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Abstract

Cetuximab, the FDA-approved anti-
EGFR antibody for head and neck squa-
mous cell carcinoma (HNSCC), has dis-
played limited efficacy due to the emer-
gence of intrinsic and acquired resistance.
We and others have demonstrated that
cetuximab resistance in HNSCC is driven :
by alternative receptor tyrosine kinases
(RTK), including HER3, MET, and AXL.
In an effort to overcome cetuximab resis-
tance and circumvent toxicities associated
with the administration of multiple RTK ’
inhibitors, we sought to identify a com-
mon molecular target that regulates
expression of multiple RTK. Bromodo-
main-containing protein-4 (BRD4) has
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Bromodomain targeting abrogates the expression of alternative receptor tyrosine kinases
that drive cetuximab resistance in HNSCC.
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been shown to regulate the transcription
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of various RTK in the context of resistance

to PI3K and HER?2 inhibition in breast cancer models. We hypothesized that, in HNSCC, targeting BRD4 could overcome
cetuximab resistance by depleting alternative RTK expression. We generated independent models of cetuximab resistance in
HNSCC cell lines and interrogated their RTK and BRD4 expression profiles. Cetuximab-resistant clones displayed increased
expression and activation of several RTK, such as MET and AXL, as well as an increased percentage of BRD4-expressing cells.
Both genetic and pharmacologic inhibition of BRD4 abrogated cell viability in models of acquired and intrinsic cetuximab
resistance and was associated with a robust decrease in alternative RTK expression by cetuximab. Combined treatment with
cetuximab and bromodomain inhibitor JQ1 significantly delayed acquired resistance and RTK upregulation in patient-
derived xenograft models of HNSCC. These findings indicate that the combination of cetuximab and bromodomain
inhibition may be a promising therapeutic strategy for patients with HNSCC.

Significance: Inhibition of bromodomain protein BRD4 represents a potential therapeutic strategy to circumvent the toxicities
and financial burden of targeting the multiple receptor tyrosine kinases that drive cetuximab resistance in HNSCC and NSCLC.

Graphical Abstract: http://cancerres.aacrjournals.org/content/canres/78/15/4331/F1.large.jpg. Cancer Res; 78(15); 4331-43. ©2018 AACR.

Introduction

Nearly 600,000 people are diagnosed annually with head and
neck cancer worldwide and 60% succumb to their disease within 5
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years (1). The EGFRwas discovered to be a major driver of HNSCC
and, in 2006, the EGFR mAb cetuximab was FDA-approved for
HNSCC treatment (2). Unfortunately, cetuximab has not con-
ferred significant long-term benefit due to treatment resistance.
Mechanisms underlying resistance to EGFR blockade in multiple
cancer types have been a major focus of investigations aimed at
improving the durability of response to cetuximab and other
clinically approved EGFR inhibitors (3-5). Cumulative evidence
implicates upregulation and activation of multiple receptor tyro-
sine kinases (RTK) mediating resistance to cetuximab in HNSCC
(6-8). In addition, RTKs have been shown to mediate cetuximab
resistance in models of lung and colon cancer (9, 10). These
upregulated receptors have been shown to individually drive
rapid growth and poor differentiation, and thereby circumvent
the antitumor effects of cetuximab (11). Several studies have
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demonstrated that treatment with at least two RTK inhibitors is
needed to mitigate cetuximab resistance (10). To avoid the likely
toxicity and prohibitive costs associated with administration of
multiple RTK inhibitors in combination with cetuximab, we
sought to identify and target a common mechanism that regulates
the expression of these receptors.

A recent study showed that resistance to the HER2 inhibitor
lapatinib can be mediated by increased RTK expression in models
of HER2-positive breast cancer. The authors discovered that RTK
expression was dependent on the bromodomain and extra termi-
nal protein BRD4 (12). In parallel, another group found that RTK
upregulation can also drive resistance to PI3K inhibition in breast
cancer. Bromodomain inhibition was shown to diminish RTK
upregulation and enhance the antitumor efficacy of PI3K blockade
(13). On the basis of these observations, we hypothesized that
blockade of BRD4 will overcome cetuximab resistance in HNSCC
by inhibiting upregulation and activation of alternative RTKs.

BRD4 is a member of the bromodomain and extra terminal
(BET) protein family. BRD4 is characterized by the expression
of two bromodomain regions, an extra terminal region, and a
C-terminal domain (14). BET family proteins bind to acetylated
lysines found on chromatin or certain proteins via conserved
bromodomain regions. Recruitment of BRD4 to acetylated lysines
on chromatin facilitates recruitment and activation of CDK9,
which is part of the P-TEFB complex. RNA polymerase II is then
phosphorylated and is subsequently capable of initiating gene
transcription (15, 16). The ability of BET family members, par-
ticularly BRD4, to influence chromatin state has made it an
attractive therapeutic target in recent years and inhibitors against
bromodomains have demonstrated promising antitumor efficacy
in preclinical models (17-19).

In this study, we demonstrate that HNSCC preclinical models of
cetuximab resistance express a heterogeneous milieu of activated
RTKs, which are driven in part by BRD4. In addition, analysis of a
cohort of patients with cetuximab-treated HNSCC with progres-
sion-free survival lower than 5.6 months indicated increased expres-
sion of RTKs such as AXL and ROR2. Genetic or pharmacologic
inhibition of BRD4 sensitizes resistant cells to cetuximab and
abrogates the regrowth of cetuximab-treated HNSCC patient-
derived xenografts (PDX) by preventing the upregulation of the
alternative RTKs that drive cetuximab resistance. These studies
highlight the need to evaluate the clinical efficacy of bromodomain
inhibitors in HNSCC.

Materials and Methods

Cell lines and reagents

All cell lines were cultured in DMEM (MediaTech Inc), 10%
FBS (Gemini Bioproducts) and 1% penicillin-streptomycin (Life
Technologies). FaDu, CAL27, SCC4, and SCC9 cells were
obtained from ATCC. PECAPJ49 cells were purchased from Sig-
ma-Aldrich. CAL33 cells were provided by Gerard Milano (Uni-
versity of Nice, Nice, France). The H226 parental (HP) and
cetuximab-resistant clones (HC1, HC4, HC8) were provided by
Deric Wheeler (University of Wisconsin, Madison, WI). UM-
SCC47 cells were provided by Thomas Carey (University of
Michigan, Ann Arbor, MI). HSC-6 cells were obtained from Johji
Inazawa (Tokyo Medical and Dental University, Tokyo, Japan).
Spontaneously immortalized normal oral keratinocytes (NOKsi)
were provided by Nevan Krogan (University of California San
Francisco, San Francisco, CA). All cell lines were authenticated
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every 6 months during the course of experiments via short-
tandem repeat testing (Genetica DNA Laboratories). Mycoplasma
testing was not performed during the course of this study. Cell
lines were passaged for a period of 3 months (~24 passages) after
thawing from liquid nitrogen. PECAPJ49 vector and HER3-
expressing lines were generated as described previously (20).
JQ1 was provided by Dr. James Bradner (Dana-Farber Cancer
Institute, Boston, MA) for in vitro studies. JQ1 for in vivo experi-
ments was obtained from APExBIO and dissolved in 10%
cyclodextrin (Sigma-Aldrich #H107). I-BET-762 was obtained
from Selleckchem. MZ1 was purchased from Tocris Bioscience.

