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ABSTRACT
BRG1 and BRM are subunits of the SWI/SNF chromatin remodelling complex, which has DNA-stimulated ATPase activity and 
can destabilise histone–DNA interactions. Targeting SWI/SNF is beneficial for treating various tumours, including glioblastoma 
(GBM). Our research focussed on BRG1 due to its overexpression in GBM. We developed IV-255, a selective bromodomain (BRD) 
inhibitor that binds to BRG1 but not BRM. IV-255 sensitised GBM cells to temozolomide (TMZ), the standard GBM treatment. 
We identified the binding site of IV-255 within the BRG1 BRD and found that the Tyr1497 residue is crucial for IV-255's effect on 
TMZ-induced GBM cell death, while Asn1540 is not. Structural analyses confirmed that Tyr1497 is involved in the IV-255 bind-
ing pocket. Mechanistically, IV-255 increases γH2AX staining in GBM cell nuclei in response to TMZ, indicating an impaired 
DNA double-strand break response dependent on Tyr1497. IV-255 also sensitised GBM cells to TMZ-induced apoptosis, as shown 
by PARP and caspase-3 cleavage, which also requires Tyr1497. In conclusion, Tyr1497 within the BRD of BRG1 is critical for its 
interaction with IV-255 and for sensitising GBM cells to TMZ-induced DNA double-strand breaks and apoptotic cell death.

1   |   Introduction

Gliomas are the most common primary brain cancers in adults. 
While grade IV glioma (GBM, glioblastoma) is the most ag-
gressive and deadliest brain tumour, grade I glioma is the least 
malignant glioma. The primary treatment modality for GBM is 
surgical resection combined with adjuvant temozolomide (TMZ) 
chemotherapy and radiation therapy, which only provides slight 
improvement in disease course and outcome [1]. The median 

time for GBM recurrence after surgery is 7 months and the over-
all prognosis is dismal, with a 5-year survival of only 5% [2].

The mammalian ATP-dependent chromatin remodelling SWI/
SNF complex is an evolutionarily conserved multi-subunit com-
plex that regulates gene expression, differentiation, DNA repair 
and development [3]. The two catalytic subunits, BRM (Brahma) 
and BRG1 (Brahma-related gene 1) reposition and/or remodel 
nucleosomes, which opens or closes chromatin to regulate gene 
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transcription [4]. In adult glioma, BRG1 expression increases 
with histological tumour grade, with the highest levels found in 
GBM patients. In contrast, BRM expression is inversely related to 
tumour grade, with the lowest expression found in GBM patients. 
BRG1 functions as a tumour suppressor in cancers of the lung, 
ovaries, skin and blood, with silencing or loss-of-function muta-
tions enriched [5–9]. In contrast, BRG1 has tumour promoting ac-
tivity in several other cancers, including GBM [7, 10]. Mutations 
of BRG1 are rarely found in multiple genomic databases of GBM 
patients [11]. Moreover, we demonstrated that high BRG1 expres-
sion selectively localises in GBM patient tumour tissue [12].

The bromodomain (BRD) of BRG1 is an evolutionarily conserved 
protein–protein interaction module that binds acetyl-lysine on 
protein and histone tails [13, 14]. For example, one family mem-
ber of bromodomain-containing proteins, BET proteins, regu-
lates the expression of key oncogenes and specific and potent BET 
inhibitors are now in cancer clinical trials [15–17]. Thus, BRDs 
have become attractive targets in cancer. PFI-3 was originally 
developed as a highly selective small molecule BRD inhibitor of 
the BRG1 and BRM subunits of the SWI/SNF complex, which 
has minimal “off-target” effects in primary human cells and 
no evidence of toxicity on the NCI-60 panel of tumour cell lines 
[18, 19]. We recently developed analogs of PFI-3 that we denoted 
as therapy-enhancing drugs (TEDs). We found that these TEDs 
also are not toxic, but they increased the sensitivity of various 
established GBM cell lines to TMZ and also overcame inherent 
TMZ resistance in GBM cells [12, 20]. Most interestingly, we iden-
tified one such TED IV-255 whose activity was totally dependent 
on BRG1 but not BRM expression by a CRISPR/Cas9 gene editing 
to knockout BRG1 expression in established GBM cell lines.

