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Telomerase is often upregulated during initiation and/or progression of human tumors, suggesting that repression
of telomerase might inhibit cancer growth or progression. Here, we report that BRG1, the ATPase subunit of the SWI/
SNF chromatin remodeling complex, is a general suppressor of hTERT transcription in human cancer cells. While
overexpression of BRG1 inhibits hTERT transcription, depletion of BRG1 stimulates transcription of hTERT, leading to
higher telomerase activity and longer telomeres. Chromatin-immunoprecipitation assays revealed that BRG1 binds to
the transcription start site (TSS) of the hTERT promoter and forms a ternary complex with histone deacetylase
2 (HDAC2). BRG1 remodels chromatin structure to facilitate the action of HDAC2, leading to deacetylation of H3K9ac
and H4ac at the TSS and suppression of hTERT transcription. On the other hand, b-catenin binds to the TSS and
stimulates hTERT transcription. Thus, BRG1/HDAC2 and b-catenin constitute a manipulative apparatus at the TSS to play
opposite but complementary roles in regulating hTERT expression. These results uncover a yin-yang mechanism in
modulating hTERT transcription and provide explanation for limited transcription of hTERT in human cancer cells. BRG1/
HDAC2 may have a potential as an anti-cancer therapeutic and/or for reactivating cellular proliferative capacity in the
context of in vitro tissue engineering.

Introduction

Telomeres are specialized DNA-protein complexes at the
ends of linear chromosomes that prevent fusion of chromosome
ends, and inhibit enzyme-mediated degradation and illegitimate
recombination of chromosomal DNA.1 In human cells, the
DNA component of telomere is composed of »5–15 kb of
double-stranded -TTAGGG/AATCCC- repeats. Six essential
proteins (TRF1, TRF2, RAP1, TIN2, TPP1 and POT1) form
a complex called shelterin that binds telomric DNA, and all
play important roles in end protection,1 telomeric DNA damage
response,2 sister chromatin cohesion and telomere length main-
tenance by telomerase.3–4 Also, it has been reported that meth-
ylated TRF2 can serve as a potential biomarker for cellular
senescence.5 In proliferating human somatic cells that lack

telomerase activity, telomeres shorten progressively over time,
because »50–200 terminal bp fail to be replicated per replica-
tive cycle.6,7 Once a human somatic cell telomere regresses to a
critical length, the short telomere triggers a state known as
‘telomere crisis,’ followed by replicative senescence or apopto-
sis.8 In many cases, tumor cells (»85%) and germline cells
avoid telomere crisis by activating telomerase, a ribonucleopro-
tein in which the reverse-transcriptase activity of the protein
component (hTERT) catalyzes de novo synthesis of telomeric
repeats at chromosome ends using a telomere-specific RNA
template (hTR).9,10 While hTR is highly expressed in all human
tissues, expression of the catalytic component of human telome-
rase, hTERT, is tightly regulated,11 such that its expression is
repressed in most normal human cells.12,13 There is great inter-
est in understanding how hTERT expression is regulated in
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cancer cells, because of the possibility of exploiting such knowl-
edge in order to prevent or limit cancer cell growth. Thus,
hTERT is considered as an important target for novel cancer
therapeutic agents or drugs.

The regulation of hTERT expression in human cancer cells
has been the subject of much research, summarized briefly as fol-
lows. The hTERT gene is more than 40 kb long and has 16
exons and 15 introns.14 The hTERT promoter is rich in CpG
islands, Sp1 sites 15,16 and binding sites for several positive and
negative regulatory proteins.17 Positive regulators of hTERT
transcription include the oncogene c-myc, Sp1, steroid hormone
receptors, human papillomavirus 16 (HPV16) protein E6 and
E6-associated protein (E6-AP)18; negative regulators of hTERT
transcription include p53, pRb, E2F, Mad1, WT1 and MZF-2,
and antiproliferative/ differentiation factors such as interferon-g
and TGF-b. Many of these factors act in a cell type-dependent
manner and their function in regulating hTERT transcription is
not yet fully understood. Clearly, there is a great deal of complex-
ity and heterogeneity in how hTERT expression is regulated in
different tissues and through development.

