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1  | INTRODUC TION

Gliomas are the most common primary intracranial neoplasms in 
adults and a leading cause of cancer- related morbidity and mortality 
in the United States.1 While grade I glioma is the least malignant brain 
tumour, grade IV glioma (GBM, glioblastoma) is the most aggressive 
and deadliest of brain tumours. Surgical resection of GBM remains the 

primary treatment modality with present adjuvant chemotherapy and 
radiotherapy only providing slight improvement in the disease course 
and outcome.2 The overall median time for GBM recurrence after sur-
gery is 7 months, and its 5- year overall survival is dismal (<10% sur-
vival), which has remained relatively unchanged for decades.1

Chromatin regulation and epigenetically- centred processes are 
tightly linked to cancer, and more than 20% of human cancers bear 
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Abstract
Glioblastoma multiforme (GBM) is an aggressive malignant brain tumour that is re-
sistant to existing therapeutics. Identifying signalling pathways deregulated in GBM 
that can be targeted therapeutically is critical to improve the present dismal prog-
nosis for GBM patients. In this report, we have identified that the BRG1 (Brahma- 
Related Gene- 1) catalytic subunit of the SWI/SNF chromatin remodelling complex 
promotes the malignant phenotype of GBM cells. We found that BRG1 is ubiquitously 
expressed in tumour tissue from GBM patients, and high BRG1 expression levels are 
localized to specific brain tumour regions. Knockout (KO) of BRG1 by CRISPR- Cas9 
gene editing had minimal effects on GBM cell proliferation, but significantly inhibited 
GBM cell migration and invasion. BRG1- KO also sensitized GBM cells to the anti- 
proliferative effects of the anti- cancer agent temozolomide (TMZ), which is used to 
treat GBM patients in the clinic, and selectively altered STAT3 tyrosine phosphoryla-
tion and gene expression. These results demonstrate that BRG- 1 promotes invasion 
and migration, and decreases chemotherapy sensitivity, indicating that it functions in 
an oncogenic manner in GBM cells. Taken together, our findings suggest that target-
ing BRG1 in GBM may have therapeutic benefit in the treatment of this deadly form 
of brain cancer.
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one or more mutations in the mammalian ATP- dependent chromatin 
remodelling SWI/SNF complex. The SWI/SNF complex is an evolu-
tionarily conserved multi- subunit complex that is critical for gene 
regulation, differentiation, DNA repair and development. The two 
mutually exclusive catalytic subunits, BRM (Brahma/SMARCA2) and 
BRG1 (Brahma- related gene 1/SMARCA4), utilize energy from ATP 
hydrolysis that is required to reposition and/or remodel nucleosomes 
at targeted loci, which opens or closes chromatin to regulate gene 
transcription.3,4 BRG1 has been found to have tumour suppressing5,6 
and tumour promoting activity7- 9 in a cancer context- specific man-
ner. In cancers of the lung, ovaries, skin and blood (lymphoma), BRG1 
functions as a tumour suppressor with silencing or loss- of- function 
mutations being enriched.6,10,11 However, BRG1 mutations are rela-
tively rare in GBM.12 In previous studies, we found BRG1 was highly 
expressed in the relatively quiescent subpopulation of cancer stem- 
like cells (CSCs) isolated from GBM patient- derived xenografts.13 
Knockdown of BRG1 expression in GBM CSCs markedly increased 
cell proliferation and increased the expression of differentiation 
markers but reduced stem cell marker expression.13 These results 
indicated that BRG1 was critical for maintaining the stemness of 
GBM CSCs. In addition, BRG1 silencing in CSCs increased the tyro-
sine phosphorylation of the STAT3 transcription factor, which was 
basally high in these cells.

