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Avariety of tumor-suppressormechanisms exist to promote genome
integrity and organismal survival. One such mechanism is cellular
senescence. In response to replicative aging, DNA damage, and
oncogenic stimuli, the p53 and Rb pathways are activated to prevent
the proliferation of damaged cells by inducing senescence or
apoptosis. We have performed a loss-of-function genetic screen in
primary human cells to identify components of the senescence
machinery. Here we describe BRD7 and BAF180 as unique regulators
of replicative senescence in human cells. Both regulate p53 transcrip-
tional activity toward a subset of its target genes required for repli-
cative and oncogenic stress senescence induction, and BRD7
physically interacts with p53. BRD7 is a deletion target in human
cancer, suggesting that loss of BRD7 may provide an additional
mechanism to antagonize p53 function in cancer cells.
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Replicative senescence is a permanent cell-cycle arrest induced
by telomere attrition in aged cells. This program is also en-

gaged in response to activated oncogenes, and DNA damage is
thought to be the unifying theme among the stimuli that have been
shown to induce a senescence phenotype (1, 2). Numerous studies
have implicated p53 as a major component of the senescence
machinery, which is activated and stabilized by multiple mecha-
nisms in response to DNA damage. The importance of p53 during
senescence has been attributed at least in part to its transcriptional
control of the CDK inhibitor p21, which induces cell-cycle arrest
(3–7). How p53 activates transcription of p21 and other targets
required for senescence is not yet clear, and there are likely to exist
many more components involved in these responses.
In this study we searched genetically for previously unexplored

regulators of senescence induction and identified a bromodomain
protein, BRD7, as a regulator of replicative senescence. Bromo-
domains often recruit proteins to chromatin through their ability
to recognize acetylated histones. BRD7 was originally identified
as a gene whose mRNA was down-regulated in nasopharyngeal
carcinoma (8). It was also identified as a unique component of the
SWI/SNF polybromo-associated BRG1-associated factor (PBAF)
complex (SWI/SNF complex B). BRD7 is specific to this complex,
and is not found in the related BAF complex (SWI/SNF complex
A). Although BAF and PBAF complexes share many components,
some components are nonoverlapping and thought to impart dis-
tinct biological functions to each complex. Furthermore, BRD7
was shown to specifically affect PBAF-mediated gene expression
regulation (9). Several lines of evidence suggest that the PBAF
complex contributes to proliferation control. A previous study
showed that the specifying component exclusive to the PBAF
complex, BAF180 (polybromo-1), physically binds the p21 pro-
moter (10). This observation was also made regarding BRG1,
which functions interchangeably with structurally related BRM1 as
one of the two SWI/SNF ATPase subunits in BAF complexes,
although it is the only ATPase subunit used by the PBAF complex
(11, 12). Here, we show that BRD7 is a critical mediator of the

ability of p53 to transduce the replicative and oncogene-induced
senescence signal to p21 to initiate the senescence program of
differentiation.

Results
BRD7 Regulates Cell Proliferation and Replicative Senescence. In an
ongoing whole-genome shRNA screen in primary BJ fibroblasts
to identify genes that regulate replicative senescence by allowing
cells to continue proliferation after the control cells had largely
senesced, we recovered multiple shRNAs against BRD7. To
recapitulate its role in senescence, we introduced three in-
dependent BRD7 shRNAs into BJ fibroblasts. BRD7 depletion
resulted in a striking increase in proliferation rate in both young
and midpassage BJ fibroblasts, suggesting that BRD7 may func-
tion in proliferation control before the onset of senescence
(Fig. 1A, Upper). BRD7 depletion significantly delays replicative
senescence, as these cells continued to actively proliferate
while control firefly luciferase (FF) shRNA expressing cells
ceased proliferation and stained positive for senescence-associ-
ated (SA) β-galactosidase (Fig. 1B and Fig. S1A). BRD7 de-
pletion also extended replicative lifespan in BJs expressing the
HPV E7 oncoprotein, which binds and inhibits Rb, suggesting
that BRD7 controls proliferation independently of Rb (Fig. 1A,
Lower). These phenotypes are observed with all three BRD7
shRNAs, and the strength of the proliferative phenotype corre-
lates with the level of BRD7 depletion (Fig. 1C and Fig. S1B).
The observed delay in replicative senescence did not appear to

