
The gain of PcG and loss of TrxG is a common theme in 
human cancer, demonstrating the oncogenic and tumour 
suppressive roles, respectively, of these complexes (FIG. 1c; 
TABLE 1). For example, BMI1 is an oncogene56,57, whereas 
CHD5 is a tumour suppressor58. However, perturbations 
of other TrxG proteins, such as MLL, cause malignancy 
through gain-of-function mechanisms. Mechanisms lead-
ing to the deregulation of PcG proteins in cancer highlight 
the role of the cell fate transcription factors and long non-
coding RNAs, as recently reviewed14. Many tumours have 
reactivated expression of stem cell-associated genes, such 
as Hox genes, which are the best characterized targets of 
PcG and TrxG proteins, and this is consistent with the 
idea that cellular memory is compromised. PcG and TrxG 
complexes function reciprocally to regulate transcrip-
tional programmes that affect senescence, the cell cycle, 
apoptosis and genomic stability.

Cellular senescence. BMI1 was the first PcG protein to 
be implicated in cancer. It was initially identified as an 
oncogene that cooperates with MYC in lymphoma-
genesis56,57, and subsequent studies found it robustly 
expressed in human cancers (TABLE 1). BMI1 facilitates 
tumorigenesis by mediating escape from cellular sene-
scence, which is a state of withdrawal from the cell cycle 
that provides a potent tumour suppressive mechanism 
in vivo59. The mechanism whereby BMI1 promotes eva-
sion of senescence involves transcriptional silencing of 
the cyclin-dependent kinase inhibitor 2A (CDKN2A, 
which encodes both p16INK4A and p14ARF) and CDKN2B 
(which encodes p15INK4B) loci, mapping to human chro-
mosome 9p21 (REFS 20,60). Silencing of CDKN2A and 
CDKN2B simultaneously shuts down expression of three 
tumour suppressors61,62 (FIG. 4a). INK4A (also known as 
p16) and INK4B (also known as p15) are cyclin-dependent 
kinase inhibitors (CKIs) that prevent CDK4-dependent 
phosphorylation of retinoblastoma (RB), thereby pre-
venting E2F-mediated cell cycle progression. BMI1 
coordinately represses CDKN2A and CDKN2B loci by 
mediating the loading of CDC6 onto a cis-acting replica-
tion origin several thousand nucleotides upstream of the 
transcriptional start site63. This was the first example of 
a replication-coupled transcriptional repression mecha-
nism in mammals. Repression of CDKN2A and CDKN2B 
loci is a recurring theme in tumorigenesis: mouse models 
with deletions of these loci are tumour prone, and they 
are frequently inactivated in human cancers by deletion, 
mutation or DNA hypermethylation64.

Senescence limits proliferation, so proliferating cells 
must inhibit senescence to maintain proliferative poten-
tial; PcG-mediated transcriptional repression of CDKN2A 
has a pivotal role in inhibiting senescence65 (FIG. 4b). The 
renewal capacity of both neural and haematopoietic stem 
cells was dramatically compromised in Bmi1–/– mice66,67, 
which occurred concomitantly with homeotic phenotypes 
such as the second cervical vertebrae possessing the 
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Polycomb group (PcG: PRC2 and PRC1) and trithorax (TrxG: mixed-lineage leukaemia
(MLL) complex directly methylate histone tails through the histone
methyltransferase (HMT) activity of the subunit*. SWI–SNF, ATP-dependent
chromatin remodeling complex, mobilize nucleosomes through the ATPase activity
of the subunit*.
ACTL, actin-like; ARID1, AT-rich interactive domain; ASH2, absent small or homeotic 2; CBX, chromobox homologue; DNMT, DNA methyltransferase; EED,
embryonic ectoderm development; EZH2, enhancer of zeste homologue 2; HCF1, host cell factor C1;
PHC,polyhomeotichomologue;PHD,planthomeodomain;RBBP,retinoblastoma binding protein; RNF, ring finger protein; SUZ12, suppressor of zeste homologue 12;
WDR5, WD repeat domain 5.

