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Abstract
The ATPase subunits of the SWI/SNF chromatin remodeling enzymes, Brahma (BRM) and
Brahma related gene 1 (BRG1), can induce cell cycle arrest in BRM and BRG1 deficient tumor
cell lines, and mice heterozygous for Brg1 are predisposed to breast tumors, implicating loss of
BRG1 as a mechanism for unregulated cell proliferation. To test the hypothesis that loss of BRG1
can contribute to breast cancer, we utilized RNA interference to reduce the amounts of BRM or
BRG1 protein in the nonmalignant mammary epithelial cell line, MCF-10A. When grown in
reconstituted basement membrane (rBM), these cells develop into acini that resemble the lobes of
normal breast tissue. Contrary to expectations, knockdown of either BRM or BRG1 resulted in an
inhibition of cell proliferation in monolayer cultures that was enhanced in three-dimensional rBM
culture. This inhibition was strikingly enhanced in three-dimensional rBM culture, although some
BRM depleted cells were later able to resume proliferation. Cells did not arrest in any specific
stage of the cell cycle; instead, the cell cycle length increased by approximately 50%. Thus, SWI/
SNF ATPases promote cell cycle progression in nonmalignant mammary epithelial cells.

INTRODUCTION
The mammalian SWI/SNF complexes are a family of chromatin remodeling enzymes that
regulate gene expression by disrupting histone-DNA contacts in an ATP-dependent manner
(Imbalzano et al., 1994; Kwon et al., 1994). The complexes are evolutionarily conserved in
eukaryotes and contain either BRM (Brahma) or BRG1 (Brahma-related gene 1) as the
central ATPase subunit (Khavari et al., 1993; Muchardt and Yaniv, 1993; Wang et al.,
1996). SWI/SNF enzyme complexes include other proteins known as BRG1 and BRM-
associated factors (BAFs) that can modulate the activity of the ATPase subunits and might
provide gene-specific recruitment (Wang et al., 1996). The BRM and BRG1 proteins are
highly similar, with a sequence identity of 74% in humans, and they display similar
enzymatic properties (Chiba et al., 1994; Khavari et al., 1993; Muchardt and Yaniv, 1993;
Phelan et al., 1999; Sif et al., 2001). Both are involved in developmental processes in plants,
invertebrates, and vertebrates (reviewed in (de la Serna et al., 2006; Kwon and Wagner,
2007). Despite these similarities, the two alternative ATPase subunits can serve different
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functions in the regulation of differentiation, transcriptional control, and other important cell
processes (Bultman et al., 2000; Kadam and Emerson, 2003; Reyes et al., 1998).

BRG1 and BRM are important for cell cycle arrest. Reintroduction of BRG1 or BRM into
deficient tumor cell lines induces cell cycle arrest and a “flat cell” phenotype by a
mechanism requiring RB family members (Dunaief et al., 1994; Strobeck et al., 2000b;
Strober et al., 1996; Trouche et al., 1997; Zhang et al., 2000). RB and BRM (or BRG1)
cooperate to repress E2F1 mediated activation (Trouche et al., 1997; Wang et al., 2002) and
repress levels of CDK2, cyclin A, and cyclin E (Coisy et al., 2004; Roberts and Orkin, 2004;
Strobeck et al., 2000a; Strobeck et al., 2000b). BRM can compensate for BRG1 loss in RB
signaling pathways, suggesting a redundancy between the two factors in this mechanism of
cell cycle control (Reisman et al., 2002; Strobeck et al., 2002).

Approximately 10% of mice heterozygous for Brg1 develop tumors, mostly mammary
carcinomas (Bultman et al., 2008). This and earlier work (Bultman et al., 2000) firmly
established BRG1 as a tumor suppressor in vivo. Although Brm deficient mice do not
present with tumors, depending on the strain background, they can be physically larger, with
an increased tissue and organ size due to increased proliferation (Reyes et al., 1998). In
addition, immortalized fibroblasts derived from Brm deficient mouse embryos have a
delayed and shorter S-phase, and a prolonged mitosis (Coisy-Quivy et al., 2006). Together,
these previous studies indicate that BRG1 and BRM are negative regulators of cell cycle
progression in culture and are likely to decrease proliferation in vivo. A logical prediction
from this literature would be that the loss of BRG1 or BRM should lead to the loss of
growth control, to hyperplasia, and to cancer progression.

The MCF-10A line immortilized spontaneously in culture from primary cells taken from a
patient with fibrocystic disease (Soule et al., 1990). The MCF-10A line has a stable, near-
diploid karyotype (Soule et al., 1990; Yoon et al., 2002), but has lost the p16 locus (Debnath
et al., 2003; Yaswen and Stampfer, 2002). The cells express wild type p53 (Debnath et al.,
2003; Merlo et al., 1995). MCF-10A cells cultured in three-dimensional reconstituted
basement membrane culture (rBM) develop important features of normal breast tissue by a
program of proliferation, cell cycle arrest, apical-basolateral polarization, and apoptosis to
create a luminal space (Debnath et al., 2002; Debnath et al., 2003; Underwood et al., 2006).
In addition, cell nuclei of mammary epithelial cells forming acini in three-dimensional rBM
culture recapitulate the architecture of mammary epithelial cells in tissue (Lelievre et al.,
1998).

To address the function of the SWI/SNF ATPases in normal mammary epithelial cells, we
generated MCF-10A cells with inducible knockdowns of either BRG1 or BRM. The
depletion of either ATPase subunit decreased the rate of cell proliferation without inducing a
complete cell growth arrest in monolayer culture. The decrease in proliferation was
amplified in three dimensional rBM culture. Further analysis demonstrated that the length of
the cell cycle increased after depletion of either SWI/SNF ATPase, indicating a role for
BRG1 and BRM as positive regulators of cell cycle progression.

