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Mutation of BRG1, hBRM, and their associated factors, INI1 and BAF57, in primary human tumors has
suggested that inactivation of human SWI/SNF (hSWI/SNF) complexes may be involved in neoplastic trans-
formation. BT549 is an invasive human breast carcinoma cell line that lacks expression of BAF57, a key
hSWI/SNF subunit that mediates interaction with transcriptional activators and corepressors. In this study we
investigated the role of BAF57 in suppressing tumorigenesis by establishing BT549 stable cell lines that
expresses full-length BAF57 protein. BT549 clones expressing BAF57 demonstrated marked phenotypic
changes, slow growth kinetics, and restoration of contact inhibition. Altered growth was found to be due in part
to cell cycle arrest and induction of apoptosis. Furthermore, microarray analysis revealed that BAF57-
mediated cell death was associated with up-regulation of proapoptotic genes including the tumor suppressor
familial cylindromatosis (CYLD), which was found to be a direct target of BAF57 as determined by chromatin
immunoprecipitation analysis. Increased expression of CYLD in BT549 cells induced apoptosis, while its
suppression by small interfering RNA inhibited cell death in BAF57 expressing BT549 cells. These findings
demonstrate the importance of BAF57 in cell growth regulation and provide a novel link between hSWI/SNF

chromatin remodelers and apoptosis.

Transcriptional regulation in normal and neoplastic tissues
is a complex and dynamic process that is in part dependent on
multisubunit protein complexes that modulate higher-order
chromatin structure. The tightly compacted nature of chroma-
tin makes DNA generally inaccessible to the transcription ma-
chinery. Thus, ATP-dependent protein complexes are required
to modify nucleosomal structure to allow for the regulation of
transcriptional activation and repression. The human SWI/
SNF (hSWI/SNF) complex is a ubiquitous 2-MDa multimeric
complex that regulates gene expression by remodeling nucleo-
somal structure in an ATP-dependent manner (29, 40, 48).
hSWI/SNF complexes include either the BRG1 or hBRM
DNA-dependent ATPase and their associated factors BAF250,
BAF170, BAF155, BAF60, BAF57, BAF53, and BAF45. The
role of each BAF has not been completely elucidated, but it is
clear that BRG1 or hBRM in combination with BAF170,
BAF155, and BAF45 can reconstitute chromatin remodeling,
while other BRG1- or hBRM-associated factors (BAFs) such
as BAF60 and BAF57 mediate interaction with transcriptional
activators or repressors (5, 19, 22, 33, 34). Recent studies have
shown that BRG1- and hBRM-based hSWI/SNF complexes
can be found in association with enzymes involved in transcrip-
tional regulation of genes that have been implicated in the
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control of cell growth and transformation (32, 33, 41, 45).
Biochemical characterization of BRG1 and hBRM complexes
revealed that mSin3A/HDAC?2, which can deacetylate histones
H3 and H4, and the type II protein arginine methyltransferase
PRMTS, which can symmetrically methylate histones H3 and
H4, can be found in complex with hSWI/SNF subunits (32, 33,
41). Furthermore, protein-protein interaction studies showed
that BAF57 can mediate interaction with transcriptional acti-
vators such as ¢c-MYC and estrogen receptor, as well as
mSin3A/B and PRMTS5 transcriptional repressors (5, 33).
However, little is known about the genes regulated by BAF57.

Mutation of the hSWI/SNF subunits, BRG1, hBRM,
BAF57, and BAF45, has been found to be associated with a
wide variety of tumors (12, 36, 47, 50). Recent work utilizing in
vivo models has suggested that an intact hRSWI/SNF complex is
critical for maintenance of normal tissue homeostasis and that
disruption of this complex may contribute to neoplasia and
transformation to a malignant phenotype (10, 16, 38, 39).
While homozygous inactivation of Brg! is lethal early in devel-
opment, deletion of Brm does not appear to affect viability,
suggesting that there might be some level of redundancy in the
ATPase function of hNSWI/SNF complexes (10, 37). However,
there appears to be a strict requirement for Brgl and BAFs
including BAF45 and BAF155, whose homozygous inactiva-
tion leads to early embryonic lethality (16, 23, 38). Mice with
Brgl or Inil haploinsufficiency are prone to development of
subcutaneous and malignant rhabdoid tumors, respectively
(10, 16, 24, 38). In addition, tumors that arise in haploinsuffi-
cient Inil mice exhibit loss of heterozygosity and are more
aggressive, with 100% of animals developing lymphomas
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within 11 weeks (39). Loss of heterozygosity is not observed in
tumors from haploinsufficient Brgl mice, although inactivating
somatic mutation cannot be ruled out. Despite the fact that
these studies implicate BRG1 and BAF45 in tumorigenesis
and suggest that both SWI/SNF subunits function as tumor
suppressors, it is uncertain whether other genetic alterations
are involved in inducing cancer in Brgl or Inil heterozygotic
mice.

To fully define the role played by Brgl and Inil during
development and to elucidate their role in tumor induction,
conditional knockout mice were developed. In the case of Brgl,
tissue-specific inactivation brought about a block in T-cell de-
velopment, which was marked by thymic atrophy and a reduced
number of mature thymocytes (15). Conditional inactivation of
Inil affected hematopoiesis and resulted in aggressive CD8"
T-cell lymphomas, indicating that Inil is essential for normal
T-cell development (39). These remarkable in vivo data are
further supported by findings that show loss of specific com-
ponents of the SWI/SNF complex in primary human tumors.
Specific inactivating mutations of INI1 have been described in
aggressive rhabdoid tumors arising in pediatric patients, and
BRG1/hBRM deletions within non-small-cell lung cancers have
been associated with a particularly poor prognosis (36, 47).
Finally, direct interaction between BRG1- and hBRM-associ-
ated factors and key regulators of the cell cycle including the
retinoblastoma and BRCA1 tumor suppressor proteins lends
further support to the notion that BRG1- and hBRM-based
hSWI/SNF complexes affect cell growth and proliferation by
interacting with and probably controlling tumor suppressor
pathways (6, 8, 13, 18, 43, 46, 52).