In this study, we investigated the role of amino acids critical to 
the inhibitory activity of PFI-3 [21] to identify the binding site of 
IV-255 within the BRG1-BRD. Through site-directed mutagene-
sis of these key residues and restoration of BRG1 expression with 
these mutant constructs in BRG1 knockout cells, we pinpointed 
Tyr1497 as essential for the sensitising effect of IV-255 on TMZ-
induced GBM cell death. However, Asn1540, which was critical 
to PFI-3 function, was dispensable to the action of IV-255. These 
findings align with in silico structural analyses, which revealed 
that the IV-255 binding pocket in BRG1 involves Tyr1497 but ex-
cludes Asn1540. Mechanistically, IV-255 enhanced γH2AX stain-
ing in GBM cell nuclei in response to TMZ, suggesting that the 
diminished DNA double-strand break response was entirely de-
pendent on Tyr1497. Moreover, IV-255 augmented TMZ-induced 
apoptosis in GBM cells, as evidenced by cleavage of Poly (ADP-
ribose) polymerase (PARP) and caspase-3, both of which also re-
quire Tyr1497. In conclusion, we demonstrate that the Tyr1497 
residue within the BRD of BRG1 is critical for the interaction with 
IV-255 and for its ability to sensitise GBM cells to TMZ-induced 
DNA double-strand breaks and apoptotic cell death.

2   |   Materials and Methods

2.1   |   Biological Reagents and Cell Cultures

LN229 (ATCC, Manassas, VA) and U251 (gift of Dr. James 
Turkson, City of Hope, CA) GBM cell lines were grown in 
DMEM containing 10% fetal bovine serum supplemented with 

penicillin (100 IU/mL) and streptomycin (100 μg/mL) at 37°C 
with 5% CO2. The cells were authenticated by short-tandem re-
peat analysis. IV-255 was designed and synthesised as described 
in a previous publication [21].

2.2   |   Cell Death and Viability Assays

For death assays, cells were plated into 48 well plates (1 × 104 
cells/well), and after three days of drug treatment, the levels of 
apoptosis in the attached cells were determined according to 
the instructions using the cell death ELISAPLUS assay (Roche), 
which measures cytoplasmic histone-associated DNA frag-
ments. In addition, to determine the effect of various drugs on 
cell viability and death, the Live/Dead cell viability/cytotoxicity 
assay (Molecular Probes) was performed according to the man-
ufacturer's protocol. Images were captured on a Zeiss LSM700 
laser scanning confocal microscope.

2.3   |   Cellular Thermal Shift Assay (CETSA)

The binding of IV-255 to the bromodomain of the BRG1 sub-
unit of SWI/SNF was assessed by using a previously described 
CETSA [21]. BRG1KO GBM cells that express various BRG1 con-
structs were transduced with a lentivirus encoding an epitope-
tagged BRG1 bromodomain, and BRG1-tagged expressing cells 
were treated with IV-255 (30 μM) or Dimethyl sulfoxide (DMSO) 
as a vehicle control for 3 h. After heating over a temperature 
range from 44.5°C to 55.6°C for 5 min, the cells were lysed, 
placed on ice at 4°C and then immunoblotted for BRG1 or actin.