MATERIALS AND METHODS
Cell culture

MCF-10A cells from the Karmanos Cancer Institute (Detroit, MI) were maintained in
monolayer as described (Debnath et al., 2003).
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Doxycycline-inducible BRG1 and BRM knockdowns
Generation of vectors—Lentiviral vectors were from the D. Trono lab
(www.tronolab.unige.ch) and obtained from Addgene: pLV-tTRKRAB-Red encoding the
TetR-KRAB regulator, pLVTHM, for cloning the shRNA, the packaging vector pCMV-
dR8.91 and the Envelope vector pMD2.G. The shRNA sequences for BRG1 and BRM were
from previously designed siRNAs (Rosson et al., 2005). Annealed oligonucleotides were
cloned in the pSUPER.retro.puro vector then inserted between the EcoRI/ClaI sites of
pLVTHM to express the shRNA under the control of the H1 promoter. The first forward
sequence was 5’-
GATCCCCGTGCGACATGTCTGCGCTGTTCAAGACACAGCGCAGACATGTCGCAC
TTTTTGGAAA-3’ where the underlined sequence is specific for the BRG1 ATPase
domain. The second forward sequence was 5’-
GATCCCCGTCTGAAGATCGTGCTGCTTTCAAGAGAAGCAGCACGATCTTCAGAC
TTTTTGGAAA-3’ where the underlined sequence is specific for the BRM ATPase domain.
The control scrambled (SCRAM) forward sequence was 5’-
ATCCCCCAGTTACTAGACGCGATCGTTCAAGAGACGATCGCGTCTAGTAACTGT
TTTTA-3’.

For the double BRG1 and BRM knockdown, a new shBRM lentivector was engineered with
Gateway® Technology (Invitrogen). The cassette tetO-H1-shBRM was removed from the
pLVTHM and cloned in the Entry vector pENTR1A-no ccdB (a gift of Eric Campeau) used
to transfer the shBRM expression cassette into a lentiviral destination vector. We used the
promoter-less lentiviral destination vector pLenti 2X Puro DEST, clone #w16.1 (E.
Campeau), which contains elements that allow packaging of the construct and a puromycin
resistance marker for selection of stably transduced cells (Campeau et al., 2009). The LR
Recombination Reaction was performed by using the Gateway LR clonase™ II enzyme Mix
(Invitrogen).

Lentivirus production—5×106 293T cells were seeded in a 10 cm dish and transfected
the following day with the Lipofectamine® 2000 reagent (Invitrogen). Viral supernatants
were collected and 0.45 µm filtered at 48 and 72 hours post-transfection, then stored at
−80°C.

Transduction of MCF-10A cells—MCF-10A cells at 75 % confluence were incubated
for 16 hours with lentivirus diluted in growth media containing 8 µg/mL polybrene. The
next day the viruses were removed, the cells were rinsed twice with PBS, and fresh media
was added. Cells were passed twice before FACS sorting. To induce shRNA-GFP
expression, Doxycycline was used at 0.01 to 0.5 µg/mL.

Cell sorting
To obtain a population of cells expressing the shRNA and GFP under doxycycline control,
the cells were FACS sorted twice. The first sort was of uninduced cells and selected dsRED
positive cells that constitutively expressed the tTR-KRAB protein coupled to the dsRed
marker (constitutive expression). The second sort was performed two days after
Doxycycline induction and selected both dsRED and GFP positive cells that expressed both
shRNA and GFP after doxycycline induction. Cells were FACS selected prior to every
experiment.

Western blot analysis
Whole cell extracts were prepared from MCF-10A cells in monolayer culture after
trypsinization and two washes with 5 mL of cold 1X PBS. Then, cells were lysed in 100 µL
Laëmmli lysis buffer (1 % SDS, 0.04 M Tris-HCl pH 6.8, 6 % glycerol, 0.003 %
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bromophenol blue, 0.015 M β-mercaptoethanol) for every106 cells, boiled for 5 minutes, and
stored at −80°C. Proteins were separated on 7.5 % SDS-PAGE, transferred to a
nitrocellulose membranes, and detected with primary antibodies and ECL detection
(Amersham). The antibodies used were: BRG1 (dilution 1:1000, anti-serum de La Serna et
al., 2000), BRM (dilution 1:1000, Abcam ab15597), PI3Kinase p85, H-SH2 domain
(dilution 1:1000, Upstate cat. No. 06-496), GFP (dilution 1:1000, Roche cat. No. 1814460),
p21 Waf1/Cip1(12D1) Rabbit mAb (dilution 1:1000, Cell Signaling 2947S), p53 (dilution
1:1000, Cell Signaling 9282), Phospho-p53 (Ser15) (dilution 1:1000, Cell Signaling 9284S),
Phospho-p53 (Ser46) (dilution 1:1000, Cell Signaling 2521S), Phospho-p53 (Ser 20)
(dilution 1:1000, Cell Signaling 9287S), Cyclin A (BF683) mouse mAb (dilution 1:1000,
Cell Signaling 4656), mTOR (dilution 1:1000, Millipore 04-385), phospho-mTOR (Ser
2448) (dilution 1:1000, Millipore 09-213), p70 S6 kinase (S6K) (dilution 1:1000, Millipore
06-926),

Proliferation assays
Direct cell counting—Cells were grown 2 days in the presence (pre-induction) or
absence of doxycycline (0.05 or 0.1 µg/mL) prior to seeding in a 12 well plate (4000 cells/
well) with or without Doxycycline. Cells were counted daily after trypsin treatment using
either a hemacytometer or a Z1 Coulter counter.