In the present study, we examined the functional consequences 
of knocking out BRG1 in relatively proliferative, non- stem differen-
tiated GBM cell lines by CRISPR- CAS9 gene editing. In contrast to 
our previous findings that BRG1 shRNA knockdown increased the 
proliferation of GBM CSCs, knockout (KO) of BRG1 slightly reduced 
GBM cell proliferation. BRG1 KO also significantly inhibited GBM cell 
migration and invasion. In addition, BRG1- KO sensitized GBM cells to 
the anti- proliferative effects of the DNA alkylating agent temozolo-
mide (TMZ), which is used in the frontline treatment of GBM patients. 
Furthermore, BRG1- KO selectively increased the tyrosine phosphor-
ylation of STAT3 and altered the expression of a number of STAT3- 
regulated genes. Taken together, our results demonstrate that BRG- 1 
promotes the malignant phenotype of GBM cells, by promoting in-
vasion and migration, reguating the STAT3 pathway, and decreasing 
chemotherapy sensitivity. In addition, BRG1 has a context- dependent 
role on the phenotypic behaviour of differentiated GBM cells and 
CSCs. Nonetheless, targeting BRG1 may have therapeutic benefit in 
the treatment of this deadly form of brain cancer by targeting both 
differentiated GBM tumour cells and CSCs.

2  | MATERIAL S AND METHODS

2.1 | Biological reagents and cell cultures

Antibodies against the following proteins were procured from the 
respective vendors: BRG1 (Proteintech, Rosemont, IL); actin (Santa 
Cruz Biotechnology), pSTAT3, pSTAT1, STAT1 (Cell Signaling), and 
STAT3 (BD Biosciences). MT330 (Department of Neurosurgery, 

UTHSC) and LN229 (American Type Culture Collection) GBM cell 
lines were grown in DMEM containing 10% foetal bovine serum 
(Hyclone) supplemented with penicillin (100 IU/mL) and streptomy-
cin (100 μg/mL) at 37°C with 5% CO2. The cells were authenticated 
by single- tandem repeat analysis.

2.2 | Gene expression analysis

Gene expression was determined in RNA isolated from de- 
identified formalin- fixed paraffin- embedded (FFPE) patient biopsy 
specimens (UTHSC Tissue Services Core) as previously described 
[30]. In brief, total RNA was extracted using the QIAshredder and 
RNeasy mini kits (Qiagen Inc, Frederick, MD, USA). Quantitative 
real- time PCR (qPCR) was performed using gene- specific primers 
for BRG1 (forward 5’TACAAGGACAGCAGCAGTGG and reverse 
3’TCCAGGTTGAAGGTCTGTGC).

TXNIP (forward 5’ATATGGGTGTGTAGACTACTGGG and re-
verse 3’GACATCCACCAGATCCACTACT), CXCL11 (forward 5’GAC
.GCTGTCTTTGCATAGGC and reverse 3’ GGATTTAGGCATCGT
TGTCCTTT), IL6 (forward 5’ ACTCACCTCTTCAGAACGAATTG 
and reverse 3’ CCATCTTTGGAAGGTTCAGGTTG), CDKN2A 
(forward 5’ GGGTTTTCGTGGTTCACATCC and reverse 3’ CTAG
ACGCTGGCTCCTCAGTA), IRF7 (forward 5’ GCTGGACGTGACCAT
CATGTA and reverse 3’ GGGCCGTATAGGAACGTGC), STAT3 
(forward 5’and BETA- ACTIN (forward 5’- GGACTTCGAG
CAAGAGATGG- 3’ and reverse 5’- AGCACTGTGTTGGCGTACAG- 3’) 
with an iScript one- step RT- PCR kit containing SYBR Green (Bio- 
Rad, Hercules, CA, USA). The reaction parameters were as follows: 
cDNA synthesis at 50°C for 20 minutes, transcriptase inactivation 
at 95°C for 5 minutes, and PCR cycling at 95°C for 10 seconds and 
60°C for 30 seconds for 40 cycles. Gene expression was normal-
ized relative to ACTIN expression.

2.3 | RNA- ISH

For RNA- in situ hybridization (ISH) on FFPE tissue, 5- μm sections 
on glass slides were baked for 1 hour at 60°C, deparaffinized and 
treated for target retrieval according to the manufacturer's protocol. 
The FFPE sections were then incubated with RNAscope ISH probes 
(Advanced Cell Diagnostics) and hybridized to visualize target RNA 
signals, according to the RNAscope Fluorescent Kit user manual. Slides 
were counterstained with DAPI (4′,6- diamidino- 2- phenylindole) to 
stain nuclei. Images were captured on a laser- scanning confocal mi-
croscope (Zeiss model LSM700).