be a result of induction of telomerase activity or hTERT expres-
sion as measured by telomeric repeat-amplification protocol assay
and qRT-PCR, respectively (Fig. S2). Because of their increased
proliferation rate, BRD7-depleted cells underwent more pop-
ulation doublings than control cells, suggesting that they may be
defective in their response to the expected telomere attrition
resulting from these further doublings.
Several studies have demonstrated that oncogenes, such as

activated Ras, can induce senescence through the p53 and Rb
pathways. BRD7 depletion resulted in significant resistance to
RasV12D-induced senescence as indicated by cell proliferation
and β-galactosidase staining (Fig. 1D and Fig. S3). This finding
suggests that BRD7 is required for a function common to both
replicative and oncogene-induced senescence.
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BRD7 Is Required for p53 Transcriptional Activity. Because of the
previous link between SWI/SNF complexes and p21 expression
and the previous identification of BRD7 in PBAF complexes, we
examined p21 mRNA levels by qRT-PCR in response to treat-
ment with the Mdm2 inhibitor nutlin-3a, which stabilizes p53.
BRD7 depletion reduces both the basal and induced expression
of p21 in response to p53 activation (Fig. 2A, Left), although p53
was stabilized as expected (Fig. 2B), suggesting that BRD7 acts
downstream of p53 stabilization. Mdm2 expression was also
decreased in these experiments, suggesting that p21 is not the
only p53 target gene controlled by BRD7 (Fig. 2A, Right).
BRD7-depleted cells also showed decreased p21 and Mdm2
expression following transduction with RasV12D (Fig. 2C and
Fig. S4), indicating that BRD7 is required for expression of
multiple p53 target genes during both replicative and oncogene-
induced senescence. In addition, expression of an shRNA#2-
resistant BRD7 cDNA was able to restore p21 expression in
response to nutlin-3a treatment, confirming that this phenotype
is caused specifically by depletion of BRD7 (Fig. S5).

Analysis of BRD7 and p53-Mediated Regulation of Gene Expression.
To broadly analyze the role of BRD7 in gene expression, we
performed gene-expression profiling to compare gene expression
between control cells and cells expressing one of two distinct
BRD7 shRNAs (BRD7 sh2 and sh3), in the presence and absence
of nutlin-3a treatment (Fig. 2D). We considered genes that met
a log2 ratio criteria of ± 0.5 in both BRD7 shRNA samples when
compared with control firefly luciferase (FF) shRNA expressing
cells to be differentially regulated. In both conditions, BRD7 was
the most significantly down-regulated gene. We compared BRD7
down-regulated genes in the nutlin-3a treated samples with a cu-
rated list of genes that have met several biological criteria to
confirm that they are p53 target genes (13). Expression of several
additional p53 target genes was down-regulated in BRD7-
depleted cells in response to nutlin-3a treatment, such as DcR1,
TRIM22,NDRG1, and PYCARD, suggesting that, like p21, BRD7
is required for their transactivation by p53 (Fig. 2D). We con-
firmed this by qRT-PCR for DcR1 and TRIM22 (Fig. 2E).
However, several p53 target genes, such as Bax, did not appear to
require BRD7 for their expression (Fig. 2F); thus, BRD7 is re-
quired only for a subset of p53 target genes.

BRD7 Interacts with p53 Independently of the BRD7 Bromodomain.
Transcription factors that cooperate on promoters often interact,
and we were able to coimmunoprecipitate p53 and BRD7, sug-
gesting that they exist in a biological complex (Fig. 3A). Previous
work has shown that BRD7 can bind to acetylated histones in
vitro, in particular histone H3 lysine 14, through its bromodo-
main (14). To examine whether the bromodomain is required for
the interaction between BRD7 and p53, we deleted the BRD7
bromodomain (BRD7 ΔBromo) (Fig. 3B and Fig. S6) and found
the interaction with p53 remained intact. This observation is
consistent with the model that BRD7 could be modulating p53
transcriptional activity by simultaneously binding chromatin via
its bromodomain while also interacting with p53.