DNA quantification using the Cyquant Cell Proliferation kit (Invitrogen)—Cells
were seeded in a 96-well plate at different densities in triplicate. One plate was prepared per
day for the time course. Cell growth was stopped by removing the medium and freezing the
plate immediately with storage at −80°C. The kit uses a proprietary green fluorescent dye,
Cyquant® GR dye, which exhibits strong fluorescence enhancement when bound to DNA.
Fluorescence was measured using a fluorescence microplate reader. A reference standard
curve (with cell numbers from 50 to 50000 cells) was used to convert fluorescence values
into cell numbers.

Immunofluorescent staining of monolayer cultures
Monolayer cultures were prepared following the methods of Wagner et al. (Wagner et al.,
2003). Before mounting coverslips with Prolong Gold (Invitrogen), cells were stained with
DAPI (2 µg/mL) and DRAQ5 (Alexis, 1:5000) DNA dyes in PBS for 5 minutes at room
temperature then washed once with PBS.

Phospho-Histone H3 (serine 10) antibody was from Upstate Millipore. All the secondary
antibodies (Alexa Fluor® 488 or 568 conjugated) were from Molecular Probes. For the
observation of expressed fluorescent proteins, cells on coverslips were washed in PBS and
directly fixed in 4% paraformaldehyde in CSK for 50 minutes, rinsed in TBS-0.05%
Tween-20, and stained with DAPI and DRAQ5.

BrdU incorporation assay
Cell cycle length of non-synchronized MCF-10A cells was measured by labeling cells with
Bromodeoxyuridine (BrdU). 2×105 cells were plated on a coverslip in each well of a 6-well
dish. At time zero, BrdU was added to the culture medium to a final concentration of 20 µM.
At each time point (1, 5, 10 and 15 hours of BrdU incorporation) cells were washed twice
with cold DPBS, permeabilized with 0.5 % Triton X-100 in CSK buffer for 3 minutes, and
fixed with 4% formaldehyde in CSK buffer for 20 minutes. All steps were performed on ice.
Then cells were washed 3 times with PBS-0.5% Tween 20 for 10 minutes each at room
temperature. DNA was denatured by 2N HCL for 30 minutes at 37°C, followed by 2 washes
with PBS. All antibodies were diluted in TBS-1. Coverslips were incubated with anti-BrdU
(clone BU-33, Sigma, 1:400) for 1 hour at 37°C or overnight at 4°C. The second antibody
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was goat anti-mouse IgG1 coupled to Alexa Fluor 568 (Invitrogen, 1:2000). After each
antibody incubation, cells were rinsed 3 times in PBS containing 0.05 % Tween 20 for 10
minutes each at room temperature. Before mounting coverslips with Prolong Gold
(Invitrogen), cells were stained with DAPI (2 µg/mL) and DRAQ5 (Alexis, 1:5000) diluted
in PBS for 5 minutes at room temperature before a last wash with PBS. Images of 10 fields
were taken at low magnification and BrdU positive cells were counted in each field with
ImageJ. A linear regression was applied in order to extrapolate the time needed for 100% to
incorporate BrdU. This time is the cell cycle length.

mRNA analysis
RNA was isolated from MCF-10A monolayer culture using Trizol (Invitrogen) and reverse
transcribed. The cDNA was amplified using the Qiagen HotStarTaq Master Mix kit (Qiagen
#203445) containing 0.1µg of specific primers and SYBR green. RT-PCR and real time
PCR were performed using procedures previously described (Ohkawa et al., 2006). Primers
for measuring GAS5 RNA levels were CAG TGT GGC TCT GGA TAG CA (forward) and
TTA AGC TGG TCC AGG CAA GT (reverse).

Three-dimensional culture of MCF-10A cells on reconstituted basement membrane
MCF-10A cells were cultured in either Reduced Growth Factor Matrigel without phenol red
(lot#11346, BD Biosciences) or Non-Reduced Growth Factor Matrigel with phenol red
(lot#22704, BD Biosciences) following the procedures of Debnath et al. (Debnath et al.,
2003). Briefly, for overlay cultures, cells were prepared for three dimensional rBM culture
by growing to 20–30 % confluency in monolayer and seeding in a single cell suspension on
100ul of matrigel in a 35mm well at 7,000 to 15,000 cells/well or on 40ul matrigel in a 8-
well chamber slide at 5000 cells/well. Cells in rBM were grown in assay media (Debnath et
al., 2003) containing 2% horse serum, 5ng/ml EGF, and 2% Matrigel. All cultures were
incubated at 37°C in a 5% CO2 humidified incubator for up to 20 days. Media was replaced
every 2 to 4 days. Morphology was observed every 2 days via phase contrast microscopy.
Acinar size was determined from phase contrast micrographs. Two diameters were
measured per acinus with ImageJ software. The minimum number of measured acini per
sample was 15.

Cell counting in rBM culture
Three dimensional cultures were incubated for 30–40 minutes in 37°C incubator with 0.25
% trypsin-EDTA. As soon as the Matrigel was dissolved, the acinar cell suspension was
centrifuged 5 minutes at 1000 rpm, the supernatant was discarded and the pellet was
resuspended with 0.05 % trypsin-EDTA then put back in the dish for incubation at 37°C.
When a single cell suspension was observed, trypsin activity was stopped with Resuspension
Media (DMEM/F12 containing 20 % horse serum and antibiotics) and cells were counted by
trypan blue exclusion in a hemocytometer, or without trypan blue with an automatic cell
counter.