PcG & TrxG complexes regulate chromatin 
remodeling through histone modifications.  
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bromodomain that is related to BRM, ISWI subunits 
have a SANT domain that is related to ISWI, and the 
chromodomain helicase DNA binding (CHD) family 
is characterized by chromodomains that are related to 
CHD1, Mi-2 and Kismet (KIS) (TABLE 1). Mammalian 
ATP-dependent nucleosome remodelling proteins 
enhance gene expression by facilitating transcriptional 
elongation by RNA Pol II51. Although nucleosome 
remodelling proteins were first associated with tran-
scriptional activation, these complexes can also func-
tion as transcriptional repressors52 (FIG. 3e). Models 
proposed for the mechanism by which nucleosome 
remodelling proteins affect gene expression include 
chromatin looping, nucleosome sliding, nucleosome 
eviction and exchange of variant histones; these events 
facilitate the binding of transcription factors53 and basal 
transcription machinery54. The histone modifying and 
the nucleosome remodelling classes of TrxG proteins 
are not mutually exclusive: TrxG proteins that are HMTs 
can recruit nucleosome remodelling TrxG proteins. 
For example, MLL has been purified from a complex 
containing WD repeat domain 5 (WDR5), a plant 
homeodomain finger (PHD finger)-containing protein 
required for H3K4me3 that recruits the nucleosome 
remodelling factor (NURF) complex, indicating that 
H3K4me3-mediated transcriptional activation is asso-
ciated with nucleosome remodelling55. Therefore, the 
interplay between PcG and TrxG complexes integrate 
histone modifications, DNA methylation and nucleo-
some remodelling, which affects chromatin struc-
ture and gene expression in a complex and dynamic  
fashion. The varied composition of the complexes might 

reflect dynamic changes during development or within 
tissue-specific contexts, adding further diversity to the 
PcG–TrxG-regulated cellular memory system.
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The gain of PcG and loss of TrxG is a common theme in 
human cancer, demonstrating the oncogenic and tumour 
suppressive roles, respectively, of these complexes (FIG. 1c; 
TABLE 1). For example, BMI1 is an oncogene56,57, whereas 
CHD5 is a tumour suppressor58. However, perturbations 
of other TrxG proteins, such as MLL, cause malignancy 
through gain-of-function mechanisms. Mechanisms lead-
ing to the deregulation of PcG proteins in cancer highlight 
the role of the cell fate transcription factors and long non-
coding RNAs, as recently reviewed14. Many tumours have 
reactivated expression of stem cell-associated genes, such 
as Hox genes, which are the best characterized targets of 
PcG and TrxG proteins, and this is consistent with the 
idea that cellular memory is compromised. PcG and TrxG 
complexes function reciprocally to regulate transcrip-
tional programmes that affect senescence, the cell cycle, 
apoptosis and genomic stability.

Cellular senescence. BMI1 was the first PcG protein to 
be implicated in cancer. It was initially identified as an 
oncogene that cooperates with MYC in lymphoma-
genesis56,57, and subsequent studies found it robustly 
expressed in human cancers (TABLE 1). BMI1 facilitates 
tumorigenesis by mediating escape from cellular sene-
scence, which is a state of withdrawal from the cell cycle 
that provides a potent tumour suppressive mechanism 
in vivo59. The mechanism whereby BMI1 promotes eva-
sion of senescence involves transcriptional silencing of 
the cyclin-dependent kinase inhibitor 2A (CDKN2A, 
which encodes both p16INK4A and p14ARF) and CDKN2B 
(which encodes p15INK4B) loci, mapping to human chro-
mosome 9p21 (REFS 20,60). Silencing of CDKN2A and 
CDKN2B simultaneously shuts down expression of three 
tumour suppressors61,62 (FIG. 4a). INK4A (also known as 
p16) and INK4B (also known as p15) are cyclin-dependent 
kinase inhibitors (CKIs) that prevent CDK4-dependent 
phosphorylation of retinoblastoma (RB), thereby pre-
venting E2F-mediated cell cycle progression. BMI1 
coordinately represses CDKN2A and CDKN2B loci by 
mediating the loading of CDC6 onto a cis-acting replica-
tion origin several thousand nucleotides upstream of the 
transcriptional start site63. This was the first example of 
a replication-coupled transcriptional repression mecha-
nism in mammals. Repression of CDKN2A and CDKN2B 
loci is a recurring theme in tumorigenesis: mouse models 
with deletions of these loci are tumour prone, and they 
are frequently inactivated in human cancers by deletion, 
mutation or DNA hypermethylation64.

