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Abstract

Purpose—The bromodomain and extra-terminal domain (BET) family proteins are epigenetic
readers for acetylated histone marks. Emerging BET bromodomain inhibitors have exhibited
antineoplastic activities in a wide range of human cancers through suppression of oncogenic
transcription factors, including MY C. However, the preclinical activities of BET inhibitors in
advanced solid cancers are moderate at best. To improve BET-targeted therapy, we interrogated
mechanisms mediating resistance to BET inhibitors in colorectal cancer (CRC).

Experimental Design—Using a panel of molecularly defined CRC cell lines, we examined the
impact of BET inhibition on cellular proliferation and survival as well as MY C activity. We further
tested the ability of inhibitors targeting the RAF/MEK/ERK (MAPK) pathway to enhance MYC
suppression and circumvent intrinsic resistance to BET inhibitors. Key findings were validated
using genetic approaches.

Results—BET inhibitors as monotherapy moderately reduced CRC cell proliferation and MYC
expression. Blockade of the MAPK pathway synergistically sensitized CRC cells to BET
inhibitors, leading to potent apoptosis and MY C downregulation /n vitro and in vivo. A
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combination of JQ1 and trametinib, but neither agent alone, induced significant regression of
subcutaneous CRC xenografts.

Conclusions—Our findings suggest that the MAPK pathway confers intrinsic resistance to BET
inhibitors in CRC and propose an effective combination strategy for the treatment of CRC.

Introduction

Aberrant activation of WNT signaling through loss-of-function of adenomatous polyposis
coli (APC) or mutation of p-catenin (CTNNBYI) is the key oncogenic event in colorectal
cancer (CRC) (1). The pluripotent transcription factor MYC is arguably the most important
target gene of the WNT/B-catenin pathway in CRC (2). Data from the Cancer Genome Atlas
suggest that MY C-dependent transcription program is activated in nearly all CRC (1).
Depletion or reduction of MY C impairs tumorigenesis in APC loss-driven mouse models of
colorectal cancer (3, 4). Therefore, targeting MYC has the potential to disrupt key oncogenic
functions in CRC. While direct pharmacological intervention for transcription factors like
MY C remains difficult, small molecule compounds targeting the bromodomain and extra-
terminal domain (BET) family epigenetic readers recently emerged as alternative approaches
to suppress oncogenic transcription factors, including MYC (5).

The BET family includes ubiquitously expressed BRD2, BRD3, BRD4, and a testis-specific
BRDT. These proteins contain two evolutionarily conserved bromodomains that recognize
acetylated lysine residues on histone tails (5). Through this interaction, BET proteins direct
assembly of nuclear macromolecular complexes, such as the mediator complex and the
transcription elongation complex, to acetylated chromatin (6). Hence, BET proteins have
important roles in transcription initiation and elongation. Small molecule BET bromodomain
inhibitors, such as JQ1, PFI-1, MS417 and i-BET762, exhibit promising antineoplastic
activities in a range of preclinical models of human cancers (7-13). The antineoplastic
activities of BET bromodomain inhibitors are associated with suppression of prominent
oncogenic transcription programs frequently activated in human cancers, such as MYC (9-
11), MYCN (12, 14), GLI1/2 (15), and NF-xB (16). As such, BET bromodomain inhibitors
represent an appealing therapeutic option for cancers dependent on oncogenic transcription
factors. Oncogenic transcription programs driven by B-catenin and MYC are key players in
the molecular pathogenesis of CRC. Hu and colleagues recently reported that BET inhibition
by MS417 attenuated CRC liver metastasis, although the impact on xenograft tumor growth
was limited (17). In addition, McCleland et al. showed that knockdown of BRD4 induced
MY C downregulation, differentiation and growth inhibition in CRC xenograft models (18).
This study also suggested that CRC with the CpG island methylator phenotype (CIMP) were
preferentially sensitive to BET inhibitors (18), although this link was not confirmed by a
more recent study (19). Nevertheless, response to BET inhibitors in CRC is modest in
general, suggesting that CRC tumors are intrinsically resistant to BET inhibition. In this
study, we assessed the therapeutic potential of BET inhibitors in CRC and interrogated
mechanisms conferring resistance to BET inhibitors. Our results demonstrated that blockade
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of the RAS/RAF/MAPK pathway rendered CRC cells significantly more sensitive to BET
inhibitors. Concurrent inhibition of BET proteins and the MAPK pathway was necessary
and sufficient to effectively downregulate MY C and to induce significant tumor regression in
xenograft models. Collectively, our findings suggest that the combination of BET inhibitors
and MEK inhibitors is a promising therapeutic strategy for CRC.

MATERIALS AND METHODS

Cell culture

CRC cell lines were purchased from ATCC. MC38 mouse colon adenocarcinoma cells and
DLD1 derivative lines, DKO1 and DKS8, were provided by Dr. Robert Coffey, Vanderbilt
University. RKO derivative lines were provided by Dr. Daniel Liebeler, Vanderbilt
University, which were originally purchased from Horizon Discovery (Cambridge, MA). All
cells used were amplified from early passages and maintained in cultures for no more than 2
months. These lines were not further authenticated. Mycoplasma test were performed
regularly using PCR detection kit from American Type Culture Collection (ATCC
#30-1012K). All cell lines were maintained in RPMI-1640 medium supplemented with 10%
fetal bovine serum and 100 U/mL penicillin-streptomycin (Life Technologies) at 37°C in 5%
CO». The immortalized non-tumorigenic immortalized young adult mouse colon (YAMC)
cells were obtained from Dr. Robert Whitehead, Vanderbilt University. YAMC cells were
maintained and analyzed at 33°C to activate a temperature-sensitive mutant of SV40 large T
antigen (20). Additional supplements were added in the growth medium for YAMC cells as
previously described (20). The integrity of cell lines used in this study is described in our
recent publications (21). The patient-derived xenograft line, CR-IGR-0034P, was purchased
from Oncodesign, France. This line is serially passaged in immunocompromised mice
without /n vitro culture.

Plasmids, antibodies and lentivirus production

The pLKO.1 lentiviral vectors directing expression of ShRNA sequences specific to BRD2
(2a: TRCN000006309, 2b: TRCN000006310), BRD3 (3a: TRCN0000021374; 3b:
TRCNO0000021376), and BRD4 (4a: TRCN0000196576; 4b: TRCN0000199427) have been
described in our previous publications (13). KRAS knockdown constructs (sh-KRAS-1:
TRCNO000003260 and sh-KRAS-2L: TRCN000003262) were purchased from Sigma.
Lentivirus was produced by co-transfection of the lentiviral vectors with the packaging
vectors psPAX2 and pCI-VSVG (Addgene) into 293FT cells. Viral supernatants were
collected 2 days after transfection and applied to cells at an approximate MOI of 5. Cells
were selected with 1 pg/ml puromycin for at least 48 hours prior to experiments. Most
antibodies used in this study are described in our recent publications, except that KRAS-
specific antibody was purchased from Santa Cruz Biotechnology (#sc-30) (13).
Immunohistochemical staining of xenograft tumor sections were performed with primary
antibody against MYC (#sc-40, Santa Cruz Biotechnology) at a 1:500 dilution, Ki67 (#VP-
K451, Vector Laboratories) at a 1:2000 dilution or cleaved Caspase-3 (# 9664, Cell
Signaling) at a 1:300 dilution. Staining was visualized by the Bond Polymer Refine
detection system.
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Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated using the Illustra RNAspin kit (GE Healthcare) and reverse
transcribed using the iScript cDNA synthesis kit (Bio-Rad). Gene expression was measured
by real-time PCR using universal SYBR-Green Mastermix (Bio-Rad). The reaction
comprises 40 cycles of 95°C for 20 seconds and 60°C for 45 seconds. Primers are listed in
Supplementary Table 1. Beta-actin was used as the loading control.