2.4 | Immunoblot analysis

Total cell lysates (25 μg) were separated by SDS- PAGE, immunoblotted 
with the indicated antibodies and visualized as previously described.14
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2.5 | Bioinformatic analysis

Several cancer genomic data sets for GBM patients15- 17 were que-
ried for epidermal growth factor receptor (EGFR), phosphatase 
and tensin homolog (PTEN) and SMARCA4/BRG1 mutations, de-
letions and amplifications using the cBioPortal tool.18 Gene ex-
pression data in The Cancer Genome Atlas (TCGA) for all normal 
and GBM samples were analysed using the GlioVis data portal 
tool.19 Statistical analyses were performed using Graphpad Prism 
(GraphPad software).

2.6 | Generation of BRG1- KO cells

The lentiviral CRISPR/Cas9- mediated BRG1 knockout vec-
tors were constructed by cloning three BRG1 guide RNAs 
(gRNA1: 5’-  GGAGTTCCGCCCAGGGG - 3’; gRNA2: 5’- GGCCTGC
TGTMTTTGG- 3’; and gRNA3: 5’-  TGCAGTGGCACCATGGGCGC 
- 3’) into the Bsm I site of lentiviral vector pLenti CRISPR V2. A con-
trol vector was constructed by inserting the EGFP gRNA sequence 
into the lentiviral vector. Lentivirus were produced by packag-
ing in 293FT cells as we published previously.20 Stable pools of 
BRG1- KO cells were generated by transducing GBM cells with the 
lentiviral CRIPSR/Cas9 vectors and selected with 3 μg/mL puro-
mycin. Puromycin- resistant cells were expanded in the absence of 
puromycin and subsequently used in experiments.

2.7 | Cell proliferation, invasion and wound healing

For cell proliferation analysis, cells were plated into 96 well plates 
(5 × 103 cells/well) and after 24 hours placed in the Incucyte live 
cell analysis system (Essen Bioscience) and treated in the pres-
ence or absence of TMZ (0, 10, 20 and 40 μmol/L) in a 37°C in-
cubator, and cell numbers enumerated with the manufacturer 
provided software tools. Invasion assays through Matrigel using 
transwell inserts (BD Biosciences) were performed as previously 
described.21 Confluent cell monolayers were wounded with a ster-
ile 1000 µL pipette tip, and phase- contrast images were recorded 
to assess the extent of wound healing. At least 3 fields were exam-
ined for each experimental condition.

2.8 | Statistical analyses

At least two independent experiments were performed in du-
plicate, and data are presented as means ± standard deviation 
(SD). Analysis of Variance (ANOVA) and post hoc least significant 
difference analysis or Student's t tests were performed. P val-
ues < .05 (*), .01 (**) and .001 (***) were considered statistically 
significant.

3  | RESULTS

3.1 | BRG1 is highly expressed in GBM tumour 
tissue

Mutation and deletion of BRG1/SMARCA4 have been shown to 
contribute to a range of human malignancies.12,22 Previous stud-
ies have established that mutations in EGFR result in its overex-
pression, while genomic mutations in PTEN tumour suppressor 
leads to its down- regulation in GBM.23 Consistent with previous 
findings, analysis of cancer genomics data in several GBM patient 
databases using the cBioPortal tool18 showed that EGFR amplifi-
cation (46%) and PTEN deletion (25%) frequently occur in GBM 
(Figure 1A). In contrast, the BRG1 and BRM genes are rarely al-
tered at the genetic level in GBM (<2%). BRG1 and BRM gene 
expression in TCGA was then analysed in non- tumour brain tis-
sue and GBM tumour tissue using the GlioVis portal.19 We found 
that BRG1 was expressed at significantly higher levels in GBM tu-
mour tissue as compared to non- tumour brain tissue, while BRM 
was expressed at lower levels in tumor tissue (Figure 1B). To in-
dependently validate that BRG1 was overexpressed in GBM, we 
extracted RNA from FFPE tissue blocks of non- tumour tissue, 
low- grade glioma (LGG) and GBM patients from the UTHSC tissue 
archive and determined BRG1 expression by qPCR. BRG1 expres-
sion was found to be significantly higher in GBM as compared to 
LGG, and the lowest BRG1 expression was found in non- tumour 
brain tissue (Figure 1C). In addition, BRG1 is expressed in all three 
molecular subtypes of GBM with highest expression in the classi-
cal subtype and lowest in the mesenchymal subtype (Figure 1D). 
Taken together, these data are consistent with the basic hypoth-
esis that BRG1 plays a pro- tumorigenic role in GBM.