Generation of cetuximab-resistant cell lines

To generate cetuximab-resistant models, PECAPJ49, FaDu, and
CAL33 cells were treated with a concentration of cetuximab, which
resulted in approximately 50% survival. The cells treated with
cetuximab were then cultured at 20% confluency in the presence
of 100 nmol/L cetuximab for 1-2 weeks. Four surviving colonies
from the cetuximab-treated plates were selected using cloning rings
and labeled as CTXR#1, #2, etc. Parental cells were passaged along-
side the clones under cetuximab selection pressure. Selected clones
were cultured with increasing cetuximab concentrations (150, 200,
300, and 500 nmol/L) every 2-3 weeks. Cetuximab response was
evaluated by a 96-hour aystal violet viability assay following
treatment with 100 nmol/L cetuximab after 3, 4, 5, and 6 months.

Flow cytometry

Parental and cetuximab-resistant clones were plated in 60-mm
dishes and cultured at 37°C. After 72 hours, cells were trypsinized
and counted. An equal number of viable cells were fixed and
permeabilized using the True Nuclear Transcription Factor Buffer
Set (BiolLegend), and then stained with anti-BRD4 (Abcam
#ab128874; 1:400) for 15 minutes. Cells were then stained with
an AlexaFluor 488 secondary antibody (Life Technologies
#11008; 1:500) for 15 minutes in the dark, washed in FACS
buffer, and analyzed using the FACSCalibur. Samples stained with
only the FITC secondary antibody was used to account for
background and to set the gate for BRD4-positive cells. The
percentage of BRD4-positive cells was quantified using the FlowJo
Software. For EGFR staining, cells were stained with EGFR-Alexa
Fluor 488 antibody (Biolegend #352907; 1:200) for 15 minutes
in the dark at room temperature. Cells were then washed once and
resuspended in FACS buffer and then analyzed. Quantification
was performed using FlowJo software.

DNA pull-down assay

Cytoplasmic and nuclear extracts from PECAPJ49 parental and
CTXR#4 cells were obtained using the described protocol (21).
The DNA pull-down protocol was modified from the described
protocol (22). Two-hundred micrograms of cytoplasmic and
nuclear lysate was incubated with 2 ug of annealed AXL promoter
or scrambled biotinylated oligonucleotides (Sigma-Aldrich) and
30 uL of streptavidin-coupled magnetic Dynabeads (Thermo
Scientific) for two hours at room temperature. The sequence of
the biotinylated AXL promoter oligonucleotide used was: 5'-
[Btn] GGCTCAGGAGGCCAGTCACTTGCCTGTAGCCCACAGTT-
AGTGGTAGCACTGGGATTCCAACTTGGGTCCCCITCATGTCG-
CCTGTATTITGGTGTCCCATTTAGGCGTCCATGCAGGTTTT-3’.
The sequence manipulation suite (http://www.bioinformatics.
org/sms2/shuffle_dna.html) was used to generate the scram-
bled oligonucleotide. Streptavidin-biotin-bound lysate was
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washed with 0.5% NP-40 buffer four times in a magnetic
rack. Lysate was then resuspended in sample buffer and boiled
for three minutes, resolved by SDS-PAGE, and probed for
BRD4 and phospho-CDKO9.

Chromatin immunoprecipitation assay

PECAPJ49 parental and CTXR#4 cells were cultured to 60%
confluency and treated with vehicle or 300 nmol/L JQ1 for
72 hours. The Magna-ChIP Chromatin Immunoprecipitation
Kit (Millipore) was used to perform chromatin immunoprecip-
itation (ChIP). Cells were washed with PBS and then crosslinked
with 1% formaldehyde for 10 minutes and then quenched
with 125 mmol/L glycine. Cell pellets were then lysed according
to the Magna-ChIP protocol. Chromatin was sonicated using
optimized conditions. Sheared chromatin was immunoprecipi-
tated with normal IgG (1:500; Millipore, #12-371B), BRD4
(1:100; Active Motif, #39909), and RNA-polymerase II (1:500;
Millipore, #05-623B) antibodies. Prior to immunoprecipitation,
1% of the sheared chromatin from each treatment group was
removed and used as the input. Antibody complexes were incu-
bated with magnetic protein A/G beads overnight at 4°C. Beads
were washed and the protein DNA complexes were eluted with
proteinase K and ChIP elution buffer at 62°C in a hybridization
oven for 2 hours. DNA was purified according to the Magna-ChIP
protocol and prepared for real-time quantitative PCR. PCR reac-
tions were performed using SYBR Green Master Mix and a primer
set for the AXL promoter region. AXL promoter primers were:
forward, 5'-AGTGGAGTTCTGGAGGAATGTITAC-3'; reverse, 5'-
CTCCTTCCCTCACTCCCAGACT-3'. Fold enrichment was calcu-
lated using the formula: BRD4 [2(CnPut-CiP)] [ [p(Clnput-GiIP)]

Crystal violet viability assay

Cells were seeded in 96-, 24-, or 6-well dishes and incubated
overnight. On the next day, cells were treated with different
agents (cetuximab, JQ1, NTC siRNA, BRD4 siRNA, I-BET-762)
for 72-96 hours. For clonogenic assays, cells were seeded at low
density (200-400 cells/well of 6-well dish) in triplicate and
treated with fresh drug every 4 days for a period of 21 days. At
the termination of the experiment, cells were stained with
crystal violet for 30 minutes. Crystal violet solution was
removed from the wells and the plates were washed under tap
water before being dried for 24 hours. Crystal violet staining
was dissolved with 5% SDS solution and subsequently quan-
tified using a colorimetric plate reader.

Real-time quantitative PCR

RNA was harvested using an RNAeasy Kit (Qiagen) and used to
synthesize cDNA (iSCRIPT cDNA Synthesis Kit, Bio-Rad) accord-
ing to the manufacturer's instructions. PCR reactions were per-
formed using SYBR Green Master Mix (Bio-Rad) and the Bio-Rad
CFX96 cycler. Relative mRNA levels were standardized to the
housekeeping gene, Tata-binding protein (TBP), mRNA levels.

Immunoblotting and RTK arrays

Cells were washed with ice-cold PBS and then lysed with RIPA
lysis buffer (150 mmol/L Tris, pH 7.4, 100 mmol/L NaF, 120
mmol/L NaCl, 100 umol/L sodium orthovanadate, and 1x
protease inhibitor cocktail and phosphatase inhibitor cocktail;
Roche). Lysates (30 pg) were resolved by SDS-PAGE and trans-
ferred to nitrocellulose membranes, which were incubated with
primary antibodies at 4°C overnight or at room temperature for 2
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hours, followed by incubation with horseradish peroxidase-
conjugated anti-rabbit and anti-mouse secondary antibodies
(Bio-Rad) for 1 hour at room temperature. Immunoreactive
bands were visualized by chemiluminescence (Santa Cruz Bio-
technology). All primary antibodies were from Cell Signaling
Technology with the exception of BRD4 (Abcam), Actin (Abcam),
and AXL (Life Technologies). For phospho-RTK arrays (R&D
Systems), lysates were procured and applied to arrays according
to manufacturer's instructions. Arrays were visualized using
chemiluminescence. Antibodies used for immunoblotting were
from Cell Signaling Technology (P-MET-Y1234 #3126, P-CDK9
#2549, P21 #2947, HER3 #12708, P-HER3-Y1289 #4791, ROR2
#88639, HER2 #2242, P-SFK-Y419 #6943, C-MYC #5605,
P-MAPK #9101, GAPDH #5174), Santa Cruz Biotechnology
(V5 probe #sc-271944), R&D Systems (P-AXL-Y779 #AF2228,
AXL #AF154), Abcam (BRD4 #128874, ¢-MET #59884, Actin
#6276, B-tubulin #6046), and BD Biosciences (EGFR #610016).