Senescence limits proliferation, so proliferating cells 
must inhibit senescence to maintain proliferative poten-
tial; PcG-mediated transcriptional repression of CDKN2A 
has a pivotal role in inhibiting senescence65 (FIG. 4b). The 
renewal capacity of both neural and haematopoietic stem 
cells was dramatically compromised in Bmi1–/– mice66,67, 
which occurred concomitantly with homeotic phenotypes 
such as the second cervical vertebrae possessing the 
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have a SANT domain that is related to ISWI, and the 
chromodomain helicase DNA binding (CHD) family 
is characterized by chromodomains that are related to 
CHD1, Mi-2 and Kismet (KIS) (TABLE 1). Mammalian 
ATP-dependent nucleosome remodelling proteins 
enhance gene expression by facilitating transcriptional 
elongation by RNA Pol II51. Although nucleosome 
remodelling proteins were first associated with tran-
scriptional activation, these complexes can also func-
tion as transcriptional repressors52 (FIG. 3e). Models 
proposed for the mechanism by which nucleosome 
remodelling proteins affect gene expression include 
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eviction and exchange of variant histones; these events 
facilitate the binding of transcription factors53 and basal 
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For example, MLL has been purified from a complex 
containing WD repeat domain 5 (WDR5), a plant 
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required for H3K4me3 that recruits the nucleosome 
remodelling factor (NURF) complex, indicating that 
H3K4me3-mediated transcriptional activation is asso-
ciated with nucleosome remodelling55. Therefore, the 
interplay between PcG and TrxG complexes integrate 
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some remodelling, which affects chromatin struc-
ture and gene expression in a complex and dynamic  
fashion. The varied composition of the complexes might 

reflect dynamic changes during development or within 
tissue-specific contexts, adding further diversity to the 
PcG–TrxG-regulated cellular memory system.
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suppressive roles, respectively, of these complexes (FIG. 1c; 
TABLE 1). For example, BMI1 is an oncogene56,57, whereas 
CHD5 is a tumour suppressor58. However, perturbations 
of other TrxG proteins, such as MLL, cause malignancy 
through gain-of-function mechanisms. Mechanisms lead-
ing to the deregulation of PcG proteins in cancer highlight 
the role of the cell fate transcription factors and long non-
coding RNAs, as recently reviewed14. Many tumours have 
reactivated expression of stem cell-associated genes, such 
as Hox genes, which are the best characterized targets of 
PcG and TrxG proteins, and this is consistent with the 
idea that cellular memory is compromised. PcG and TrxG 
complexes function reciprocally to regulate transcrip-
tional programmes that affect senescence, the cell cycle, 
apoptosis and genomic stability.