BRG1 is an ATPase and a core component of the SWI/SNF
complex, which utilizes energy from ATP hydrolysis to disrupt or
reposition nucleosomes and modify chromatin structure,19

thereby facilitating or inhibiting transcription of target genes or
gene regions. It has been reported that the SWI/SNF complex can
activate or repress transcription, depending on the presence or
absence of specific accessory factors.20 Growing evidence indicates
that the SWI/SNF complex plays a role in tumor suppression; for
example inactivating mutations in BRG1 and several other SWI/
SNF subunits are found in a variety of cancer cells.21,22 In addi-
tion, BRG1-haploinsufficient mice are tumor prone.23 These data
suggest that BRG1 is a bona fide tumor suppressor.

Earlier reports indicated that BRG1 binds to b-catenin and
promotes expression of Wnt-related genes24 and that BRG1 is
able to positively modulates expression of b-catenin.25 Recently, it
was also reported that b-catenin regulates expression of hTERT in
stem cells and cancer cells26,27 through its ability to recruit Setd1a
to and modulate the chromatin structure of the TERT promoter
(Setd1a is a histone methyltransferase that trimethylates histone
H3 at lysine 4 generating H3K4me3). Therefore, it is speculated
that BRG1 may be involved in promoting hTERT expression.
This, however, is inconsistent with the observation in a mouse
model that depletion of BRG1 correlates with a significant increase
in TERT expression 28 in optic nerve cells. Furthermore, TERT
protein is thought to regulate Wnt signaling through binding to
BRG1.29 Additional experiments are needed to clarify whether
and how BRG1 and b-catenin influence TERT expression.

The present study demonstrates that BRG1 negatively regu-
lates transcription of hTERT in human cervical cancer cells and
that BRG1 and the SWI/SNF complex repress transcription of
hTERT in several human tumor cell lines, suggesting that BRG1
may be a general suppressor of hTERT. BRG1-SWI/SNF com-
plex binds to the transcription start site (TSS) of the hTERT pro-
moter and interacts with HDAC2, leading to the deacetylation of
H3K9ac and H4ac. In contrast, b-catenin stimulates hTERT
transcription by recruiting Setd1a to the TSS; therefore, the

BRG1-SWI/SNF complex and b-catenin play opposite but com-
plementary roles in regulating hTERT. Negative regulation of
hTERT by BRG1 is consistent with its function as a tumor
suppressor.

Results

BRG1 protein abundance is negatively-correlated with
hTERT mRNA abundance in human cervical cancer cell lines

To investigate whether BRG1 and the SWI/SNF complex reg-
ulate transcription of TERT in human cells, BRG1 protein and
hTERT mRNA were quantified in extracts from 4 human cervi-
cal tumor cell lines: C33A, SiHa, Caski, and HeLa. BRG1 west-
ern blot and q-PCR quantification of hTERT mRNA in these
cell lines are shown in Figs. 1A and B, respectively. The results
show that the abundance of BRG1 protein is inversely correlated
with the abundance of hTERT mRNA in these 4 cell lines.

Figure 1. BRG1 protein and hTERT mRNA expression in human cervical
cancer cell lines. (A) Western blot of BRG1 in cervical cancer cell lines
with GAPDH as an internal control. (B) qRT-PCR data for hTERT mRNA in
human cervical cancer cell lines. hTERT mRNA abundance was normal-
ized to reference level in HeLa cells. Values are §SD of three indepen-
dent experiments.
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hTERT mRNA is most abundant and BRG1 is least abundant in
C33A cells, while BRG1 protein is most abundant and hTERT
mRNA is least abundant in HeLa cells. Although it was previ-
ously reported that BRG1 interacts with b-catenin, which in
turn positively regulates hTERT transcription,24,26 the data pre-
sented in Fig. 1 raised the possibility that BRG1 regulates
hTERT expression independent of b-catenin.