RNA interference

Cells were transfected with 50 pmol of siRNA oligonucleo-
tides mixed with Lipofectamine RNAiMAX (Life Technologies).
BRD4 siRNA oligonucleotides were obtained through Thermo
Scientific. Target sequences for BRD4 siRNAs were: BRD4
siRNA#1: 5'-GGA AAG AGG AAG UGG AAG A-3/, and BRD4
siRNA#2: 5'- GAG AAA GAC AAG AAG GAA A-3'.

PDXs

All animal procedures and maintenance were conducted with
protocols approved by the Institutional Animal Care and Use
Committee of the University of California, San Francisco
(San Francisco, CA; protocol #: AN173372-01C). HNSCC PDXs
(6282 and 7157) were established from patients with newly
diagnosed HNSCC upon written consent under Institutional
review board approval and were established as described previ-
ously (23). All PDXs were established in 5- to 6-week-old female
NOD.Cg-Prkdc®™® 112rg"™"/Sz] (NSG) mice. Once xenografts
reached 100 mm?>, mice were randomized to receive vehicle
(0.9% normal saline and 10% cyclodextrin), JQ1 (50 mg/kg),
cetuximab (20 mg/kg), or the combination with n = 6 tumors per
treatment group. Cetuximab was administered on days 1 and 5 by
intraperitoneal injection. JQ1 was administered 5 days/week by
oral gavage. Tumor volume measurements were determined by
digital calipers biweekly and calculated using the formula (7)/6 x
(large diameter) x (small diameter)?. Vehicle and JQ1-treated
mice were euthanized at the indicated time points due to visual
sign of tumor ulceration. Mice treated with cetuximab or the
combination was followed for 37 or 56 days, at which point a
significant difference in tumor volumes between the two treat-
ment groups was observed. All tumors were harvested 3 hours
after the last treatment for [HC and immunoblot analysis.

IHC

Harvested tumors were fixed in 10% neutral buffered forma-
lin overnight, washed in 70% ethanol, and subsequently embed-
ded in paraffin blocks. Tissue sections were stained for Ki67
using the Universal Quick kit (PK-8800, Vector Laboratories)
according to the manufacturer's instructions. Antigen retrieval
was performed using a decloaking chamber in 10 mmol/L citrate
buffer (pH 6.0). Sections were stained with mouse anti-Ki67
(Cell Signaling Technology) overnight at 4°C. Antibody binding
was revealed by addition of 3,3’-diaminobenzidine substrate
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and sections were counterstained with Mayer's hematoxylin
(Vector Laboratories). Ki67 staining was examined using a
Nikon Eclipse microscope and quantitation of Ki67-positive
nuclei from three independent sections was performed with
Figi software.

Statistical analysis

Statistical differences between treatment groups in in wvitro
studies were determined using two-tailed Student ¢ test. For
animal studies, the differences between treatment groups were
determined by the Mann-Whitney test with Bonferroni post hoc
corrections. A P value of <0.05 was considered to be statistically
significant. Error bars for all figures represent SEM and unless
otherwise stated, figures are representative of at least three inde-
pendent experiments.

Results

HNSCC models of acquired cetuximab resistance are
dependent on alternative RTK activity

Hyperactivation of multiple RTKs has been associated with
resistance to cetuximab in HNSCC (6-9, 24). To uncover a
common mechanism that contributes to the upregulation of
RTKs in cetuximab-resistant cells, we first generated three
novel HNSCC models of acquired cetuximab resistance in the
PECAPJ49, FaDu, and CAL33 cell lines. Each cell line was
initially cultured with a concentration of cetuximab that
resulted in approximately 50% survival. Over a period of 3-
6 months, cetuximab-treated clones were continually cultured
with increasing doses of cetuximab every 2-3 weeks until they
displayed very little to no sensitivity to cetuximab treatment
(Supplementary Fig. S1). Cetuximab-resistant (CTXR) clones
were derived from each cell line and their response to cetux-
imab was compared with their respective parental cells in both
short-term (96 hours; Fig. 1A and B; Supplementary Fig. S2A)
and long-term (21 days; Supplementary Fig. S2B and S2C)
assays.

Next, a phospho-RTK array was used to determine whether
alternative RTK activation could be a potential mechanism of
resistance to cetuximab in these models. Indeed, we observed
activation of several RTKs in all CTXR clones tested. Distinct RTK
activation landscapes were observed in each of the three CTXR cell
lines, suggesting heterogeneity across HNSCC cell line models.
For example, the PECAPJ49 CTXR clones (#1 and #4) displayed
elevated levels of phosphorylated AXL and RYK compared with
the PECAPJ49 parental line (Fig. 1C), while FaDu CTXR clones
(#2 and #3) exhibited increased expression of AXL, MET
(CTXR#2), and RYK compared with the FaDu parental line
(Fig. 1D). The CAL33 CTXR clones also had unique RTK signatures
characterized by increased activation of HER3, MET, and ROR2
(Supplementary Fig. S2D). Interestingly, while FaDu CIXR#2
displayed elevated MET activation, the PECAPJ49 CTXR clones
exhibited decreased MET activity, further illustrating the com-
plexity of RTK activation in cetuximab-resistant models. In addi-
tion to examining the phosphorylation status of these RTKs,
we also observed that AXL protein and mRNA levels were
increased in both PECAPJ49 and FaDu cetuximab-resistant clones
compared with their parental counterparts (Fig. 1E and F).
Increased MET protein levels were also confirmed in the FaDu
cetuximab-resistant clones (Fig. 1E). In addition, increased phos-
pho-AXL and phospho-MET levels were observed in PECAPJ49
and FaDu CTXR clones, respectively. Phosphorylated AXL was not
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detected by immunoblotting in the FaDu parental and CTXR
clones. These findings are consistent with previous reports of
cetuximab resistance, indicating that acquired resistance is asso-
ciated with upregulation of multiple RTKs (6-8, 24).