RNA seq and Gene Set Enrichment Analysis (GSEA)

CRC Cells were treated with DMSO or 1 pmol/L JQ1 for 24 hours. Total RNA was
extracted using the Illustra RNAspin kit with on-column DNA digestion according to the
manufacturer’s instructions. RNAseq were performed by Vanderbilt Technologies for
Advanced Genomics. All RNA samples were quantified using the QuBit RNA assay Kkit.
RNA quality was checked using Agilent Bioanalyzer. The Illumina TruSeq RNA Sample
Preparation kit (Illumina) was used for library preparation. Samples were sequenced on
HiSeq 2500 to obtain at least 30 million paired end (2 x 50 bp) reads per sample. The
RNAseq data went through multiple stages of thorough quality control as recommended
(22). Raw data and alignment quality control were performed using QC3, gene
quantification quality control was conducted using MultiRankSeq. Raw data were aligned
with TopHat2 against human transcript genome HG19. Gene expression were quantified
using Cufflinks(23). Differentially expression analysis is performed using Cuffdiff command
from Cufflinks package. False discovery rate < 0.05 was used as the significant threshold.

We employed the GSEA method (http://www.broadinstitute.org/gsea) for statistical analysis
of changes in gene expression patterns (24). GSEA determines whether a defined set of
genes shows statistically significant differences between two phenotypes. The complete list
of genes and their scores were used in GSEA with a focus on the C6 MSigDB collection
(oncogenic signatures). According to the developer’s instructions, the false discovery rate
(FDR) g value represents ‘the estimated probability that a gene set with a given normalized
enrichment score represents a false positive finding’ and the nominal p value estimates ‘the
statistical significance of the enrichment score for a single gene set.

Cell cycle distribution

Cells were treated for 24 hours, fixed in 75% ethanol, treated with RNase A, and stained
with 10 pg/ml propidium iodide. Cell cycle distribution was measured by flow cytometry on
a BD LSRFortessa cell Analyzer. The percentage of cells in each cell cycle phase was
assessed by the ModFit LT software.

Caspase activation assays

To measure caspase activity, 2500 cells were plated in 96-well plates and treated for 72
hours prior to analysis. Activities of caspase-3/7 were measured using a Caspase-Glo 3/7
assay kit (Promega) following the manufacturer’s instructions. Relative caspase 3/7 activities
were calculated by normalizing the values of caspase-3/7 activities to the values of cell titers
measured by a CellTiter-Glo assay kit (Promega) in replicated wells.
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Colony formation assay

CRC cells were plated at 200 cells per well in 6-well plates in triplicates and treated the next
day with 500 nmol/L JQ1 £ 25 nmol/L trametinib. However, RKO was treated with 100
nmol/L JQ1 and 25 nmol/L trametinib, because this line appeared to be highly sensitive to
BET inhibitors alone in vitro. Drugs were withdrawn after 5-day incubation. Cells were
allowed to grow for 7 additional days prior to be fixed and stained with 0.5% crystal violet.
Colonies were counted using the Image J software.

Cell viability assay

CRC cells were plated 2500/well in 96-well plates and treated with BET inhibitors with or
without the MAPK pathway inhibitors following a 2-fold serial dilution. Five days later, cell
viability was measured using a Sensolyte Cell Viability and Proliferation Assay kit
(Anaspec). The dose-response curves were fitted and 1C5q values were calculated using
GraphPad Prism following a nonlinear regression (least squares fit) method.

Subcutaneous xenograft tumor assays

All animal experiments were performed under protocols approved by the Vanderbilt
University Institutional Animal Care and Use Committee. The xenograft assays used female
athymic nude mice 6-8 weeks old. CRC cells were trypsinized, suspended in PBS and
mixed with equal volume of growth factor reduced Matrigel (BD Biosciences). Both flank
sites of mice received injection of two million tumor cells. Tumor size were measured by a
digital caliper and calculated following a formula of Size = Length x Width x Width/2.
Treatment began when the median tumor size reached approximately 100 mm3. Prior to
treatment, tumor-bearing mice were randomized into 4 arms that the median tumor sizes of
each arm were roughly the same. JQ1 was first dissolved in DMSO and diluted to 9 volumes
of 10% B-cyclodextrin in sterile saline and administrated through intraperitoneal injection.
Trametinib was prepared in 1% B-cyclodextrin and administrated through oral gavage.
Gefitinib was prepared in 1% Tween-80 and administrated through oral gavage. Tumor-
bearing mice were treated daily with vehicle, 50 mg/kg/day JQ1, trametinib (0.5 mg/kg for
SW480 and Difi, or 1 mg/kg for RKO), or both. Mice bearing the patient-derived xenograft
tumors were treated with 100 mg/kg/day JQ1 and 1 mg/kg trametinib, of which JQ1 was
given twice a day and trametinib was given once a day. In addition, a group of mice bearing
Difi xenograft tumor were treated with 50 mg/kg gefitinib daily. Tumors were measured two
to three times a week. Animals were monitored for significant adverse effects. Mice
accidentally died of injury caused by oral gavage or intraperitoneal injection was excluded
from analyses.

Other statistical analyses

GraphPad Prism 5.0 was used to determine statistical significance. P-values of less than 0.05
were considered significant. The combination index values were calculated using the Chou-
Talalay method with the Compusyn software following the developer’s instructions.
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BET inhibition leads to moderate MYC downregulation in CRC