RESULTS
Inducible knockdown of SWI/SNF ATPase subunits in MCF-10A human mammary epithelial
cells

We engineered the conditional expression of a short hairpin (sh) sequence targeting BRG1
(Rosson et al., 2005) in the human breast epithelial cell line, MCF-10A (Soule et al., 1990).
A doxycyclin-inducible lentivirus (LV) (Wiznerowicz and Trono, 2003) stably introduced
the shRNA gene into MCF-10A cells. Two lentiviral constructs were used. The first
expressed the tTR-KRAB transactivator and dsRed (LV-tetR-KRAB-dsRed), while the
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second expressed the shRNA and GFP under tTR-KRAB transcriptional repression (LV-
shBRG1i-GFP). We used two different strategies of lentiviral infection without noting any
significant difference in outcome. In some experiments, cells were modified in one step by a
double infection with both lentiviruses. In other experiments, cells were engineered by
sequential infection, first with LV-tetR-KRAB-dsRed and, after sorting for dsRed
fluorescence, with LV-shBRG1i-GFP. Pools of cells were FACS sorted for dsRed
fluorescence and doxycycline-induced GFP fluorescence, without a requirement for cloning
or drug selection (Fig. S1).

This inducible knockdown system was used both in monolayer culture and in three-
dimensional culture in reconstituted basement membrane. As expected, cultures maintained
in the absence of doxycycline constitutively expressed dsRED which marks cells also
expressing the TetR-KRAB repressor (Fig. 1). This repressor prevents expression of the
GFP marker and the shRNA which are both encoded by the second virus. Addition of
doxycycline induced expression of both GFP and the shRNA. Because of the molecular and
functional similarity between BRG1 and the other SWI-SNF ATPase subunit, BRM, we also
generated MCF-10A cells with an inducible BRM knockdown using the same lentiviral
vector system. The control vector conditionally expressed a scrambled sequence shRNA.

We evaluated the efficiency of the BRG1 and BRM knockdown by Western blotting (Fig.
2). Protein lysates were obtained from cells expressing the BRG1 shRNA, (BRG1i), the
BRM shRNA (BRMi), or the scrambled sequence control shRNA (SCRAM), with or
without induction with 0.01 µg/mL doxycycline in monolayer culture for 3 days. As shown
in Fig. 2A, the protein level of BRG1 was efficiently knocked down in BRG1i cells
(compare lanes 4 and 5), but was not decreased in the BRMi cells (compare lanes 6 and 7).
Similarly, BRM levels (Fig. 2B) were not decreased in BRG1i cells but were greatly
reduced in BRMi cells, demonstrating the specificity of each shRNA. GFP expression was
monitored as an additional marker of doxycycline induction. Protein levels were measured
by quantification of Western blot signals. The knockdown of BRG1 protein in BRG1i cells
was determined to be 75%, while the knockdown of BRM was 90% in BRMi cells, with
minor variations between experiments. Optimizing this inducible system, we determined
that 48 hours were needed to get maximal protein decrease (Fig. S2) at an optimal
concentration of doxycycline of between 0.01 and 0.05 µg/mL (Fig. S3). We also noticed a
small but consistent increase in the amount of BRM protein in the BRG1i cell line (Fig. 2B,
compare lanes 4 and 5) and a similar small but reproducible increase in the amount of BRG1
in BRMi cells (Fig. 2A, compare lanes 6 and 7). These observations suggest a compensation
effect in protein levels of the two SWI/SNF ATPase subunits BRG1 and BRM.

One concern with siRNA technology is the capacity of dsRNA to trigger a non-specific
interferon response in some cellular systems (Bridge et al., 2003; Diebold et al., 2003; Sledz
et al., 2003). The inclusion of the scrambled sequence SCRAM controls in every experiment
controlled for these effects, but in order to further validate the system we directly measured
the level of mRNAs coding for the interferon response genes IFITM1, MX1, and OAS1. The
results showed that the interferon response was not activated by any of the shRNAs in this
experimental system (data not shown).

BRG1 or BRM knockdown impedes the early proliferation stage of MCF-10A acinus
formation

Normal MCF-10A mammary epithelial cells, when cultured in three dimensional
reconstituted basement membrane (rBM) culture, reproduce important features of normal
breast tissue in a well characterized temporal and spatial program (Debnath et al., 2002;
Debnath et al., 2003; Petersen et al., 1992; Weaver et al., 1995; Weaver et al., 2002; Weaver
et al., 1997). An initial stage of proliferation produces loosely connected groups of cells and
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is followed by cell cycle arrest. Acini form from these groups of cells by basal deposition of
a basement membrane and luminal clearance of cells not apposing the basement membrane.
Malignant changes in cells alter this program of development in rBM culture with the
formation of structures having an altered morphology, loss of cell cycle arrest, and basement
membrane-independent cell survival (Imbalzano et al., 2009).

To determine whether the depletion of BRG1 caused these malignant alterations in acinar
development, we cultured wild type MCF-10A human mammary epithelial cells, BRG1i
cells expressing the doxycycline-inducible shRNA targeting BRG1, and control SCRAM
cells in three-dimensional reconstituted basement membrane (rBM) culture. These cells
were preinduced with doxycycline two days before being plated on a layer of rBM with an
overlay of 2% rBM in culture medium and were maintained in culture for 18 days (Debnath
et al., 2003). Twenty-four hours after establishing these overlay cultures, the cells from all
three cell lines (wild type MCF-10A, BRG1i and SCRAM) had attached to the rBM. After
two days, all the cell lines formed spherical masses of cells. The diameter of these structures
was measured. As shown in Figs. 3A, B, and C, from 4 days of culture, the size of the
multicellular structures of BRG1i cells expressing the shBRG1 after doxycycline induction
were smaller than the structures formed from non-induced BRG1i cells or from controls
(SCRAM and wild type MCF-10A). This size difference increased with time in culture (Fig.
3D, E). Dead cells were rare as determined by dye-exclusion. Cell counting, performed after
digestion of the extracellular matrix and dissociation of the cell masses, revealed a dramatic
decrease in proliferation (Fig. 3C).