BRD4 is upregulated and is important for survival in HNSCC
models of acquired cetuximab resistance

On the basis of work in other malignancies (12, 13), we
hypothesized that RTK upregulation in response to cetuximab is
driven by the activity of the epigenetic molecule BRD4. To test
this hypothesis, we evaluated the expression level and function-
ality of BRD4 in CTXR HNSCC models. BRD4 has been
described to exist in three isoforms, a long isoform (~200 kDa)
and two shorter isoforms (~115 and ~100 kDa; ref. 25). Using
an antibody that detects all three isoforms of BRD4, we observed
increased expression of one or both shorter isoforms of BRD4
in the PECAPJ49 and FaDu CTXR clones compared with their
parental counterparts (Supplementary Fig. S3A). The specificity
of the BRD4 antibody used in this assay was confirmed by
treating FaDu parental and CTXR clones with MZ1, an agent that
targets and degrades BRD4 (Supplementary Fig. S3B; ref. 26).
To better quantitate the cumulative expression of all BRD4
isoforms, we performed intracellular flow cytometry for BRD4
in both CTXR cell line models. By flow cytometry, PECAPJ49
and FaDu parental cells displayed different basal levels of
BRD4 as seen with the immunoblot. Furthermore, we observed
increased and differential BRD4 expression in the CTXR clones
for both PECAPJ49 and FaDu models (Fig. 2A and B). Specific
expression of BRD4 by flow cytometry was also confirmed using
MZ1 (Supplementary Fig. S3C and S3D).

To determine the role of BRD4 in mediating RTK expression in
the setting of cetuximab resistance, we employed a genetic silenc-
ing approach using siRNAs specific to BRD4. PECAPJ49 parental
and cetuximab-resistant clones were transfected with two differ-
ent BRD4 siRNA oligonucleotides or a scrambled control. Each
population was simultaneously treated with cetuximab. First, we
confirmed the efficacy of cetuximab treatment by assessing the
membrane expression of EGFR in both PECAPJ49 Parental and
CTXR#4 cells treated with and without 100 nmol/L cetuximab.
While we observed decreased membranous EGFR expression in
CTXR#4 compared with parental cells, 100 nmol/L cetuximab
significantly downmodulated EGFR expression in both cell lines
(Supplementary Fig. S4). Next, we assessed viability 96 hours
posttransfection with BRD4 siRNA =+ cetuximab to determine
whether BRD4 depletion can resensitize the resistant models to
cetuximab. Both parental and cetuximab-resistant clones dem-
onstrated increased sensitivity to BRD4 depletion (Fig. 2C). More
importantly, both BRD4 siRNAs significantly resensitized the
cetuximab-resistant clones to cetuximab.

In addition to BRD4 knockdown, we also found that the AXL
expression in CTXR#4 was downmodulated by BRD4 siRNA to a
greater degree than that observed in the parental cells (Fig. 2D).
BRD4 is known to be a strong activator of MYC expression;
therefore, as a control, we performed an immunoblot for p21
(CDKN1A), which is known to be strongly repressed by MYC (17).
Indeed, p21 was upregulated upon BRD4 knockdown.

To further assess the expression and functionality of BRD4 in
the acquired cetuximab-resistant models, we assessed the ability
of BRD4 to bind to an RTK promoter. Because AXL expression has
been reported to correlate with poor prognosis in patients with
HNSCC and was upregulated in both PECAPJ49 and FaDu CTXR
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Figure 1.

Acquired cetuximab-resistant HNSCC models display heterogeneous expression of alternative RTKs. PECAPJ49 (A) and FaDu parental (PAR; B) and
CTXR cell lines were treated with 100 nmol/L cetuximab (CTX) for 96 hours. Cell viability was determined by a crystal violet viability assay

(n=4;*, P<0.002). A phospho-RTK antibody array was used to assess phosphorylated levels of various RTKs in PECAPJ49 (PAR, PAR+CTX, CTXR#1,
CTXR#4; C) and FaDu (PAR, PAR+CTX, CTXR#2, CTXR#3) lysates (n =1; D). Phosphorylated proteins that were altered in the CTXR clones compared with
the parental line are indicated on the right. The densitometric ratio of duplicate spots for activated RTKs to the loading controls on the RTK

array was calculated using Image J software. The ratios were compared with the PAR group and are represented below. E, Immunoblot analysis of
PECAPJ49 and FaDu parental and CTXR cells for P-AXL, AXL P-MET, and MET expression was performed. Densitometry for each protein compared with
actin and normalized to the parental expression is indicated below each band and is representative of three independent immunoblots. F, AXL

mRNA expression was determined in PECAPJ49 and FaDu parental and CTXRs by RT-PCR. Fold change in AXL mRNA in CTXRs was compared with their
parental counterparts (n = 3; *, P = 0.01; **, P < 0.007). Figure is representative of three independent experiments. Error bars, SEM.

models, we chose to examine AXL promoter status (27). We
performed subcellular fractionations and a pull-down experiment
using a biotinylated oligonucleotide encoding a region upstream
of the AXL transcription start site to test whether nuclear BRD4 is
capable of binding the AXL promoter. Increased association of
BRD4 and P-CDK9 (component of p-TEFb) with the AXL pro-
moter in PECAPJ49 CTXR#4 compared with the parental line
was observed (Fig. 2E). Interestingly, we detected binding of the
two BRD4 bands (~120 and ~100 kDa) in CTXR#4 compared
with its parental line. It has been reported that the ~100 kDa
band observed with this BRD4 antibody represents the shortest
isoform of BRD4 (28). In the same publication, the band observed
at ~150 kDa represented a nonspecific band (ns). This short
isoform of BRD4 has been reported to mediate epithelial-to-
mesenchymal transition and a stem cell-like phenotype, which
is associated with drugresistance (29). Together, these approaches

www.aacrjournals.org

show that acquisition of cetuximab resistance is associated with
enriched BRD4 expression and its recruitment to promoter
regions of alternative RTKs and that BRD4 targeting resensitizes
cetuximab-resistant cells to cetuximab.

Pharmacologic inhibition of BET family members counteracts
acquired resistance in vitro

Following our observations with BRD4 siRNA, we investi-
gated the sensitivity of cetuximab-resistant HNSCC models to
pharmacologic inhibition of BRD4 activity. We treated the
PECAPJ49 and FaDu models of acquired cetuximab resistance
with the well-characterized BET inhibitor, JQ1. JQ1 binds
preferentially to the bromodomains of BRD4 compared with
BRD2 and BRD3 and prevents BRD4 from binding to acetylated
lysines and driving transcription (17). Similar to genetic abla-
tion of BRD4 expression, pharmacologic BET inhibition by JQ1
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Acquired cetuximab-resistant models display enriched BRD4 expression and activity. Intracellular flow cytometry for BRD4 as described in Materials and
Methods was assessed in PECAPJ49 (A) and FaDu parental and CTXR cell line models (B). Rabbit Alexa-Fluor 488 secondary antibody alone (CTL)

was used to set the BRD4-positive gate. Side scatter was plotted against Alexa Fluor 488 to determine the percentage of BRD4-positive cells (n = 3;

*, P < 0.02). Data are representative of three independent experiments. C, PECAPJ49 parental and CTXRs were transfected with nontargeting control
(NTC) and two BRD4 siRNA (#1, #2) oligonucleotides + 100 nmol/L cetuximab for 96 hours. Cells were stained with crystal violet and relative cell viability
was quantified (n = 4; *, P < 0.02). Figure is representative of three independent experiments. D, Lysates from PECAPJ49 parental and CTXR#4 cells
treated with BRD4 siRNA + 100 nmol/L cetuximab were resolved by SDS-PAGE for AXL, BRD4, and P21. B-Actin (ACTIN) was used as loading control. This
figure is representative of three independent experiments. E, Cytoplasmic (CYTO) and nuclear (NUC) extracts of PECAPJ49 PAR and CTXR#4 cells
were incubated with biotinylated scrambled (SCR) or AXL promoter region oligonucleotides. Biotinylated immunoprecipitates were resolved by SDS-PAGE
and probed for BRD4 and P-CDK9 Thr186 expression (ns, nonspecific). Figure is representative of three independent experiments. Error bars, SEM.