2.4   |   Restoration of BRG1-KO Cells

CRISPR/Cas9-mediated BRG1 knockout of GBM cells was per-
formed as previously described [20]. The two bromodomain (BRD) 
mutants, Tyr1497Phe (B1) and Asn1540Trp (B2), were made in 
human SMARCA4 cDNA (GeneCopoeia #GC-Y3533) using site-
directed mutagenesis (Bio-red, Q5 Site-Directed Mutagenesis Kit, 
NEB #E0554). The wild-type and BRG1-BRD mutant (B1, B2 and 
B3) constructs were cloned to pLenti-III-GFP-N vector (ABM Cat. 
No. LV031). Lentivirus production and transduction of LN229 and 
U251 GBM cells were performed as previously described [20].

2.5   |   Immunostaining for γH2AX

GBM cells grown on 8-well glass chamber slides (Millipore) 
were treated with IV-255 (20 μM) with or without TMZ (200 μM) 
for 48 h and processed for γH2AX immunostaining as previ-
ously described [22].

2.6   |   Immunoblotting

Total cell lysates (25 μg) were separated by SDS-PAGE, im-
munoblotted with the following antibodies: BRG1 and BRM 
(Proteintech, Rosemont, IL); PARP, Caspase 3 and cleaved 
caspase 3 (Cell Signalling Technology, Danvers, MA) and actin 
(Santa Cruz Biotechnology, Dallas, TX). Following the addition of 
IRDye800CW goat anti-mouse IgG or IRDye680 goat anti-rabbit 
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IgG, blots were visualised on an Odyssey infrared imaging system 
(LICOR Biosciences, Lincoln, NE) as described previously [23].

2.7   |   Statistical Analyses

At least two independent experiments were performed in dupli-
cate or triplicate, 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.

3   |   Results

3.1   |   Mutations in the BRD Enhance 
the Sensitivity of GBM Cells to TMZ-Induced 
Cell Death

As shown in the schematic (Figure 1A), we made several muta-
tions in the BRD of BRG1 in amino acids that were previously 
described [21] to be critical for the epigenetic reader function 

of the SWI/SNF complex: Tyr1497Phe (B1), Asp1540Trp (B2) 
and the Tyr1497Phe and Asp1540Trp (B3) double mutant. 
Both Tyr1497 and Asn1540 read acetylated histone H3K14 
[24]. BRG1 knockout LN229 and U251 GBM cells that we 
previously isolated were transduced with lentiviral vectors 
encoding these mutations, and cell lysates were immunoblot-
ted. As expected, BRG1KO LN229 and U251 cells did not ex-
press BRG1 protein, but transduction with the BRD mutants 
restored BRG1 expression to parental levels. As evidence of 
the knockout specificity, BRG1 knockout or restoration with 
the mutants did not affect the expression of the other catalytic 
SWI/SNF subunit BRM.

We previously found that IV-255, a BRG1 selective BRD inhib-
itor, sensitised GBM cells to TMZ-induced cell death (TICD) 
[21]. TMZ is a DNA alkylating agent used to treat GBM pa-
tients. Using an ELISA-based assay, we found that treatment 
with IV-255 of BRG1 knockout cells (EV) did not sensitise 
LN229 or U251 cells to TICD (Figure 1C), demonstrating the 
requirement of BRG1 for TMZ sensitisation. Restoration of 

FIGURE 1    |    The effects of mutations in the bromodomain of BRG1 on TMZ-induced cell death. (A) A schematic of the domains in BRG1 showing 
where the mutations in the BRG1-BRD were made in Tyr1497 (Y1497F) and Asn1540 (N1540F). (B) Immunoblotting for BRG1 and BRM of lysates of 
parental (con) and BRG1KO U251 and LN229 GBM cells restored with EV or the BRG1 mutants (B1, B2 and B3). Actin serves as a normalisation control. 
(C) The various U251 and LN229 BRG1KO cell lines shown in Panel B were treated with IV-255 (10 μM) alone and with TMZ (200 μM). At this con-
centration, TMZ alone has only a slight induction of cell death in these two cell lines, as shown previously [22]. Control cells (con) were treated with 
vehicle (DMSO). A cell death ELISA was performed at 72 h according to the manufacturer's protocol. *** indicates calculated p value less than < 0.01.
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BRG1KO cells with either wild-type BRG1 (WT) or the B2 mu-
tant (Asp1540Trp mutated) resulted in IV-255 sensitisation 
to TICD. In contrast, restoration of BRG1KO cells with either 
the B1 (Tyr1497Phe) BRD reader site or B3 (mutation of both 
reader sites) did not show sensitisation to TICD, indicating 
that the Tyr1497 was critical for IV-255 TICD sensitisation. 
Taken together, these results indicate that the Tyr1497 but not 
Asn1540 in the BRG1 BRD was required for IV-255 sensitisa-
tion of GBM cells to TICD.

