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Abstract

The Brahma (BRM) and Brahma-related Gene 1 (BRG1) ATPases are highly conserved 

homologues that catalyze the chromatin remodeling functions of the multi-subunit human 

SWI/SNF chromatin remodeling enzymes in a mutually exclusive manner. SWI/SNF enzyme 
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subunits are mutated or missing in man cancer types, but are overexpressed without apparent 

mutation in other cancers. Here, we report that that both BRG1 and BRM are overexpressed in 

most primary breast cancers independent of the tumor’s receptor status. Knockdown of either 

ATPase in a triple negative breast cancer cell line reduced tumor formation in vivo and cell 

proliferation in vitro. Fewer cells in S phase and an extended cell cycle progression time were 

observed without any indication of apoptosis, senescence or alterations in migration or attachment 

properties. Combined knockdown of BRM and BRG1 showed additive effects in the reduction of 

cell proliferation and time required for completion of cell cycle, suggesting that these enzymes 

promote cell cycle progression through independent mechanisms. Knockout of BRG1 or BRM 

using CRISPR/Cas9 technology resulted in loss of viability, consistent with a requirement for both 

enzymes in triple negative breast cancer cells.
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Introduction

ATP-dependent chromatin remodeling enzymes use the energy generated by ATP hydrolysis 

to alter histone:DNA contacts and induce alterations in nucleosome structure and/or 

positioning that can lead to increased or decreased gene expression, replication, repair, 

and/or recombination (Bartholomew, 2014; Euskirchen et al., 2012; Liu et al., 2011). The 

enzymes are large complexes consisting of at least 11–15 characterized subunits that include 

members of multi-gene families and proteins that are expressed in a lineage-restricted 

manner. Combinatorial assembly can therefore give rise to dozens, and perhaps more, 

different SWI/SNF complexes that likely have significant to subtle differences in function 

(Hargreaves and Crabtree, 2011). There are two mutually exclusive enzymatic subunits that 

provide the DNA-stimulated ATPase activity that drives chromatin remodeling (Wang et al., 

1996). BRM and BRG1 share ∼75% identity at the protein level and behave similarly in in 

vitro chromatin remodeling assays (Phelan et al., 1999). However, they have been reported 

to preferentially interact with different transcription factors (Kadam and Emerson, 2003) and 

they show different expression patterns during development and in adult tissues (Reisman et 

al., 2005). Brg1 deficient mice die early during embryogenesis, underscoring the 

requirement for Brg1 in mouse development (Bultman et al., 2000) and, indeed, Brg1 is 

required for nearly every developmental and tissue differentiation event that has been 

examined (de la Serna et al., 2006; Ho and Crabtree, 2010; Wu, 2012). In contrast, Brm 

deficient mice developed normally, with strain specific hyperproliferation in some tissues 

and evidence for increased levels of Brg1, which likely serves as a compensation 

mechanism for Brm loss (Reyes et al., 1998).

Evidence for widespread connections between SWI/SNF subunits and cancer has been 

growing in recent years. It has been reported that approximately one out of every five human 

cancers contains mutations in one or more of the genes encoding SWI/SNF subunits or 

associated proteins (Kadoch et al., 2013; Shain and Pollack, 2013). There is specificity in 

the cancer type resulting from mutation of different SWI/SNF subunits (reviewed in 
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(Helming et al., 2014; Hohmann and Vakoc, 2014)), likely reflecting the diversity of 

complexes in existence and leading to the idea that mutation of different subunits results in 

different molecular deficiencies that lead to tumor development. Most of these conclusions 

are based on genome sequencing from patient tumor samples, however, mouse modeling for 

two of the subunits, Ini1 and Brg1, demonstrate that loss of expression of these proteins 

induced tumor formation (Bultman et al., 2000; Bultman et al., 2008; Guidi et al., 2001; 

Klochendler-Yeivin et al., 2000; Roberts et al., 2000), providing compelling evidence of 

direct tumor suppressor function.

The large and growing literature on SWI/SNF ATPases in cancer that we will briefly 

summarize shows that these enzymes have a context-specific function and tumor-specific 

role in cancer. BRG1 mutations are frequently found in lung tumors (Blanco et al., 2009; 

Medina et al., 2004; Medina et al., 2008; Reisman et al., 2003; Rodriguez-Nieto et al., 2011) 

as well as in medullablastomas (Jones et al., 2012; Pugh et al., 2012) and Burkitt’s 

lymphoma (Love et al., 2012). Silencing of Brm is observed in lung tumors, and mutation or 

loss of Brg1 and/or Brm correlates with poor prognosis and survival (Fukuoka et al., 2004; 

Reisman et al., 2003). Epigenetic silencing of BRM was identified by work showing that 

treatment of BRM deficient cancer cell lines with inhibitors of histone deacetylases 