The BT549 cell line is an invasive human ductal epithelial
breast cancer line that lacks expression of BAF57, which can
bind DNA via its high-mobility group-like domain and mediate
interaction with transcriptional activators as well as transcrip-
tional repressors (5, 33, 49). Recent reports describe the im-
portance of BAF57-containing complexes in transcriptional
repression of neuron and T lymphocyte-specific genes, as well
as tumor suppressor genes such as BRCALI (3, 4, 11). There-
fore, restoring BAF57 activity in tumorigenic cells that lack this
BRGI1- and hBRM-associated factor might provide clues about
its function in promoting normal cell growth. To investigate
the importance of BAF57 expression as it relates to the trans-
formed phenotype, we utilized retroviral transduction to rein-
troduce BAF57 into BT549 cells. We demonstrate that reex-
pression of BAFS57 results in reversal of the transformed
phenotype via cell cycle arrest and induction of apoptosis. We
also show that reexpression of BAF57 induces a wide variety of
genes including the proapoptotic tumor suppressor gene
CYLD. These findings indicate that BAF57-containing BRG1
and hBRM chromatin remodeling complexes affect multiple
activities involved in the control and maintenance of cell sur-
vival and proliferation.

MATERIALS AND METHODS

Plasmid constructions. A retroviral vector for BAF57 expression was gener-
ated by inserting a 1.3-kbp EcoRI DNA fragment, which was PCR amplified
using pBS(KS+)/BAF57 (49), into EcoRI-linearized pBABE-puromycin. The
5" primer (5'-GGAATTCCCGAAGCCGGAGCTGCGGGCGCT-3") was mod-
ified to include an EcoRI site (underlined), while the 3’ primer (5'-GGAATTCC
GGATCCGTTATTTGTCATCGTCGTCCTTGTAGTCTTCTTTTTTCTCATC
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TTCTGGTATGGGATCTGTTGG-3") included a flag-tagged sequence followed
by a stop codon and an EcoRI site (underlined). Plasmids pPCDNA3-neomycin/Flag-
CYLD and pCDNA3-neomycin/Flag-CYLD(1-932) (residues 1 to 932 of CYLD)
for expression of flag-tagged wild-type and mutant cylindromatosis were previously
described (44). Vectors expressing a short hairpin RNA (shRNA) against CYLD
(pSUPER/CYLD) or a mutated shRNA (pSUPER/MutCYLD) were provided by
Hannah Farmer and Alan Ashworth (The Breakthrough Breast Cancer Research
Center, London, United Kingdom).

Establishment of stable cell lines and transient transfection assays. BT549
cells were grown in RPMI 1640 medium supplemented with 10% fetal bovine
serum (FBS) and human insulin (0.023 U/ml). To establish BT-pBABE and
BT-BAF57 cell lines, 80 to 90% confluent plates were washed with 1X phos-
phate-buffered saline and incubated with 5 ml of high-titer retroviral superna-
tant, which was harvested from Bing cells transfected with either pBABE-
puromycin or pBABE-puromycin/Flag-BAF57 in the presence of 20 pg/ml pro-
lybrene. After a 6-h incubation, each plate was supplemented with 5 ml of
medium, and cells were allowed to grow for an additional 48 h before 2.5 pg/ml
puromycin was added. Drug-resistant colonies were expanded in the presence of
puromycin. Several clones were examined by Western blot analysis, and BT-
BAF57 clones 3 and 6 were selected for further studies. To generate BT549 cell
lines that express either wild-type or mutant CYLD, and BT-BAF57 cells that
express CYLD small interfering RNA (siRNA) or nonspecific (NS) siRNA,
approximately 1 X 10° cells were seeded in 10-cm plates and transfected for 5 to
6 h with 2 pg of either control or expression plasmids using Lipofectamine
reagent (Invitrogen, Inc.). In the case of BT-BAF57 cells, transfections were
carried out in the presence of 0.5 wg of pBABE-hygromycin. Two days after
transfection, BT549 cells expressing wild-type or mutant CYLD were selected
using 200 pg/ml neomycin, while BT-BAF57 cells expressing CYLD siRNA or
NS siRNA were selected in the presence of 426 wg/ml hygromycin.

To assess the effects of BAF57 on CYLD expression by transient transfection
assays, normal human mammary epithelial cells (HMEC) (Cambrex Inc.) and
transformed breast epithelial cells (BT 549, HCC1937, and MCF7) were elec-
troporated using the Amaxa Nucleofector II. HMEC were grown in mammary
epithelial cell growth medium, which was supplemented with 52 pg/ml bovine
pituitary extract, 5 pg/ml insulin, 10 ng/ml human recombinant epidermal growth
factor, and 0.5 pg/ml hydrocortisone. HCC1937 cells were cultured in RPMI
1640 medium supplemented with 10% FBS, while MCF7 cells were grown in
Dulbecco’s modified Eagle medium supplemented with 10% FBS. Approxi-
mately 5 X 10° HMEC or 2 X 10° transformed breast epithelial cells were
electroporated with 5 wg of pBABE/FI-BAF57 plasmid using 100 pl of the
appropriate Amaxa solution, and 48 h posttransfection total RNA was isolated
and transcript levels were measured by reverse transcription-PCR (RT-PCR).

Proliferation, colony formation, and cell cycle assays. Stable BAF57 cell lines
or control cells were seeded at a density of 5 X 10* cells per 10-cm plate in
triplicate and allowed to grow for various periods of time. Next, cells were
harvested, and the number of viable cells was determined by trypan blue dye
exclusion. Absolute cell numbers were determined in three separate experiments
under identical culture conditions, and the results were plotted as the mean
absolute number of cells recovered. To measure contact inhibition, approxi-
mately 2 X 10 cells were plated and allowed to grow for 2 weeks before they
were fixed with 10% buffered formalin solution and stained with 0.1% crystal
violet stain. To analyze the DNA content of each cell line, approximately 5 x 10*
cells were seeded in 15-cm tissue culture plates and allowed to grow before they
were fixed and stained with propidium iodide solution (20 wg/ml propidium
iodide, 200 pg/ml RNase A). Cells were incubated for 30 min at room temper-
ature in the dark before they were analyzed on a FACSCalibur flow cytometer
(Becton Dickinson). CellQuest software (Becton Dickinson) was used for statis-
tical and flow cytometric data analysis.