3.2   |   The Sensitising Action of IV-255 on 
TMZ-Induced Reduction in GBM Cell Viability Is 
Dependent on the Tyr1497 Residue in BRG1

One shortcoming of the ELISA-based assay is that it does not 
determine which cells are undergoing death; rather, it identi-
fies the TICD in a cellular population. To address this point, 
we next employed the live/dead cell fluorescent assay, which 
distinguishes live cells from dead cells by employing two dif-
ferent fluorescent molecular probes. Exposure of the parental 
LN229 or U251 GBM cell lines to either IV-255, a sublethal 
dose of TMZ (40 μM) or vehicle (DMSO) alone did not induce 
significant cell death. In contrast, combined treatment of 
TMZ with IV-255 in LN229 or U251 cells markedly increased 
the number of dead (red) cells and reduced the number of live 
(green) cells in parental cell cultures (Figure  2A). However, 
treatment with TMZ in combination with IV-255 of BRG1KO 
cells restored wild-type BRG1 markedly induced cell death to 
a similar extent (Figure 2B). In contrast, treatment of BRG1KO 
cells restored with the Tyr1497Phe mutation resulted in 
much fewer dead cells as compared to BRG1KO cells restored 
with WT-BRG1. Quantification of these results is shown in 
Figure 2C. Taken together, these results show that the Tyr1497 
reader site plays a critical role in the sensitising action of IV-
255 on TMZ-induced reduction in GBM cell viability.

3.3   |   Mutations in the BRG1-BRD Affect Stability 
of Its Interaction With IV-255

In previous studies, we employed the cellular thermal shift assay 
(CETSA) to measure the thermostability of BRD when complexed 
to IV-255 and demonstrated that IV-255 selectively bound to the 
BRG-BRD but not to BRM-BRD [21, 25]. To determine the role 
of amino acids Tyr1497 and Asn1540 in BRG1-BRD interaction 
with IV-255, BRG1KO LN229 (Figure 3A) and U251 (Figure 3B) 
cells expressing the various BRG1-BRD constructs were treated 
with IV-255 for 2 h, and then heated over a temperature range 
of 44.5°C–55.6°C for 5 min. Afterwards, the cells were lysed 
and immunoblotted for BRG1. IV-255 significantly increased 
the thermostability of the BRG1-BRD in BRG1KO cells express-
ing wild-type (WT) BRG1 or the B2 mutant, as evidenced by the 
band becoming undetectable at 55.6°C (Figure 3A,B). In marked 
contrast, in BRG1KO cells expressing an empty vector (EV) con-
struct, or the B1 and B3 mutants that have Tyr1497 mutated, the 
band nearly disappeared at 49.8°C similar to the DMSO control. 
These results indicate that IV-255 is selectively bound to the 
BRG1-BRD and there is a strict requirement for the Tyr1497 site 
in the BRG1-BRD to form a stable complex with IV-255.