Cellular senescence. BMI1 was the first PcG protein to 
be implicated in cancer. It was initially identified as an 
oncogene that cooperates with MYC in lymphoma-
genesis56,57, and subsequent studies found it robustly 
expressed in human cancers (TABLE 1). BMI1 facilitates 
tumorigenesis by mediating escape from cellular sene-
scence, which is a state of withdrawal from the cell cycle 
that provides a potent tumour suppressive mechanism 
in vivo59. The mechanism whereby BMI1 promotes eva-
sion of senescence involves transcriptional silencing of 
the cyclin-dependent kinase inhibitor 2A (CDKN2A, 
which encodes both p16INK4A and p14ARF) and CDKN2B 
(which encodes p15INK4B) loci, mapping to human chro-
mosome 9p21 (REFS 20,60). Silencing of CDKN2A and 
CDKN2B simultaneously shuts down expression of three 
tumour suppressors61,62 (FIG. 4a). INK4A (also known as 
p16) and INK4B (also known as p15) are cyclin-dependent 
kinase inhibitors (CKIs) that prevent CDK4-dependent 
phosphorylation of retinoblastoma (RB), thereby pre-
venting E2F-mediated cell cycle progression. BMI1 
coordinately represses CDKN2A and CDKN2B loci by 
mediating the loading of CDC6 onto a cis-acting replica-
tion origin several thousand nucleotides upstream of the 
transcriptional start site63. This was the first example of 
a replication-coupled transcriptional repression mecha-
nism in mammals. Repression of CDKN2A and CDKN2B 
loci is a recurring theme in tumorigenesis: mouse models 
with deletions of these loci are tumour prone, and they 
are frequently inactivated in human cancers by deletion, 
mutation or DNA hypermethylation64.

Senescence limits proliferation, so proliferating cells 
must inhibit senescence to maintain proliferative poten-
tial; PcG-mediated transcriptional repression of CDKN2A 
has a pivotal role in inhibiting senescence65 (FIG. 4b). The 
renewal capacity of both neural and haematopoietic stem 
cells was dramatically compromised in Bmi1–/– mice66,67, 
which occurred concomitantly with homeotic phenotypes 
such as the second cervical vertebrae possessing the 
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insight as it shares minimal homology with other genes, 
although it does contain two imperfect repeat domains 
and a coiled-coil domain that are conserved with the 
yeast orthologue of SNF5 (REFS 46,47). SNF5 has been 
implicated in the recruitment of SWI/SNF complexes 
to specific genes48. Expression analyses have shown that 
one consequence of SNF5 loss is the activation of gene 
expression programmes that are associated with prolif-
eration, although, somewhat paradoxically, the loss of 
SNF5 leads to cell cycle arrest and death28. A potential 
explanation may be that aberrant proliferation stimuli, 

such as those that occur with oncogene activation, may 
trigger cell cycle checkpoints that result in the arrest of 
primary cells. Perhaps consistent with this, the inactiva-
tion of the p53 checkpoint markedly accelerates cancer 
formation caused by SNF5 loss28. SNF5 may also have 
roles in the assembly of SWI/SNF complexes, and when 
inactivated may lead to alterations in SWI/SNF com-
position. Interestingly, the tumours that arise following 
the conditional inactivation of SNF5 in the mouse 
depend on BRG1, which is a catalytic ATPase subunit of  
SWI/SNF49. This raises the possibility that oncogenic 
transformation does not result from the complete loss 
of function of the SWI/SNF complex, but may be partly 
driven by aberrant activity of the residual complex.

BAF180. Most recently, mutations in PBRM1 (which 
encodes BAF180) were identified in 41% of renal cell 
carcinomas, making PBRM1 the second most frequently 
mutated gene in these cancers after VHL50. Lower fre-
quency mutations in renal cancer have also been identi-
fied in the histone demethylases UTX (also known as 
KDM6A) and JARID1C (also known as KDM5C), and 
in the histone methylase SETD2, suggesting key roles 
for chromatin regulators as tumour suppressors in this 
lineage50. Mutations in the BAF180 subunit have also 
been identified in a small minority of breast cancers51 

(TABLE 1). In mice, the role of BAF180 in cardiac develop-
ment has been studied, as homozygous deficiency 
results in embryonic lethality owing to heart defects52. 
Heterozygous mice were reported to appear normal, 
although it is not clear whether a cohort was monitored 
for tumour development.