(HDACs) reactivated BRM expression (Glaros et al., 2007). Brm loss can promote lung 

tumorigenesis in response to environmental carcinogens. Prolonged exposure of Brm 

heterozygous mice to the lung tumor-inducing carcinogen, ethyl carbamate (Tuveson and 

Jacks, 1999), caused a significant increase in the number of lung adenomas compared to 

wildtype mice, while Brm null mice had double the number of tumors found in Brm 

heterozygotes after the same treatment (Glaros et al., 2007). BRM silencing has also been 

reported in a variety of primary tumor types (Glaros et al., 2007). Moreover, reintroduction 

of BRG1 or BRM into human cancer cell lines deficient for those subunits slowed cell 

proliferation (reviewed in (Reisman et al., 2009)), supporting the idea that loss of the 

ATPase(s) is linked to the highly proliferative nature of these cancer cell lines. The 

extensive involvement of SWI/SNF ATPases in regulation of cell cycle progression by most 

of the major classes of tumor suppressors/cell cycle regulators, including Rb, p53, E2F, has 

provided numerous mechanisms by which BRG1 and/or BRM could contribute to the 

suppression of unregulated cell growth (Bochar et al., 2000; Dunaief et al., 1994; Hendricks 

et al., 2004; Hill et al., 2004; Lee et al., 2002; Reisman et al., 2002; Strobeck et al., 2000; 

Trouche et al., 1997).

However, a positive role for BRG1 in promoting cancer is supported by studies 

demonstrating that acute myeloid leukemia requires BRG1 for maintenance of leukemia cell 

proliferation and survival (Buscarlet et al., 2014; Shi et al., 2013). At least part of this 

requirement for BRG1 was attributed to its chromatin remodeling functions at the c-Myc 

locus, where it enabled both enhancer binding by hematopoietic transcription factors and 

enhancer:promoter looping interactions that maintained c-Myc expression (Shi et al., 2013). 

Another example of a tumor requiring BRG1 was recently reported in small cell lung cancer 

(SCLC) tumors containing mutations in the Myc associated factor Max (Romero et al., 

2014). BRG1 knockdown inhibited cell proliferation and viability in SCLC cells with Max 

mutations whereas SCLC cells with wildtype Max showed no effect. Clearly, the absence of 

functional Max in these cells rendered BRG1 function necessary for cell survival. Other data 
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also support a requirement for SWI/SNF ATPases in promoting cancer. At least one of the 

SWI/SNF ATPases is required for melanoma tumorigenic properties in vitro (Keenen et al., 

2010), while HeLa cell proliferation requires BRG1 (Naidu et al., 2009). BRG1 levels are 

significantly increased in primary and metastatic melanoma, and reduction of BRG1 in 

melanoma cell lines reduces cell proliferation (Lin et al., 2010; Saladi et al., 2010). Similar 

results have been reported for colorectal, gastric and prostate cancers (Sentani et al., 2001; 

Sun et al., 2007; Watanabe et al., 2011).

The roles of BRG1 and BRM in breast cancer are no more definitive. Mice heterozygous for 

Brg1 developed mammary tumors (Bultman et al., 2000; Bultman et al., 2008), and the 

combination of Brg1 heterozygosity and complete Brm deficiency did not alter the 

phenotype (Bultman et al., 2008). These findings led to the seemingly solid conclusion that 

Brg1 is a breast cancer tumor suppressor. Immunohistochemistry analysis in primary breast 

cancers revealed about 15% lacked BRM expression (Glaros et al., 2007). Oncogenic Ras 

had previously been shown to reduce Brm levels as part of Ras-induced fibroblast 

transformation (Muchardt et al., 1998). Building upon this observation, it has been shown 

that oncogene-mediated activation of the extracellular signal-regulated kinase (ERK) 

promotes malignant behavior in mammary epithelial cells through a cascade in which 

elevated c-Myc levels reduce Brm levels, which induce the C/EBPβ regulator, which then 

directly up-regulate α5 integrin expression (Damiano et al., 2014). α5 integrin and its ligand 

fibronectin are upregulated in many tumors, including breast, and are indicators of poor 

prognosis (Dingemans et al., 2010; Nam et al., 2010; Yao et al., 2007). This work elegantly 

demonstrates how Brm loss plays a critical role in a key signaling pathway that contributes 

to the induction of mammary epithelial cell transformation. However, a number of studies 

are not consistent with BRG1 and BRM being mammary tumor suppressors. Depletion of 

BRG1 or BRM in immortalized but near diploid, non-tumorigenic MCF10A cells decreases 

the proliferation rate (Cohet et al., 2010). Conditional knockout of Brg1 in mammary gland 

does not result in mammary tumors (Serber et al., 2012). Exome sequencing of 507 primary 

breast cancers failed to identify mutations in BRG1 (Network, 2012). 

Immunohistochemistry analyses of primary breast tumors showed that nearly all had high 

expression of BRG1 while high BRG1 expression correlated with poor prognosis (Bai et al., 

2013).