It has been increasingly documented that inhibition of BET proteins results in potent
downregulation of MYC in hematologic cancers, such as multiple myeloma, Burkitt’s
lymphoma, and acute myeloid leukemia (9-11). However, regulation of MYC by BET
proteins in solid cancers appears to be heterogeneous and context-dependent (13, 14, 25).
MY C is commonly activated in CRC and plays a critical role in disease initiation and
progression. Therefore, we asked whether MY C expression in CRC was sensitive to BET
inhibition. Our results showed that BET inhibition by JQ1 commonly downregulated MYC
at both protein and mMRNA levels in CRC cell lines (Fig. 1A and 1B). However, the
reductions of MY C at protein levels were moderate and less significant compared with
changes at mRNA levels, suggesting implications of post-transcriptional regulations.
Following BET inhibition, expression of MYC targets, such as Bcl-2, Bcl-xL and hTERT,
was decreased; while the MY C-repressed tumor suppressor, p21 (a.k.a. CDKN1A), was
increased, albeit to various extents in different lines (Fig. 1C and Supplementary Fig. SIA-
S1C). Selective depletion of individual BET family members by RNA interference
suggested that BRD4 was the primary MY C regulator within the family, but BRD2 and
BRD3 might also contribute to MY C regulation (Supplementary Fig. S1D-1G). We further
assessed the impact of JQ1 on gene expression profiles in CRC cells using RNA seq and
employed GSEA to analyze the changes in MY C-dependent gene signatures. In DLD1,
KM12C and RKO cells, JQ1 significantly suppressed MY C-dependent transcription
modules (Fig. 1D and Supplementary Fig. S1H). However, JQ1-induced repression of MYC
signature was not statistically significant in SW480 cells (FDR q = 0.127, NES = -1.27).
These results collectively suggest that BET proteins are commonly implicated in regulation
of MYC expression and activity in CRC. However, in heterogeneous solid caners like CRC,
MY C regulation by BET proteins can be context-dependent.

BET inhibition impair proliferation and survival of CRC cells

We next assessed activities of BET inhibitors in a subset of CRC cell lines harboring genetic
alterations commonly found in CRC (26, 27). JQ1 dose-dependently decreased cell growth
in all of the tested CRC cells (Fig. 2A and Supplementary Table 2). Similar response was
observed using distinct BET bromodomain inhibitors, such as PFI-1 (Supplementary Fig.
S2A). The anti-growth effects of BET inhibitors were partially phenocopied by knockdown
of BRD4, while knockdown of BRD2 and BRD3 had less significant impact (Fig. 2B,
Supplementary Fig. S2B, S2C). Inhibition of BET proteins was associated with cell cycle
arrest in G1/G2 phases and moderate caspase activation (Fig. 2C, 2D, and Supplementary
Fig. S2D-S2F). While these findings are consistent with recently published studies and
underscore the potential of BET proteins as drug targets in CRC (17-19), BET inhibitors
alone were largely cytostatic in CRC cultures, raising the concern whether they may be
clinically effective as monotherapy.

Blockade of the RAS/RAF/MAPK pathway sensitizes CRC cells to BET inhibitors

The modest response to BET inhibitors and the lack of significant cell death suggest that
intrinsic resistance to BET inhibitors is common in CRC, which can be a critical obstacle for
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successful translation. The RAS/RAF/MAPK pathway is activated in most CRC tumors via
activating mutations of KRAS, NRAS, BRAF, amplification of EGFR, in addition to other
mechanisms (1). Among the CRC cell lines used in our study, phosphorylation levels of
ERK were the highest in BRAFY600E_gxpressing RKO and HT29, whereas KRAS
mutations did not always result in hyperactivation of the MAPK pathway (Supplementary
Fig. S3). Activation of RAS/RAF and the downstream MAPK pathway through mutations or
other mechanisms is a common key oncogenic event in CRC. Introduction of an oncogenic
KRAS mutant drastically promotes tumor formation and progression in APC deficient
mouse model of intestinal tumors (28). RAS activation augments WNT signaling (29) and
also promotes MY C protein stability, through mechanisms such as ERK-mediated MYC
phosphorylation (30). Hence, we asked whether blockade of the MAPK pathway might
affect CRC response to BET inhibitors. We treated CRC cells using a FDA-approved MEK
inhibitor, trametinib, with or without JQ1 at a fixed molar ratio of 1:100 following a 2-fold
serial dilution. This combination treatment induced significantly more potent reduction of
cell growth than either agent alone in all tested lines across a wide range of concentrations
(Fig. 3A-3C, Supplementary Fig. S4A and Table 2). Among the 14 CRC cell lines that we
have tested, the median ICgq value of JQ1 was approximately 330 nmol/L. The median ICsgq
value of JQ1 was reduced to 130 nmol/L when combined with trametinib (Fig. 3C and
Supplementary Table 2). The median ICsq value of trametinib was approximately 11 nmol/L
as monotherapy, while it was reduced to merely 1 nmol/L in the presence of JQ1 (Fig. 3C
and Supplementary Table 2). The interaction between JQ1 and trametinib was further
assessed by the Chou-Talalay statistical method (31). In KM12C, RKO and SW480, the
combination index (CI) values of JQ1 and trametinib were substantially less than 1 at
concentrations across multiple orders of magnitude, indicating strong drug synergism (Fig.
3A, 3B, and Supplementary Fig. S4A, green cross, right Y axis). Similar synergistic
interactions between JQ1 and the BRAF inhibitor vemurafenib were shown in BRAFY600E
HT29 cells (Supplementary Fig. S4B). In addition, combinations of JQ1 with an ERK
inhibitor SCH772984, or i-BET762 with an MEK inhibitor selumetinib also produced
synergistic response (Supplementary Fig. S4C and S4D). In contrast, non-tumorigenic
YAMC cells were refractory to JQ1 and trametinib, either alone or in combination
(Supplementary Fig. SAE), whereas MC38, a cell line derived from genetic mouse models of
colon cancer, was highly sensitive to the combination (Supplementary Fig. S4F). Clonogenic
assays showed that transient exposure to JQ1 and trametinib almost completely abolished
the ability of CRC cells to form colonies at concentrations that single-agent had limited
impact (Fig. 3D and Supplementary Fig. S5), suggesting that this combination therapy
induced prolonged damage to the tumorigenic potential of CRC cells. To further validate the
specificity of actions of chemical probes, we showed that selective depletion of BRD4
sensitized KM12C and RKO cells to trametinib (Supplementary Fig. S6). Conversely,
knockdown of BRD2 or BRD3 did not significantly altered response to MEK inhibition,
suggesting that BRD4 plays a major role in regulation the crosstalk with the MAPK
pathway. In addition, knockdown of KRAS decreased phosphorylation levels of ERK in both
KRAS-mutant SW480 cells and KRAS-wild type KM12C cells and rendered cells more
sensitive to JQ1 (Supplementary Fig. S7). These results collectively suggest that the
synergism between of BET inhibitors and MAPK pathway inhibitors are primarily mediated
via their respective on-target effects.
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Our results showed that the combination of BET inhibitors and MEK inhibitors induced
synergistic response in all tested CRC cell lines, irrespective of KRAS and BRAF mutations.
These findings suggest an intrinsic role of MAPK signaling in mediating resistance to BET
inhibitors that is not dependent on the mechanisms by which the MAPK pathway is
activated. To further test this hypothesis, we investigated two sets of isogenic CRC lines that
were genetically modified to deplete either the mutant allele of KRAS/BRAF or the wild
type one. DLD1 cells has one copy of wild type KRAS and one copy of KRAS®13D, This
line had low MAPK activity compared with other KRAS-mutant CRC lines (Supplementary
Fig. S3). The derivative line DKS8 lost the mutant KRASCG13D allele. Interestingly,
phosphorylation of ERK in DKS8 was moderately higher than the parental line, despite loss
of the mutant KRAS (Supplementary Fig. S8A). The response to JQ1, trametinib or the
combination was similar between DKS8 and the parental DLD1 (Supplementary Fig. S8B
and S8C). In contrast, the other derivative line depleted of the wild type KRAS allele,
DKO1, showed much more potent activation of ERK (Supplementary Fig. S8A). DKO1
appeared to be more resistant to JQ1 than two other isogenic lines, but the resistance was
essentially abolished by trametinib (Supplementary Fig. S8D and Table 2). In BRAF-mutant
RKO cells, loss of the V60O0E allele significantly reduced phosphorylation of ERK
(Supplementary Fig. S9A), but did not affect the synergistic interaction between JQ1 and
trametinib (Supplementary Fig. S9B-9D). However, RKO-BRAFW! cells had lower cell
viability in the presence of JQ1 at micromolar concentrations (Supplementary Fig. SOE).
Taken together, these results suggest that modulations of MAPK activity may affect CRC
cell sensitivity to BET inhibitors. However, at least in CRC, the synergistic interaction
between BET inhibitors and MEK inhibitors is not genotype-dependent.