Knockdown of BRG1 stimulates hTERT transcription in
human cancer cells

If BRG1 directly regulates hTERT expression, then it is pre-
dicted that stable knockdown of BRG1 will lead to an increase in
abundance of hTERT mRNA. To test this idea, BRG1-deficient
HeLa cells were constructed using shRNA, which reduced the
level of BRG1 mRNA by »90% (Fig. 2A), with minimal effect
on cell proliferation (Fig. S1). In these cells, qRT-PCR analysis
showed that the hTERT mRNA was 1.7-fold more abundant
than in control HeLa cells expressing shVector (Fig. 2B). This
result is consistent with a previous study in BRG1-knockdown

mice that the depletion of BRG1 resulted in a 1.5-fold increase
in TERT expression.28

TRAP assay was used to determine whether hTERT mRNA
abundance is an accurate measure of hTERT expression in
BRG1 knockdown cells.30 The results show that telomerase
activity is higher in BRG1-deficient cells than in control cells
(Fig. 2C, D) such that a higher rate of telomere repeat synthesis
as evidenced by increasing telomere length with population dou-
blings (PDs) is observed (Fig. 2E, F). These results support the
idea that BRG1 negatively regulates hTERT transcription and
telomerase activity in human cancer cells.

BRG1 regulates hTERT transcription in a SWI/SNF
complex-dependent manner

A BRG1 truncation mutant (ATPase-defective BRG1) was
constructed and expressed in HeLa cells to determine whether
BRG1 ATPase is required for its ability to inhibit hTERT tran-
scription. The results show that overexpression of wild-type
BRG1 but not of ATPase-defective BRG1 inhibits hTERT

Figure 2. Effect of knockdown of BRG1 on hTERT transcription in HeLa cells. (A) Western blot showing BRG1 protein after BRG1 knockdown by shBRG1.
(B) qRT-PCR quantification of hTERT mRNA in BRG1-depleted cells; shVector was used as a control. (C) TRAP assay in BRG1-depleted (shBRG1) HeLa cells;
shVector heat- inactivated samples (Ctl) were used as controls. (D) Quantitation of data in (C), Graph shows mean § SD; Three independent experiments
were performed. (E) TRF assay was performed in HeLa cells with or without BRG1-depletion; cells were cultured for different PDs (Population Doubling)
after selection; ShVector was used as a control. (F) Quantification of data in (E). P values were calculated using the Student’s t-test.
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transcription in the tested cell line (Fig. 3A, B). These results sug-
gest that ATP-dependent chromatin remodeling is required in
order for BRG1 to regulate transcription of hTERT.

The human SWI/SNF chromatin remodeling complex con-
tains either BRG1 or hBRM as the central catalytic ATPase
and 10–12 BRG1-associated factors (BAFs).31-33 BAF47 is a
SWI/SNF accessory factor that is required for the chromatin
remodeling activity of the complex. To confirm that SWI/
SNF contributes to BRG1-dependent inhibition of hTERT
transcription, BAF47 was knocked down or overexpressed in
human HeLa cells. Depletion of BAF47 correlated with higher
abundance of hTERT mRNA, while overexpression of BAF47
correlated with decreased abundance of hTERT mRNA, rela-
tive to the relevant control cells (Figs. 3C-F). These data sug-
gest that the role of BRG1 in regulating hTERT transcription
is co-mediated by SWI/SNF complex including BAF47; in
other words, BRG1 inhibits hTERT transcription in a SWI/
SNF-dependent manner.

To extend the study to other human cell types, BRG1 was
knocked down or overexpressed (wild type and ATPase-defec-
tive) in human breast cancer MDA-MB-231 cells (Fig. S2) and
human embryonic kidney 293T cells (Fig. S3), and similar

results were obtained, suggesting that BRG1-SWI/SNF may be a
general suppressor in human cells.