We have investigated the roles of the BRG1 and BRM enzymes in breast cancer. We 

determined that both enzymes are highly expressed in primary breast tumors compared to 

normal breast tissue. Knockdown of either ATPase in the context of a triple negative breast 

cancer cell background reduced tumor formation and growth in xenografts and slowed cell 

proliferation in culture. Combined knockdown of BRG1 and BRM had an additive effect on 

cell proliferation while CRISPR/Cas9 knockout of BRG1 or BRM impaired cell viability. 

The results suggest that BRG1 and BRM have at least some non-overlapping roles in 

promoting breast cancer cell proliferation and recommend both BRG1 and BRM as targets 

for breast cancer therapy.
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MATERIALS AND METHODS

Tumor samples and tissue microarrays

Matched normal and tumor samples were obtained from the University of Massachusetts 

Medical School Tissue Bank. A tissue array with three-fold redundancy from 63 cases of 

invasive breast carcinoma, selected from the archives of the Department of Pathology at the 

Magee-Womens Hospital, University of Pittsburgh Medical Center was described (Domfeh 

et al., 2008). In addition a commercial breast tumor tissue array was obtained from BioMax 

(BR1503a; US Biomax Inc.).

Immunohistochemistry

Slides were rehydrated after three 5-min washes with xylene by successive 5-min washes 

with 100%, 95%, 80% ethanol and finally with distilled water. Antigen retrieval was 

performed using the ABC kit (Vector Laboratories) following the manufacturer’s protocol. 

Slides were then treated with 3% hydrogen peroxide for 1 hour to block the endogenous 

peroxidase activity and incubated overnight with monoclonal rabbit anti-BRG1 antibody 

(H-88; Santa Cruz Biotechnology; 1:400 dilution) at 4°C. The sections were then incubated 

for 2 hours with a biotin labeled secondary antibody and then 1 hour with streptavidin-

peroxidase. The samples were developed using DAB and nuclei were counterstained with 

hematoxylin.

Western blots

Tissue samples of 1mg were disrupted with a Brinkman Polytron Homogenizer (Model 

PT10–35) in 1ml CelLytic MT Cell Lysis Buffer (Sigma-Aldrich) containing Protease 

Inhibitor Cocktail and Phosphatase Inhibitor Cocktail (Roche). 30 micrograms of tissue 

extract or whole cell lysates from 50,000 culture cells were separated on 4–20% gradient 

SDS-PAGE and transferred to PVDF membrane. Antibodies against phospho-Histone H3-

ser10 (D47G5) were obtained from Cell Signaling Technology. BRG1 antibody (H-88; 

sc107687) was obtained from Santa Cruz Biotechnology. Loading was monitored by 

Western detection of Histone H4 (EMD Millipore), Lamin B (Santa Cruz; sc377001), 

GAPDH (Sigma: G9295), or by Coomassie Brilliant Blue staining.

Cell Culture

MDA-MB-231 and MDA-MB-468 cells were maintained in DMEM supplemented with 

10% FBS and Penicillin/Streptomycin. Cells inducibly expressing control scrambled shRNA 

or shRNA against BRG1 or BRM or both were generated as described (Cohet et al., 2010). 

Gene knockdown was induced by incubation of cells in medium containing 10 ng/mL 

Doxycycline (Sigma-Aldrich) for 72 hours. siRNA treatment was performed as described 

(Imbalzano et al., 2013). The BRG1 siRNAs were previously described (Imbalzano et al., 

2013). The BRM siRNA pool was obtained from Life Science (SMARCA2 Stealth siRNAs 

(Set of 3) HSS110000, HSS110001, HSS185952).
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Mouse mammary fat pad xenografts

Seven-week-old SCID/NCr mice were given water with or without Doxycycline (500 

µg /mL) for 5 days prior to cell injection. One million MDA-MB-231 cells harboring Tet-

KRAB (Szulc et al., 2006) (parental cells), scramble sequence shRNA, or shBRG1, were 

mixed with 50 µL of Matrigel (BD Bioscience) and injected orthotopically into the 

mammary fat pads. Animals were maintained on water with or without Doxycycline for 5 

weeks. Tumors formed in the mammary fat pad were dissected and weighed.

Proliferation Assays

Cell proliferation was monitored by direct cell counting using a Z1 Coulter counter 

(Beckman Coulter Inc.) or by MTS assay (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H–tetrazolium) using the CellTiter 96® 

AQueous One Solution cell proliferation assay (Promega Corporation).

BrdU Incorporation

One hundred thousand non-synchronized cells were seeded on coverslips in a 12-well plate. 

5-Bromo-2’-deoxyuridine (BrdU; Roche Diagnostics Corporation/Roche Applied Science) 

was added to the culture medium to a final concentration of 20 µM and incubated for 20 min 

at 37°C before immunofluorescence staining.