Exclusive to PBAF complexes, BAF180 has been sug-
gested to provide functional specificity to this class of 
SWI/SNF remodellers53,54 (FIG. 1a). BAF180 contains six 
tandem bromodomains that bind acetylated histones, 
two bromo-adjacent homology (BAH) domains that 
mediate protein–protein interactions and a high-mobility 
group (HMG) domain that binds nucleosomal DNA. On 
the basis of the function of these domains, BAF180 may 
recruit PBAF complexes to specific loci55. Consistent with 
specific functions for BAF180, PB, the D. melanogaster 
homologue of BAF180, was also found to direct specific 
cellular processes independently of the BAP complex56.

ARID1A. The ARID1A subunit of SWI/SNF complexes 
was also recently found to be specifically mutated in pri-
mary human cancers. ARID1A is mutated in 50% of ovar-
ian clear cell carcinomas (OCCCs), one of the most lethal 
subtypes of ovarian cancer, and in 30% of endo metrioid 
carcinomas57,58 (TABLE 1). ARID1A is also occasionally 
mutated in medulloblastomas, the most common malig-
nant brain tumour of children59, in a primary breast 
cancer and in a lung adenocarcinoma cell line, which 
indicates that ARID1A has tumour suppressor activity in 
various lineages60. In ovarian and endometrial cancers, 
mutations are evenly distributed across the ARID1A 
gene and they most frequently consist of truncating 
mutations with a high proportion of tumour samples 
not expressing the ARID1A protein. However, a substan-
tial proportion of the samples carry only heterozygous 

Figure 1 | SWI/SNF chromatin remodelling complexes. a | The diversity of 
composition of these complexes is shown. SWI/SNF complexes are composed of 
evolutionarily conserved core subunits (green) and variant subunits (yellow). The 
BRG1-associated factor (BAF; also known as SWI/SNF-A) and polybromo BRG1-associated 
factor (PBAF; also known as SWI/SNF-B) complexes constitute major subclasses. AT-rich 
interactive domain-containing protein 1A (ARID1A; also known as BAF250A and 
SMARCF1) and ARID1B (shown in blue) are unique to BAF complexes, whereas BAF200, 
BAF180 (also known as PBRM1) and bromodomain-containing 7 (BRD7) (shown in red) are 
unique to PBAF complexes. b | Mechanisms of remodelling are shown. The steps of 
remodelling include SWI/SNF binding, disruption of histone–DNA contacts, the creation 
of a loop of DNA that propagates around the nucleosome in a wave-like manner and the 
repositioning of DNA with respect to the nucleosome (sliding). Sliding may also lead to  
the ejection of an adjacent nucleosome25. BRG1, BRM/SWI2-related gene 1 (also known  
as SMARCA4); BRM, brahma homologue (also known as SMARCA2).
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The steps of remodeling 
include 
• SWI/SNF binding, 
• Disruption of histone–

DNA contacts, 
• Creation of a loop of 

DNA that propagates 
around the nucleosome 
in a wave-like manner 

• Repositioning of DNA 
with respect to the 
nucleosome (sliding). 
Sliding may also lead to 
the ejection of an 
adjacent nucleosome. 

How BAF complex remodel of chromatin?
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somatic mutations and express some ARID1A pro-
tein57. Reduced expression of ARID1A, BRG1 and 
SNF5, without complete loss of function, has also been 
identified in steroid-refractory acute lymphoblastic 
leukaemias61,62.

The ARID1A subunit contains an ARID domain 
that binds DNA in a sequence-nonspecific manner 
in vitro63. However, the role of this domain during the 
engagement and the repositioning of a nucleosome is 
not well understood. ARID1B is a mutually exclusive 
subunit that is highly homologous to ARID1A17. These 
ARID subunits are present exclusively in the BAF class of  
SWI/SNF remodellers and confer specificity for recruit-
ment that differs from PBAF complexes53. Within 
the BAF class, the ARID subunits display differential 
activities. Knockdown of ARID1A, but not ARID1B, 
abrogates differentiation-associated cell cycle arrest in 
osteoblasts64, suggesting that loss of ARID1A may favour 
the formation of ARID1B-containing complexes that 
drive proliferation, potentially providing insight into its 
tumour suppressor role.