BRG1-SWI/SNF complex locates to the TSS of hTERT
promoter, and interacts with HDAC2

The role of the BRG1-SWI/SNF complex in chromatin
remodeling is well established. However, the specific interaction
between BRG-SWI/SNF and the hTERT promoter has not been
characterized previously. Here, this interaction was examined
over a 5 kb region surrounding the transcriptional start site
(TSS) of the hTERT gene (i.e., 3 kb upstream to 2kb down-
stream of the TSS) using a standard ChIP assay, in which an anti-
body to pull down BRG1 and 5 PCR primer pairs (4 primer
pairs targeting the TSS or upstream promoter region, and 1
primer pair targeting sequences downstream of the TSS; Fig. 4A)
were used. The results show that BRG1-SWI/SNF interacts spe-
cifically with the TSS of the hTERT promoter (Fig. 4B). Here,
the pair of TS primes covered 147 bp sequence at the vicinity of
TSS (¡107 to C36) (Fig. 4A). This suggests that the BRG1-
SWI/SNF complex modulates the chromatin structure at or sur-
rounding the TSS, and that this is the basis of its ability to inhibit
transcription of the hTERT gene.

Figure 3. Roles of BRG1 ATPase and SWI/SNF complex in hTERT transcriptional suppression. (A) HA-tagged BRG1 and HA-BRG1-Trunc (carrying deletion
of ATPase domain) were overexpressed in HeLa cells. (B) Relative hTERT mRNA by qRT-PCR in cells overexpressing HA-tagged BRG1 and HA-BRG1-Trunc.
(C) Western blot showing siRNA knockdown of BAF47 in HeLa cells. Scrambled sequence was used as a control (si-Ctl). (D) qRT-PCR of hTERT mRNA in
BAF47-depleted and control cells. (E) Overexpression of HA-tagged wild-type BAF47 in HeLa cells. HA-Vector was used as a control. (F) qRT-PCR analysis
of hTERT mRNA in cells overexpressing BAF47 and control cells. Mean § SD are shown; Three independent experiments were performed. P values were
calculated using the Student’s t-test.
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Chromatin remodeling can also
be mediated by the action of his-
tone modifying enzymes.34 For
example, BRG1 and Histone
deacetylases (HDACs) are thought
to coordinately remodel chroma-
tin in mouse cells.35 To extend
this to human cancer cells in the
present study, HDAC1 or
HDAC2 was immunoprecipitated
from cell extracts, and the result-
ing protein aggregate was tested
for the presence of BRG1. The
results show that HDAC2, but not
HDAC1, interacts with BRG1 in
immunoprecipitates (Fig. 4C).
Accordingly, chromatin-immuno-
precipitation (ChIP) assays dem-
onstrated that HDAC2 (Fig. 6C),
but not HDAC1 (data not
shown), locates to the TSS of
hTERT promoter.

Deacetylation of H3K9 and
H4 at the TSS

The results of a ChIP experi-
ment at hTERT promoter using
antibody to H3K9ac and H4ac
revealed that H3K9 and H4 are
acetylated in the vicinity of the
hTERT TSS, and the degree of
acetylation significantly increased
in BRG1-depleted cells (Fig. 5A, B), suggesting that BRG1-
SWI/SNF can silence an actively transcribed promoter by pro-
moting its deacetylation by HDAC2. If this is correct, it is
expected that, Trichostatin A (TSA), an organic compound that
selectively inhibits HDACs, will reverse BRG1-dependent inhibi-
tion of hTERT transcription. Data presented in Fig. 5C confirm
this prediction, and demonstrate that TSA does not cause a con-
comitant decrease in expression of BRG1 (Fig. 5D). Therefore,
we propose a model in which the BRG1-SWI/SNF complex
remodels chromatin in the vicinity of the hTERT TSS and sup-
presses hTERT transcription in an HDAC2-dependent manner
(see Fig. 7 and discussion for details).