Concurrent inhibition of MEK and BET results in potent MYC downregulation

We next assessed changes in MY C expression when BET proteins, MAPK, or both were
targeted. Our results showed that MY C protein was more effectively decreased following
exposure to the combination of JQ1 and trametinib compared with either agent alone (Fig.
4A). However, the combination did not result in a more effective reduction of MYC mRNA
(Fig. 4B and Supplementary Fig. S10A). Hence, the ability of trametinib to augment JQ1-
induced downregulation of MYC protein appeared to be primarily mediated through post-
transcriptional mechanisms. Expression of a constitutively active MEK1 mutant,
MEK1€121S resulted in accumulation of MYC protein and counteracted JQ1-induced MYC
repression (Fig. 4C). MEK1C121S 3]so attenuated the effects of JQ1 and trametinib in Difi
and SW480 cells, either alone or in combination (Fig. 4D and Supplementary Fig. S10B).

The combination of BET inhibitors and MEK inhibitors shift the balance among apoptosis

regulators

While either JQ1 or trametinib alone was largely cytostatic in CRC cells, we noticed that
targeting both BET and the MAPK pathway induced massive cell death and potent caspase
activation (Fig. 5A and 5B). Several anti-apoptosis genes, Bcl-2 in particular, have been
found to be targets of BET inhibitors in various cancers (9-11). Bcl-2 may play a primary
role in neutralizing apoptotic stresses in some hematologic cancers, as the selective Bcl-2
inhibitors navitoclax and venetoclax generate significant response in patients with chronic
lymphocytic leukemia (32, 33). However, the apoptosis regulatory network in solid cancers
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is more complex and heterogeneous. Our results showed that BET inhibition induced
downregulation of multiple anti-apoptotic Bcl-2 family members, Bcl-2 and Bel-xL, as well
as the inhibitor of apoptosis (IAP) family member, survivin (Fig. 5C and Supplementary Fig.
S11A). In SW480 cells, BET inhibition also increased expression of BIM, a pro-apoptotic
member of the Bcl-2 family (Fig. 5D). However, BET inhibition resulted in downregulation
of certain pro-apoptotic genes, such as BIK in SW480 cells and BIK and PUMA in KM12C
cells, which are expected to mitigate the impact of loss of anti-apoptotic genes (Fig. 5D and
Supplementary Fig. S11B). Trametinib exhibited context-dependent effects on expression of
these apoptosis regulators. Combining trametinib with JQ1 resulted in more effective
suppression of anti-apoptotic genes, as exemplified by survivin in SW480 cells (Fig. 5C),
and further increased BIM expression (Fig. 5D and Supplementary Fig. S11B). Interestingly,
JQ1-induced suppression of BIK and PUMA was neutralized by trametinib (Fig. 5D and
Supplementary Fig. S11B). Although changes of individual apoptosis regulators following
treatments of JQ1 and/or trametinib were not identical across CRC lines with different
genetic backgrounds, our results showed a pattern that BET inhibitors and MEK inhibitors in
combination induced a more effective downregulation of anti-apoptosis genes and
upregulation of pro-apoptosis genes compared with monotherapies, leading to strong
apoptotic cell death.

A combination of JQ1 and trametinib induces CRC xenograft tumor regression

We next sought to assess the 7 vivo efficacy of the combination of JQ1 and trametinib using
subcutaneous xenograft models. A few recent studies showed that BET inhibitors, JQ1 or
MS417, had limited impact on CRC xenograft tumor growth (17, 19). Our data
demonstrated that either JQ1 or trametinib alone moderately reduced the rate of tumor
growth. In contrast, the combination of these two agents decreased median tumor size by
45% in KRASC12Y SW480 xenografts and 60% in BRAFY600E RKO xenografts following 2
weeks of treatment (Fig. 6A, 6B). Tumor regression was associated with decreased
proliferation and increased apoptosis as shown by Ki67 and cleaved caspase 3 staining
(Supplementary Fig. S12A). Animals treated with the combination experienced
approximately 15% loss of body weight in the RKO experiment, while changes in the
SW480 experiment were minor (Supplementary Fig. S12B and S12C). Using a patient-
derived BRAFV600E_expressing CRC xenograft model (34), we further showed that JQ1 or
trametinib alone decreased tumor growth, whereas the combination induced a 75% reduction
in median tumor size (Fig. 6C). Anti-EGFR therapy has been approved for the management
of KRAS- and BRAF-wild type CRC. We asked whether the efficacy of the combination of
BET inhibitors and MEK inhibitors was comparable to anti-EGFR agents in EGFR-
dependent CRCs, such as Difi. Daily administration of 50 mg/kg gefitinib over 15 days
decreased growth of Difi xenografts from 176% to 20%. In comparison, the combination of
JQ1 and trametinib reduced median tumor volume by approximately 40% (Fig. 6D).
Immunohistochemical staining of MYC in tumors treated for 5 days showed that JQ1 or
trametinib alone only moderately decreased MY C-expressing cells in RKO tumors and
marginally affected MYC expression in SW480 cells. However, MY C-expressing cells were
drastically decreased in tumors treated with both compounds (Figure 6E and Supplementary
Fig. S12D and S12E). Taken together, our results strongly suggest that a combination of
BET bromodomain inhibitors and MEK inhibitors have broad therapeutic potential for
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treating CRC, including those therapeutically refractory tumors that harbor BRAF and
KRAS mutations.