Time lapse imaging

Cells on coverslips were assembled into observation chambers and filmed by time-lapse 

microscopy at 37°C for 72 hours. Images were acquired with SimplePCI and HCImage 

software (Hamamatsu) and exported as AVI movies. Cells imaged at different time points 

were counted manually and growth curves were plotted in GraphPad Prism.

Clonogenic assay

Two hundred single suspended cells were seeded in each well of 6-well plates and incubated 

for 7 days. Colonies were fixed with Gluteraldehyde (6.0% v/v), stained with Crystal Violet 

(0.5% w/v), and counted using a stereomicroscope.

Wound healing assay

A straight scratch was made to a confluent monolayer of cells in 12-well plates using 20 µL 

filter tips and cell debris was removed by 3 washes with PBS. Pictures were taken at times 0 

and 24 hours using an inverted Leica DMI6000.

Adhesion assay

12-well plates were coated with 10 µg/ml Collagen I or Collagen IV and incubated at 4 °C 

overnight. 105 cells were plated in each well and allowed to adhere at 37 °C for 30 minutes. 

Adherent cells were fixed with 4% paraformaldehyde, washed 3 times with ice cold PBS 

and stained with 0.5% Crystal violet.
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Senescence assay

Standard Acid β-galalactosidase staining was performed as described (Zhang and Cohen, 

2004).

Annexin V flow cytometry

200 µL of a cell suspension (2 × 106 cells) were labeled by adding 20 µL of Binding Buffer 

and 5 µL of Annexin V-Pacific Blue (Invitrogen). Samples were mixed gently and incubated 

at room temperature in the dark for 15 minutes. 2 µL of DAPI (1 mg/mL) were added to 

each sample before analysis by flow cytometry. A minimum of 10,000 cells within the gated 

region was analyzed.

CRISPR Construction

CRISPRs were designed at http://crispr.mit.edu provided by the Zhang laboratory and then 

cloned into pX330 CRISPR/Cas9 vector (Addgene) following Zhang’s protocol (http://

www.genome-engineering.org/crispr/?page_id=23). The target sequences of BRG1 are 187- 

GGATCCCTACCTTGTGCATC; 189- CTCCTGGCCCGGAAGACATC; 191- 

CCCGAAGACGGGCCACTGGC. BRM target sequences are 181-

CTCCCATCCTATGCCGACGA; 183-CATCGATGGTATACATGACA; 185-

GGTATGCGACCACCTCACCC. The control CRISPR sequence is 

GGCAGAAGGAACACAGGCTC .

Dynamic Cell Proliferation Assay

CRISPR control (GFP) or BRG1 knockout (187, 189, 191) or BRM knockout (181, 183, 

185) cells were monitored for proliferation using the xCELLigence RTCA system (ACEA 

Bioscience, Inc.) following plating on the E-Plates 8 in 30-minute intervals from the time of 

plating until the end of the experiment (220 hours). Cell Index values for all cell lines were 

calculated and plotted with the RTCA Software (ACEA Bioscience, Inc.).

Statistical analyses

All quantitative data points represent the mean or representative of three independent 

experiments +/− standard deviation (SD). Statistical analysis was performed using GraphPad 

Prism Two-way ANOVA (Graphpad Software Inc.).

RESULTS

BRG1 and BRM are overexpressed in breast tumors

We first measured BRG1 and BRM protein levels in nineteen breast biopsies by Western 

blotting. Eleven of twelve grade II, ER+/PR+/HER2- tumors showed increased levels of 

BRG1 relative to adjacent normal tissue, while ten of twelve showed elevated levels of 

BRM (Fig. 1A; Table S1). Analysis of seven grade III tumors of mixed ER/PR/HER2 status, 

including three triple negative samples (patients #276, 346, 902), indicated that all showed 

elevated levels of BRG1 relative to adjacent normal tissue while four showed elevated levels 

of BRM (Fig. 1B; Table S1). Immunohistochemistry (IHC) of a representative grade II, ER

+/PR+/HER2- tumor determined that the invasive breast carcinoma cells had higher BRG1 
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and BRM levels than adjacent normal tissue and that BRG1 and BRM were observed in 

myoepithelial cells but not in most ductal epithelial cells (Fig. 1C).

Immunohistochemistry was performed on a larger cohort of breast cancer patients derived 

from two different tissue arrays (Tables S2– S3; see Materials and Methods). Consistent 

with the previous findings, BRG1 and BRM staining in normal breast tissue adjacent to 

tumor samples, was limited to myoepithelial and basal cells. In contrast, prominent BRG1 

and BRM staining was detected in breast tumor cells compared to normal adjacent tissue. 

BRG1 was detected in the tumor cells in 176 out of 182 interpretable tumor cores, regardless 

of subtype, while all 182 interpretable tumor cores had BRM staining. Images of grade I, II, 

and III tumors stained for BRG1 or BRM extracted from one of the tissue arrays are 

presented in Fig. 1D. The data show that elevated BRG1 and BRM levels are a common 

feature of nearly all mammary tumors.