BAF180 Is Required for Replicative Senescence. BAF180 was also
recovered from our screen, suggesting that SWI/SNF regulation of
the p21 promoter is relevant during senescence in primary cells.
Indeed, BAF180 depletion using three independent shRNAs
resulted in both increased proliferation and delayed senescence
(Figs. 3C and Fig. S7). BAF180 depletion also resulted in de-
creased basal and induced p21 expression in response to nutlin-3a
(Fig. 3D). This finding is consistent with the previously reported
requirement for BAF180 in p53-dependent p21 expression in re-
sponse to irradiation (10), and provides a mechanistic explanation
for the increased proliferation and delayed senescence observed in
BAF180-depleted cells. Decreased expression ofMdm2 andDcR1

Fig. 1. BRD7 depletion increases proliferation and delays senescence in pri-
mary fibroblasts. (A) Population-doubling (PD) curves in primary BJ fibroblasts
(Upper) and BJs expressing the HPV E7 oncoprotein (Lower) and the indicated
shRNAs. (B) Senescence-associated β-galactosidase staining quantificationwith
error bars indicating SEM in primary human BJ fibroblasts infected with ret-
roviruses expressing the indicated shRNAs. (C) BRD7 depletion measured by
Western blot in primary human BJ fibroblasts infected with retroviruses
expressing the indicated shRNAs. (D) Senescence-associated β-galactosidase
staining quantification on day 16 posttransduction with RasV12D or vector
alone; error bars indicate SEM. Population doublings in human BJ fibroblasts
were measured on day 15 posttransduction with RasV12D or vector alone in
primary BJ fibroblasts expressing the indicated shRNAs.
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in response to nutlin-3a was also observed, suggesting that, like
BRD7, BAF180 is also required for expression of multiple p53
target genes (Figs. 3D and Fig. S8). The previous study, which
linked BAF180 to p21 expression, also provided evidence for
BAF180 deletion in breast cancer (10), which supports the idea
that this complex may be targeted in human cancer to disable p53
activity and thus the senescence response.

BRD7 Overexpression Induces Premature Senescence. Overexpression
of BRD7 slows proliferation and results in premature senescence
in BJs fibroblasts (Fig. 4A). Expression of p21 was also elevated in
BRD7-overexpressing cells (Fig. 4B), providing a mechanistic ex-
planation for their slowed proliferation and premature senescence.
However, overexpression of the BRD7 ΔBromo mutant did not
slow proliferation to the same extent as BRD7 (Fig. 4A), and p21
mRNA levels were not significantly increased compared with
control cells (Fig. 4B). Furthermore, nutlin-3a treatment resulted

in reduced p21 expression in BRD7ΔBromo expressing cells,
whereas wild-type BRD7-expressing cells displayed higher levels of
p21 (Fig. S9). This result suggests that although interaction with
p53 does not require the BRD7 bromodomain as shown above
(Fig. 3B), the bromodomain may still have a functional role in
mediating efficient p21 expression by p53. This finding is consis-
tent with the idea that BRD7 may bridge p53 to chromatin via its
bromodomain, possibly explaining our observation that over-
expression of wild-type BRD7, but not BRD7 ΔBromo, is able to
induce ectopic p21 expression and slow proliferation.

BRD7 Is Frequently Deleted in Human Cancer. A recent study of gene
copy number in a large collection of human tumors and cancer cell
lines fromvarious tissues identifiedgenes that are specifically deleted
in cancer (15).WeanalyzedBRD7 in this database and found it to be
frequently deleted in a tumor set consisting of 3,131 samples and cell
lines from 54 cancer subtypes (Fig. S10). BRD7 falls within the peak