Immunoprecipitation and Western blot analysis. Approximately 200 pg of
nuclear extract from either BT549 or BT-BAF57 cells was precleared with 30 pl
of a 50% slurry of protein A agarose beads for 2 h at 4°C. Precleared nuclear
extracts were incubated with 20 pl of either preimmune or immune anti-BAF57
antibodies for an additional 2 h at 4°C before the addition of 40 .l of preblocked
protein A agarose beads. Next, samples were incubated overnight at 4°C and
washed four times with 1 ml of buffer A (40 mM Tris-HCI [pH 8.0], 250 mM
NaCl, 0.5% NP-40), and bound proteins were separated by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis and analyzed by Western blot-
ting. To examine flag-tagged BAF57 expression, 20 g of nuclear extract from
each cell line was loaded on an 8% SDS-polyacrylamide gel, transferred onto
nitrocellulose membrane, and detected by enhanced chemiluminescence re-
agents according to the manufacturer’s recommendations (Amersham Pharma-
cia Biotech, Inc.). Antibodies specific for hSWI/SNF subunits have been previ-
ously described (33, 41, 42). Anti-Flag M2 (sc-807), anti-MAD1 (sc-222), anti-
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pl6 (sc-468), anti-p21 (sc-397), anti-p27 (sc-528), anti-CDC25A (sc-7157), anti-
cyclin A (sc-751), anti-cyclin D1 (sc-718), anti-cyclin E1 (sc-481), anti-caspase 3
(sc-7148), anti-BAX (sc-7480), and anti-CYLD (H-419) antibodies were pur-
chased from Santa Cruz; anti-cyclins B and C were purchased from GeneTex;
anti-HDAC2 was purchased from Zymed; and anti-BCL-2 was purchased from
Pharmingen.

Reverse transcriptase PCR and microarray analysis. Total RNA was isolated
from BT549, BT-pBABE, and BT-BAF57 cell lines using Trizol reagent accord-
ing to the manufacturer’s instructions (Invitrogen, Inc.). Reverse transcription
was performed using 10 to 20 pg of total RNA in a 20-pl reaction containing 20
pmol of specific 3’ primer, 3.5 mM MgCl,, a 1 mM concentration of each
deoxynucleoside triphosphate, 1X Tag Pol buffer (Invitrogen, Inc.), 15 U of
AMV-RT (Promega, Inc.), and 2.5 U of RNasin. Either 0.2 pl or 2 pl of the
reverse transcriptase reaction mixture was PCR amplified using specific primers
in a 50-pl reaction mixture containing 2.5 U of Taq polymerase (Invitrogen, Inc.)
and 2 pCi of [a->*P]dCTP. Amplified fragments were separated from nonspecific
products by electrophoresis on a 5% polyacrylamide gel and quantitated with a
Molecular Dynamics PhosphorImager. Specific primer pairs were used to am-
plify the following genes (regions): CYLD (+19 to + 348), CDC25A4 (+337 to +
771), CYCLIN E1 (+262 to + 659), BAX (+39 to + 369), BCL-2 (+32 to + 365),
and GAPDH (+178 to + 578).

Microarray analysis was performed using 10 pg of total RNA isolated from
either BT549 or BT-BAF57 cells. Affymetrix human genome U133 (HG-U133A
and HG-133B) high-density expression array chips, which include more than
39,000 human transcripts, were used to identify genes whose expression was
altered upon reexpression of BAF57. The analysis was performed by the Ohio
State University Comprehensive Cancer Center microarray facility (www.osuc-
cc.osu.edu/microarrays). GENECHIP 3.3 software (Affymetrix) was utilized to
normalize signals and compare the data generated from BT549 and BT-BAF57,
with BT549 defining the baseline. Relative changes in expression levels, indicat-
ing the relative change in expression between BT-BAF57 and BT549 baseline
targets, were used to identify genes differentially expressed. A file containing
genes demonstrating at least a twofold difference was produced, and statistical
analysis was performed as previously described (21). Results of microarray ex-
pression analysis were further confirmed by RT-PCR as described above.

Chromatin immunoprecipitation assay. Cross-linked chromatin was prepared
as described (14). Briefly, cells were treated with 1% formaldehyde and har-
vested in 1 ml of lysis buffer (50 mM Tris-HCI [pH 8.1], 100 mM NaCl, 5 mM
EDTA, 0.5% SDS, protease inhibitors). Cells were collected by centrifugation
and resuspended in 250 ul of immunoprecipitation buffer (100 mM Tris-HCI [pH
8.6], 5 mM EDTA, 0.3% SDS, 1.7% Triton X-100, protease inhibitors). Chro-
matin was then solubilized to a bulk size of 0.25 to 2 kbp by sonication with a
microtip Branson sonifier 450 and immunoprecipitated in the presence of either
anti-BAF57, anti-BRG1, or anti-hBRM antibodies and 40 wl of preblocked
protein A Sepharose beads overnight at 4°C. Bound nucleoprotein complexes
were washed and eluted as described previously (33). Eluted DNA was PCR
amplified in the presence of 100 pmol of specific 5’ and 3’ primers in a 50-ul
reaction mixture containing 2 pCi of [a->?P]dCTP for 35 cycles. Primer pairs
used to amplify genomic sequences spanned promoter regions of CYLD (—190
to + 65), CDC25A4 (—185 to + 43), CYCLIN EI (—246 to + 38), BCL-2 (—250
to + 88), BAX (—211 to + 136), and ST5 (—252 to + 34).