3.4   |   In Silico Docking Analysis of the Binding 
of IV-255 With the BRG1 Bromodomain

Based on the finding that Tyr1497 plays a critical role in the 
interaction of IV-255 with the BRG1-BRD in the sensitisation 
of GBM cells to TICD, we next performed in silico analysis of 
the potential binding of IV-255 with the BRG1-BRD. The cav-
ity analysis reveals four possible binding pockets for the BRD. 
One of the identified binding pockets matches with an exper-
imentally determined binding pocket of more than 20 crystal 
structures examined from the Protein Data Bank. This binding 
pocket is called the Kac pocket, which is a hydrophobic pocket 
generated by the four helices, forming a deep cavity that is en-
larged by two loop regions (ZA and bc loops). IV-255 was docked 
at this site within the BRG1-BRD. The docking was performed 
with the server CBDock2 [26]. During docking, the water mole-
cules were eliminated because they were displaced by the oxy-
gen atoms in the ligand in experimental crystal structures. The 
docking results suggest that the hydrogen bond interactions with 
Tyr1497 and Glu1493, and multiple hydrophobic interactions 
with Val1484, Ala1536, Phe1485, Leu1488, Phe1489, Glu1493, 
Tyr1497 and Ile1546 help to stabilise the molecule (Figure 4a). 
Asn1450 does not make any interactions with compound-255. 
The hydrogen bond interaction was lost when Tyr1497 was mu-
tated into Phe1497.

The docking of IV-255 was then compared with the PFI-3 struc-
ture that was previously experimentally determined (Protein 
Data Bank 5DKD; crystal structure of the BRD of human BRG1 
in complex with the PFI-3 chemical probe). These two com-
pounds bind in a similar manner and are mainly stabilised by 
hydrophobic interactions (Figure 4B,C). The ligand PFI-3 bound 
with the benzopyrone system is buried deeply in the Kac pocket, 
forming hydrogen bonds with Tyr1497 and Asn1540. With the 
exception of these hydrogen bonds, the ligand was stabilised 
mainly through hydrophobic interactions with Pro1489, Ile1546, 
Asn1540, Leu1488, Val1484, Phe1485, Val1505 and Ala1536. 
This shows an important distinction between PFI-3 which in-
teracts with both Tyr1497 and Asn1540, while IV-255 interacts 
with Tyr1497 and Glu1493.

3.5   |   IV-255 Promotes TMZ-Induced DNA Damage, 
Which Is Dependent on the Tyr1497 Site in 
the BRG1-BRD

TMZ alkylates DNA which leads to DNA damage and subse-
quent cell death. To investigate the role of IV-255 in sensitis-
ing GBM cells to TMZ-induced DNA damage, we performed 
γH2AX immunostaining of LN229 and U251 cell lines. 
γH2AX represents the phosphorylated form of histone H2AX 
and functions as a sensitive marker for double-stranded DNA 
breaks [27]. A sublethal dose of TMZ induced little γH2AX 
immunostaining in LN229 and U251 cells. Moreover, IV-255 
also did not induce detectable DNA damage, which is con-
sistent with our finding that IV-255 is not a cytotoxic drug 
(Figure  5A). In marked contrast, treatment with IV-255 in 
combination with TMZ markedly increased the induction of 
DNA breaks as evidenced by marked γH2AX staining in both 
GBM cell lines (Figure 5A).
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To examine the functional role of Tyr1497 in the enhancement of 
TMZ-induced damage, we also performed γH2AX immunostain-
ing on BRG1KO LN229 and U251 cells expressing wild-type BRG1 
or the Tyr1497Phe mutant construct. As expected, TMZ or IV-255 
alone had no effect on γH2AX staining of GBM cells. In BRG1KO 

cells restored with wild-type BRG1, IV-255 combined with TMZ 
resulted in intense γH2AX staining (Figure  5B), while γH2AX 
staining expressing the Tyr1497Phe mutant again demonstrated 
the requirement for the Tyr1497 residue in the BRD for V-255 
sensitization of GBM cells for TMZ-induced damage. To quantify 