Fig. 2. BRD7 regulates p53 activity toward a subset of its target genes. (A) Quantitative RT-PCR analysis of p21 andMdm2 expression upon BRD7 depletion with
andwithout 8 μMnutlin-3a treatment for 6 h. Error bars indicate SEM. ThemRNA levels are normalized to β-actin and relative to an FF control shRNA. (B)Western
blot analysis of p53 and p21 protein levels following treatmentwith 8 μMnutlin-3a for 6 h in cells expressing the indicated shRNAs. (C) Analysis of the effects of the
indicated shRNAs on p21 expression by qRT-PCR in response to RasV12D transduction. (D) Gene-expression profiling in BJ fibroblasts in the presence and absence
of 8 μM nutlin-3a treatment for 6 h and BRD7 depletion with two independent shRNAs. Additional p53 target genes that were down-regulated upon BRD7
depletion are listed as indicated in the table. (E and F) Quantitative RT-PCR analysis of the indicated p53 target genes expression upon BRD7 depletion with and
without 8 μM nutlin-3a treatment for 6 h. Error bars indicate SEM. The mRNA levels are normalized to β-actin and are relative to an FF control shRNA.
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of this deletion region with statistical significance, supporting the
hypothesis that BRD7 is a tumor suppressor. Furthermore, BRD7
expression is frequently silenced by methylation of its promoter in
nasopharyngeal carcinoma tumor samples (16). Interestingly, the
PBAF-associated ATPase BRG1 is also mutated in cancer cell
lines from several different tissues (17, 18). Furthermore, similarly to
BRD7, BRG1was also shown to be deleted in a recent copy-number
analysis study (15), falling within identified peak regions with statis-
tical significance in both a general lung cancer set of 774 samples and
anonsmall cell lung cancer set of 733 samples (Fig. S10). Thisfinding
is consistent with a previous report that ≈30% of human nonsmall
cell lung cancer cell lines lack expression of BRG1 and also BRM1,
the other SWI/SNF ATPase (19). Taken together, these data im-
plicate multiple SWI/SNF components in tumor suppression.

BRD7 Regulates p21 Expression in p53-Dependent and Independent
Transcription. BAF180 regulates p21 in response to both p53 and
Smad2/3/4, suggesting that PBAF may work with multiple tran-
scription factors (10). The p21 gene is regulated by the vitamin D
(VDR) and retinoic acid receptors in a p53-independent manner
(20, 21). Furthermore, the PBAF complex has been shown to
be required for nuclear hormone receptor transcription, such as
for VDR (22). Therefore, we examined whether BRD7 depletion

Fig. 3. BRD7 coimmunoprecipitates with p53, and BAF180 is also required
for replicative senescence and p21 expression. (A) Coimmunoprecipitation of
HA-tagged BRD7 and endogenous p53 from primary BJs expressing HA-
tagged BRD7 using anti-p53 antibodies, with 15% input loaded. (B) Sche-
matic showing structure of BRD7 and the bromodomain deletion mutant.
Coimmunoprecipitation of HA-tagged BRD7 ΔB and p53 from primary BJs
expressing HA-tagged BRD7 ΔB, with 15% input loaded. (C) Population-

doubling curves and senescence-associated β-galactosidase staining quanti-
fication with error bars indicating SEM in primary human BJ fibroblasts with
three independent shRNAs against BAF180. (D) Quantitative RT-PCR for p21
and Mdm2 expression in BAF180 depleted cells in response to 8 μM nutlin-3a
treatment for 6 h, with error bars indicating SEM. The mRNA levels are
normalized to β-actin and are relative to an FF control shRNA.

Fig. 4. Forced expression of BRD7 induces premature senescence in primary
fibroblasts, and BRD7 regulates p21 in both p53-dependent and -independent
contexts. (A) Population-doubling curves in BJ fibroblasts expressing vector
alone, BRD7 and BRD7 ΔBromo, and senescence-associated β-galactosidase
staining of vector alone and BRD7 expressing BJ fibroblasts. (B) Quantitative
RT-PCR analysis of p21 expression in BJ fibroblasts infected with the indicated
retroviruses. Error bars indicate SEM. ThemRNA levels are normalized to β-actin
and are relative to vector alone containing control cells. (C) QuantitativeRT-PCR
for p21 expression in HCT116 p53−/− colon cancer cells, in response to 80 ng/mL
TGF-β for 24 h. (D) Quantitative RT-PCR for p21 expression in humanmammary
epithelial cells in response to 10 nM 1α,25(OH)2D3 (calcitriol, the biologically
active form of vitamin D) for 24 h. Error bars indicate SEM. ThemRNA levels are
normalized to β-actin and relative to an FF control shRNA.
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affects p21 induction in these contexts. BRD7 depletion in
HCT116 cells significantly decreased p21 induction in response to
TGF-β, which also occurred in p53 null-HCT116 cells, indicating
p53 independence (Fig. 4C). BRD7 was also required for p21
induction by 1α,25(OH)2D3 (vitamin D) in human mammary
epithelial cells (Fig. 4D). Taken together, our data indicate that
BRD7 is required for p21 expression in both p53-dependent and
p53-independent manners.