RESULTS

Establishment of a stable BT549 cell line that expresses
BAF57. Several studies have shown that reintroduction of
BRGI1 and BAF45 in cells that lack these hRSWI/SNF subunits
leads to cell cycle arrest (2, 6, 13, 18, 46, 52). Inhibition of cell
growth results from either up-regulation of cyclin-dependent
kinase inhibitors and or repression of cyclins. Since BAF57 has
been shown to be missing in the highly invasive BT549 breast
cancer cell line (12), we reexamined its expression in normal as
well as transformed mammary epithelial cells (Fig. 1A). West-
ern blot analysis using whole cell extracts from normal HMEC
and the transformed breast cancer cell lines BT549, HCC1937,
and MCF7 confirmed the low levels of BAF57 in HCC1937
and the lack of BAF57 expression in BT549 cells. To determine
whether reexpression of BAF57 could trigger similar changes
as those caused by BRG1 and INI1, we used retroviral trans-

BAF57 INDUCES APOPTOSIS VIA CYLD 7955

A
&
O = a &
=2 g &
I =| = =
il S === BAFS7
—— Sl S 11D
B
z
& g
- i 3
b S BT-BAFS7 £
= = :
g o@m 1 2 3 4 5 6 7 8 9 10 =
BB S B e S ey  MAD
C
- A
[ -~
uy uwy
= =
= - -
= ) &=
= = =
=] 22] =]
Anti-BAF57: PI 1 PI 1 PI 1
™ B BrG1
B W mBrM

: B T paris
M &« B c

FIG. 1. Retrovirus-mediated expression of BAF57 in BT549 cells.
(A) Whole-cell extracts (20 pg) from normal HMEC or transformed
BT549, HCC1937, and MCF7 breast cancer cell lines were analyzed by
Western blotting using anti-BAF57 antibody. As a control, MAD levels
were also measured by reprobing the same blot with anti-MAD anti-
body. (B) Analysis of ectopically expressed BAF57 in stable BT-
BAFS57 cell lines. Approximately 20 pg of nuclear extract isolated from
either BT549, BT549/pBABE (BT-pBABE), or BT549/BAF57 (BT-
BAF57) cells and 100 ng of immunopurified flag-tagged human SWI/
SNF (FI-hSWI/SNF) were analyzed by Western blotting using anti-
BAF57 antibody. Anti-MAD was used as a control to show equal
loading. (C) Ectopically expressed BAF57 is incorporated into BRG1-
and hBRM-based hSWI/SNF complexes. Nuclear extracts from BT549
and BT-BAF57 clones 3 and 6 were immunoprecipitated with either
preimmune (PI) or immune (I) anti-BAF57 antibodies, and after ex-
tensive washing the retained proteins were analyzed by Western blot-
ting using anti-BRG1, anti-hBRM, and anti-BAF155 antibodies.

duction to establish BT549 stable cell lines that express
BAFS57. Following infection of BT549 cells with retroviral par-
ticles, which were packaged using either empty vector or vector
containing BAF57 cDNA, puromycin-resistant clones were se-
lected and BAF57 expression was examined by Western blot
analysis using anti-BAF57 antibodies. BAF57 was detected in
several BT549 clones but not in BT549 or control BT549 cells
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transduced with empty vector (Fig. 1B). As a control, the same
Western blot was probed with anti-MAD antibodies, and equal
amounts of protein were found within each sample. We se-
lected BT-BAF57 clones 3 and 6 for all subsequent experi-
ments because BAF57 expression was less toxic, and cells were
able to proliferate despite the delay in their doubling time (Fig.
2).

Next, we tested whether ectopically expressed BAF57 was
incorporated into endogenous BRG1- and hBRM-based
hSWI/SNF complexes by performing immunoprecipitation ex-
periments (Fig. 1C). Following immunoprecipitation with ei-
ther preimmune or immune anti-BAF57 antibodies, the re-
tained proteins were analyzed by Western blotting. As
expected, we were unable to detect hSWI/SNF subunits in
immunoprecipitates from the BAF57-deficient cell line BT549.
In contrast, Western blot analysis of immune complexes from
BT-BAFS57 cells revealed that the hNSWI/SNF subunits BRG1,
hBRM, and BAF 155 coimmunoprecipitate with retrovirally
expressed BAF57. Preimmune immunoprecipitates were de-
void of any hSWI/SNF subunit. Collectively, these results dem-
onstrate that ectopically expressed BAF57 is capable of asso-
ciating with endogenous BRG1 and hBRM complexes.

Reexpression of BAF57 results in altered cell morphology
and reduced proliferation. We noted a marked difference in
cellular morphology between the parental BT549 cell line and
the retrovirally transduced BT549 clones expressing BAF57
including BT-BAF57 clones 3 and 6 (Fig. 2A). Unlike other
BAF57-expressing clones, which could not be expanded due to
their low viability, cells of BT-BAF57 clones 3 and 6 were able
to proliferate despite their altered size and morphology. BT-
BAF57 cells appeared larger and less extended and showed
fewer dendritic projections (Fig. 2A). Wild-type and control
BT549 cells transduced with empty vector (BT-pBABE) grown
under the same conditions did not exhibit any change in their
morphology, suggesting that BAFS57 reexpression induces
these phenotypic changes.

Because BT-BAFS57 cells displayed a flat phenotype, we
compared their growth characteristics to BT549 and BT-pB-
ABE cell lines (Fig. 2B). BAF57-expressing cells were unable
to form colonies, as determined by crystal violet staining. How-
ever, BT549 and BT-pBABE cells formed visible colonies as
early as 6 days after the tissue culture plates were seeded,
suggesting that reexpression of BAF57 inhibits BT549 cell
growth and proliferation. To determine the cause of this ap-
parent loss of transformation, we compared the proliferation
rate of BT-BAF57 cells to that of BT549 and control BT-
pBABE cell lines by performing repeated absolute counts of
viable cells placed in culture (Fig. 2C). We found that BT549
and BT-pBABE cells grew two- to threefold faster than BT-
BAF57 cells. Thus, it appears that BAF57 expression triggered
a significant decrease in BT549 proliferation. Taken together,
these experiments indicate that reexpression of BAF57 can
alter growth of the highly invasive and transformed breast
cancer BT549 cell line.