BRG1 and b-catenin in regulating hTERT expression
It was reported that b-catenin binds to the TSS of TERT pro-

moter and activates TERT expression through its interaction
with Setda1.26 The role of b-catenin in regulating hTERT was
examined in HeLa cells. b-catenin-targeted siRNAs used in this
experiment depleted b-catenin by 85% and had a limited effect
on BRG1 expression (Fig. 6A), and reduced hTERT expression
to 60% of control (Fig. 6B). The attenuated expression of
hTERT by knockdown of b-catenin could be partially rescued
by decreased number of BRG1 (Fig. 6A, B). One model to
explain these data is that BRG1 and b-catenin act independently,

to negatively and positively regulate telomerase expression,
respectively. To further explore the function of BRG1, HDAC2
and b-catenin at TSS of hTERT promoter, we carried out the
ChIP assay using antibody to HDAC2 and b-catenin. As
expected, both HDAC2 and b-catenin are located to the TSS
(Fig. 6C). The knockdown of BRG1 significantly diminishes the
presence of HDAC2 at the TSS, indicating that the location of
HDAC2 to the TSS is dependent on BRG1 (Fig. 6C, D). In con-
trast, the abundance of BRG1 has no effect on b-catenin binding
to the TSS, further arguing that BRG1 and b-catenin function at
TSS independently. Consistent with this model, the knockdown
of BRG1 marginally reduces the abundance of b-catenin, but sig-
nificantly increases hTERT expression (Fig. 2A; Fig. S4A). Simi-
larly, overexpression of BRG1 inhibits hTERT transcription
without a concomitant change in abundance of b-catenin
(Fig. 3A; Fig. S4B).

Discussion

BRG1-SWI/SNF and HDAC2 coordinately suppress
hTERT transcription in human cancer cells

In eukaryotic cells, DNA is packaged into a chromatin. Het-
erochromatin is a tightly packed DNA, which is associated with

Figure 4. BRG1-SWI/SNF complex is localized to the TSS of hTERT and interacts with HDAC2. (A) Schematic
diagram of hTERT promoter showing primers for ChIP analysis. (B) PCR of BRG1-immunopreciptated chroma-
tin (ChIP) from HeLa cells. (C) Co-immunoprecipitation (Co-IP) of BRG1 with HDAC1 and HDAC2. Antibodies
against HDAC1 and HDAC2 were used to pull down BRG1 from the lysate of HeLa cells.
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many biological processes such as cellular senescence,36 DNA
damage response37,38 and telomere position effect (TPE).39,40

While the regulation of gene expression is often mediated by
transcription factors and/or others,41,42 heterochromatin plays a
central role in it. Because of the “closed” conformation of hetero-
chromatin, gene promoter regions remain in general inaccessible
to transcription factors.43 Transcriptionally active eukaryotic
chromatin adopts an “open” conformation which allows the gene
transcription machinery and gene-specific transcription factors to
access cognate gene regulatory sequences.44 Chromatin remodel-
ing enzymes alter the transcriptional status of chromatin, by pro-
moting ATP-dependent change in chromatin structure or/and by
modulating the histone code and adding or removing epigenic
marks, including post-translational acetyl, methyl, phosphoryl,
and/or ubiquitin groups on histones.19,45

In present study, we provide evidence that the BRG1-SWI/
SNF complex and HDAC2 coordinately inhibit expression of
hTERT in human cancer cells. Our data show that BRG1 physi-
cally interacts with HDAC2 and that the association of HDAC2
with the hTERT TSS is dependent on BRG1 (Fig. 6C). More-
over, overexpression of BRG1 inhibits transcription of hTERT
in the absence but not in the presence of HDAC2 inhibitor TSA

(Fig. 5C), suggesting that HDAC2 is indispensable for BRG1 to
suppress hTERT transcription. Furthermore, BRG1 ATPase is
required for its ability to inhibit hTERT transcription (Fig. 3B).
These data suggest a model in which BRG-SWI/SNF binds to
the hTERT TSS and facilitates the action of HDAC2 for local
deacetylation of H3K9ac and H4ac and may then be retained at
the TSS to maintain transcriptional repression. A schematic
representation of this model is presented in Fig. 7.