Targeting BRG1 or BRM reduces colony formation in vitro and tumor growth in vivo

The data from primary tumors suggested that elevated levels of BRG1 and BRM could be 

related to the transformed state. To further our studies, we utilized the highly metastatic, 

triple negative breast cancer cell line MDA-MB-231 (Cailleau et al., 1978). These cells 

express wildtype BRG1 and BRM (COSMIC Cell Lines Project; http://cancer.sanger.ac.uk/

cancergenome/projects/cell_lines/ and Broad-Novartis Cancer Cell Line Encyclopedia; 

http://www.broadinstitute.org/ccle/home). We created MDA-MB-231 cells that inducibly 

express doxycycline-inducible shRNAs targeting BRG1 or BRM. A scrambled sequence 

shRNA was used to create control cells. The expression system made use of two lentiviral 

vectors: one that expressed the doxycycline-inducible tTR-KRAB transcriptional regulator 

and ds-RED and another that expressed the shRNA and GFP under the control of the tTR-

KRAB (Cohet et al., 2010; Szulc et al., 2006). Pools of infected cells were sorted by FACS 

to generate populations that constitutively expressed ds-RED and expressed GFP in a 

doxycycline-inducible manner. Western blot analysis confirmed the specificity of 

knockdown. Cells expressing shBRG1 showed reduced levels of BRG1 with a modest but 

reproducible increase in BRM (Fig. 2A). Conversely, cells expressing shBRM showed 

reduced levels of BRM with a modest but reproducible increase in BRG1 (Fig. 2A).

A colonogenic assay was performed to assess the ability of a single cell to grow into a 

colony in culture when plated at low density. Colony formation by cells knocked down for 

BRG1 or BRM was decreased by ∼50% compared to the control cell line (Fig. 2B–C). The 

results indicate a requirement for BRG1 or BRM for MDA-MB-231 cells to form colonies 

in culture.

To test the possibility that knockdown of BRG1 or BRM might inhibit tumor growth in 

vivo, the inducible BRG1 or BRM shRNA expressing cells, the control cells expressing an 

inducible scrambled shRNA, or the parental MDA-MB-231 cells were injected into the 

mammary fat pads of SCID/Ncr mice given water with or without doxycycline ad libitum. 

After 35 days, 3 out of 12 mice with BRG1 knockdown xenograft cells and 3 of 11 mice 

with BRM knockdown xenograft cells failed to form detectable tumors (Fig. 2D). 

Representative images of tumors are presented in Fig. 2E. The mean tumor mass formed by 

BRG1 and BRM knockdown cells was 5.1 mg and 4.5 mg, respectively, compared to an 

Wu et al. Page 8

J Cell Physiol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://cancer.sanger.ac.uk/cancergenome/projects/cell_lines/
http://cancer.sanger.ac.uk/cancergenome/projects/cell_lines/
http://www.broadinstitute.org/ccle/home


average of 17.3 mg when formed by any of the control cells (Fig. 2D). BRG1 or BRM 

reduction decreased tumor mass by >70% compared to these controls, and ∼25% of mice 

failed to form tumors after BRG1 or BRM knockdown in xenografts.

Collectively, these data provide evidence that BRG1 and BRM are required for tumor 

growth in vivo and also suggest that BRG1 or BRM knockdown may delay or attenuate 

tumor initiation, as evidenced by the colony formation assay. These findings also indicate 

that targeting BRG1 or BRM expression could be an effective strategy for inhibiting breast 

tumor cell growth. Therefore, we set out to investigate the mechanism responsible for the 

observed inhibition in tumor growth properties.

BRG1 and BRM promote breast cancer cell proliferation

The high frequency of elevated BRG1 and BRM in breast tumors and the inhibition of 

colony formation and xenograft formation when BRG1 or BRM was knocked down 

suggested that the BRG1 and BRM ATPases might promote breast cancer cell proliferation. 

Each of the existing, MDA-MB-231 cell populations that inducibly express shRNAs against 

BRG1, BRM or a control sequence were tested for proliferative abilities in culture in the 

presence an absence of doxcycline. In addition, another cell line that inducibly expresses 

both shRNAs against BRG1 and BRM was created and tested in parallel to gain insight into 

whether the effects of BRG1 and BRM were redundant or independent.

All cells grown in the absence of doxycycline showed similar proliferation kinetics, as did 

the scramble control cells grown in the presence of doxycycline (Fig. 3A). BRG1 and BRM 

knockdown cells showed reduced rates of proliferation, and the double knockdown cells 

showed a further decrease that appeared additive in nature (Fig. 3A). Western blot analysis 

confirmed the knockdown of BRG1, BRM, or both (Fig. 3B).