significantly resensitized both PECAPJ49 and FaDu CTXR
clones to cetuximab (Fig. 3A and B). In addition to JQ1, we
also tested the efficacy of another BET inhibitor, I-BET-762
(30), at abrogating the cetuximab-resistant phenotype. Similar
to JQ1, I-BET-762 resensitized parental and cetuximab-resistant
clones to cetuximab treatment (Fig. 3C). We also saw similar
efficacy of combined cetuximab and JQ1 treatment in a model
of acquired cetuximab resistance derived from the H226 lung
squamous cell carcinoma cell line, indicating that this com-
bination therapy may be efficacious in other malignancies
(Supplementary Fig. S5A and S5B).

To determine the effect of BET inhibition on RTK expression, we
observed that JQ1 treatment abrogated AXL expression in both
PECAPJ49 CTXR#3 and CTXR#4 clones (Fig. 3D). Interestingly,
we observed that JQ1 treatment alone in the parental line aug-
mented AXL expression compared with control-treated cells.
Densitometric analysis of AXL levels indicates that JQ1 decreased
AXL in both CTXR clones more so in CTXR#4 than CTXR#3. In
addition to the HNSCC model, the combination of cetuximab
and JQ1 potently diminished the expression of AXL in the

4336 Cancer Res; 78(15) August 1, 2018

cetuximab-resistant lung cancer clones HC4 and HC8 (Supple-
mentary Fig. S5C).

To determine the effect of BET inhibition on BRD4 function in
the PECAPJ49 CTXR model, we performed a chromatin immu-
noprecipitation (ChIP) assay and observed increased recruitment
of BRD4 to the AXL promoter in PECAPJ49 CTXR#4 compared
with the parental line (Fig. 3E). Moreover, the occupancy of BRD4
on the AXL promoter was decreased by the bromodomain inhib-
itor JQ1 in CTXR#4 but not in the parental line.

To address the durability of the response to combined cetux-
imab and JQ1 treatment, we employed a longer-term in vitro
growth assay. The cetuximab-sensitive HNSCC cell line, CAL33,
was seeded at a low density and subsequently treated with
cetuximab or cetuximab+JQ1. After 21 days, the drug was
removed and the cells were cultured for an additional 15 days.
Cetuximab treatment and cetuximab + JQ1 robustly decreased
cellular outgrowth (Fig. 3F). However, upon removal of drugs,
cetuximab-treated cells displayed rapid outgrowth, while cells
previously treated with the combination of cetuximab +JQ1 only
showed marginal outgrowth.
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Bromodomain inhibition sensitizes acquired cetuximab-resistant models to cetuximab. A and B, PECAPJ49 (A), FaDu (B), and CTXR cells were treated with
100 nmol/L cetuximab (CTX) 4+ 300 nmol/L JQ1 for 72 hours. Cell viability was assessed by crystal violet assay (n = 3; *, P < 0.05; **, P < 0.07; ns, not
significant). C, PECAPJ49 parental and cetuximab-resistant clones were treated with 100 nmol/L cetuximab 4 800 nmol/L I-BET-762(IBET) for 72 hours. Cells
were stained with crystal violet and quantified as described in Materials and Methods (n = 3; *, P < 0.02). Figures are representative of three independent
experiments. D, PECAPJ49 parental and CTXR#3, #4 lines were treated with cetuximab + JQ1 for 72 hours. Lysates were resolved and assessed for AXL
(dark and light exposures), P21, and ACTIN. Densitometric analysis of AXL expression normalized to PAR CTL from three independent immunoblots is
indicated below AXL bands. E, ChIP-gPCR analysis for BRD4 occupancy on the AXL promoter of PECAPJ49 PAR and CTXR#4 cells treated with or
without 300 nmol/L JQ1 was performed. Fold enrichment was determined by the AAC; method and then the BRD4 occupancy was compared with 1gG
occupancy and presented as a fold enrichment score (n = 3; *, P = 0.003). Figure is representative of two independent experiments. F, CAL33 cells
were seeded at 250 cells/well in 6-well dishes and treated with control (CTL), cetuximab, or cetuximab+JQ1 every 3 days for 21 days. After 21 days, drug
treatment was withdrawn for 15 days, and cells were stained with crystal violet to assess viability (n = 3). Figure is representative of two independent

experiments. Error bars, SEM.

Together, the results in this section suggest that bromodo-
main targeting can effectively overcome cetuximab resistance
and suppress the expression of alternative RTKs known to drive
cancers with cetuximab-resistant phenotypes.

BET blockade abrogates RTK expression in cetuximab-resistant
HNSCC models

To determine whether this therapeutic strategy can be
applied to intrinsically cetuximab-resistant models, we treated
intrinsically cetuximab-resistant HNSCC cell lines with the
combination of cetuximab and JQ1. First, we sought to deter-
mine whether there was an association between BRD4 expres-
sion and intrinsic cetuximab response in HNSCC cell lines. We
assessed the expression levels of BRD4 across a panel of

www.aacrjournals.org

intrinsically cetuximab-sensitive and -resistant models by both
immunoblotting and flow cytometry (Supplementary Fig. S6A
and S6B). With the exception of HSC6 and SCC47, there was no
clear correlation between the basal expression of BRD4 and
cetuximab resistance across the panel of cell lines tested. Next,
we treated the intrinsically resistant cells with cetuximab or the
combination of cetuximab and JQ1 (Fig. 4A). All of the intrin-
sically resistant cell lines were significantly sensitized to cetux-
imab upon cotreatment with JQ1. To determine whether sen-
sitization of intrinsically resistant cells to cetuximab by JQ1 was
due to RTK downregulation, we first performed a phosphory-
lated RTK array with the intrinsically cetuximab-resistant cell
line CAL27 treated with cetuximab or the combination of
cetuximab and JQ1 for 72 hours (Fig. 4B). While cetuximab
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Figure 4.