Discussion

BET bromodomain inhibitors are a class of emerging drug candidates with attractive anti-
cancer and anti-inflammatory activities through modulation of aberrantly activated
transcription factors. Favorable clinical response was recently reported in hematologic
cancers (35). However, the efficacy of BET inhibitors in preclinical models of advanced
solid cancers is generally moderate. Mechanisms mediating acquired resistance to BET
inhibitors just began to emerge. Acute myeloid leukemia may reactivate MY C expression
through WNT signaling that confers resistance to BET inhibitors (36, 37). Alternatively,
triple negative breast cancer may gain resistance through increasing phosphorylation of
BRD4 that renders BRD4 maintain its transcription regulatory activities independent of
bromodomains (38). Mechanisms mediating intrinsic resistance to BET inhibitors remain
elusive. Identification of these mechanisms may direct development of more effective
combination therapy and expedite translation of BET inhibitors as viable therapeutic options
for advanced solid cancers. In the present study, we showed that activation of the MAPK
pathway conferred intrinsic resistance to BET inhibitors. Thus, a combination of BET
inhibitors and the MAPK pathway inhibitors generated synergistic response in CRC cell
cultures and xenograft models. This approach is particularly appealing for CRC tumors
carrying mutations in the RAS/RAF/MAPK pathway, which is highly resistant to currently
available therapeutics.

A hallmark of CRC is prevalent co-activation of B-catenin/MY C-driven transcription and the
RAS/RAF/MAPK pathway that act synergistically to promote CRC pathogenesis (1, 28, 39).
The RAS/RAF/MAPK pathway may augment B-catenin and MY C activity through a
multitude of mechanisms (30, 40, 41). Alternatively, activation of the WNT/B-catenin/MYC
pathway is implicated in resistance to BRAF and MEK inhibitors (42-45). As such,
accumulating evidence support the rationale to co-target both pathways for the treatment of
CRC and a range of other cancers. However, the master regulators of these two pathways,
KRAS and p-catenin, are both difficult drug targets. Our findings suggest that BET
bromodomain proteins represent a druggable signaling hub in the oncogenic network driven
by the WNT pathway and the RAS/RAF/MAPK pathway. As a result, the combination
comprising a BET inhibitor and an inhibitor blocking the MAPK pathway holds great
promise to treat cancers affected by aberrations of these two pathways, such as CRC.

In our study, we observed synergistic interaction between BET inhibitors and MAPK
inhibitors in all tested CRC cell lines, irrespective of mutational status of KRAS and BRAF.
In addition, our data did not suggest a linear correlation between sensitivity to JQ1 and
activation of the MAPK pathway. Although the broad response in CRC may raise concerns
over off-target effects, it is in concordance with prevalent activation of the MAPK pathway
in this disease, which can be induced through not only mutations of KRAS/BRAF but also
many other mechanisms. Using two sets of isogenic CRC cell lines, we showed that
depletion of the mutant KRAS or BRAF alleles might alter JQ1 sensitivity according to the
changes in MAPK activation. However, the synergistic interaction between JQ1 and
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trametinib was not compromised. Thus, the crosstalk between MAPK signaling and BET
proteins appears to be an intrinsic phenotype of CRC that is independent of the mechanisms
through which the MAPK pathway is activated or the degree of MAPK activation. On the
contrary, non-tumorigenic YAMC cells was spared by this combination therapy. Several
genetic approaches, such as selective depletion of individual BET genes or KRAS and
expression of a constitutively active MEK1 mutant, also underscored the on-target actions of
BET inhibitors and MEK inhibitors. It is an interesting question if this paradigm can be
applied to additional cancers transformed by MY C and oncogenic KRAS.

The mechanisms mediating the synergistic effects of the combination of BET inhibitors and
MEK inhibitors remain to be fully elucidated in different CRC subtypes. While many
downstream signaling molecules are affected by the combination therapy, MYC is a
particularly important target. Overexpression of MYC is extensively documented in CRC
and associated with poor survival (46). The Cancer Genome Atlas (TCGA) data indicate that
MY C-dependent transcription is activated in nearly all CRC samples (1). We found that
trametinib did not augment JQ1-induced downregulation of MYC mRNA, but further
decreased MYC protein levels in the presence of JQ1, suggesting that trametinib modulated
MY C levels through posttranslational mechanisms. The detailed mechanisms through which
the MAPK pathway regulates MYC protein levels remain an open question and can be
context-dependent. Nonetheless, our findings suggest that targeting both BET proteins and
the MAPK pathway is necessary to effectively downregulate MY C proteins in CRC, in
contrast to observations in MY C-amplified hematopoietic cancers. The resistance of MYC
to BET inhibition is even more obvious /in vivo, as most cells in CRC xenografts remained
positively stained for MY C following administration of JQ1. In contrast, the combination of
JQ1 and trametinib drastically reduced the percentage of MY C-positive cells. Hence, this
combination strategy has important indications to pharmacologically target oncogenic MYC
in solid cancers.

Another phenotype consistently shown in CRC cells treated with both BET inhibitors and
MEK inhibitors was the shift of the balance between anti-apoptotic genes and pro-apoptotic
genes. BET inhibition unexpectedly reduced expression of certain pro-apoptotic genes, such
as BIK and PUMA. As such, despite reduced expression of anti-apoptotic genes, the overall
impact of BET inhibitors on apoptosis regulatory network might not be sufficient to induce
significant cell death. Addition of trametinib neutralized JQ1-induced downregulation of
BIK and PUMA, augmented induction of BIM, and further decreased survivin. Hence,
blockade of both pathways appears to be necessary and sufficient to effectively shift the
balance between pro-apoptotic genes and anti-apoptotic genes to activate apoptosis. A recent
study shows that concurrent upregulation of NOXA/BIK and inactivation of Bcl-2/Bcl-xL is
necessary to induce apoptosis in KRAS-mutant colon cancer cells, underscoring the
importance of coordinated changes in the apoptotic regulatory network (47). In addition,
Conery and colleagues recently reported that activity of BET inhibitors in preclinical cancer
models largely correlated with apoptotic response (48). Collectively, the coordinated actions
of BET inhibitors and MEK inhibitors on expression of apoptosis regulators may have an
important role in mediating the synergistic response.
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To date, BET inhibitors alone exhibit generally moderate preclinical activities in solid tumor
models. To realize the therapeutic potential of BET inhibitors, it is crucial to identify the
mechanisms of resistance and to develop rational combinations that can produce meaningful
response in a preclinical setting. In the current study, we identified a role of the MAPK
pathway in mediating intrinsic resistance to BET inhibitors in CRC. As a result,
combinations of BET inhibitors with inhibitors targeting the MAPK pathway induced
synergistic response /in vitroand in vivo. These findings propose a combination strategy that
may substantially promote the uses of BET inhibitors and FDA-approved BRAF and MEK
inhibitors. Crosstalks between signal transduction pathways and epigenetic regulation have
recently emerged as a key factor to determine therapeutic response to BET inhibitors (38,
49-51). As such, combining with additional targeted agents is likely essential to optimize
BET-targeted therapy.
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Acknowledgments

We want to thank Drs. Robert Coffey, Daniel Liebler, and Robert Whitehead for providing important cell lines.
Grant Supports

J.W. is supported by the National Institutes of Health grant (RO1CA166492) and the Voice Against Brain Cancer
Foundation. E. L. is supported by NIH grants R0O1GM103926 and R01GM081635, and R. D. B. is supported by
RO1CA069457. S.K. is grateful for support by the Structural Genomics Consortium, a registered charity (No.
1097737) that receives funds from AbbVie, Bayer, Boehringer Ingelheim, Genome Canada through Ontario
Genomics Institute Grant OGI-055, GlaxoSmithKline, Janssen, Lilly Canada, the Novartis Research Foundation,
the Ontario Ministry of Economic Development and Innovation, Pfizer, Takeda, and Welcome Trust Grant
092809/Z/10/Z. L.N. is a recipient of NIH training grant 5T32HD007502.