We performed additional experiments to demonstrate the specificity of knockdown and the 

generality of the findings. We treated both MDA-MB-231 cells and another triple negative 

breast cancer cell line, MDA-MB-468, with one of three siRNAs targeting distinct regions 

of the BRG1 transcript. Each siRNA reduced BRG1 levels and caused a significant 

inhibition of cell proliferation relative to a scrambled siRNA control (Fig. 3C–D). A pool of 

siRNAs targeting BRM reduced BRM levels and similarly reduced the proliferation rate of 

both the MDA-MB-231 and the MDA-MB-468 cells (Fig. 3C–D). Combining the BRM 

siRNA pool with the BRG1 siRNA pool reduced the protein levels of both BRM and BRG1 

and further reduced the proliferation of both triple negative cell lines, seemingly in an 

additive manner (Fig. 3C–D), which is consistent with the results presented in Fig. 3A. 

Western blot analysis confirmed the knockdown of BRG1, BRM, or both (Fig 3C–D). These 

data demonstrate a requirement for BRG1 and BRM in promoting breast cancer cell 

proliferation in two triple negative breast cancer cell lines. Furthermore, the evidence 

suggests that the effects of BRG1 and BRM on cell proliferation are mediated via 

mechanisms that are at least partially independent.

To address the specificity of the involvement of BRG1 and BRM in mediating cell 

proliferation, we re-introduced BRG1 or BRM cDNAs into the double knockdown cells. Re-

introduction of BRG1 or BRM gave a dose-dependent rescue of proliferation rate (Fig. 3E). 
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Re-introduction of BRG1 gave nearly complete rescue, while re-introduction of BRM gave a 

partial rescue (Fig. 3E). Western blot analysis provided evidence of the re-expression of 

both proteins (Fig. 3F).

After knockdown of BRG1, BRM, or both, the number of cells in S phase as measured by 

BrdU incorporation was reduced compared to control cells (Fig. 4A–B). The decrease 

observed by BRG1 or BRM knockdown was similar. There was a further reduction in the 

percentage of BrdU positive cells when both BRG1 and BRM were knocked down, though 

the decrease did not prove to be statistically significant (Fig. 4B). We also examined levels 

of the mitotic marker, serine-10 phosphorylated Histone 3 (p-H3ser10) by western blot 

analysis. Cells expressing reduced levels of BRG1 or BRM had reduced levels of p-H3ser10 

(Fig. 4C). Consistent with previous results, knockdown of both BRG1 and BRM caused a 

further reduction in p-H3ser10 levels (Fig. 4C). The reduction in the number of S and M 

phase cells suggested that cells expressing lower levels of BRG1 and/or BRM might have an 

overall decrease in the ability to traverse the cell cycle. When single cells were monitored by 

time-lapse video, the average cell cycle progression time was increased from 24.5 hours for 

the control cells to 32.1 and 34.5 hours for BRG1 and BRM knock down cells, respectively 

(Fig. 4D). Double knockdown cells were further reduced in cell cycle length, taking 44.8 

hours to complete the cell cycle (Fig. 4D). Collectively, the results indicate that BRG1 and 

BRM are required for cell cycle progression in these breast cancer cells and that reinforces 

the idea that the contributions of BRG1 and BRM to cell proliferation are at least partially 

independent.

The effects of knockdown of BRG1, BRM, or both on cell proliferation and cell cycle 

progression were not due to apoptosis as measured by Annexin V staining (Fig. 5A), nor did 

we observe permanent withdrawal from the cell cycle as measured by senescence-

associated-β-galactosidase staining (Fig. 5B). Thus, knockdown of BRG1 and/or BRM 

decreased breast cancer cell proliferation mainly by decreasing the rate of cell cycle 

progression. Furthermore, knockdown of BRG1 and/or BRM caused no changes in cell 

migration as measured by a wound healing assay (Fig. 5C) or in adhesion to different 

collagen substrates (Fig. 5D).

CRISPR/Cas9 mediated knockout of BRG1 or BRM results in breast cancer cell death

The data resented thus far correlate BRG1 and BRM expression with breast tumorigenesis 

and indicate a role for BRG1 and BRM in promoting breast cancer cell proliferation, both in 

culture and in xenograft experiments. The observations raise the question of whether BRG1 

and/or BRM are required for breast cancer cell viability. Prior evidence suggests that mouse 

embryonic fibroblasts can survive and proliferate in the absence of Brg1 (Bultman et al., 

2000) and a number of cancer cell lines lack BRG1, BRM or both (Decristofaro et al., 2001; 

Fukuoka et al., 2004; Reisman et al., 2003; Reisman et al., 2002).