BRMi cells with a doxycycline-inducible knockdown of BRM and control SCRAM cells
were grown in three-dimensional rBM culture, with conditions matched to the BRG1
knockdown experiments. As illustrated in Fig. 4A, the BRMi cells expressing the shBRM
with doxycycline gave smaller multicellular masses than the uninduced BRMi without
doxycycline and the SCRAM control cells. These changes were clear from day 4 in culture.
The diameter (Fig. 4B) and the size distribution (Fig. 4C) of the multicellular structures
were determined. In the early proliferation stage of differentiation (day 0 to day 8), the
MCF-10A cells expressing the shBRM (+ doxycycline) recapitulated the striking decrease in
proliferation observed previously with the BRG1 knockdown MCF-10A cells. An analysis
of size distributions (Fig. 4C, compare fraction of acini with a diameter < 40 µm) showed a
larger fraction of small multicellular structures after BRM knockdown than was observed in
the controls from day 4 to day 11. However, unlike BRG1i cells, the difference in size
between BRMi cells induced to deplete BRM and uninduced cells decreased with time in
culture (see Fig. 4A after day 8). A subset of cells escaped from the growth defect and
formed multicellular structures that were larger than normal acini. Subsequent work has
established that these escaping structures have developed a tumor like phenotype via altered
integrin expression (V. M. Weaver, manuscript in preparation).

BRG1 and BRM knockdown decreases proliferation in monolayer culture
To ascertain whether growth in three dimensional rBM culture was required for this
unexpected decrease in proliferation after BRM or BRG1 depletion, we grew the same cell
lines with or without doxycycline induction in monolayer culture. After 2 days of pre-
induction, we seeded the different cell lines at the same density in 12-well dishes. Each day
from day 2 to day 6, cells were trypsinized and counted. A 50% decrease in cell number was
observed four or five days after seeding (Fig. 5A), roughly matching the 4 day delay
observed in three dimensional culture (see Figs. 3 and 4).

In order to more precisely quantify the proliferation decrease after BRG1 or BRM
knockdown, we used a second method that was more robust and sensitive than simple cell
counting, eliminated the need for trypsinization, and allowed larger numbers of replicates of
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each sample. This method measured the density of adherent cells using a dye that fluoresces
strongly when bound to cellular nucleic acids, and confirmed the previous results obtained
from cell counting. There was a 50% proliferation decrease by day 5 after BRG1 or BRM
knockdown (Fig. 5B).

To eliminate the possibility that BRG1 knockdown was only causing the detachment of
cells, we manually counted the unattached cells suspended in the culture medium during the
5 days of the proliferation assay. Viability was measured by trypan blue exclusion. There
was no increase in the number of detached live or dead cells after knockdown. We also
examined whether cellular senescence might explain the reduced proliferation. β-
galactosidase staining marks senescent cells (Dimri et al., 1995) and we observed no
increase in β -galactosidase positive cells after knockdown. We also stained the cell cultures
with toluidine blue to observe cell morphology and detect structural changes characteristic
of senescent or apoptotic cells. No changes were observed that were characteristic of
senescence or programmed cell death.

A decrease of proliferation without complete arrest might be due to an abnormal stimulation
of cell contact inhibition. A delay of four days for a proliferation decrease to become
significant might be explained by this hypothesis. Induction of contact inhibition depends on
cell density and might need some time after cell seeding to develop (Gray et al., 2008; Liu et
al., 2006; Nelson and Chen, 2003). To determine whether contact inhibition was involved in
the decrease of cell proliferation after BRG1 or BRM knockdown, we plated the cell lines
on glass coverslips in 6-well plates. After 5 days of doxycycline induction, we
immunostained the cells with an antibody that specifically recognizes the mitosis-specific
serine 10 phosphorylation of histone H3 (Fig. 6A) (Ajiro and Nishimoto, 1985; Ajiro et al.,
1983; Eberlin et al., 2008; Goto et al., 1999; Li et al., 2005; Shibata et al., 1990; Wei et al.,
1999). The fraction of cells in mitosis and the location of those mitotic cells within the
epithelial colonies was measured (Fig. 6). The overall percentage of cells in mitosis was
low, as would be expected after 5 days in culture, but the number of mitotic cells after
BRG1 or BRM knock down was reduced (p<0.05) relative to the uninduced control (Fig.
6B). This confirmed the growth inhibition caused by BRG1 or BRM depletion using a third
method, and showed that the decrease in proliferation was not caused by a mitotic arrest.

The localization of mitotic cells was scored according to whether they were inside the
colony, crowded by other cells, or whether they were at the edge of the colony. As seen in
Fig. 6A–C, mitotic cells were preferentially located at the edges of colonies. Quantification
(Fig. 6C) was consistent with previous studies reporting contact inhibition in MCF-10A cells
(Liu et al., 2006). The percent of mitotic cells inside the colonies was about 20% and this
was not significantly changed by knockdown of either BRG1 or BRM. Taken together these
data are inconsistent with the hypothesis that a decrease in cell proliferation after BRG1 or
BRM knockdown was caused by the hyper-activation of cell contact inhibition.

Reduction of BRG1 or BRM levels lengthens the cell cycle
FACS sorting of propidium iodide- and DAPI-stained cells showed no significant changes in
the fraction of cells in each phase of the cell cycle after reduction of BRG1 or BRM levels.
In order to measure the length of the cell cycle, we performed a time course experiment after
pulse labeling cells with BrdU (Fig. 7). BrdU is only incorporated into DNA during S phase,
so we were able to measure the cell cycle length of each cell line by counting the fraction of
BrdU positive cells at different times after pulse labeling. Using a linear regression method,
we extrapolated the results to 100% incorporation, which corresponded to the time needed
for one complete cell cycle (Fig. 7A). The normal cell cycle length of wild type MCF-10A
cells, control SCRAM cells, and uninduced BRG1 and BRM knockdown cells (no
doxycycline) was 18 to 22 hours (Fig. 7A, B). The induced BRG1 and BRM knockdown
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cells exhibited a longer cell cycle of 31–32 hours. We concluded that an extra 10–14 hours
were needed to complete one cell cycle for MCF-10A cells depleted for either BRG1 or
BRM and, consequently, that BRG1 and BRM regulate cell cycle length.