Bromodomain inhibition abrogates RTK expression in intrinsically cetuximab-resistant models. A, Intrinsically cetuximab (CTX)-resistant cell lines were
treated with 100 nmol/L cetuximab and 300 nmol/L JQ1for 72 hours. Cell viability was assessed by crystal violet assay (n = 3; *, P < 0.04; **, P < 0.01). Figure is
representative of three independent experiments. B, CAL27 cells were treated with control (CTL), 100 nmol/L cetuximab, 300 nmol/L JQ1, and cetuximab-+JQ1
for 72 hours. Lysates were procured, and activated RTK expression was assessed using a phospho-RTK array (n = 1). C, The densitometric ratio of
duplicate spots for activated RTKs to the loading controls on the RTK array was calculated using Image J software. The ratios were compared with the
control group and are represented. D, CAL27 lysates were also resolved by SDS-PAGE for expression of total HER3, MET, AXL, and phospho-SFK. Figure is
representative of three independent immunoblots. E, SCC47 and HSC6 cells were treated with 100 nmol/L cetuximab + 300 nmol/L JQ1 for 72 hours.
Lysates were resolved and assessed for HER3, AXL, and ACTIN expression. Figures are representative of two independent immunoblots. F, Intrinsically
cetuximab-resistant HNSCC cell line CAL27 was treated with control (CTL) siRNA, CTL + cetuximab, cetuximab + BRD4si#1, and cetuximab + BRD4si#2 for 96
hours. Cell viability was assessed by crystal violet assay (n = 3; *, P< 0.01). Figure is representative of three independent experiments. CAL27 cells treated with
CTL siRNA or BRD4 siRNA =+ cetuximab for 96 hours were interrogated for phosphorylated HER3, BRD4 expression, and B-tubulin, which was used as the
loading control. Figure is representative of three independent experiments. G, PECAPJ49 vector (VEC) and HER3-expressing cells were treated with vehicle,
100 nmol/L cetuximab, 300 nmol/L JQ1, or cetuximab + JQ1 for 72 hours. Cell viability was assessed by crystal violet assay. Images of representative wells
stained with crystal violet are illustrated (n = 3; *, P < 0.05; **, P < 0.02). Figure is representative of three independent experiments. Immunoblot analysis of
vector and HER3-expressing cells for V5, HER3, and B-tubulin was performed and is illustrated on the right. Figure is representative of two independent
immunoblots. Error bars, SEM.

modestly increased RTK activation, the combination treatment
markedly decreased the activation of several RTKs, including
HER2, HER3, MET, and DTK as observed by densitometric
analysis (Fig. 4C). We validated that the decreased phosphory-
lated RTK levels in CAL27 were due to lowered total RTK
expression by immunoblot and also found that this was asso-
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ciated with a decrease in phosphorylated Src Family Kinases
(SFK), which are downstream effectors of multiple RTKs
(Fig. 4D). HER3 and AXL expression was also decreased by
this combination in SCC47 and HSC6, which are intrinsically
cetuximab resistant and have augmented levels of BRD4
(Fig. 4E). We also validated the effects of BRD4 inhibition in
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the intrinsically cetuximab-resistant line CAL27 using gene-
tic knockdown. BRD4 knockdown resulted in a significant
increase in sensitivity to cetuximab compared with cetuximab
treatment alone (Fig. 4F). Immunoblots revealed down-
regulation of phosphorylated HER3 upon BRD4 knockdown
in CAL27 cells with and without cetuximab (Fig. 4F). These
results demonstrate that BRD4 targeting sensitizes resistant
cells to cetuximab and can regulate RTK expression in the
cetuximab-resistant HNSCC models exposed to cetuximab. In
addition, these results indicate that BRD4 expression is not
a clear predictor of intrinsic cetuximab resistance in HNSCC cell
lines.

RTK overexpression mediates resistance to cetuximab and
BET inhibition

We next sought to determine whether the sensitivity of
cetuximab-resistant cells to BET inhibition was in part due to
abrogation of RTK expression. We stably introduced either a
vector control or HER3 overexpression vector in the cetuximab-
sensitive cell line PECAPJ49. Both vector and HER3-expressing
cells were treated with cetuximab or the combination of cetux-
imab and JQ1 for 72 hours. As expected, the vector control cells
were sensitive to all treatment modalities (Fig. 4G). Interest-
ingly, HER3 overexpression was capable of mitigating all cetux-
imab sensitivity in this cell line. While HER3-overexpressing
cells were still sensitive to the combination of cetuximab and
JQ1, these cells were significantly less sensitive than the vector
control cells. Immunoblotting confirmed exogenous expression
of HER3-V5 expression in the HER3-expressing cells compared
with the vector-expressing cell line. Taken together, these data
suggest that RTK overexpression can mediate cetuximab resis-
tance and that BET inhibition overcomes cetuximab resistance
in part by diminishing RTK expression.

BET blockade prevents acquisition of cetuximab resistance in
HNSCC PDX models

To translate our in vitro findings into preclinical models, we
investigated the effect of BET blockade on cetuximab resistance
using two HNSCC PDX models (PDX-6282 and PDX-7157).
While basal expression of BRD4 by immunoblotting was dif-
ficult to detect in these PDX models, PDX-7157 had very low
expression of one of the short isoforms of BRD4 (Supplemen-
tary Fig. S6C). We transplanted each PDX into mice and
allowed the tumors to grow to approximately 100 mm?>. Mice
were then treated with vehicle, cetuximab, JQ1, or the combi-
nation of JQ1 plus cetuximab. Both PDX models demonstrated
initial sensitivity to cetuximab but eventually developed a
recurrent growth phenotype (Fig. 5A and B). Neither PDX was
significantly sensitive to JQ1 alone, possibly due to the low
basal levels of BRD4. Strikingly, the combination of cetuximab
and JQ1 delayed tumor outgrowth in both PDX models (Fig. 5A
and B; CTX vs. CTX+JQ1, PDX6282: P = 0.04; PDX7157: P =
0.003). To determine the heterogeneity of activated RTKs
altered upon treatment in these PDX models, we performed
a phospho-RTK array using lysates procured from both PDXs
treated in all four treatment groups. Interestingly, PDX-6282
tumors that demonstrated outgrowth following cetuximab
treatment exhibited increased levels of activated HER2, HER3,
Tie2, and ROR2 among others (Fig. 5C; Supplementary
Fig. S7A). The PDX-7157 tumors that displayed outgrowth
following cetuximab showed upregulation of activated RYK,
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INSR, DDR1, and ROR2 (Fig. 5D; Supplementary Fig. S7B). The
combination of cetuximab and JQ1 abrogated activated levels
of all these RTKs in both models (Fig. 5C and D). On the basis
of the results of the RTK array, we interrogated total RTK
expression in PDX-6282 by immunoblotting for HER2, HER3,
and ROR2. With the exception of tumor #4, each RTK was
robustly abrogated in the combined cetuximab and JQ1-treated
tumors compared with all other treatment groups (Fig. 5E). In
addition, the combination of cetuximab and JQ1 robustly
decreased downstream signaling components of RTKs includ-
ing phospho-SFKs, phospho-ERK1/2, and Myc expression
(Fig. 5E). Of note, we also observed downmodulation of
phosphorylated ERK1/2 in the cetuximab-treated groups,
which demonstrated the efficacy of cetuximab in this experi-
ment. In line with the hypothesis that cetuximab resistance is
associated with heterogenous RTK activation from model to
model, P-AXL was not upregulated in the RTK array and total
expression was difficult to interpret by immunoblotting (Sup-
plementary Fig. S7C and S7D). In addition, based on the RTK
array and previous reports, P-EGFR and EGFR levels were
expressed in the tumors that outgrew with cetuximab treatment
(Fig. 5C; Supplementary Fig. S7D; refs. 8, 31). IHC analysis of
the PDXs treated with cetuximab expressed high Ki67 levels
compared with tumor sections from the JQ1 and combination
groups (Supplementary Fig. S7E). Because of the high efficacy
of combined cetuximab and JQ1 treatment in these models, we
were only able to evaluate three independent sections from one
of the tumors in the CTX+JQ1 treatment group. These results
suggest that JQ1 can prevent the acquisition of cetuximab
resistance in part by abrogation of RTK expression in preclinical
models of HNSCC.