References

1. Comprehensive molecular characterization of human colon and rectal cancer. Nature. 2012;
487:330-7. [PubMed: 22810696]

2. He TC, Sparks AB, Rago C, Hermeking H, Zawel L, da Costa LT, et al. Identification of c-MYC as
a target of the APC pathway. Science. 1998; 281:1509-12. [PubMed: 9727977]

3. Sansom QJ, Meniel VS, Muncan V, Phesse TJ, Wilkins JA, Reed KR, et al. Myc deletion rescues
Apc deficiency in the small intestine. Nature. 2007; 446:676-9. [PubMed: 17377531]

4. Athineos D, Sansom OJ. Myc heterozygosity attenuates the phenotypes of APC deficiency in the
small intestine. Oncogene. 2010; 29:2585-90. [PubMed: 20140021]

5. Filippakopoulos P, Knapp S. Targeting bromodomains: epigenetic readers of lysine acetylation. Nat
Rev Drug Discov. 2014; 13:337-56. [PubMed: 24751816]

6. Dawson MA, Kouzarides T, Huntly BJ. Targeting epigenetic readers in cancer. N Engl J Med. 2012;
367:647-57. [PubMed: 22894577]

7.ShiJ, Wang Y, Zeng L, Wu Y, Deng J, Zhang Q, et al. Disrupting the interaction of BRD4 with
diacetylated Twist suppresses tumorigenesis in basal-like breast cancer. Cancer Cell. 2014; 25:210-
25. [PubMed: 24525235]

8. Filippakopoulos P, Qi J, Picaud S, Shen Y, Smith WB, Fedorov O, et al. Selective inhibition of BET
bromodomains. Nature. 2010; 468:1067—73. [PubMed: 20871596]

9. Delmore JE, Issa GC, Lemieux ME, Rahl PB, Shi J, Jacobs HM, et al. BET bromodomain inhibition
as a therapeutic strategy to target c-Myc. Cell. 2011; 146:904-17. [PubMed: 21889194]

Clin Cancer Res. Author manuscript; available in PMC 2018 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ma et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Page 13

Mertz JA, Conery AR, Bryant BM, Sandy P, Balasubramanian S, Mele DA, et al. Targeting MYC
dependence in cancer by inhibiting BET bromodomains. Proc Natl Acad Sci U S A. 2011,
108:16669-74. [PubMed: 21949397]

Zuber J, Shi J, Wang E, Rappaport AR, Herrmann H, Sison EA, et al. RNAI screen identifies Brd4
as a therapeutic target in acute myeloid leukaemia. Nature. 2011; 478:524-8. [PubMed: 21814200]
Puissant A, Frumm SM, Alexe G, Bassil CF, Qi J, Chanthery YH, et al. Targeting MYCN in
Neuroblastoma by BET Bromodomain Inhibition. Cancer Discov. 2013; 3:308-23. [PubMed:
23430699]

Cheng Z, Gong Y, Ma VY, Lu K, Lu X, Pierce LA, et al. Inhibition of BET Bromodomain Targets
Genetically Diverse Glioblastoma. Clin Cancer Res. 2013; 19:1748-59. [PubMed: 23403638]
Baratta MG, Schinzel AC, Zwang Y, Bandopadhayay P, Bowman-Colin C, Kutt J, et al. An in-
tumor genetic screen reveals that the BET bromodomain protein, BRD4, is a potential therapeutic
target in ovarian carcinoma. Proc Natl Acad Sci U S A. 2015; 112:232-7. [PubMed: 25535366]
Tang Y, Gholamin S, Schubert S, Willardson M, Lee A, Bandopadhayay P, et al. Epigenetic
targeting of Hedgehog pathway transcriptional output through BET bromodomain inhibition. Nat
Med. 2014; 20:732-40. [PubMed: 24973920]

Huang B, Yang XD, Zhou MM, Ozato K, Chen LF. Brd4 coactivates transcriptional activation of
NF-kappaB via specific binding to acetylated RelA. Mol Cell Biol. 2009; 29:1375-87. [PubMed:
19103749]

Hu Y, Zhou J, Ye F, Xiong H, Peng L, Zheng Z, et al. BRD4 Inhibitor Inhibits Colorectal Cancer
Growth and Metastasis. Int J Mol Sci. 2015; 16:1928-48. [PubMed: 25603177]

McCleland ML, Mesh K, Lorenzana E, Chopra VS, Segal E, Watanabe C, et al. CCAT1 is an
enhancer-templated RNA that predicts BET sensitivity in colorectal cancer. J Clin Invest. 2016;
126:639-52. [PubMed: 26752646]

Togel L, Nightingale R, Chueh AC, Jayachandran A, Tran H, Phesse T, et al. Dual Targeting of
Bromodomain and Extraterminal Domain Proteins, and WNT or MAPK Signaling, Inhibits c-
MY C Expression and Proliferation of Colorectal Cancer Cells. Mol Cancer Ther. 2016
Whitehead RH, Robinson PS. Establishment of conditionally immortalized epithelial cell lines
from the intestinal tissue of adult normal and transgenic mice. Am J Physiol Gastrointest Liver
Physiol. 2009; 296:G455-60. [PubMed: 19109407]

Tripathi MK, Deane NG, Zhu J, An H, Mima S, Wang X, et al. Nuclear factor of activated T-cell
activity is associated with metastatic capacity in colon cancer. Cancer Res. 2014; 74:6947-57.
[PubMed: 25320007]

Guo Y, Ye F, Sheng Q, Clark T, Samuels DC. Three-stage quality control strategies for DNA re-
sequencing data. Brief Bioinform. 2013

Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, et al. Differential gene and transcript
expression analysis of RNA-seq experiments with TopHat and Cufflinks. Nat Protoc. 2012; 7:562—
78. [PubMed: 22383036]

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set
enrichment analysis: a knowledge-based approach for interpreting genome-wide expression
profiles. Proceedings of the National Academy of Sciences of the United States of America. 2005;
102:15545-50. [PubMed: 16199517]

Shimamura T, Chen Z, Soucheray M, Carretero J, Kikuchi E, Tchaicha JH, et al. Efficacy of BET
bromodomain inhibition in Kras-mutant non-small cell lung cancer. Clin Cancer Res. 2013;
19:6183-92. [PubMed: 24045185]

Ahmad I, Patel R, Liu Y, Singh LB, Taketo MM, Wu XR, et al. Ras mutation cooperates with beta-
catenin activation to drive bladder tumourigenesis. Cell Death Dis. 2011; 2:e124. [PubMed:
21368895]