Discussion
BRD7 and SWI/SNF in p53-Dependent and Independent Transcription.
We have shown that BRD7 is required for both replicative and
oncogene-induced senescence through the role of BRD7 in con-
trolling p53-dependent transcription. BRD7 is required for p53
transcriptional activity toward multiple target genes, including
p21, but has no negative effect on p53 abundance or stabilization
in response to a variety of inducing agents, including the Mdm2
inhibitor nutlin-3a. This regulation is likely to be direct as BRD7
coimmunoprecipitates with p53. Enhanced BRD7 expression
both reduces cell proliferation rates and accelerates replicative
senescence. Thus, BRD7 levels may be rate-limiting for senes-
cence induction. In addition, during the course of our study,
Agami and colleagues (23) identified BRD7 as being important
for oncogene-induced senescence, supporting our findings.
We have also shown that the PBAF component BAF180 is

also required for replicative senescence, suggesting that the role
of BRD7 in senescence control is mediated by its presence in the
PBAF complex. Our data suggests that BRD7 could act by
bridging p53 to a favorable chromatin environment for its tran-
scriptional activity.
BRD7 is required for both p53-dependent and independent

regulation of p21. Both vitamin D- and TGF-β-mediated in-
duction of p21 depend upon BRD7 levels. Thus, although BRD7
deletion may serve as an additional mechanism to disrupt p53
function in cancer cells, there may be an advantage for disrup-
tion of BRD7, even in the context of p53 loss. Furthermore,
given our data on BRD7 regulation of p53-independent p21
expression, it is likely that BRD7 may function in other differ-
entiation programs that may be relevant to human disease.

BRD7 in Tumor Suppression. Senescence is a bona fide tumor-
suppression mechanism in vivo, and senescence also occurs as
a response to chemotherapy. Our analysis of existing databases
suggests that BRD7 is likely to be a deletion target in cancer, and
it follows that cancer cells that inactivate BRD7 may be able to
bypass these tumor-suppressive mechanisms, including sensitivity
to chemotherapy. Our results and previous studies now suggest
that several members of the PBAF complex, including BAF180
and BRD7, may be disrupted in human cancer, and our experi-
ments strongly suggest that this is a result of compromised p53
function in both cases. Taken together, these results strongly
suggest that loss of SWI/SNF function contributes to cancer
progression, at least in part because of complete loss of PBAF-
mediated regulation of p53. Our data suggest that loss of BAF180
or BRD7 would have similar consequences, as these two com-
ponents are both specific to the PBAF complex and are required
for PBAF-regulated gene expression (9, 22, 24).
Interestingly, a recent study found that BRD7 expression is

negatively regulated by c-Myc via direct binding of c-Myc to the
BRD7 promoter (25). This finding suggests that c-Myc-driven
tumors may also have disrupted BRD7 function, thereby com-
promising part of p53 tumor-suppressor functions, which predicts
that re-establishment of BRD7 expression levels in c-Myc-driven
tumors may be capable of reversing the tumorigenic phenotype by
restoration of p53 activity.

Materials and Methods
Cell Culture.Human diploid BJ fibroblasts were obtained fromATCC andwere
maintained in 3% O2 conditions. Cells were grown in DMEM with 15% FBS,
penicillin-strepomycin, 2 mM L-glutamine, and 0.1 mM nonessential amino
acids (Invitrogen). Retroviral gene delivery techniques were done as pre-
viously described using 293T cells (26). Infection populations were selected
with 1 μg/mL puromycin (Clontech) for at least 5 d. Nutlin-3a was obtained
from Cayman Chemical. Human mammary epithelial cells were grown in
MEGM media (Lonza). HCT116 cells were grown in McCoy’s medium (Invi-
trogen) with 10% FBS. TGF-β peptide was obtained from R&D Systems.
Calcitriol (1α,25(OH)2D3) was obtained from Sigma-Aldrich.