Positive and negative regulation of hTERT expression by
b-catenin and BRG1

There are several features that make BRG1 distinct from other
hTERT transcription factors.17 First, BRG1 represses hTERT
expression in all tested cell lines including human cervical cancer
cells, embryonic kidney 293T cells and human breast cancer
MDA-MB-231 cells, indicating that BRG1 may represent a gen-
eral suppresser of hTERT transcription in human cells. Second,
both ATPase activity of BRG1 and HDAC2 are required for sup-
pression of hTERT expression. Therefore, chromatin remodeling
and histone alteration are imposed upon hTERT promoter by
BRG1 in order for suppressing hTERT transcription. Third,
BRG1 and b-catenin constitute the transcriptional switcher at

Figure 5. Quantification of H3K9ac and H4ac at the TSS of hTERT promoter with or without depletion of BRG1. (A) qPCR analysis of H3K9ac and H4ac-
immunopreciptated chromatin in BRG1-depleted HeLa (shBRG1) and control cells (shVector). (B) Quantitation of data in (A). Mean § SD are shown; Three
independent experiments were performed. (C) qRT-PCR of hTERT mRNA in HeLa cells with or without exposure to TSA and with or without BRG1-overex-
pression (HA-BRG1 vs HA-Vector). (D) Western blot for BRG1 in HeLa cells treated with or without TSA. P values were calculated using the Student’s t-test.
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the TSS of hTERT pro-
moter that regulates
hTERT expression in a
bi-directional manner.

Our data suggest that
BRG1 and b-catenin
function independently
in regulating hTERT
transcription. In the
absence of BRG1 and
HDAC2, b-catenin
stimulates hTERT tran-
scription by recruiting
setd1a, an H3 lysine
methyltransferase that
trimethylates H3K4 to
generate H3K4me3 at
the hTERT TSS.26

H3K4me3, H3K9ac
and H4ac ensure an
open conformation of
chromatin that allows
the gene transcription
(Fig. 7). BRG1 complex
remodels the chromatin
conformation and facili-
tates the action of
HDAC2 that deacety-
lates H3K9ac and
H4ac, thus converting
local chromatin into a
compact (close) confor-
mation that suppresses
the transcription of
hTERT (Fig. 7). There-
fore, the transcriptional
status of hTERT
depends on not only the
abundance of b-catenin,
but also BRG1,
HDAC2 and BRG1-associated factors such as BAF47 (Fig. 3C).

It has been reported that BRG1 interacts with b-catenin and
participates in transcriptional activation of Wnt-related genes.24

However, this appears not to be true with regard to expression of
hTERT (Fig. 2B; 3A). Thus, our current data support the model
that BRG1 and b-catenin have independent and opposite effects
on expression of hTERT.

BRG1 in hTERT expression and telomere length
maintenance

In normal human cells, telomerase expression is silenced.
In contrast, most cancer cells re-activate telomerase in order
to prevent replicative senescence linked to telomere shorten-
ing.46 The mechanism leading to reactivation of the hTERT
promoter in cancer cells is not fully understood. How-
ever, BRG1 may play a critical role in preventing hTERT

reactivation, in that inactivating mutations in BRG1 occur
frequently in cancer cells.21,22 The findings presented here
reinforce the idea that BRG1 acts as a tumor suppressor in
human cells.

Even in telomerase-positive human cancer cells, it is estimated
that only 1 to 5 molecules of hTERT mRNA are present per cell
47; this suggests that transcriptional repression of hTERT may
dominate, even after it has been partially relieved. In this context,
the balance between activation and repression may be critical to
telomere length in human cancer cells. Indeed, either overexpres-
sion 48 or knockdown of hTERT 49 can alternate telomere length
in cancer cells, indicating precise regulation of hTERT transcrip-
tion in proliferating cells. Although this balance might be
expected to vary in a cell type specific manner, the present study
shows that knockdown of BRG1 correlated with increased abun-
dance of hTERT mRNA in human cervical cancer, breast cancer