A BRG1-BRM double knockdown is lethal
The reciprocal increase of BRM protein level in BRG1 knock- down MCF-10A cells and an
increase in BRG1 levels in BRM knockdown cells (Fig. 2) implicates a compensatory
mechanism for these two ATPase subunits. This suggests that a more severe phenotype
might result from knocking down both BRM and BRG1. To evaluate this, we created a
double knockdown in MCF-10A cells. MCF-10A cells with a doxycycline-inducible
knockdown of BRG1 were infected with a lentivirus expressing both shRNA targeting BRM
and a puromycin resistance gene. After adding doxycycline and puromycin to the media,
most of these cells died and the remaining drug-resistant cells did not show the expected
decrease in BRM protein. Presumably, the drug treatment conditions selected for cells that
escaped BRM knockdown. As a control, MCF-10A cells expressing only the TetR-KRAB
regulator were infected under the same conditions. After selection and doxycycline
induction, there was minimal cell death and these cells showed the expected BRM
knockdown (data not shown).

Upregulation of GAS5 in cells depleted for BRM
To address the mechanisms reducing proliferation rates in MCF10-A cells with reduced
BRG1 or BRM, a number of cell cycle regulators were examined. Most of these were not
altered after BRG1 or BRM knockdown.

One difference observed was in the levels of GAS5 in BRM, but not BRG1, deficient cells.
GAS5 is an alternatively spliced, long non-coding RNA with several snoRNAs in its introns
(Coccia et al., 1992; Muller et al., 1998; Raho et al., 2000; Smith and Steitz, 1998).
Overexpression of specific GAS5 transcripts can induce cell cycle arrest in some cell lines
and sensitize cells to apoptotic signals (Mourtada-Maarabouni et al., 2008) (Mourtada-
Maarabouni et al., 2009). GAS5 was reported to be down-regulated in breast cancer derived
cell lines (Mourtada-Maarabouni et al., 2009). Q-PCR using primers for regions of GAS5
common to all splice variants showed that GAS5 levels were up-regulated in BRM depleted
MCF-10A cells, but not BRG1 depleted cells (Fig. 8). Pathways converging on GAS5 are
not yet known, but our data establish a correlation between the overexpression of a
noncoding RNA that can negatively regulate cell cycle progression and the decreased
proliferation of MCF-10A cells after BRM reduction.

Cyclin A has been implicated in cell cycle control by BRG1 during RB-mediated cell cycle
arrest (Strobeck et al., 2000b; Zhang et al., 2000) and is a direct target of BRM in some cells
(Coisy et al., 2004). We observed no differences in the expression level of cyclin A in either
BRG1 or BRM deficient MCF10-A cells (Fig. S4A). The mTOR pathway can also affect
cell cycle progression via control of translation (Ma and Blenis, 2009). Western blot analysis
of mTOR, phopho-mTOR, and the mTOR downstream target, p70 S6K, showed no changes
due to BRG1 or BRM depletion (Fig. S4B).

A recent report indicated that BRG1 depletion activated p53 in several tumor cell lines
(Naidu et al., 2009). We examined total p53 and serine-15 phosphorylated p53 protein levels
in BRG1 and BRM depleted MCF10-A cells by Western blot, but observed no increase (Fig.
S4C) as might be expected if the p53 pathway were activated.
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DISCUSSION
BRG1 and BRM depletion reduces proliferation in MCF-10A mammary epithelial cells

We knocked down BRG1 and BRM in MCF-10A cells, an immortalized but largely normal
mammary epithelial cell line (Soule et al., 1990; Yoon et al., 2002). Grown in three-
dimensional reconstituted basement membrane culture, MCF-10A cells form acini that
resemble structures in normal breast tissue (Debnath et al., 2002). Contrary to expectations,
we did not observe an increased rate of proliferation in either monolayer or three
dimensional rBM culture. rBM cultures of breast tumor derived cells (Weaver et al., 1997)
or of malignant cells engineered from MCF-10A cells (Dawson et al., 1996; Miller et al.,
1993; Santner et al., 2001; Strickland et al., 2000) form larger, disorganized structures
without proliferation arrest or lumen formation (Imbalzano et al., 2009). BRG1 depleted
MCF-10A cells did not have a tumor-like phenotype. Instead, the cells grew more slowly in
monolayer culture and, in rBM culture, they failed to expand or form acini. MCF-10A cells
with reduced BRM levels also proliferated more slowly on average in both monolayer and
for the first 6 days in three dimensional rBM culture.

Multiple methods confirmed the decrease in proliferation of both BRG1 and BRM
knockdown MCF-10A cells. In monolayer culture, cells having reduced levels of BRG1 or
BRM did not arrest in any specific phase of the cell cycle. BrdU incorporation kinetics
definitively showed that cells having reduced levels of BRG1 or BRM simply took longer to
traverse the cell cycle. The conclusions that can be reached from these studies are that
BRG1 and BRM act as positive regulators of cell cycle progression and BRG1 is required
for acinus formation in three dimensional rBM culture.