RTK and BRD4 gene expression in clinical HNSCC cohorts
To further assess the translational relevance of the findings in
this article, we interrogated publicly available microarray data
from a cohort of 40 patients with HNSCC treated with plati-
num and cetuximab therapy (NCBI GEO GSE65021; ref. 32).
From this cohort, 14 patients displayed long progression-free
survival (PFS > 12 months) and 26 patients displayed short PFS
(PES < 5.6 months). From the patient samples that were graded
as moderately/poorly differentiated and procured from the oral
cavity and larynx (n = 25), we observed that AXL and ROR2
expression was significantly higher in short PFS patients com-
pared with the long PFS patients (Fig. 5F). Five of the 8
moderately to poorly differentiated tumors from the orophar-
ynx region were human papillomavirus (HPV)-positive and
excluded from the analysis. In addition, other RTKs that were
activated in the cetuximab-treated PDXs such as Tie-2 (TEK)
and INSR as seen in Fig. 5C and D, trended toward upregulation
in short PFS patients compared with long PFS patients although
they lacked statistical significance (Supplementary Fig. S8).
Interestingly, we observed no difference in BRD4 gene expres-
sion between the short and long PFS patient samples (Fig. 5G).
However, analysis of The Cancer Genome Atlas (TCGA) and
GTEx databases (33), revealed that BRD4 is significantly higher
in HNSCC tumor tissue compared with normal oral/esophage-
al tissue (Fig. 5H). Cumulatively, these observations indicate
that elevated RTK expression is associated with poor prognosis
in patients with recurrent-metastatic HNSCC placed on cetux-
imab treatment regimens. Furthermore, the high expression of
BRD4 in HNSCC tumors relative to normal tissue makes it an
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Figure 5.

JQ1 treatment prevents acquisition of cetuximab resistance in HNSCC PDX models. A and B, Two HNSCC PDX models (6282 and 7157) were implanted
into NOD/SCIDy mice and separated into four treatment groups (n = 6/group): i, vehicle; ii, cetuximab (CTX; 20 mg/kg via i.p); iii, JQ1 (50 mg/kg via i.p, 5ad);
iv, cetuximab + JQI. Mice were treated with two doses of cetuximab on days 1 and 5. Tumors were measured twice weekly and plotted (P < 0.01; JQ1 vs.
CTX+JQ1, P<0.0071; vehicle vs. CTX, P = 0.04 (PDX6282), P = 0.003 (PDX7157); CTX vs. CTX+JQ1). Arrows, point at which tumors began to regrow. € and D,
Phospho-RTK arrays using lysates harvested from PDXs 6282 (C) and 7157 (D) at the last time point were performed. Phosphorylated RTKs that were
augmented in the PDXs that acquired cetuximab resistance and abrogated with combination of JQ1 are indicated (n = 1). The densitometric ratio of
duplicate spots for activated RTKs and the loading controls on the RTK arrays was calculated using Image J software. The ratios were compared with the
vehicle-treated group and are represented. E, Lysates from four PDX6282 tumors in each treatment group were resolved by SDS-PAGE for HER2, HER3, ROR2,
P-SFK, P-MAPK, total MAPK, and GAPDH (loading control). This figure is representative of two independent immunoblots. AXL, ROR2 (F), and BRD4 (G) gene
expression data from WG-DASL (whole-genome cDNA-mediated annealing, selection, extension, and ligation) microarray data of 40 patients with HNSCC
treated with first-line platinum and cetuximab therapy were analyzed (NCBI GEO GSE65021; ref. 32). The moderately and poorly differentiated

tumors obtained from the oral cavity and larynx were analyzed (n = 25). y-axis, log,-transformed values of the processed gene expression data (AXL, P =
0.0166; ROR2, P = 0.0369; BRD4, P = 0.2369). H, BRD4 expression from TCGA HNSCC tumor and normal tissues was assessed using the GEPIA web server

(33). The custom P value cutoff was 0.01. y-axis, log-transformed relative gene expression.

attractive therapeutic target to improve the prognosis of
patients with moderately and poorly differentiated HNSCC
treated with cetuximab.

Discussion

The expression and activity of different RTKs have been
shown to mediate resistance to the FDA-approved EGFR inhib-
itor cetuximab, but the simultaneous targeting of multiple
RTKs is not likely to yield positive clinical results due to the
availability of alternative resistance mechanisms and anticipat-
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ed toxicity (6-9). In this article, we sought to evaluate a single
molecular target that can enhance the antitumor effects of
cetuximab by diminishing activation/expression of alternative
RTKs. We hypothesized that targeting the bromodomain and
extra terminal protein BRD4 could abrogate RTK expression
and overcome cetuximab resistance. We observed that cell line
models of acquired cetuximab resistance expressed increased
RTKs and were enriched for BRD4 expression and functionality.
Both genetic and pharmacologic targeting of BRD4-sensitized
cell line models to cetuximab and robustly decreased
RTK expression. In addition, blockade of BRD4 with the
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bromodomain inhibitor JQ1 delayed the acquisition of
cetuximab resistance in PDX models of HNSCC. Both PDXs
displayed a heterogeneous upregulation of activated RTKs,
which were all abrogated with JQ1 treatment. Finally, we ob-
served increased RTK expression in patients with cetuximab-
treated HNSCC with short PFS and elevated BRD4 levels in
HNSCC tumors compared with normal oral tissue. These
findings suggest that blockade of BRD4 is a promising thera-
peutic strategy to enhance the efficacy of cetuximab in patients
with HNSCC by preventing oncogenic signaling driven by
alternative RTKs.

Previous studies have implicated various RTKs, such as MET,
AXL, IGFIR, and HER3, in mediating cetuximab resistance in
various cancer models, including HNSCC (6-8, 34, 35). For
example, a report on cetuximab-resistant colon cancer identified
increased expression of MET, AXL, and IGFIR in a xenograft
model (10). They further showed that suppression of long-term
tumor growth following EGFR inhibition was only achieved when
combined administration of inhibitors targeting all three of these
RTKs was performed. Most alternative approaches to overcome
signaling mediated by multiple RTKs are centered on targeting
common downstream effectors such as Akt, ERK, or Src family
kinases (SFK). Only modest clinical efficacy was reported in a
phase II trial of cetuximab combined with the SFK inhibitor
dasatinib in patients with HNSCC, which may be due to the
activation of Src kinase-independent signaling pathways (36).
Moreover, single-agent administration of another SFK inhibitor
saracatinib displayed a lack of efficacy in a trial of metastatic and
recurrent HNSCC (37). Other groups have found that targeting
the AKT/mTOR pathway can overcome cetuximab resistance in
HNSCC preclinical models harboring PIK3CA and RAS muta-
tions, suggesting that the identification of predictive biomarkers
may enhance our ability to deliver the most promising combi-
nation strategies to the right patient population (38, 39). In this
study, we sought to elucidate a common target upstream of
multiple RTKs to be inhibited in combination with cetuximab
to increase therapeutic durability. Our findings suggest that tar-
geting BRD4 may overcome cetuximab resistance in multiple
cetuximab-resistant HNSCC models independent of genetic pre-
disposition. For example, the cell lines used in this article display
broad genetic heterogeneity; PECAPJ49 cells harbor a NOTCH1
mutation,; FaDu cells are SMAD4 mutant; CAL27 has APC and
CASP8 mutations; and HSC6 cells are MAPK1 mutant (40).