To further characterize BRG1 gene expression at the cellu-
lar level in human tissues, we performed RNA- ISH on sections 
cut from FFPE tissue blocks from GBM patient specimens and 
non- tumour brain tissue, as described previously.24 As shown in 
Figure 2, cells expressing high levels of BRG1 RNA (green dots) 
as detected by the RNA- ISH probe were found localized to dis-
crete regions of the tumours in four different GBM patients. In 
contrast, BRG1 was expressed at relatively low levels throughout 
non- tumour brain tissue as compared to GBM tumours without 
any areas of high BRG1 expression observed. It is important to 
note that there were also areas with relatively low BRG1 gene ex-
pression in GBM patient tissue (Figure 2).

3.2 | Knockout of BRG1 in GBM cells selectively 
promotes tyrosine phosphorylation of STAT3, 
but not of STAT1

To define the functional significance of the expression of BRG1 
in differentiated GBM cells grown in vitro, we used CRISPR/Cas9 
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lentivirus encoding three different gRNAs to delete the BRG1 
gene from LN229 and MT330 GBM cells. As a control in these 
studies, cells were transduced with empty vector (EV). After puro-
mycin selection, the individual pools of cells transduced with each 
gRNA were grown and maintained in the absence of puromycin. 
To validate that BRG1 was indeed knocked out at the protein 
level, lysates of EV and three individual BRG1- KO MT330 cell lines 
were prepared, fractionated on SDS- PAGE, and immunoblotted 
for BRG1. As expected, BRG1 is clearly expressed in both control 
(EV) MT330 and LN229 cells (Figure 3), but BRG1 expression is 
undetectable in BRG- 1KO cell lines. BRG1 knockdown by shRNA 
in GSCs isolated from several patient- derived xenografts was pre-
viously found to increase STAT3 tyrosine 705 phosphorylation 

(pTyr- STAT3).13 STAT1 and STAT3 are constitutively tyrosine phos-
phorylated in GBM cells, and both of these activated STAT proteins 
have been shown to promote GBM tumorigenesis.25,26 While total 
STAT3 levels were unaffected, three individual BRG1- KO MT330 
and LN229 cell lines developed using different gRNAs showed a 
dramatic increase in STAT3 tyrosine phosphorylation (Figure 3). 
Furthermore, the effect on tyrosine phosphorylation was selec-
tive for STAT3 since tyrosine phosphorylation of STAT1 was not 
increased in either MT330 and LN229 cells. As a positive control, 
EV MT330 cells were treated with the cytokine interferon (IFN), 
which induced tyrosine phosphorylation of both STAT3 and STAT1 
as described previously.27 This result suggests that the effect of 
BRG1 on pTyr- STAT3 was distinct from the IFN signalling pathway. 

F I G U R E  1   BRG1 gene alterations and expression in brain cancer patient samples. (A) Large- scale cancer genomic data sets for GBM 
patients were queried for EGFR, PTEN, SMARCA2/BRM and SMARCA4/BRG1 mutations, deletions and amplifications using the cBioPortal 
tool. (B) Non- tumour tissue (10) and GBM patient samples (528) in the TCGA database were compared for BRG1 and BRM expression. (C) 
RNA was extracted from de- identified formalin- fixed paraffin- embedded patient biopsies identified as GBM, LGG or normal brain tissue, and 
BRG1 expression was determined by qPCR (n = 3), and normalized to actin expression. (D) BRG1 expression in the different GBM molecular 
subtypes in the REMBRANDT database
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It is noteworthy that the basal level of pTyr- STAT3 in BRG1- KO 
MT330 and LN229 cells was similar to that induced by IFN treat-
ment of EV MT330 and LN229 cells.