Figure 6. b-catenin and BRG1 regulate hTERT independently. (A) siRNA knockdown of b-catenin in the presence and
absence of BRG1. BRG1 was depleted by shRNA as described above and shVector was used as a control. Western blot
was used to determine the abundance of BRG1 and b-catenin. (B) qRT-PCR of hTERT mRNA in HeLa cells with b-catenin
knocked down or with both b-catenin and BRG1 knocked down. (C) qPCR analysis of HDAC2- or b-catenin-immunopre-
ciptated chromatin (ChIP) in BRG1-depleted HeLa (shBRG1) and in control cells (sh-Vector). (D) Quantitation of data in
(C). Mean § SD are shown; Three independent experiments were performed. P values were calculated using the Stu-
dent’s t-test.
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MDA-MB-231 cells and embryonic kidney 293T cells. This sug-
gests that BRG1-SWI/SNF and HDAC2 may play a general role
in repressing hTERT in rapidly proliferating cells. Future studies
are warranted to explore whether BRG1 and/or the SWI/SNF
complex can be exploited as a therapeutic target in cancer
patients, or in vitro as a tool for tissue engineering and regenera-
tive medicine.

Materials and Methods

Cell culture and plasmids
HeLa, C33A, Caski, SiHA, HEK293, 293T, MDA-MB-231

cells were obtained from Cell Resource Center of Peking Union
Medical College and were cultured at 37�C under 5% CO2.
HeLa, C33A, Caski, SiHA, HEK293 and 293T were grown in
DMEM (Hyclone) with 10% fetal calf serum (PPA). MDA-MB-
231 was grown in L15 (Gibco) with 10% fetal calf serum (PPA).
Trichostatin A (TSA) from Sigma was dissolved in DMSO
(Sigma) and added to cell culture medium at a final concentra-
tion of 0.5 mM. Cells were grown in the presence of TSA for
24 h and harvested. Control cells were incubated with DMSO.

pBabe-puro-BRG1 was obtained from Addgene (MA, USA).
pCMV5-HA-BRG1 and pCMV5-HA-BRG1-Trunc was con-
structed by deleting DNA sequence from 668 to 75850 of pBabe-
puro-BRG1. The BAF47 gene was amplified from HEK293
mRNA and cloned into the pCMV5-HA vector.

Gene silencing and overexpression
siRNA was transfected into target cells in a 6-well plate using

Lipo2000 (Invitrogen), according to the manufacturer’s instruc-
tions. siRNA against BAF47 (50-GUCAGAGAAGGAGAACU-
CAdTdT-30) was provided by Shanghai GenePharma Co., Ltd.
The scrambled sequence was used as a control.

The double-stranded shRNA against BRG1 (forward
sequence:

50-GATCCACATGCACCAGATGCACAATTCAAGAGATT
GTGCATCTGGTGCATGT TTTTTTGGAAA-30, reverse
sequence:

30-GTGTACGTGGTCTACGTGTTAAGTTCTCTAACA
CGTAGACCACGTACAAAAAAACCTTTTCGA-50) were
first cloned into pSilence 2.1-U6 vector, and then subcloned
into pFG12 vector to yield pFG12-shBRG1. Lentivirus was
packaged in 293T cells using calcium phosphate transfection.
Viral supernatants were collected and used to infect target
cells. Empty pFG12 vector was used as a control. Infected
cells were selected by FACS based on fluorescence. siRNA
knockdown of b-catenin was carried out in HeLa cells using
Lipo2000 (Invitrogen) transfection. Si-b-cat: CAGUUGUG-
GUUAAGCUCUUdAdC /AAGAGCUUAACCACAACUGd-
AdC. For protein overexpression, target genes were cloned
into pCMV5-HA vector and transfected into HeLa cells,
MDA-MB-231 or 293T cells using Lipo2000 (Invitrogen).
After 48 h, cells were harvested, and hTERT mRNA was
quantified by qRT-PCR analysis.