Viral vectors harboring 3 different guide RNA sequences targeting BRG1 or BRM were 

used to achieve BRG1 or BRM knockout in MDA-MB-231 cells. Significant cell death was 

observed during creation of the knockout cell lines. Western blotting was performed to 

confirm that majority of BRG1 or BRM proteins were depleted (Figure 6A). Dynamic cell 

proliferation was monitored in 30-minute intervals over 220 hours using xCELLigence 
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RTCA system. In both cases, BRG1 or BRM knockout cells did not proliferate (Figure 6B), 

which suggested a severe low viability. After long-term passage, cell growth was resumed in 

the knockout cells. When examined by western blot, BRG1 or BRM expression was restored 

in those cells, presumably due to the expansion of a small population of cells that escaped 

knockout (data not shown). Overall, complete loss of BRG1 or BRM impaired cell viability.

DISCUSSION

Carcinogenesis and malignant progression have proven to be very complicated multi-stage 

processes. As a natural response to complexity, cancer biologists developed simple inductive 

models and hypotheses to organize the vast amount of data available and to guide 

experimental design. One of the most powerful of these has been the Oncogene Model 

(Huebner and Todaro, 1969). In this view, the inappropriate expression of a gene or a 

mutated form of a gene transformed cells to a malignant phenotype. It was originally 

proposed that such genes in the human genome were derived from RNA viruses (Huebner 

and Todaro, 1969), known since 1911 to cause some tumors (Rous, 1911). However, 

evidence emerged that proto-oncogenes in mammalian genomes were the precursors to viral 

forms (Bishop, 1981; Weinberg, 1983). It is the proto-oncogenes, present in every cell, that 

are mutated or inappropriately expressed in human cancers.

A later and complimentary model, the Tumor Suppressor Model (Klein, 1987) was more 

consistent with experimental cell fusions between tumor and normal cells where the hybrid 

cell, almost invariably, had non-tumor phenotypes (Harris et al., 1969; Klinger, 1982; Sager, 

1986; Wiener et al., 1974). Many tumor suppressor genes have been identified (Lee and 

Muller, 2010; Sherr, 2004) including some, like p53, that were identified first as oncogenes 

and then as tumor suppressors, a difference correlating with p53 mutations (Levine and 

Oren, 2009).

Clearly, both models of cancer development are over-simplified. Cancer is a disease of 

complex systems interactions (Du and Elemento, 2014; Gentles and Gallahan, 2011). That 

this is true of breast cancer is evidenced by the Cancer Genome Atlas cataloging of 30,626 

somatic mutations and 3,662 significant mRNA expression level changes in 510 human 

breast tumors (Network, 2012). Epigenetics, and the ability of epigenetic mechanisms to 

organize complex programs of gene expression, offers a promising approach to 

experimentally addressing the complexity of malignant progression.

In our results, most primary breast tumors had elevated levels of BRG1 and BRM compared 

to normal breast tissue. Knockdown of BRG1 or BRM inhibited MDA-MB-231 xenograft 

growth and the proliferation of multiple breast cancer cell lines. Our BRG1 results are 

consistent with a prior report that almost half of the primary breast tumors have elevated 

BRG1 expression and that high BRG1 expression in patient samples correlates with poor 

survival (Bai et al., 2013). We also confirmed that BRG1 knockdown inhibited proliferation 

in MDA-MB-231 cells (Bai et al., 2013) and extended this result to xenografts. We further 

showed that breast tumor cells have a similar requirement for BRM, the alternative ATPase 

subunit of SWI/SNF, for normal proliferation.

Wu et al. Page 11

J Cell Physiol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Our results are not consistent with a tumor suppressor model for BRG1 or for BRM in breast 

cancer. The correlation of higher levels in breast tumors fits, but it does not prove, an 

oncogene model for SWI/SNF chromatin remodeling enzymes in breast cancer. Proof would 

require the demonstration that forced over-expression of BRG1 or BRM drive cells to 

transformation. This may prove to be an unrealistic experiment to perform, requiring 

simultaneous forced over-expression of many subunits of the 2 megadalton SWI/SNF multi-

protein complex (Kwon et al., 1994). In any case, the oncogene model may be too simple to 

apply to an epigenetic factor capable of regulating complex programs in gene expression. 

The emergent properties of those programs in some cell and microenvironment contexts 

may be tumor suppression, while in other contexts, like breast cancer, it may be tumor 

progression.

The observation that BRG1 and BRM are necessary for breast tumor cell proliferation may 

recommend them as targets for cancer therapy. As epigenetic regulators of large programs in 

gene expression, we propose that BRG1 and BRM may be required for phenotypic changes 

in cells (de la Serna et al., 2006; Ho and Crabtree, 2010). Cancer is a progression of many 

state changes, with coordinate changes in the expression of sets of genes. For example, one 

programmed change of genes may drive cells to greater proliferation while another may 

drive them to a cancer metabolic phenotype (Cairns et al., 2011). Disruption of whole 

programs of transcriptional change by targeting epigenetic regulators like BRG1 and BRM 

may be useful in slowing the progression of states that comprise cancer.
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Figure 1. BRG1 and BRM are overexpressed in primary breast tumors
(A) Western blots showing BRG1 and BRM protein levels in primary breast tumors 

compared to adjacent normal breast tissues from grade II, ER+, PR+, HER2- patients. N; 

normal adjacent tissue. T; tumor tissue. Coomassie staining of a duplicate gel was used to 

demonstrate equal loading between normal and tumor samples from each patient. (B) 