With the heterogenous upregulation of RTKs observed in our
three models of cetuximab resistance, we noticed that while FaDu
cetuximab-resistant cells displayed increased MET activity and
expression, PECAPJ49 cetuximab-resistant cells exhibited dimin-
ished MET activity. This observation indicated the possibility that
chronic cetuximab treatment may result in histone acetylation
and BRD4 recruitment at different enhancer and promoter regions
in a context-dependent manner. A recent study by Zawistowski
and colleagues showed that basal-like and claudin-low triple-
negative breast cancer cells displayed a differential kinome profile
in response to the MEK inhibitor trametinib. In addition, they
demonstrated that isogenically similar subpopulations from a
TNBC cell line upregulated different RTKs following MEK inhi-
bition (41). These results combined with our observations further
indicate the important role that chromatin regulation events play
in various models of drug resistance independent of tumor
classifications, and the need to develop targeting strategies to
exploit their dynamic effects.

www.aacrjournals.org
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While RTKs such as HER3, MET, and AXL are well known
mediators of cetuximab resistance, our analyses also identified
additional RTKs that may contribute to cetuximab resistance.
For example, ROR2 was identified in both cetuximab-resistant
PDX models and patients with cetuximab-treated HNSCC
(Fig. 5C, D, and F). ROR2 is an orphan RTK that is known to
mediate P-catenin-independent Wnt signaling. Moreover, the
Wnt5A-ROR2 signaling axis is a major driver of tongue SCC
metastasis and is associated with poor prognosis (42). In aggres-
sive basal-like breast cancer, BRD4 was shown to interact with
acetylated Twist via bromodomain 2 to drive transcription of
Wnt5A (43). Recent studies have also found increased ROR2
expression in cisplatin-resistant models of ovarian cancer, and
downmodulation of ROR2 activity decreased the epithelial-to-
mesenchymal (EMT) phenotype of these cisplatin-resistant
cells (44). In addition, expression of the RYK receptor was
increased in PECAPJ49 and FaDu cetuximab-resistant HNSCC
cell lines and cetuximab-resistant PDX-7157 (Figs. 1C and D
and 5C and D). Similar to ROR2, RYK functions as a coreceptor
in the Wnt pathway (45). High-throughput genetic analysis of
HNSCC PDXs and patient samples from the TCGA identified
subsets of samples with basal and mesenchymal gene signatures
(46, 47). PDXs expressing the basal gene signature displayed
cetuximab sensitivity while the PDXs with the mesenchymal or
EMT gene signature were cetuximab resistant (47). Furthermore,
mesenchymal PDXs displayed robust expression of Wnt5A com-
pared with the PDXs with a basal gene signature. Given the critical
roles of these understudied RTKs in the drug-resistant EMT phe-
notype, which predicts cetuximab resistance in patients with
HNSCC, and the lack of selective targeting agents against these
proteins, BET inhibition may be a promising alternative approach
to inhibit orphan RTKs through one unifying approach.

Both immunoblot and flow cytometric analysis of BRD4
expression in the PECAPJ49 and FaDu models of acquired
cetuximab resistance indicated varying levels of BRD4 and its
various short isoforms among the clones. BRD4 has been
shown to exist as three isoforms (A, B, and C) with A being
the long isoform with B and C being the two shorter isoforms.
In the PECAPJ49 CTXR clones, we observed increased expres-
sion of isoform C while in the FaDu clones we observed
increased expression of both B and C isoforms. It has been
shown that the shorter isoforms of BRD4 mediated epithelial-
to-mesenchymal transition (EMT) and breast cancer survival
(29, 48). As discussed in the previous paragraph, the under-
targeted RTKs such as ROR2 and RYK play roles in EMT and
tumor invasion. Therefore, a more in-depth study into the roles
of the short BRD4 isoforms in the CTXR models is warranted
and being currently pursued. To understand the varying expres-
sion levels of BRD4 among the CTXR clones derived from a
parental cell line and in the PDX models used, it is possible that
the proteomic stability of BRD4 is differentially altered because
we did not observe significant differences in BRD4 mRNA levels
from the cohort of patients with cetuximab-treated HNSCC
with short and long PFS (Fig. 5G). Two possible mechanisms
have been proposed to regulate the stability of BRD4. Phos-
phorylation at Ser492 on BRD4 by casein kinase II has been
shown enhance its recruitment to acetylated lysines, recruit the
P-TEFB complex, and drive transcription (49, 50). Second, a
report by Hu and colleagues demonstrated a role for prolyl
isomerase 1 (PIN1) in mediating stability of BRD4 by physi-
cally interacting with it and preventing its ubiquitin-based
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degradation (51). PIN1 was shown to interact with a phos-
phorylated threonine residue on BRD4 and facilitate its inter-
action P-TEFB. These studies indicate that interrogation of these
proteins that regulate BRD4 stability in addition to factors that
manipulate histone acetylation can predict patients that will
benefit most from BET inhibitor therapy.

While JQ1 is widely considered a tool compound due to its
short half-life, the next generation of bromodomain inhibitors is
currently being evaluated in clinical trials for various solid and
hematologic malignancies (52). In fact, a few studies have already
identified resistance mechanisms to bromodomain inhibitors. A
study in breast cancer found that JQ1-resistant cells displayed
increased phosphorylated BRD4 and MYC expression, although
the underlying mechanism was not determined (53). In another
study, authors observed increased enhancer element occupancy
by B-catenin in BET inhibitor-resistant leukemia cells (54). Final-
ly, in a recent study with ovarian cancer, resistance to bromodo-
main inhibition was driven by upregulation of RTKs through a
mechanism yet to be determined (55). Although we observed
decreased viability with monotherapeutic BRD4 inhibition in
cetuximab-sensitive cell lines in vitro, JQ1 treatment alone mod-
estly altered PDX tumor growth and RTK expression (Fig. 5A, B
and E). In fact, JQ1 treatment alone in the cetuximab-sensitive
PECAPJ49 cell line augmented AXL expression that can promote a
JQ1-resistant phenotype and corroborate the recent findings
observed in JQ1-resistant ovarian cancer (55). Cumulatively,
these observations may foreshadow the importance of cetuxi-
mab-induced epigenetic rewiring and combinatorial therapeutic
approaches involving bromodomain inhibitors, rather than
monotherapy.

Although the efficacy of JQ1 in HNSCC models have been
previously described (56), we are the first group to provide
evidence that targeting the chromatin reader BRD4 is a viable
strategy to overcome cetuximab resistance in preclinical models
of HNSCC and NSCLC. We also demonstrate that the under-
lying mechanism for the therapeutic potency is through the
downregulation of cetuximab-induced alternative RTK expres-
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