3.3 | Knockout of BRG1 in GBM cells reduces cell 
migration and invasion, and increases sensitivity 
to the anti- proliferative effect of temozolomide

To further characterize the functional consequences of BRG1 
deletion, we then assessed how BRG1 deletion affects GBM cell 
proliferation, migration and invasion. While knockout of BRG1 
expression in MT330 cells only slightly inhibited GBM cell pro-
liferation as determined by Incucyte live cell analysis (Figure 4A), 
BRG1- KO significantly reduced cell invasion in Matrigel transwell 
assays (Figure 4B) and cell migration in wound healing assays 
(Figure 4C).

Consistent with previous findings,28 treatment of both MT330 
and LN229 cells with TMZ resulted in a dose- dependent reduction 
in GBM cell proliferation. Most interestingly, the anti- proliferative 
effect of TMZ was increased in both MT330 and LN229 BRG1- KO 
cells at each dose of TMZ tested as compared to control EV cells 

(Figure 5). The sensitizing effect of BRG1- KO to TMZ was more pro-
nounced in MT330 cells than in LN229 cells.

3.4 | BRG1- KO regulates gene expression in 
GBM cells

Being a subunit of a chromatin remodelling complex, BRG1 plays 
a critical role in regulating gene transcription.3,4 By microarray 
analysis of gene expression, we previously found that knockdown 
of BRG1 in GSCs selectively up- regulated and down- regulated 
the expression of a specific subset of genes, including several IFN 
stimulated genes (ISGs).13 To determine the effect of BRG1- KO in 
established GBM cells on the expression of this subset of genes, 
we isolated RNA from EV and BRG1- KO MT330 cells and analysed 
expression of the following ISGs that are known to play distinct 
roles in tumorigenesis: TXNIP, CXCL11, IL6, CDKN2A and IRF7. 
While expression of TXNIP, CXCL11 and IL6 was markedly down- 
regulated in BRG1- KO MT330 cells as compared to control (EV) 
cells, the expression of CDKN2A and IRF7 was significantly up- 
regulated in BRG1- KO cells (Figure 6). Interestingly, BRG1- KO also 
up- regulated the expression of STAT3. These results indicate that 

F I G U R E  2   BRG1 expression at the mRNA level in GBM tumour tissue. Slides were prepared from GBM tumour tissue and non- 
tumour tissue (NT), subjected to RNA- ISH using the RNAscope technology and images analysed by confocal microscopy (20 × tile- scan 
magnification). RNA- ISH was performed with the gene probes for BRG1 (green), and nuclei were DAPI counterstained (blue) [Colour figure 
can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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BRG1 promotes the expression of TXNIP, CXCL11 and IL6, while 
suppresses the expression of CDKN2A and IRF7.

4  | DISCUSSION

The SWI/SNF chromatin remodelling complex regulates gene ex-
pression by binding to the promoters and enhancers of genes 
across the genome.29- 32 This complex plays critical roles during 
embryonic development and regulates stem cell renewal and dif-
ferentiation.33,34 Mutation and deletion of BRG1 have been shown 

to contribute to a range of human malignancies.12,22 In the present 
study, we found that the BRG1 gene is rarely altered at the genetic 
level in GBM (<2%). In contrast, EGFR amplification (46%) and PTEN 
deletion (25%) are known to frequently occur. Furthermore, we 
found that BRG1 expression was highest in GBM tumour tissue as 
compared to non- tumour tissue, and intermediate levels of BRG1 
were present in low- grade glioma. BRG1 was highly expressed in 
all three molecular subtypes with highest expression in the classical 
GBM subtype. Furthermore, high BRG1 expression was found to be 
selectively localized to distinct regions on GBM tumour specimens 
as determined by RNA- ISH. Taken together, these findings lead us to 
suggest that BRG1 may play a pro- tumorigenic role in GBM. An im-
portant goal of personalized medicine is to employ gene sequencing 
to identify targetable mutations for which there may be an effective 
drug. Our findings suggest that BRG1 is not mutated and is highly 
expressed in many patients with GBM. Thus, BRG1 may be an attrac-
tive druggable target in GBM.