Immunoprecipitation and western blot
Cells were lysed in IP lysis buffer (20 mM Tris-HCl, pH 7.4,

150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-
100, 2.5 mM Na4P2O7, 1 mM C3H7O6P-Na2, 1 mM
Na3VO4) containing protease inhibitors. After removing cell
debris by centrifugation, the supernatants were incubated with
anti-HDAC1 (Beyotime) or anti-HDAC2 (Proteintech) with
agitation overnight at 4�C. Immunoprecipitation was performed
at 4�C with protein-A/G agarose beads (Santa Cruz) and rabbit
IgG was used as a control. Beads were washed 4 times with lysis
buffer and then incubated with 1£SDS-PAGE loading buffer,
boiled for 10 min. Protein samples were analyzed by SDS-PAGE
and Western blot.

Chromatin immunoprecipitation (ChIP)
Cells were cross-linked with 1% formaldehyde for 10 min at

room temperature, washed twice with cold PBS, resuspended in
SDS lysis buffer (50 mM Tris-HCl, pH D 8.1, 10 mM EDTA,
1% SDS) and sonicated to generate DNA fragments of »500 bp
in length. The supernatant was pre-cleared with Protein-A Aga-
rose beads precoated with Salmon Sperm DNA (Millipore).
ChIP was performed overnight at 4�C with anti-BRG1 or anti-
b-catenin (Cell signaling technology), anti-HDAC1 (Beyotime),
anti-HDAC2 (Proteintech), anti-H3K9ac (Sigma), anti-H4ac
(Millipore) and IgG (Sangon, Shanghai, China). Protein-A aga-
rose beads were washed 3 times, and eluted with 0.1M NaHCO3

and 1% SDS, followed by reverse cross-linking and phenol-
chloroform extraction. DNA fragments were precipitated by

Figure 7. Proposed working model of BRG1-SWI/SNF complex (see text
for details).
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ethanol in the presence of DNAmate (Takara). PCR was carried
out to identify DNA fragments enriched in the complexes. The
following primers were used to identify fragments of hTERT
promoter: A-1: 50-CGTTGTGGCTGGTGTGAG-30, 50-CAC-
CCCAAATCTGTTAATCACC-30; A-2: 50-TCCACTGTTT-
CATTTGTTGGTT-30, 50-CCAGCCTGAGCAACAAGAGT-
30; A-3: 50-CCAAACCTGTGGACAGAACC-30, 50-AGACT-
GACTGCCTCCATCGT-30; TS: 50-AGCCCCTCCCCTTC-
CTTTCC-30, 50-AGCGCACGGCTCGGCAGC-30; AC2: 50-
GTCGAGTGGACACGGTGAT-30, 50-AAGTTTATGCAAA-
CTGGACAGGA-30.

Quantitative real-time PCR
Total RNA was extracted from cells using RNAiso Plus

Reagent (Takara) according to manufacturer’s instructions.
Briefly, 1.0 mg of total RNA was reverse-transcribed to cDNA
using PrimeScript RT reagent Kit (Takara). An equal amount of
cDNA was used for real-time PCR using Realtime PCR Master
Mix (ABI). GAPDH was used as internal control for all experi-
ments. The threshold cycle (CT) value was calculated using the
Step One software V2.1 provided by ABI, based on the first max-
imum of the second derivative of the amplification curve of tem-
plate. Relative expression level of hTERT mRNA was calibrated
by GAPDH mRNA. The following primers were used for cDNA
amplification: GAPDH-forward: 50- TGTTGCCATCAAT-
GACCCCTT-30; GAPDH-reverse: 50-CTCCACGACGTACT-
CAGCG-30; hTERT-forward: 50-GGAGCAAGTTGCAAAGC
ATTG-30; hTERT-reverse: 50-CCCACGACGTAGTCCATGT
T-30.

Telomere restriction fragment (TRF) assay
The size of terminal restriction fragments was evaluated by

digesting genomic DNA with HifI and RsaI, separating the
digested DNA on a 0.7% agarose gel, and then hybridizing the
denatured, dried gel with a 32P-labeled telomeric probe.51

Telomerase assay
TRAP assay was performed as described previously.49,52 The

telomerase products (6 bp ladder) and the 36 bp internal control
(IC) bands were quantified using the ImageQuant software pro-
vided by the manufacturer. Relative telomerase activity was calcu-
lated as the intensity ratio of the TRAP ladder to that of the IC
band.
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