Retroviral Vectors. The following vectorswereused:MSCV-mir30 based shRNA
constructs as previously described (27–29), MSCV-N-terminal HA-FLAG-puro,
pHAGE-C-terminal-HA-FLAG-Neo, pWZL-hygro-HrasV12D, MSCV-neo-E7. The
shRNA 22-mer targeting sequences are as follows: BRD7 sh1: AGATTAAAT-
CAGAATCATCCTT, BRD7 sh2: TTTCATGGTACTAAAATCCATT, BRD7 sh3:
TTATCTTCAAGCATATCTTTGT, p21 shRNA: TTGTTTAAATAATTCTAATGCC,
BAF180 sh1: TTAGAACTCGCTTGTAGATGGC, BAF180 sh2: TAAATCAAGCC-
GACGGTAGCGA, and BAF180 sh3: TATAGAGTTCATGGCACACGGC. Retro-
viruses were packaged using 293T cells and Transit-293 (Mirus) transfection
reagent according to the manufacturer’s instructions.

Growth Curves and SA-β-galactosidase Assay. Population doublings were
monitored using a Coulter Counter, and cells were fed every 3 d when not
split. The SA-β-galactosidase assay was performed using the Senescent Cell
Staining Kit (Sigma) according to the manufacturer’s instructions. Experi-
ments were carried out in triplicate and at least 100 cells were scored in each
field, with error bars indicating SEM.

Immunoblotting, Antibodies, and Immunoprecipitation. Cell lysates were frac-
tionatedon 4 to 20%Tris-glycine SDS/PAGEgels (Invitrogen). Antibodieswere as
follows: humanp53 (DO-1, Calbiochem),humanp21 (OP64, Calbiochem),human
Mdm2 (Santa Cruz), HA (HA.11, Covance), BRD7 (Cell Signaling), Ran (BD Bio-
sciences), and BAF180 (A301-591A, Bethyl), HRP-conjugated human and mouse
secondary antibodies (Jackson Laboratories), which were detected by chem-
ilumiscence ECL reagent (Pierce). All immunoprecipitations were performed in
50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Nonidet P-40, with Complete-Mini
protease inhibitor mixture tablets (Roche) and PhosSTOP phosphatase inhibitor
mixture tablets (Roche). Antibodies were used as follows: HA (HA.11, Covance),
p53 (DO-1, Calbiochem), normal rabbit IgG (Sigma), and AffiniPure Goat Anti-
mouse IgG light chain specific secondary antibody (Jackson Laboratories). Two
micrograms of each antibody was used for immunoprecipitations.

Quantitative RT-PCR and Gene-Expression Analysis. Total RNA was isolated
using the RNAeasy Mini Kit. (Qiagen), and cDNA was synthesized using Su-
perScript III (Invitrogen) according to the manufacturer’s instructions. Quan-
titative RT-PCR were performed in triplicate or quadruplicate using the
Platinum Sybr Green Kit (Invitrogen) on an Applied Biosystems Fast 7500
machine, using β-actin as the endogenous normalization control, and data are
shown relative to control FF shRNA containing cells. Primer sequences are
available from the authors upon request. Gene expression analysis was per-
formed using an Agilent 4 × 44 two-color gene expression array and Quick
Amp Labeling protocol (Agilent). Probes that did not meet a processed signal
value criteria of 100 or above in the control samples were filtered out. Genes
considered to be down-regulated in BRD7-depleted cells had to meet a criteria
of a log2 ratio of −0.5 or below in both BRD7 shRNA samples. This dataset is
available from the National Center for Biotechnology Information Gene Ex-
pression Omnibus database with accession number GSE22607.

Telomerase Activity Assay. Telomerase activity was measured using the
TRAPeze-RT Kit (Chemicon) and Titanium Taq (Chemicon) according to the
manufacturer’s instructions on an Applied Biosystems Fast 7500 machine.
Reactions were performed in triplicate containing 1,000 cell equivalents.
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