Restoration of BAF57 expression is associated with cell cy-
cle arrest and induction of apoptosis. Reduced cell growth and
proliferation might be related to cell cycle arrest and induction
of programmed cell death. To determine whether BT-BAF57
cells were undergoing cell cycle block and/or apoptosis, we
performed cell cycle analysis by propidium iodide staining and
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flow cytometric analysis (Fig. 3). Both parental BT549 and
control BT-pBABE cell lines showed similar cell cycle profiles
at day 0, whereas reexpression of BAF57 in BT549 resulted in
a higher percentage of cells accumulating in phases G, to M of
the cell cycle. When cells were allowed to grow further, we
noticed that there was an increase in the proportion of BT-
BAF57 clone 3 cells in S phase, while BT-BAFS57 clone 6 cells
did not exhibit any change in their cell cycle profiles. We also
remarked that by day 6 there was a greater percentage of
BT-BAF57 cells undergoing apoptosis (12 to 13%). This trend
continued to day 9, when we observed a further increase in the
subdiploid fraction in BT-BAF57 cells but not in the BT549
and BT-pBABE cell lines. These results show that reexpression
of BAF57 brings about cell cycle changes that are consistent
with the growth characteristics of BT-BAF57 cells.

BAF57-induced cell cycle arrest and death involve down-
regulation of gene products critical for cell cycle progression
and inhibition of apoptosis. Cell cycle analysis showed evi-
dence of BT-BAF57 cells accumulating in phases G, to M and
G, to S between days 3 and 6, suggesting that cell cycle arrest
was an important mechanism by which BAF57 inhibits BT549
cell growth and proliferation. Previous work has shown that
reintroduction of BRG! or INII in deficient cell lines causes
cell cycle arrest that is marked by transcriptional repression of
members of the cyclin family, including cyclins A and D, as well
as induced expression of cyclin-dependent kinase inhibitors
such as pl5, pl6, and p21 (6, 18, 46, 52). We therefore per-
formed a series of Western blot analyses to examine the level
of cyclins and cyclin-dependent kinase inhibitors in BT549,
BT-pBABE, and BT-BAF57 cell lines at day 6 (Fig. 4A). These
experiments showed that BAF57 expression had no effect on
pl6, p21, and p27. Similarly, there was no change in the level
of members of the cyclin family except for cyclin E1, which
showed a 2- to 2.5-fold decrease at the protein level and 1.8- to
2-fold decrease at the mRNA level (Fig. 4A and B).

The fact that there was no change in the level of cyclins A
and B suggested that there might be other mechanisms by
which G, to M arrest is induced. To identify target genes
regulated by BAF57, we compared global gene expression in
BT549 and BT-BAF57 cells by microarray analysis. We found
that among the inhibited genes, CDC25A4 was down-regulated
twofold (see Table S2 in the supplemental material). This
result was also confirmed by RT-PCR analysis, which showed
that CDC25A4 was reduced 3- to 3.6-fold (Fig. 4C). Unlike
cyclin E1, which through its association with cyclin dependent
kinase 2 (Cdk2) can regulate G, to S phase transition,
CDC25A phosphatase has recently been shown to be involved
in regulating events both at the G, to S and G, to M phases of
the cell cycle (27). CDC25A can activate cyclin E-Cdk2 prior to
DNA replication and is involved in activating cyclin B-Cdk1,
which is known to be essential for the transition from G, to M
(30, 31). Furthermore, CDC25A appears to be rate limiting in
cells progressing through mitosis, because the addition of glu-
tathione transferase-CDC25A to depleted cell extracts can re-
store cyclin B-Cdk1 activation (27). More importantly, siRNA
interference experiments have shown that reducing CDC25A
levels not only inhibits the transition from G, to S but also
delays progression from G, to M (27). Therefore, we analyzed
the levels of CDC25A in BT549, BT-pBABE, and BT-BAF57
by Western blotting (Fig. 4A and B). We found that CDC25A
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FIG. 2. Reexpression of BAF57 induces flat-cell morphology and inhibits transformation and cell proliferation. (A) An equal number (5 X 10%)
of BT549, BT-pBABE, BT-BAF57 clone 3, and BT-BAF57 clone 6 cells was seeded into 10-cm plates, and after 3 days pictures were taken at x40
magnification. (B) Approximately 2 X 10> BT549, BT-pBABE, and BT-BAF57 clones 3 and 6 cells were grown for 14 days before anchorage-
dependent colonies were visualized by crystal violet staining. This experiment was performed three times, and representative plates are shown.
(C) Proliferation was measured by plating an equal number (5 X 10*) of cells from the indicated cell lines and performing cell counts every 2 days
for 6 days. The number of viable cells was determined by trypan blue exclusion. This experiment was repeated three times, and the data points
represent the average counts from nine plates.
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FIG. 3. FACS analysis of wild-type and BAF57-expressing BT549 cell lines. An equal number (5 X 10%) of BT549, BT-pBABE, BT-BAF57
clone 3, or BT-BAF57 clone 6 cells was seeded into 15-cm plates and allowed to grow for the indicated times. Next, cells were fixed, stained with
propidium iodide, and analyzed on a FACSCalibur flow cytometer. The cell cycle profile of each cell line was determined at least three times, and

representative histograms are shown.

levels were reduced 2.2- to 3-fold in BT-BAF57 cells. These
results suggest that BAF57 is involved in regulating cyclin E1
and CDC25A protein levels.

A large proportion of BT-BAF57 cells undergoes apoptosis
as measured by fluorescence-activated cell sorter (FACS) anal-
ysis. To determine whether there are changes in the levels of
proteins involved in inducing apoptosis, we analyzed the ex-
pression of major components of the apoptotic pathway at day
6 (Fig. 4A and B). Western blot analysis showed that the levels
of the antiapoptotic protein BCL-2 were reduced 1.9- to 3.4-
fold in BT-BAF57 cells, whereas the levels of the proapoptotic
BAX protein were increased twofold in comparison to BT549
and BT-pBABE cells. When we measured the levels of caspase
3, we found that its levels were also reduced twofold. These
results are in complete agreement with the FACS analysis,
which shows an increase in the number of subdiploid cells by
day 6. Since BCL-2 and BAX act upstream of the executioner
caspase 3, we examined whether BAFS57 could affect their
expression at the transcriptional level. While BCL-2 mRNA

was down-regulated threefold, BAX levels were induced 3- to
3.5-fold (Fig. 4C). These findings suggest that reexpression of
BAF57 induces cell death by controlling expression of key
apoptotic factors.