Western blots showing BRG1 and BRM protein levels in primary breast tumors compared to 

adjacent normal breast tissues from patients with grade III, mixed ER/PR/HER2 status 

tumors. N; normal adjacent tissue. T; tumor tissue. Lamin B levels were used as a loading 
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control. (C) Immunohistochemistry of BRG1 and BRM expression in adjacent normal breast 

tissue (left) and primary tumor (right) sections. This patient was Grade II, ER+, PR+, 

HER2−. (D) Images of grade I, II, and III tumors stained for BRG1 or BRM extracted from 

the Biomax 1503a tissue arrays.
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Figure 2. BRG1 or BRM reduction in MDA-MB-231 metastatic breast cancer cells reduced 
colony formation in culture and tumor growth in vivo
(A) Western blot indicating BRG1 and BRM levels in MDA-MB-231 cells inducibly 

expressing a control (Scram) shRNA or shRNA targeting BRG1 or BRM. GAPDH levels 

were monitored as a loading control. DOX; doxycycline. (B) Colony forming assay 

demonstrates that BRG1 or BRM knockdown reduces the ability of MDA-MB-231 cells to 

form colonies when plated at low density. (C) Quantification of colony forming assay. 

Quantification is the average from 3 independent experiments; error bars, SD. ***P<0.001. 
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(D) BRG1 or BRM knockdown cells formed fewer and smaller tumors after implantation in 

the mammary fat pad of SCID/NCr mice. Each bar represents averaged results, n=12; error 

bars, SD. ***P<0.001. (E) Images of representative tumors.
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Figure 3. Knockdown of BRG1 and/or BRM reduces triple negative breast cancer cell 
proliferation
(A) Cell number was monitored over time to examine cell proliferation of each of the cell 

lines in the induced and uninduced state. DOX; doxycycline. (B) Corresponding western 

blot measuring the level of BRG1 and/or BRM knockdown. GAPDH is shown as a loading 

control. Data represent the average of three independent experiments; error bars, SD. (C) 
MDA-MB-231 cells were treated with one of three distinct siRNAs targeting BRG1 

(Imbalzano et al., 2013) or with a pool of siRNAs targeting BRM or with both siRNA pools. 
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Cell proliferation was monitored, and western blots confirmed knockdown of the target 

protein(s). (D) MDA-MB-468 cells were treated and experimentally evaluated exactly as in 

(C). (E) Increasing levels of BRG1 or BRM cDNAs were introduced to double knockdown 

MDA-MB-231 cells and proliferation rate was monitored. Results are presented as fold-

change relative to the proliferation rate of the scram siRNA treated cells. (F) A 

representative western blot measuring BRG1 and BRM levels from the experiments 

described in (E).
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Figure 4. BRG1 and/or BRM knockdown results in a longer cell cycle
(A) Knockdown of BRG1 resulted in fewer cells in S-phase as measured by BrdU 

incorporation. Representative images are presented. (B) Quantified data are the average of 

three independent experiments; three fields of at least 100 nuclei were counted per 

experiment. error bars, SD. **P<0.01. (C) The mitotic marker histone H3 phospho-serine 10 

was reduced in BRG1 and/or BRM knockdown cells as measured by Western blotting. (D) 
Proliferation curves of control and BRG1, BRM, and double knockdown cells as determined 

by time-lapse videography.
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Figure 5. BRG1 and/or BRM knockdown in MDA-MB-231 cells did not alter apoptosis, 
senescence, migration, or attachment to different collagen substrates
(A) BRG1, BRM, or double knockdown did not cause apoptosis as judged by Annexin V 

staining. (B) BRG1, BRM, or double knockdown did not induce senescence as measured by 

senescence associated-β-galactosidase staining. (C) BRG1, BRM, or double knockdown did 

not change the ability of cells to fill the gap scratched into a monolayer of cells in a standard 

wound healing assay. (D) BRG1, BRM, or double knockdown did not affect attachment to 

collagen I- or collagen IV- coated plates.
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Figure 6. Loss of BRG1 or BRM impaired cell viability
(A) Western blots demonstrate the efficacy of CRISPR/Cas9 mediated knockout of BRG1 or 

BRM in MDA-MB-231 cells. Cell lines were derived using each of three different guide 

RNAs for BRG1 (187, 189, 191) or three different guide RNAs for BRM (181, 183, 185). 

GAPDH was monitored as a loading control. (B) Dynamic cell proliferation measured by 

xCELLigence RTCA system. 10,000 cells of each line were plated on E-Plate 8-well plates. 
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Cell proliferation was monitored in 30-minute intervals over 220 hours. Cell Index values 

for all cell lines were calculated and plotted with the RTCA Software.
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