In some forms of cancer, BRG1 is associated with tumour pro-
gression, while in others, it is associated with tumour suppres-
sion.35- 39 Since BRG1 is highly expressed in differentiated GBM cells, 
a goal of the present study was to define the cellular function of 
BRG1 in GBM. We employed the approach of knocking out BRG1 
expression in two different GBM cell lines by CRISPR- CAS9 gene ed-
iting using three different guide RNAs and then isolated pools of KO 
cells. After validating BRG1- KO by immunoblotting, we found that 
loss of BRG1 expression in both MT330 and LN229 cells resulted 
in high basal levels of tyrosine phosphorylation of the STAT3 tran-
scription factor, but phosphorylation of STAT1 was unaffected. The 
effects of BRG1 on STAT phosphorylation were selective for STAT3, 
which is consistent with previous findings that silencing BRG1 with 
shRNA in GBM cancer stem cells resulted in high STAT3 tyrosine 
phosphorylation but not in the phosphorylation of other STAT pro-
teins.13 We then determined the effect of BRG1- KO on the expres-
sion of a number of known STAT3- activated genes.13,26 BRG1- KO 
down- regulated the expression of TXNIP, CXCL11 and IL6, indicat-
ing that BRG1 promotes the expression of TXNIP, CXCL11 and IL6. 
TXNIP blocks glucose uptake and restricts aerobic glycolysis, as well 
is involved in redox regulation.40- 44 IL6 and CXCL11 are cytokines 
and chemokines that promote immune evasion in GBM.45,46 Taken 
together, BRG1 may promote GBM tumorigenesis by increasing the 
expression of genes involved in immune evasion and metabolic re-
programming in GBM. Furthermore, it is particular interest that IL6 
also activates STAT3 tyrosine phosphorylation, indicating that the 
BRG1/IL6/STAT3 positive feedback loop may promote GBM tum-
origenesis. In agreement with the present findings, BRG1 was found 
to promote TXNIP, CXCL11 and IL6 expression in GBM cancer stem 
cells,13 suggesting a broad role of these genes in the pro- tumorigenic 
role of BRG1 in GBM.

In addition, we found that BRG1- KO up- regulated expres-
sion of CDKN2A and IRF7, indicating that BRG1 suppresses 
their expression. Deletion of CDKN2A gene or silencing of its ex-
pression by promoter methylation is prevalent in several human 
cancers, consistent with CDKN2A being a tumour suppressor 

F I G U R E  3   The effect of BRG1- KO on the tyrosine 
phosphorylation of STAT3 in GBM cells. BRG1 was knocked out in 
MT330 (A) and LN229 (B) cells by CRISPR- Cas9 gene editing with 
three different gRNAs and cell pools were isolated after puromycin 
selection. As a control, cells were transduced with empty lentiviral 
vector (EV). Cell lysates were analysed by immunoblotting for 
BRG1, pY705- STAT3, pY701- STAT1, total STAT1 and STAT3, 
and actin. As a positive control for STAT1 and STAT3 tyrosine 
phosphorylation, cell lysates were prepared from EV cells that were 
treated with IFN- con1 for 30 min
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gene. Furthermore, IRF7 promotes immune surveillance by nat-
ural killer and T cells.47 Taken together, BRG1 may promote GBM 
tumorigenesis by down- regulating the expression of tumour sup-
pressor genes and gene involved in immune surveillance in GBM. 
Consistent with the present findings, BRG1 was found to suppress 
CDKN2A and IRF7 expression in GBM cancer stem cells.13