Barretina J, Caponigro G, Stransky N, Venkatesan K, Margolin AA, Kim S, et al. The Cancer Cell
Line Encyclopedia enables predictive modelling of anticancer drug sensitivity. Nature. 2012;
483:603-7. [PubMed: 22460905]

Janssen KP, Alberici P, Fsihi H, Gaspar C, Breukel C, Franken P, et al. APC and oncogenic KRAS
are synergistic in enhancing Wnt signaling in intestinal tumor formation and progression.
Gastroenterology. 2006; 131:1096-109. [PubMed: 17030180]

Clin Cancer Res. Author manuscript; available in PMC 2018 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ma et al.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 14

Horst D, Chen J, Morikawa T, Ogino S, Kirchner T, Shivdasani RA. Differential WNT activity in
colorectal cancer confers limited tumorigenic potential and is regulated by MAPK signaling.
Cancer Res. 2012; 72:1547-56. [PubMed: 22318865]

Sears R, Nuckolls F, Haura E, Taya Y, Tamai K, Nevins JR. Multiple Ras-dependent
phosphorylation pathways regulate Myc protein stability. Genes Dev. 2000; 14:2501-14.
[PubMed: 11018017]

Chou TC. Drug combination studies and their synergy quantification using the Chou-Talalay
method. Cancer Res. 2010; 70:440-6. [PubMed: 20068163]

Roberts AW, Seymour JF, Brown JR, Wierda WG, Kipps TJ, Khaw SL, et al. Substantial
susceptibility of chronic lymphocytic leukemia to BCL2 inhibition: results of a phase | study of
navitoclax in patients with relapsed or refractory disease. J Clin Oncol. 2012; 30:488-96.
[PubMed: 22184378]

Roberts AW, Davids MS, Pagel JM, Kahl BS, Puvvada SD, Gerecitano JF, et al. Targeting BCL2
with Venetoclax in Relapsed Chronic Lymphocytic Leukemia. N Engl J Med. 2016; 374:311-22.
[PubMed: 26639348]

Julien S, Merino-Trigo A, Lacroix L, Pocard M, Goere D, Mariani P, et al. Characterization of a
large panel of patient-derived tumor xenografts representing the clinical heterogeneity of human
colorectal cancer. Clin Cancer Res. 2012; 18:5314-28. [PubMed: 22825584]

Herait PDH, Thieblemont C, Facon T, Stathis A, Cunningham D, Palumbo A, Vey N, Michallet M,
Recher C, Rezai K, Preudhomme C. BET-bromodomain (BRD) inhibitor OTX015: Final results of
the dose-finding part of a phase I study in hematologic malignancies. Annals of Oncology. 2015;
26(suppl 2):iil0-1.

Fong CY, Gilan O, Lam EY, Rubin AF, Ftouni S, Tyler D, et al. BET inhibitor resistance emerges
from leukaemia stem cells. Nature. 2015; 525:538-42. [PubMed: 26367796]

Rathert P, Roth M, Neumann T, Muerdter F, Roe JS, Muhar M, et al. Transcriptional plasticity
promotes primary and acquired resistance to BET inhibition. Nature. 2015; 525:543-7. [PubMed:
26367798]

Shu S, Lin CY, He HH, Witwicki RM, Tabassum DP, Roberts JM, et al. Response and resistance to
BET bromodomain inhibitors in triple-negative breast cancer. Nature. 2016; 529:413-7. [PubMed:
26735014]

Hung KE, Maricevich MA, Richard LG, Chen WY, Richardson MP, Kunin A, et al. Development
of a mouse model for sporadic and metastatic colon tumors and its use in assessing drug treatment.
Proc Natl Acad Sci U S A. 2010; 107:1565-70. [PubMed: 20080688]

Lemieux E, Cagnol S, Beaudry K, Carrier J, Rivard N. Oncogenic KRAS signalling promotes the
Wht/beta-catenin pathway through LRP6 in colorectal cancer. Oncogene. 2014

Singh A, Sweeney MF, Yu M, Burger A, Greninger P, Benes C, et al. TAK1 inhibition promotes
apoptosis in KRAS-dependent colon cancers. Cell. 2012; 148:639-50. [PubMed: 22341439]
Mologni L, Brussolo S, Ceccon M, Gambacorti-Passerini C. Synergistic effects of combined Wnt/
KRAS inhibition in colorectal cancer cells. PLoS One. 2012; 7:¢51449. [PubMed: 23227266]
Spreafico A, Tentler JJ, Pitts TM, Tan AC, Gregory MA, Arcaroli JJ, et al. Rational combination of
a MEK inhibitor, selumetinib, and the Wnt/calcium pathway modulator, cyclosporin A, in
preclinical models of colorectal cancer. Clin Cancer Res. 2013; 19:4149-62. [PubMed: 23757356]
Sun C, Hobor S, Bertotti A, Zecchin D, Huang S, Galimi F, et al. Intrinsic resistance to MEK
inhibition in KRAS mutant lung and colon cancer through transcriptional induction of ERBB3.
Cell Rep. 2014; 7:86-93. [PubMed: 24685132]

Anastas JN, Kulikauskas RM, Tamir T, Rizos H, Long GV, von Euw EM, et al. WNT5A enhances
resistance of melanoma cells to targeted BRAF inhibitors. J Clin Invest. 2014; 124:2877-90.
[PubMed: 24865425]

Toon CW, Chou A, Clarkson A, DeSilva K, Houang M, Chan JC, et al. Immunohistochemistry for
myc predicts survival in colorectal cancer. PLoS One. 2014; 9:e87456. [PubMed: 24503701]
Okamoto K, Zaanan A, Kawakami H, Huang S, Sinicrope FA. Reversal of Mutant KRAS-
Mediated Apoptosis Resistance by Concurrent Noxa/Bik Induction and Bcl-2/Bcl-xL Antagonism
in Colon Cancer Cells. Mol Cancer Res. 2015; 13:659-69. [PubMed: 25548100]

Clin Cancer Res. Author manuscript; available in PMC 2018 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ma et al.

48.

49.

50.

51.

52.

53.

Page 15

Conery AR, Centore RC, Spillane KL, Follmer NE, Bommi-Reddy A, Hatton C, et al. Preclinical
anticancer efficacy of BET bromodomain inhibitors is determined by the apoptotic response.
Cancer Res. 2016

De Raedt T, Beert E, Pasmant E, Luscan A, Brems H, Ortonne N, et al. PRC2 loss amplifies Ras-
driven transcription and confers sensitivity to BRD4-based therapies. Nature. 2014; 514:247-51.
[PubMed: 25119042]

Knoechel B, Roderick JE, Williamson KE, Zhu J, Lohr JG, Cotton MJ, et al. An epigenetic
mechanism of resistance to targeted therapy in T cell acute lymphoblastic leukemia. Nat Genet.
2014; 46:364-70. [PubMed: 24584072]

Stratikopoulos EE, Dendy M, Szabolcs M, Khaykin AJ, Lefebvre C, Zhou MM, et al. Kinase and
BET Inhibitors Together Clamp Inhibition of PI3K Signaling and Overcome Resistance to
Therapy. Cancer Cell. 2015; 27:837-51. [PubMed: 26058079]

Ahmed D, Eide PW, Eilertsen IA, Danielsen SA, Eknaes M, Hektoen M, et al. Epigenetic and
genetic features of 24 colon cancer cell lines. Oncogenesis. 2013; 2:e71. [PubMed: 24042735]
Kim 1J, Kang HC, Park JH, Shin 'Y, Ku JL, Lim SB, et al. Development and applications of a beta-
catenin oligonucleotide microarray: beta-catenin mutations are dominantly found in the proximal
colon cancers with microsatellite instability. Clin Cancer Res. 2003; 9:2920-5. [PubMed:
12912937]

Clin Cancer Res. Author manuscript; available in PMC 2018 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ma et al.