BRG1. Expression of the BRG1 subunit is absent in 
15–50% of human primary non-small-cell lung cancer 
(NSCLC) samples, and mutations in BRG1 have been 
identified in 35% of NSCLC cell lines65–67. In these cell 
lines, BRG1 mutations coexist with mutations in KRAS, 
LKB1 (also known as STK11), NRAS, CDKN2A and 
TP53, suggesting potential synergistic mechanisms that 
may drive tumour formation. BRG1 mutations have also 
been found in primary NSCLC, although it is unclear 
whether their prevalence is as high as in the cell lines68–70. 
BRG1 mutations may also have a role in cancers of other 
lineages, as inactivating mutations, with a correspond-
ing loss of protein, have also been identified in a variety 
of cell lines and primary tumours71,59 (TABLE 1). Notably, 

in some studies of primary cancers BRG1 mutations 
have either not been identified, or were only identified 
in a small proportion of the tumours, again raising the 
possibility that mutations may be more frequent in cell 
lines than in primary samples68–70. As the frequency 
of absent BRG1 expression exceeds the mutation rate, 
loss of function may also occur via epigenetic silencing 
in some cases65,66,72. Notably, BRG1 mutation was also 
identified as the basis of a familial RT in one kindred73. 
This finding is intriguing and suggests shared roles for 
BRG1 and SNF5 in tumour suppression despite other-
wise distinct tumour types and the essential role for 
BRG1 in SNF5-deficient cancers. It will be interesting 
to determine whether the residual complex subunits are 
similarly essential for tumour formation that is driven 
by BRG1 loss.

Although it is clear that complete loss of a SWI/SNF 
subunit can promote cancer formation, evidence also 
suggests a potential role for reduced expression or hap-
loinsufficiency. In mice, Brg1 heterozygosity results in 
mammary tumours in 10% of the mice and the second 
Brg1 allele is always retained, indicating that Brg1 
haplo insufficiency can drive tumorigenesis74,75 (TABLE 2). 
Haploinsufficiency of Brg1 also promotes lung cancer 
in an ethyl carbamate model, and homozygous inacti-
vation blocks tumour formation76. Therefore, reduced 
expression of SWI/SNF subunits may also be a driving 
mechanism in cancer.

BRM. BRG1 is one of two mutually exclusive cata-
lytic ATPase subunits present in SWI/SNF complexes, 
the other being the highly homologous BRM. Both 
BRG1 and BRM are sufficient for nucleosome reposi-
tioning in vitro15. A central ATPase and helicase-like 
domain is required for their remodelling activity, and 
a carboxy-terminally located bromodomain assists in 

Figure 2 | SWI/SNF complexes facilitate factor binding. SWI/SNF complexes are markedly under-represented at 
silent genes where nucleosomes are poorly positioned and are highly variable across individual cells of the same lineage 
(top of the figure). At active genes that are rich in SWI/SNF binding (bottom left of the figure) the transcription start site 
(indicated by an arrow) is flanked by precisely positioned nucleosomes, thus providing unobstructed access to a  
nucleosome-depleted region that contains transcription factor binding sites. SWI/SNF complexes also contribute to  
the dynamic silencing of targets that are required for lineage-specific differentiation and that facilitate the binding of 
repressors (bottom right of the figure). CDK1, cyclin-dependent kinase 1; RNA Pol II, RNA polymerase II.
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At active genes that are rich in SWI/SNF binding the transcription start site is
flanked by precisely positioned nucleosomes, thus providing unobstructed access to a
nucleosome-depleted region that contains transcription factor binding sites.
SWI/SNF complexes also contribute to the dynamic silencing of targets that are
required for lineage-specific differentiation and that facilitate the binding of
repressors

SWI/SNF (BAF) complexes facilitate factor binding. 
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Eukaryotic cells require several 
factors to initiate transcription.

Figure 7-44 Molecular Biology of the Cell (© Garland Science 2008) 31
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Eukaryotic cells require several 
factors to initiate transcription.
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