BAF57 affects transcriptional expression of the tumor sup-
pressor CYLD. Having found that BAF57 inhibits growth of
BT549 cells by altering the level of proteins involved in the
control of cell cycle progression and death, we sought to ex-
amine the effect of BAF57 on global gene expression. Total
RNA from BT549 and BT-BAF57 cells was used to identify
target genes whose expression is affected in the presence of
BAFS57 (see Tables S1 to S4 in the supplemental material). We
found that 410 genes were up-regulated while 469 genes were
down-regulated, suggesting that BAF57 reexpression can acti-
vate as well as repress transcription of target genes. Among the
genes affected in BT-BAF57 cells, both cyclin E1 and CDC25A4
were down-regulated twofold. These results are consistent with
the protein expression data, which show that BT-BAF57 cells
have lower levels of cyclin E1 and CDC25A.
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FIG. 4. Reexpression of BAF57 affects genes involved in cell cycle

FI-BAF57

MAD

regulation and cell death. (A) Whole-cell extracts (20 wg) from BT549,

BT-pBABE, and BT-BAF57 clone 3 cells were analyzed by Western blotting using antibodies specific for the indicated proteins. As a control,

BAF57 levels were measured in BT549, BT-pBABE, and BT-BAF57

cell lines. (B) Genes affected by BAF57 reexpression were analyzed in

BT-BAFS57 clone 6 as described in panel A. (C) Total RNA from BT549 and BT-BAF57 clones 3 and 6 was used in RT-PCRs as described in
Material and Methods. Different amounts of each RT reaction (0.2 and 2 pl) were PCR amplified in the presence of [a-**P]dCTP and gene-specific

primers. Control (Ctrl) represents PCRs lacking 5’ primer. (D) Total

RNA from untransfected (—) or transiently transfected (+) HMEC or

BT549, HCC1937, and MCF7 cells was used to measure the levels of CYLD mRNA as described in panel C. Western blot analysis was performed
to show that BAF57 was expressed at similar levels in the transiently transfected cells.

Because BT-BAF57 cells show increased apoptosis in com-
parison to control BT549 and BT-pBABE cells, we checked
the list of differentially expressed genes for the presence of
proapoptotic genes. We found that the familial cylindromatosis

(CYLD) gene was up-regulated twofold in cells that express
BAF57 (see Table S1 in the supplemental material). Recent
work has shown that CYLD is a tumor suppressor gene in-
volved in regulating apoptosis, and mutation of this locus gives
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FIG. 5. BAF57 is associated with the CYLD and CYCLIN E promoters. (A) Cross-linked chromatin from BT549, BT-BAF57 clone 3, and
BT-BAFS57 clone 6 cells was immunoprecipitated with either preimmune serum (PI) or anti-BAF57 antibodies (I), and the eluted genomic DNA
was PCR amplified using promoter-specific primers for the indicated genes. Input represents 1/750 of total chromatin used in each reaction.
(B) BRG1 and hBRM are differentially recruited to the CYLD promoter. Chromatin immunoprecipitation was conducted as described in panel
A using either anti-BRG1 or anti-hBRM antibodies, and the eluted DNA (1, 2, or 5 pl) was PCR amplified using CYLD or suppressor of
tumorigenicity 5 (S75) promoter-specific primers. Mock, reaction without chromatin; No Ab, reaction without antibody.

rise to cylindromas, which develop mainly in hairy areas of the
body including the scalp (7). Furthermore, functional studies
have shown that the tumor suppressing properties of CYLD
correlate with its ability to deubiquitinate tumor necrosis fac-
tor receptor-associated factor 2 (TRAF2), TRAF6, and
NEMO, which transduce antiapoptotic signals through the
NF-«B pathway (9, 25, 44). Therefore, we wanted to confirm
the microarray results and examine the CYLD mRNA levels by
RT-PCR analysis. As expected, CYLD mRNA levels were in-
duced 4- to 4.5-fold in BT-BAF57 clones 3 and 6 (Fig. 4C),
while CYLD protein levels were increased 2- to 2.5-fold (Fig.
4A and B). These results suggest that BAF57 affects BT549 cell
growth by altering the expression of genes involved in regulat-
ing apoptosis.

To exclude the possibility that the observed increase in
CYLD expression is due to clonal selection of BT-BAF57 cells,
we transiently transfected normal and transformed epithelial
cells with pBABE-BAF57 and analyzed the CYLD transcript
levels (Fig. 4D). When total RNA from either HMEC or

BT549, HCC1937, or MCF7 cells was used to measure CYLD
mRNA by RT-PCR, we found that its levels were induced 1.9-
to 2.8-fold in transformed human breast cancer cell lines.
CYLD levels were unchanged in normal human mammary ep-
ithelial cells. To ensure that the changes in CYLD mRNA were
not caused by fluctuations in the total amount of RNA, we
measured the levels of GAPDH and determined that its levels
were comparable in all samples tested (Fig. 4D). We also
measured the levels of the flag-tagged BAF57 protein and
found that it is expressed at similar levels in transiently trans-
fected cells (Fig. 4D). Taken together, these findings indicate
that reexpression of BAF57 induces CYLD expression in trans-
formed breast cancer cell lines but not in normal mammary
epithelial cells.

To determine whether BAF57 is directly involved in tran-
scriptional regulation of target genes identified by Western
blotting and microarray analysis, we analyzed recruitment of
BAF57 to their promoter region (Fig. SA). We found that
while BAF57 is recruited to the promoter region of CYLD and
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cyclin EI, there was a lack of recruitment of BAF57 to
CDC25A, BCL-2, and BAX, suggesting that BAF57 can alter
gene expression by direct and indirect mechanisms. Since
BAF57 can be found in association with BRG1- and hBRM-
based hSWI/SNF complexes and since we have found that
reintroduction of BAF57 in BT549 cells induces CYLD expres-
sion, we sought to examine recruitment of BRG1 and hBRM
ATPases to the CYLD promoter. When cross-linked chromatin
from BT549 and BT-BAF57 cells was immunoprecipitated
with either anti-BRG1 or anti-hBRM antibodies, we were able
to detect a four- to fivefold enrichment in BRG1 recruitment
to the CYLD promoter in BT-BAF57 cells (Fig. 5B). In stark
contrast, h(BRM was detected at the CYLD promoter in BT549
but not in BT-BAF57 clones 3 and 6. These results suggest that
BRGI1- and hBRM-based hSWI/SNF complexes are differen-
tially recruited to the CYLD promoter.