FIGURE 2    |    IV-255 promotes TMZ-induced reduction of GBM cell viability. (A) parental LN229 and U251 GBM cells were treated with TMZ (200 μM) 
and IV-255 (20 μM). After 48 h of treatment, cells were analysed by LIVE/DEAD Viability assay and imaged on a Zeiss LSM 700 confocal microscope. 
While live cells fluoresce bright green, dead cells fluoresce red-orange. (B) BRG1KO LN229 and U251 GBM cells restored with either EV, Tyr1497Phe or 
WT BRG1 were treated with IV-255 and TMZ and analysed as described in Panel A. (C) The graphs represent the ratio of live (calcein AM) versus dead 
(ethidium homodimer) staining under the various experimental conditions in panel B. *** indicates calculated p value less than < 0.01.
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the effect on γH2AX staining, we then determined the ratio of 
γH2AX staining relative to the DAPI nuclear counterstaining. 
As shown in the graphs in Figure 5C, IV-255 caused a marked 
increase in the extent of DNA damage upon TMZ treatment in 
both TMZ-sensitive parental U251 and LN229 cells (control) and 
in BRG1KO expressing wild-type BRG1. In contrast, there was 50- 
to 100-fold lower γH2AX staining in BRG1KO cells expressing the 
Tyr1497Phe mutant or empty vector construct.

3.6   |   IV-255 Promotes TMZ-Induced Apoptosis 
of GBM Cells, Which Is Dependent on Tyr1497 in 
the BRG1-BRD

To examine the underlying mechanism for the sensitisation of 
GBM cells to TMZ-induced cell death by IV-255, parental GBM 

cells were treated with IV-255 or TMZ alone, or in combina-
tion, and then lysates were prepared and immunoblotted with 
various markers for apoptosis: PARP, Caspase-3 and cleaved 
Caspase-3. As shown in Figure  6A, while treatment with IV-
255 of either GBM cell alone did not induce PARP or Caspase-3 
cleavage, treatment with TMZ alone only resulted in slight lev-
els of PARP or Caspase-3 cleavage. Most importantly, treatment 
of GBM cells with a combination of both IV-255 and TMZ re-
sulted in a more marked PARP and Caspase-3 cleavage. Taken 
together, these findings indicate that IV-255 enhances the in-
duction of the intrinsic pathway of TMZ-induced apoptosis in 
GBM cells. We next examined the role of the Tyr1497 site in this 
pathway. BRG1KO cells restored with WT or the Tyr1497Phe mu-
tant were treated with the combination of TMZ and IV-255, and 
then cells were lysed and immunoblotted as in Figure 6A. As 
shown in Figure 6B, restoration of BRG1KO cells with WT BRG1 

FIGURE 3    |    The interaction of IV-255 with the BRG1 bromodomain in GBM cells expressing BRG1-BRD mutants. For CETSAs, LN-229 and 
U251BRG1KO cells expressing various BRG1 epitope-tagged BRD mutant constructs were treated with IV-255 (30 μM) for 3 h. Cells were treated with 
vehicle (DMSO) as a control. After heating over a temperature range from 44.5°C to 55.6°C for 5 min, the cells were lysed, placed on ice at 4°C and 
then immunoblotted for BRG1 or Actin.
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resulted in equivalent levels of PARP and Caspase-3 cleavage as 
were observed in parental LN-229 and U251 cells (Figure 6B). 
In marked contrast, restoration with the Tyr1497Phe mutant or 
EV results in little PARP and Caspase-3 cleavage. The levels of 
cleaved caspase 3 in control LN229-BRG1KO and U251-BRG1KO 
cells are higher than those in the parental (non-KO cells), which 
did not impact our findings. Overall, these results show that the 
Tyr1497 site in the BRG1-BRD is required for the sensitization by 
IV-255 of TMZ-induced apoptosis of GBM cells.