MCF-10A cells expressing shRNA targeting either BRG1 or BRM showed nearly identical
decreases in proliferation and increases in cell cycle length in monolayer culture. However,
the cells remained proliferative, which suggests that either protein is sufficient to support
some proliferation. The proteins are similar structurally and, while some functions are
unique to one or the other ATPase (Kadam and Emerson, 2003), there are also
circumstances where the one ATPase can compensate for the absence of the other (Reyes et
al., 1998; Strobeck et al., 2002). Given that cells died when we attempted to knock down
both BRG1 and BRM, and that in the absence of one protein the levels of the other increased
(Fig. 2), we propose that either BRG1 or BRM is necessary to promote cell proliferation and
that the cells undergo some form of compensation to increase the levels of the remaining
protein when the other is knocked down.

Recently, two reports have established a BRG1 requirement for cell proliferation. These
reports differ from the present study in the cell types examined, which suggests that the
function of BRG1, and likely BRM, is cell context dependent. In several tumor cell lines
with wild type p53, the depletion of BRG1, but not the depletion of BRM, led to activation
of p53 and cell senescence (Naidu et al., 2009). In contrast, our results are in a non-
tumorigenic cell and do not implicate the p53 pathway. A second study using adult
fibroblasts from mice that are deficient for Brm and/or Brg1 showed that the absence of
Brg1, but not the absence of Brm, decreased genome integrity, leading to aberrant mitoses
and decreased proliferative capacity (Bourgo et al., 2009). In contrast, our results implicate
both BRG1 and BRM in promoting cell proliferation.

Efforts to address the mechanisms responsible for decreased proliferation showed that
neither the p53 nor the mTOR pathways were altered in BRG1 or BRM knockdown
MCF-10A cells. We did find that BRM, but not BRG1, deficient cells contained elevated
levels of the large non-coding RNA, GAS5. GAS5 is an inhibitor of cell cycle progression,
but is also reported to sensitizes cells to apoptotic signaling (Mourtada-Maarabouni et al.,
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2009). We observed no apoptosis after BRM knockdown. The correlation between cell cycle
length and elevated GAS5 RNA was observed only for BRM deficient MCF-10A cells,
despite the similar decrease in cell proliferation rate observed after BRG1 knockdown. The
mechanisms by which BRG1 and BRM alter cell cycle progression may be different.

BRG1 in breast cancer progression
There are numerous links between BRG1, BRM and cancer. While Brg1 null mice are
embryonic lethal, heterozygous Brg1 mice have an increased susceptibility to epithelial
tumors of the breast (Bultman et al., 2000; Bultman et al., 2008). Tissue specific knockout
of one Brg1 allele in the lung potentiates tumor formation in an induced carcinogenesis
model (Glaros et al., 2008). In contrast, Brm null mice are viable and do not have increased
tumor rates, a result attributed to compensation for Brm loss by elevated levels of Brg1
(Reyes et al., 1998). In addition, the knockout of Brm does not cause additional tumors in
Brg1+/− mice (Bultman et al., 2008). Despite the lack of tumor formation in Brm null mice,
the levels and localization of BRM have prognostic value in staging human lung tumors
(Fukuoka et al., 2004; Reisman et al., 2003).

Our results strongly suggest that, at least in normal mammary epithelial cells, reduction of
BRG1 or BRM protein levels does not cause a loss of proliferation control leading to
accelerated growth. These are different results than those obtained in prior studies using
tumor cells, where loss of BRG1/BRM accelerates proliferation. This transformation-
specific difference might be due to additional genetic lesions accumulating in cancer cells
prior to loss of BRG1 or BRM function.