Somewhat contradictory findings have been reported on the role 
of BRG1 on GBM cell proliferation. Knockdown of BRG1 in embry-
onic stem cells and in GBM CSCs was reported to reduce cell prolif-
eration.48- 50 However, we previously showed that BRG1 knockdown 
in GBM CSCs increased cell proliferation in vitro and in vivo.13 BRG1 
loss also has been shown to increase the proliferation of various can-
cer cell lines and embryonic stem cells.37,51- 54 In the present study, 
we found that BRG1- KO had only a minor inhibitory effect on the 
proliferation of both MT330 and LN229 GBM cell lines. This find-
ing is in stark contrast to the marked increase in the proliferation of 
GBM CSCs upon BRG1 knockdown.13 Taken together, these results 
suggest that, while BRG1 plays an important role in suppressing the 
proliferation of GBM CSCs, BRG1 plays a relatively minor role in 
the proliferation of differentiated GBM cells. However, in the pres-
ent study we found that BRG1 plays an important role in GBM cell 
migration and invasion. In both MT330 and LN229 cells, BRG1- KO 
markedly reduced cell migration in wound healing and invasion 
through Matrigel in transwell assays, indicating that BRG1 promotes 
GBM cell migration and invasion, which are typical characteristics of 
GBM in vivo and provides further support for a pro- tumorigenic role 
of BRG1 in GBM.

Another important finding from the present study is that al-
though BRG1 does not have a major role in GBM cell proliferation, 
BRG1 appears to play an important role in promoting the resis-
tance of GBM cells to the DNA alkylating TMZ, which is a frontline 
chemotherapy used on GBM patients following tumour resection. 
Since inherent and acquired resistance of patients to TMZ therapy 

is an important clinical problem, our finding that BRG1- KO sen-
sitizes GBM cells to the anti- proliferative effect of TMZ is highly 
significant. Consistent with our findings that BRG1- KO increases 
TMZ sensitivity of GBM cell lines, BRG1 knockdown in GBM CSCs 
also increased TMZ sensitivity in vitro. BRG1 knockdown also 
increased the proliferation of GBM CSCs, which may increase 
chemosensitivity, because CSCs proliferate relatively slowly, and 
chemotherapeutic drugs target proliferating cancer cells.55,56 
However, non- stem, differentiated GBM cell lines already pro-
liferate rather rapidly and BRG1- KO had no significant effect on 
their proliferation but did increase chemosensitivity. These find-
ings suggesti that BRG1 may increase the sensitivity of non- stem 
GBM cells to TMZ through a mechanism independent of its ef-
fects on cell proliferation. The BRG1- containing SWI/SNF chroma-
tin remodelling complex regulates various DNA repair pathways, 
including DNA double- strand breaks by enabling homologous re-
combination repair, and BRG1 loss may make cells susceptible to 
cisplatin and UV radiation.57,58

In summary, we demonstrate that BRG1 is highly expressed 
in GBM tumour tissue and in non- stem GBM cell lines. Although 
BRG1- KO had little effect on GBM cell proliferation, it significantly 
inhibited GBM cell migration and invasion. In addition, BRG1- KO sen-
sitized GBM cells to TMZ, which is used to treat GBM patients. BRG1 
selectively suppressed the constitutive tyrosine phosphorylation of 
STAT3 transcription factor. BRG1 promoted the expression of STAT3- 
regulated genes involved in immune evasion and metabolic repro-
gramming in GBM, and BRG1 suppressed the expression of tumour 
suppressor genes and genes involved in immune surveillance in GBM. 
How BRG1 mediates these effects in proliferating GBMs, through its 
chromatin modifying activity or are their other interactions, remains 
to be established. Taken together, our results demonstrate that BRG1 
promotes the malignant phenotype of GBM cells. Thus, BRG1 may 
be an attractive new target in this most deadly form of brain cancer.

F I G U R E  4   The effect of BRG1- KO on GBM cell proliferation, invasion and migration. (A) EV and BRG1- KO MT330 GBM cells were plated 
into 96 well plates, and cell proliferation determined by live cell analysis. (B) Transwell plate invasion assays on EV and BRG1- KO MT330, and 
invading cells were stained with crystal violet and quantified. (C) Wound healing assays on EV and BRG1- KO MT330 cells [Colour figure can 
be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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F I G U R E  5   BRG1- KO sensitizes GBM cells to temozolomide. EV and BRG1- KO (A) MT330 and (B) LN229 GBM cells were treated with 
TMZ (0, 10, 20 and 40 μM), and cell proliferation determined by live cell analysis [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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