Wild-type but not mutant CYLD associated with familial
cylindromas can induce apoptosis in BT549 cells. Recent stud-
ies have shown that loss or reduced expression of CYLD is
antiapoptotic and that this effect is mediated through stimula-
tion of the NF-kB pathway (9). To assess the contribution of
CYLD to apoptosis, we transfected BT549 cells with either
wild-type flag-tagged CYLD (FI-CYLD) or C-terminally trun-
cated flag-tagged CYLD [CYLD(1-932)] and examined the
morphology and DNA content in drug-resistant polyclonal cell
lines (Fig. 6). Expression of wild-type FI-CYLD induced flat
cell formation in BT-CYLD cells, whereas mutant FI-CYLD-
expressing BT549 cells [BT-CYLD(1-932)] did not exhibit any
significant change in their morphology (Fig. 6A). To ensure
that the observed changes were due to increased expression of
wild-type FI-CYLD, we analyzed whole cell extracts by West-
ern blotting using anti-flag antibodies (Fig. 6B). Both flag-
tagged wild-type and mutant CYLD proteins were expressed at
similar levels. In contrast, BT549 cells transfected with vector
alone showed no expression. We also measured the levels of
endogenous CYLD and found that its levels were very low in
BT549, while in transfected BT549 cells the CYLD levels were
increased twofold. When we examined the DNA content of an
equal number of BT549, BT-CYLD, or BT-CYLD(1-932)
cells, we found that 21% of cells underwent apoptosis when
wild-type FI-CYLD was expressed (Fig. 6D). Neither BT549
nor BT-CYLD(1-932) showed any increase in the number of
cells undergoing cell death.

Analysis of BAX and BCL-2 transcript levels in BT-BAF57
cells showed that although both genes are not direct targets of
BAF57 (Fig. 5A), their levels fluctuate in a manner consistent
with cells undergoing apoptosis (Fig. 4A to C). To verify
whether expression of wild-type CYLD could induce similar
changes in BAX and BCL-2 mRNA levels, we analyzed total
RNA by RT-PCR (Fig. 6C). While BAX levels were induced
two- to threefold, BCL-2 was inhibited four to fivefold in BT-
CYLD, suggesting that expression of wild-type FI-CYLD can
influence both genes at the transcriptional level. Collectively,
these results suggest that BAF57-induced apoptosis is medi-
ated by the familial cylindromatosis tumor suppressor gene
CYLD.

Suppression of CYLD inhibits BAF57-induced apoptosis.
To unequivocally demonstrate that BAF57 induces apoptosis
by up-regulating CYLD expression, we utilized RNA interfer-
ence to knock down CYLD expression in BT-BAF57 cells (Fig.
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7). BT-BAF57 cells were transfected with either vector alone,
a construct designed to express human CYLD-specific siRNA,
or an unrelated NS siRNA. After drug selection, we analyzed
the morphology, CYLD mRNA and protein levels, and the
DNA content of each cell line. Both control cell lines, BT-
BAF57 and BT-BAF57-NSsiRNA, exhibited flat phenotype
morphology; however, in BT-BAF57-CYLD siRNA cells
where expression of CYLD was knocked down by more than
70% at the mRNA level and two- to threefold at the protein
level (Fig. 7B and C), there was a complete loss of flat cell
formation, and most cells looked elongated like the parental
BT-549 cell line. More importantly, when we examined the cell
cycle profile of all three cell lines by FACS analysis, we found
that knocking down CYLD expression not only restores cell
morphology but also reduces the number of apoptotic cells
(Fig. 7C). This was supported by the RT-PCR analysis, which
showed that BAX mRNA levels were reduced by 2- to 3.7-fold,
while BCL-2 levels were unaffected (Fig. 7B). Taken together,
these results indicate that BAF57 induces apoptosis by increas-
ing the levels of CYLD and that reduced expression of CYLD
is antiapoptotic.

DISCUSSION

Here we demonstrate that restoration of BAF57 expression
in the invasive breast carcinoma cell line BT549 results in flat
cell morphology, cell cycle arrest, and induction of apoptosis.
We show that these changes are accompanied by changes in
expression of genes involved in the control of cell growth and
survival. Retroviral-mediated expression of BAF57 resulted in
stable, constitutive levels of BAF57 protein that associated
with BRG1- and hBRM-based hSWI/SNF chromatin remod-
eling complexes. Given the role of BAF57 in mediating inter-
action with corepressor complexes, our observation demon-
strating transcriptional repression of cyclin E and CDC25A,
both of which are involved in controlling events at the G,/S and
or G,/M, emphasizes the importance of BRG1- and hBRM-
based hSWI/SNF complexes in maintaining cell growth regu-
lation and homeostasis. Moreover, the involvement of BAF57
in transcriptional activation of the proapoptotic gene CYLD
further extends the role played by hSWI/SNF chromatin re-
modeling complexes to pathways that are critical for normal
cell growth and proliferation. Our findings are consistent with
other work demonstrating that intact hSWI/SNF complexes
are critical to cell growth and regulation and that deletion or
inactivation of hSWI/SNF components results in loss of growth
control and cellular transformation (10, 16, 36, 38, 47, 50).