4   |   Discussion

The SWI/SNF chromatin remodelling complex is a highly con-
served 12-subunit nucleosome remodelling complex that binds 
to promoters and enhancers of specific genes to regulate gene 
expression [28–32]. Genomic alterations of the BRG1 subunit 
of SWI/SNF in several human malignancies support its role 
as a tumour suppressor [3, 11]. In GBM and many other can-
cers, BRG1 is not mutated but rather overexpressed, suggesting 
it may also play a pro-tumorigenic role [12, 20]. Gene deletion 
and knockdown studies on BRG1 in GBM cells indicate its pro-
tumorigenic role and highlight BRG1 as an attractive thera-
peutic target in GBM. We demonstrate that, in addition to its 
canonical role in gene expression, BRG1 is crucial for the DNA 
damage response, consistent with the finding that BRG1 inacti-
vation leads to reduced phosphorylation of histone H2AX and 
increased sensitivity to double-stranded breaks induced by DNA 
alkylating agents .

Since BRG1 is overexpressed in GBM cells, various approaches 
have been developed to therapeutically target BRG1 to treat 
GBM patients [28–32]. In our studies, we have focused on de-
veloping small molecule inhibitors to target the BRG1-BRD. 
However, several studies have concentrated on the catalytic 
activity of BRG1. Small molecule inhibitors of the ATPase 
activity of BRG1 and BRM have been developed, which re-
press BRG1/BRM-dependent gene expression, induce cell 
differentiation and inhibit the in  vitro growth of solid and 

haematopoietic tumour cells, as well as the in  vivo growth 
of these tumours [28–30]. For example, FHD-286, a selective 
inhibitor of BRG1/BRM, had marked pre-clinical efficacy in 
an animal model of acute myeloid leukaemia [31]. In contrast 
to small molecule inhibitors, PROTAC-driven degraders hold 
promise in targeting BRG1 and BRM [32]. Since we found 
that IV-255 has high selectivity for the BRG1 bromodomain, it 
would be of interest to develop a PROTAC based on the IV-255 
structure to target the BRG1 bromodomain as a novel thera-
peutic strategy for GBM in the future.

PFI-3 was initially developed as a small-molecule inhibitor tar-
geting the bromodomains (BRDs) of BRG1 and BRM [19, 36]. 
Despite initial enthusiasm, its potential as an anticancer drug 
diminished when it was found to lack cytotoxicity in a broad 
spectrum of cancer cell lines. However, we discovered that 
PFI-3 increases the sensitivity of GBM cells to TMZ-induced 
cell death. Building on this finding, we developed struc-
tural analogs of PFI-3, termed TEDs, which further enhance 
TMZ sensitivity in GBM cells. The two most potent TEDs, 
IV-255 and IV-275, both bind to the BRG1-BRD. Notably, IV-
255 does not bind to the BRM-BRD, while IV-275 does [22]. 
Furthermore, both IV-255 and IV-275 increased TMZ-induced 
cell death in BRM knockout (BRMKO) GBM cells, yet IV-255 
did not show activity in BRG1 knockout (BRG1KO) cells [22]. 
These findings indicate that IV-255 is a selective inhibitor of 
the BRG1-BRD.

In the present study, we introduced mutations in the BRG1 BRD 
into BRG1KO GBM cells. Restoration of BRG1 expression with 
either the wild-type (WT) or the Asp1540Trp mutant sensitised 
GBM cells to TMZ in combination with IV-255. Mutants involv-
ing Tyr1497 (B1 and B3) failed to sensitise cells, underscoring 
the critical role of Tyr1497 in TICD. Live/dead assays confirmed 
that the combination of IV-255 and TMZ induced significant cell 
death in BRG1KO GBM cells restored with WT-BRG1, but not in 
cells restored with the Tyr1497Phe mutation in the BRG1-BRD. 
This highlights the essential role of Tyr1497 in reducing GBM 
cell viability in response to IV-255 and TMZ.