In conclusion, both BRG1 and BRM are positive regulators of normal mammary cell cycle
progression. Despite previous studies indicating that loss of one Brg1 allele predisposes
mice to breast tumors, significant reduction of BRG1 levels in normal but immortalized
human mammary epithelial cells does not promote properties associated with tumor or
transformed cells. This suggests that reduction of BRG1 levels is not sufficient for
mammary epithelial cell transformation. BRG1 is required for acinus formation in three-
dimensional rBM culture, a model system that recapitulates many aspects of normal breast
tissue development. These results are consistent with previous observations that functional
SWI/SNF ATPases are necessary for the development and differentiation of many tissue
types (reviewed in de la Serna et al., 2006). We propose that SWI/SNF ATPases, and BRG1
in particular, contribute to normal cell growth and differentiation, whereas the contribution
of BRG1 deficiency to oncogenesis requires additional genetic changes.
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Figure 1. Doxycycline-Inducible shRNA expression in MCF-10A cells
In this system dsRED and the TET-KRAB regulator are constitutively expressed from the
same vector while GFP fluorescence is expressed only after doxycycline induction of the
shRNA targeting BRG1.
Cells were sorted after 2 days of doxycycline induction (0.1 µg/mL). Then, after 5 days of
culture without doxycycline, cells were seeded on coverslips and induced or not with 0.05
µg/mL doxycycline for 3 days before fixing with formaldehyde and staining nuclei with
DRAQ5. Confocal image stacks, shown here for the MCF-10A-SCRAM control cell line),
were collected for both monolayer (Panel 1A, scale bar = 100 µm.) and 3D culture (Panel
1B, scale bar= 50 µm.). The micrographs of the acinus (Panel B) were maximum intensity
projections. Confocal settings were held constant so that linear quantitative comparisons
could be made between samples with and without doxycycline induction.
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Figure 2. Doxycycline-inducible knockdown of BRG1 and BRM in MCF-10A cells
Total protein was extracted from cells treated or not for 3 days with 0.01 µg/ml doxycycline.
BRG1 (A), BRM (B) and GFP protein expression were examined by Western blotting. The
protein of 0.5 × 105 cells per lane was separated by SDS-PAGE (7.5 %) and probed with the
indicated antibodies. PI3 kinase was the loading control.
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Figure 3. Decreased Proliferation after BRG1 knockdown in rBM culture
(A) MCF-10A cells were seeded with or without doxycycline in Matrigel. The micrograph
for day 0 shows the initial monolayer culture. Every two days, media with or without
doxycycline were replaced and phase contrast micrographs were taken. Decreased
proliferation was observed from day 4 in MCF-10A cells expressing the shRNA targeting
BRG1 (+doxycycline). Size bar : 150 mm
(B) Representative micrographs of MCF-10A BRG1i acini grown in the presence or absence
of doxycycline for 15 days. These pictures were among those used to make the
measurements of acinar diameter presented in panel D. Size bar : 150 µm.
(C) The three dimensional Matrigel cultures were trypisinized to obtain a single cell
suspension at different times after seeding (day 4 and day 9). Then, cells were counted both
using a hemacytometer with trypan blue to detect dead cells, and with an automatic cell
counter. The star * indicates that no increase of trypan blue positive dead cells was detected
in the BRG1i cells grown with doxycycline.
(D) Median acinar diameter during differentiation. For each cell sample the median acinus
size was calculated (n ≥10 acini with 2 measurements of diameter for each acinus).
Statistical analysis was by a Student’s t-test. The comparisons marked ** had a high degree
of statistical significance (p ≤ 0.01).
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(E) Size distribution of acini. The percentage of acini with a diameter smaller than 22 µm,
contained in the interval 22 to 65 µm, 65 to 110 µm, or greater than 110 µm were calculated.
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Figure 4. MCF-10A cells induced to knock down BRM formed acini with a more variable
median size in rBM culture
(A) MCF-10A cells with an inducible BRM knockdown or control scrambled shRNA were
seeded in Matrigel overlay culture. Cultures were fed every 2 days with medium containing
0.05µM doxycycline or medium without doxycycline. Every 2 days phase contrast
micrographs were taken of the live cultures. Smaller acini were observed from day 4 in the
MCF-10A cells expressing the shRNA targeting BRMi (+doxycycline). No differences in
size were observed in MCF-10A cells expressing scrambled shRNA in the presence or
absence of doxycycline (data not shown). Size bar : 250 µm Most acini were smaller after
the induced knockdown of BRM, but a few acini were able to escape this decrease in
proliferation.
(B) For each cell line and condition, the median acinar diameter was calculated from
micrographs including the one in panel A. Two measurements of diameter were averaged
for each acinus and more than 24 acini were measured for each sample and time point.
Statistical analysis was by a Student’s t-test. The comparisons marked by one star (*) were
significant (p < 0.05) and those marked by two stars (**) were highly significant (p ≤ 0.01).
(C) The size distribution of acini in 3D culture is shown for the data of panels A and B. The
percent of acini with a diameter inferior to 40 µm, contained in the interval 40 to 120 µm,
and contained in the interval 120 to 200 µm were calculated.
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Figure 5. The knockdown of BRG1 slowed proliferation in MCF-10A cells grown in monolayer
culture
(A) Growth curves for MCF-10A cells after BRG1 or BRM shRNA knockdown, or
expressing a scrambled sequence shRNA (SCRAM). Cells were pre-incubated for 2 days
with 0.05 µg/ml doxycycline (marked +) before being seeded in a 12-well dish at 1500 cells
per well at day 0. Control cells (marked −) were not treated with doxycycline and did not
express the shRNA. Cells were trypsinized and then counted each day from day 2 to day 5.
(B) Cell proliferation was measured every day by quantifying DNA(Cyquant kit) in parallel
with the cell counting of panel A. The decrease of proliferation was quantified by
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calculating the ratio (in percent) of the cell number with doxycycline to the cell number of
the matched doxycycline-free control.

Cohet et al. Page 24

J Cell Physiol. Author manuscript; available in PMC 2012 April 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. The knockdown of BRG1 or of BRM reduced the percentage of cells MCF-10A cells in
monolayer culture that were in mitosis
(A) In this micrograph, nuclei are stained blue with DAPI and mitotic cells are identified by
immunostaining for serine 10 phosphorylated Histone H3 (green) Size bar : 100 mm. The
number of mitotic cells was determined, along with their position in the colonies. For
example, on this picture, the white arrows show one peripheral (a) and one internal mitotic
(b) cell. (B) This histogram compares the percentage of mitotic cells at all positions within
colonies after 7 days in the presence or absence of doxycycline. The star (*) indicates a
difference that had statistical significance (p ≤ 0.05). (C) The position of mitotic cells in
MCF-10A monolayer colonies was scored from micrographs including that of panel A. The
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compiled data quantifies the percentage of mitotic cells at the periphery of the colony and
the percentage at interior positions. For each cell sample n ≥2000 cells.
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Figure 7. The knockdown of BRG1 or of BRM increased the length of the cell cycle as
determined by pulse labeling with BrdU
(A) Cell cycle length was measured from a time course of BrdU incorporation. The graph
plots the percent of BrdU positive cells as a function of time in hours. A linear extrapolation
to the time when 100 % of cells were BrdU positive cells calculated the mean length of a
single cell cycle.
(B) Calculated according to the linear regression method, the time in hours needed for 30,
50, 75 and 100 % of cells to become BrdU positive.
(C) A representative micrograph from which the measurements of panels A and B were
made shows MCF-10A cells with the SCRAM control shRNA in absence of doxycycline
after 5 hours in BrdU. The number of BrdU positive cells (lower) and the number of total
cells (upper, DAPI fluorescence) were counted. Seven fields were analyzed for each group
in each of two independents experiments.
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Figure 8. Overexpression of GAS5 RNA in BRM, but not BRG1, deficient cells
Real-time PCR analysis of GAS5 RNA levels in each cell line. The data represent the mean
plus or minus a standard deviation for three independent experiments.
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