Previous work has shown that cyclin E and CDC25A are
critical for cells to progress through the cell cycle. Cyclin E is
important for G,/S transition, while CDC25A appears to be
required during G,/S as well as G,/M phases of the cell cycle.
We have found that reexpression of BAF57 reduces the levels
of cyclin E and CDC25A by inhibiting their transcription. In
the case of CDC25A, it is clear that BAF57 exerts its effects in
an indirect manner because chromatin immunoprecipitation
assays showed that BAF57 is not recruited to the CDC25A
promoter region. However, in the case of cyclin E, BAF57
appears to be directly involved in its regulation. We have
shown that reexpression of BAF57 not only induces cell cycle
arrest but also promotes cell death. Analysis of the microarray
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FIG. 6. CYLD induces apoptosis in BT549 cells. (A) An equal number (5 X 10%) of cells from the BT-549, BT-CYLD, and BT-CYLD(1-932)
cell lines was seeded into 10-cm plates, and pictures were taken at X40 magnification. (B) Western blot analysis was conducted using 20 ug of
whole-cell extract from the indicated stable cell lines. Both wild-type and mutant CYLD were detected using either anti-flag or anti-CYLD
antibody. To show equal loading, the same blot was stripped and reprobed with anti-HDAC2 antibody. (C) Total RNA from BT549, BT-CYLD(1-
932), and BT-CYLD was PCR-amplified using either BAX, BCL-2, or GAPDH gene-specific primers as described in the legend of Fig. 4C.
(D) Approximately 5 X 10* cells from the BT549, BT-CYLD or BT-CYLD(1-932) cell lines were seeded into 10-cm plates and allowed to grow
until plates became 80 to 90% confluent. Cells were then analyzed by FACS analysis. Cell cycle distribution of each cell line was measured at least

three times, and representative histograms are shown.
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measure the mRNA levels of CYLD, BAX, and BCL-2, RT-PCR was conducted using total RNA from the indicated stable cell lines. As a control
GAPDH levels were also analyzed. (C) To measure endogenous CYLD protein levels, Western blot analysis was conducted using whole-cell
extracts from the indicated stable cell lines. As a control HDAC2 levels were also analyzed. (D) An equal number (5 X 10%) of BT-BAF57,
BT-BAF57-NSsiRNA, and BT-BAF57-CYLDsiRNA cells was seeded into 10-cm plates and analyzed by FACS analysis as described in the legend

of Fig. 6D.
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data revealed that the familial cylindromatosis tumor suppres-
sor gene, CYLD, is induced in cells that express BAF57, a
result that was also confirmed by RT-PCR analysis. Further-
more, chromatin immunoprecipitation assays demonstrated
that BAF57 is directly involved in CYLD transcriptional induc-
tion. We have examined BRG1 and hBRM recruitment to the
CYLD promoter region and found that both ATPases are dif-
ferentially recruited in BT549 and BT-BAF57 cells (Fig. 5B).
We have recently identified an association between MeCP2
and hBRM and shown that the MeCP2/hBRM complex is
involved in transcriptional silencing of the fragile X mental
retardation (FMRI) gene (17). Therefore, it is possible that
hBRM might be involved in transcriptional silencing of CYLD,
while BRG1 recruitment is associated with CYLD transcrip-
tional activation. It is clear that more studies are required to
elucidate the transcriptional mechanisms involved in regulat-
ing CYLD gene expression, and studies are under way to assess
the ordered recruitment of chromatin remodeling complexes
and epigenetic regulators to the CYLD promoter.

Further characterization demonstrated that transfected
wild-type CYLD induces apoptosis in BT549 cells, whereas a
mutant form of CYLD, which lacks the C-terminal sequences
important for the deubiquitinating activity, was unable to bring
about cell death. These results confirm the involvement of
CYLD in BAF57-mediated apoptosis but do not rule out the
involvement of other proapoptotic proteins. In order to verify
the functional significance of CYLD in BAF57-mediated apo-
ptosis, we used RNA interference to knock down CYLD ex-
pression in BT-BAF57 cells. CYLD-specific siRNA inhibited
apoptosis in BT-BAF57 cells, whereas expression of an NS
siRNA had no effect on CYLD expression and apoptosis.
These results reinforce the notion that CYLD is the primary
target through which BAF57 exerts its proapoptotic effects.

It is well established that overexpression of BCL-2 protects
against apoptosis, while its down-regulation enhances cell
death and increases the efficacy of chemotherapy (1, 26, 28).
Similarly, BAX expression has been shown to be increased in
cells undergoing apoptosis (20, 51). We have shown that
BCL-2 and BAX are inversely affected by BAF57 expression.
BCL-2 mRNA levels were reduced, while BAX levels were
increased in BT-BAFS57 cells, suggesting that BAF57-induced
cell death might be initiated by altering the BCL-2 and BAX
transcript levels. To verify whether BAF57 is directly involved
in transcriptional regulation of BCL-2 and BAX, we conducted
chromatin immunoprecipitation experiments, which revealed
that BAF57 is not recruited to the promoter region of these
cell death regulators. We have shown that wild-type CYLD
induces apoptosis in BT549, in a manner similar to BAF57, by
affecting BCL-2 and BAX transcript levels. These findings sug-
gest that BCL-2 and BAX are downstream targets of BAF57
and CYLD and that, despite the fact that BAF57 is not directly
recruited to the BCL-2 and BAX promoters, it is able to control
their levels by increasing expression of CYLD, which can in
turn trigger apoptosis.

Our results showing that reexpression of BAF57 can inhibit
cellular transformation by inducing cell cycle arrest and apo-
ptosis are consistent with previous work, which has shown that
reintroduction of BRG1 or hBRM into SW13 cells can induce
cell cycle arrest and flat cell morphology (13, 43). In this study,
BRGI1 and hBRM were shown to cooperate with the retino-
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blastoma family of tumor suppressor proteins to mediate the
induction of flat-cell morphology. Recent studies have also
shown that reexpression of BAF45 in malignant rhabdoid tu-
mor cell lines causes growth suppression by inhibiting expres-
sion of cyclin A and p16™¥** (35). We have examined the
level of both proteins, and we have found that there was no
fluctuation in their levels when BAF57 was reexpressed in the
invasive breast cancer cell line BT549. Therefore, it appears
that there are multiple pathways affected by hSWI/SNF sub-
units.

BAF57 is a hSWI/SNF subunit that has been shown to me-
diate interactions with activator proteins such as c-MYC, as
well as corepressor proteins including mSin3A/HDAC and
PRMTS (32, 33). Since BAF57 is directly involved in CYLD
activation, future work will be focused on understanding the
nature and composition of the chromatin remodeling com-
plexes recruited at this promoter and on defining the histone
modifications associated with its regulation. These studies will
help elucidate the mechanism by which CYLD is regulated and
will provide information that can be used to modulate its
expression in cancer cells.
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