FIGURE 4    |    Structural analysis of the docking of IV-255 to the bromodomain of BRG1. (A) Close-up view of the binding mode of IV-255 (grey) 
with key residues in the BRD of BRG1 (green). (B) Superimposition of IV-255(grey) and PFI-3(yellow). BRG1-BRD is shown in raspberry colour. (C) 
Surface representation of binding pocket. Blue represents positively charged residues, red represents negatively charged residues and grey represents 
hydrophobic residues. The compound is bound in the hydrophobic pocket. Panels A–C were prepared by using the Pymol program (http://​www.​
pymol.​org/​pymol​).

http://www.pymol.org/pymol
http://www.pymol.org/pymol
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FIGURE 5    |     Legend on next page.
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Thermal shift assays showed that IV-255 stabilises BRG1-BRD 
when Tyr1497 is intact, but not in cells with the Tyr1497Phe or 
double BRG1-BRD mutant. This demonstrates that Tyr1497 is 
required for stable IV-255 binding to BRG1-BRD. Furthermore, 
docking analysis revealed that IV-255 binds the hydropho-
bic Kac pocket in BRG1-BRD, forming hydrogen bonds with 
Tyr1497 and hydrophobic interactions with nearby residues. 
Unlike PFI-3, which interacts with both Tyr1497 and Asn1540, 
the interaction of IV-255 is exclusive to Tyr1497, explaining its 
selective sensitivity.

IV-255 combined with TMZ increased DNA damage in GBM cells, 
as evidenced by heightened γH2AX staining. This effect depended 
on Tyr1497 in BRG1-BRD, as BRG1KO cells with the Tyr1497Phe 
mutation showed significantly reduced DNA damage. The com-
bination of IV-255 and TMZ also enhanced markers of apopto-
sis (cleaved PARP and Caspase-3) in WT-BRG1-expressing cells. 

Cells expressing the Tyr1497Phe mutant or lacking BRG1 showed 
minimal apoptosis, confirming the critical role of Tyr1497 in the 
apoptotic sensitisation by IV-255.

In the present study, we found that Tyr1497 in BRG1-BRD is es-
sential for the interaction with IV-255, enhancing TMZ-induced 
DNA damage, cell death and apoptosis in GBM cells. Moreover, 
we provide evidence through in silico structural evidence that 
several additional amino acids in the BRD of BRG1 may play 
critical biological roles in the other functions of this domain, 
such as its epigenetic reader function. These amino acids that 
stabilise the interaction of IV-255 with the BRG1 BRD in-
clude Glu1493, Val1484, Ala1536, Phe1485, Leu1488, Phe1489, 
Glu1493, Tyr1497 and Ile1546. In addition, it will be important 
in future studies to determine whether Tyr1497 in the BRD un-
dergoes tyrosine phosphorylation, which would enable interac-
tions with transcription factors such as STAT proteins.

FIGURE 5    |    IV-255 sensitised GBM cells to TMZ-induced DNA damage. (A) parental LN229 and U251 GBM cells were treated with TMZ (200 μM) 
and IV-255 (20 μM). After 48 h of treatment, cells were fixed and immunostained for γH2AX. Immunostaining analysis was performed on a Zeiss 
LSM 700 confocal microscope and data analysed with a ZEN software focal microscope. (B) BRG1KO LN229 and U251 GBM cells restored with either 
EV or Tyr1497Phe or WT BRG1 were treated with IV-255 and TMZ and analysed as described in Panel A. (C) The graphs represent the ratio of γH2AX 
versus DAPI staining. *** indicates calculated p value < 0.01.

FIGURE 6    |    Effect of BRG1-KD and restoration with WT or the Tyr1497Phe mutant on cellular markers of apoptosis. (A) Parental LN229 and 
U251 GBM cells were treated with TMZ (200 μM) and IV-255 (20 μM). After 48 h of treatment, protein lysates were immunoblotted as indicated. (B) 
BRG1KO LN229 and U251 GBM cells restored with either EV, Tyr1497Phe or WT BRG1 were treated with IV-255 and TMZ and analysed as described 
in Panel A.
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