Page 16

Translational Relevance

BET bromodomain inhibitors are promising drug candidates, particularly for cancers
driven by aberrantly activated oncogenic transcription programs. However, the moderate
preclinical efficacy of BET inhibitors in advance solid cancer models raises concerns
over their clinical potential as monotherapy. Hence, identifying mechanisms of resistance
and developing rational combination approaches are critical for successful clinical
translation. In CRC, BET inhibitors alone was inadequate to induce significant cell death
and depletion of MYC protein. Our findings showed that the MAPK pathway mediated
intrinsic resistance to BET inhibitors. Consequently, a combination of BET inhibitors and
MEK inhibitors effectively reduced MY C protein levels and induced significant tumor
regression in xenograft models, including those bearing KRAS or BRAF mutations.
These findings suggest that rationally designed drug combinations hold promise to
optimize BET bromodomain-targeted therapy.
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Figure 1. BET inhibition suppressesMYC in CRC
(A) CRC cells were treated with 2.5 pmol/L JQ1 for 24 hours and subject to

immunoblotting. Similar experiments have been performed for at least three times unless
otherwise indicated. Density of MYC bands were determined by Image J and normalized to
the corresponding actin bands. The relative density of MY C in vehicle-treated RKO cells
was assigned as 1. (B) CRC cells were treated with 1 pumol/L JQ1 for 24 hours. RNA was
extracted and subject to gRT- PCR using beta-actin as the loading control. Error bars
represent standard deviations in all figures unless otherwise indicated. Standard deviations
were calculated from at least three technical replicates. *: p< 0.05 by Student’s #test. (C)
Expression of MY C target genes in KM12C cells treated as described above. (E) KM12C
and RKO cells were treated with 1 pmol/L JQ1 for 24 hours and subject to RNA seq. GSEA
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enrichment plots show suppression of a MY C-dependent gene signature (MYC_UP.V1_UP,
200 genes). FDR: false discovery rate. NES: Normalized enrichment score.
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Figure 2. Inhibition of BET proteinsimpairs proliferation and survival of CRC cells
(A) CRC cells in 96-well plates were treated with JQ1 following a 12-point 2-fold serial

dilution. Dose-response curves were determined following a three-parameter non-linear
regression method. (B) Following lentiviral infection and puromycin selection, SW480 cell
growth was measured every two days and normalized to the corresponding values of day 1.
(C) CRC cells were treated with 1 umol/L JQ1 for 24 hours. Cell cycle distribution was
measured by flow cytometry and analyzed using the ModFit software. Representative plots
are shown. (D) SW480 cells were treated with JQ1 for 72 hours at indicated concentrations.
Caspase activities were determined using Caspase-Glo 3/7 assay kit (Promega) and
normalized to cell titers determined using the CellTiter-Glo assay kit. *: p< 0.05 by
Student’s #test compared with the corresponding control groups.
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Figure 3. MEK inhibition synergistically improves the efficacy of BET inhibitors
(A) RKO and (B) SW480 cells were treated with JQ1 + trametinib at a fixed ratio (100:1).

Dose-response curves were determined as described in Fig. 2A. Combination index (CI)
values were determined following the Chou-Talalay method. (C) 1Csq values of JQ1 or
trametinib either alone or in combination. Each dot represents mean of 1Cgq values of one
CRC line generated from at least three independent experiments. (D) Colony formation by
CRC cells treated for 5 days and cultured for additional 7 days after drug withdrawal. Veh:
vehicle, Tra: trametinib, J + T: the combination of JQ1 and trametinib.
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Figure 4. Co-targeting BET proteinsand MEK induces potent downregulation of MYC
(A) CRC cells were treated with 500 nmol/L JQ1 £ 50 nmol/L trametinib for 2 days prior to

lysis for immunoblotting. The relative density of MY C bands are calculated as described in
Figure 1A. (B) KM12C and SW480 cells were treated as described above. MYC mRNA
levels were determined by gRT-PCR using beta-actin as loading control. *: treated vs.
control, p< 0.05 by Student’s #test. (C) SW480 cells were infected with control lentivirus or
lentivirus directing expression of MEK1C121S_ After puromycin selection, cells were treated
as described above and MYC protein levels were shown. (D) Dose response to JQ1 +
trametinib in SW480 cells infected with control lentivirus or lentivirus directing expression
of MEK1C121S,
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Figure 5. Combining BET inhibitorsand MEK inhibitorsinduces potent apoptosis

(A) CRC cells were treated with 500 nmol/L JQ1 + 50 nmol/L trametinib for 2 days.
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Immunoblotting of cleaved caspase 3 was presented. (B) Activation of caspase was assessed

using the Promega Caspase-Glo 3/7 kit in SWA480 cells. P values were determined by

student’s #test. (C) SWA480 cells were treated as described above. Expression of indicated
target genes was determined by qRT-PCR using beta-actin as loading control. *: treated vs.
vehicle, p< 0.05 by Student’s #test. #: combination vs. JQ1, p< 0.05 by Student’s #test.
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Figure 6. The combination of JQ1 and trametinib induces CRC xenogr aft tumor regression
(A) SW480 subcutaneous xenograft tumors (n=7, 14 tumors) were treated with 50

mg/kg/day JQ1 (i.p., once per day) + 0.5 mg/kg/day trametinib (p.o., once per day) for 14
days. (B) RKO subcutaneous xenograft tumors (n=6, 12 tumors) were treated with 50
mg/kg/day JQ1 £ 1 mg/kg/day trametinib for 12 days. (C) CR-IGR-0034P subcutaneous
tumors (n=7, 14 tumors) were treated with 100 mg/kg/day JQ1 (twice per day) + 1
mg/kg/day trametinib (once per day) for 15 days. (D) Difi subcutaneous xenograft tumors
(n=5, 10 tumors) were treated with 50 mg/kg/day gefitinib (p.o.) or 50 mg/kg/day JQ1 + 0.5
mg/kg/day trametinib as described above for 15 days. All tumor size data presented are
median tumor size + interquartile range. (E) After 5 days of treatment, selected tumors were
resected for immunohistochemical staining of MY C. Representative images are presented
(200x).
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