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Abstract

Bromodomain and Extra-Terminal domain (BET) family proteins are epigenetic readers that play
a critical role in oncogenesis by controlling the expression of oncogenes such as ¢-Myzc. Targeting
BET family proteins has recently emerged as a promising anticancer strategy. However, the
molecular mechanisms by which cancer cells respond to BET inhibition are not well understood.
In this study, we found that inducing the degradation of BET proteins by the Proteolysis Targeting
Chimeras (PROTAC) approach potently suppressed the growth of colorectal cancer (CRC)
including patient-derived tumors. Mechanistically, BET degradation transcriptionally activates
Death Receptor 5 (DR5) to trigger immunogenic cell death (ICD) in CRC cells. Enhanced DR5
induction further sensitizes CRC cells with a mutation in Speckle-type POZ protein (SPOP).
Furthermore, DR5 is indispensable for a striking antitumor effect of combining BET degradation
and anti-PD-1 antibody, which was well tolerated in mice and almost eradicated syngeneic tumors.
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Our results demonstrate that BET degradation triggers DR5-mediated ICD to potently suppress
CRC and potentiate immune checkpoint blockade. These results provide a rationale, mechanistic
insights, and potential biomarkers for developing a precision CRC therapy by inducing BET
protein degradation.
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Introduction

Colorectal cancer (CRC) is the second leading cause of cancer-related deaths in the

United States [1]. CRC patients are typically treated with 5-fluorouracil (5-FU)-based
chemotherapy and/or targeted therapy [2]. However, advanced CRCs often progress after
initial therapies and become refractory to subsequent treatments [3]. The response to anti-
PD-1 immunotherapy is limited to 10-15% of CRCs that are deficient in DNA mismatch
repair (IMMR) [4, 5]. Developing new and more effective agents against advanced CRCs is
an unmet medical need.

The Bromodomain and Extra-Terminal domain (BET) family proteins function as epigenetic
readers by recognizing acetylated lysine residues through their bromodomains to promote
transcriptional elongation [6]. They play a critical role in oncogenesis by controlling the
expression of oncogenes such as c-Myc [7]. The BET family proteins have recently emerged
as attractive cancer targets. Small-molecule BET inhibitors (BETi), such as JQ1, OT X015,
IBET-151, and BETi211, have exhibited promising efficacy against a variety of tumors

[8]. Several BETi have advanced to clinical testing and shown efficacy against some
hematologic malignancies and NUT carcinomas [8]. However, BETi as single agents are
generally ineffective against solid tumors [8]. Normal tissue toxicity is a major challenge in
developing BET-targeted therapies [9, 10].

A new approach for targeting BET proteins is Proteolysis Targeting Chimeras (PROTAC).
Compounds are designed and synthesized by conjugating a BETi to an E3 ubiquitin

ligase binder through a flexible linker [11-13]. Such compounds can selectively induce
the ubiquitination and proteasomal degradation of BET proteins. Several BET degraders
(BETd) have been described [11-15]. Compared with BETi, BETd are much more potent
and selective in inhibiting BET proteins and suppressing cancer cell growth [11-13]. It is
less likely for tumor cells to generate mutant variants to become resistant to BETd [16].
Furthermore, BETd can be designed on a structural basis for specific targeting of a particular
BET protein [17]. The improved potency, selectivity, and specificity may lower a threshold
dose for therapeutic efficacy and minimize normal tissue toxicity, thereby improving the
therapeutic window necessary for clinical translation.

BET-targeting agents have several anticancer activities such as induction of tumor cell
apoptosis and enhancement of antitumor immunity [18-21]. Apoptosis can be initiated
by the extrinsic pathway through activation of death receptors (DRs), or by the intrinsic
pathway via Bcl-2 family proteins and mitochondrial dysfunction, leading to caspase

Oncogene. Author manuscript; available in PMC 2022 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tong et al.

Results

BET protein

Page 3

activation and cell death [22, 23]. DR5 (TRAILR?2) is a cell-surface death receptor that

is activated upon binding to ligands such as Tumor necrosis factor-Related Apoptosis-
Inducing Ligand (TRAIL). DR5 can also be induced by p53 upon DNA damage [24] or

by C/EBP homologous protein (CHOP) in response to endoplasmic reticulum (ER) stress
[25]. Different modes of cell death have distinct immunological consequences [26, 27]. ER
stress-induced apoptosis often shows characteristics of immunogenic cell death (ICD) and
can stimulate a robust immune response against dead-cell antigens [28]. BET inhibition
can potentiate antitumor immune response by downregulating PD-L1 expression [20, 21].
Furthermore, mutations in SPOP, which encodes a subunit of the E3 ubiquitin ligase of
BET proteins, can either enhance or reduce BETi sensitivity depending on tumor types and
specific residues affected [29-31].

Despite many previous studies, the molecular mechanisms by which cancer cells respond
to BET inhibition remain poorly understood. In this study, we investigated BET targeting
in CRC and identified a new mechanism of DR5-mediated ICD, which is essential for the
antitumor and immunogenic effects of BETd against CRC.

degradation potently suppresses CRC cell growth via apoptosis induction.

To determine the functional role of BET family proteins in CRC, we analyzed their mRNA
expression in TCGA databases and found that BRDZ2, BRD3and BRDA4 are significantly
overexpressed in CRCs including recurrent and metastatic tumors (Fig. 1A, S1A and S1B).
High BRD2, BRD3and BRD4 expression is significantly associated with shorter survival of
CRC patients (Fig. 1A, S1A and S1B). This result is in line with the reported role of BET
proteins in CRC [32-34], and prompted us to explore their targeting in CRC.

Upon analyzing a number of BETi and BETd, we found two recently developed PROTAC
BETd, including BETd260 and BETd246 (Fig. S1C) [13, 15], are the most potent BET-
targeting agents in CRC cells (Fig. 1B and S1D). They have 10-120 fold lower ICsq
(BETd260, 0.28 uM; BETd246, 0.45 uM) compared to BETi such as JQ1 (12.2 uM) and
IBET-151 (15.78 uM), and other BETd such as dBET6 (7.2 uM), ARV-825 (32.5 uM) and
MZ1 (4.98 uM) [12, 14, 35] in HCT116 CRC cells (Fig. 1B). BETd260 and BETd246 are
highly potent across different CRC cell lines (IC5g 0.1-0.6 uM), but much less toxic to
non-transformed colonic epithelial cells (1C5q 36 M) (Fig. 1C and S1E). Treating HCT116
cells with sub-uM BETd260 or BETd246 depleted BRD2, BRD3, BRD4, and c-Myc (Fig.
1D), and markedly induced apoptosis shown by increased nuclear fragmentation (Fig. 1E),
Annexin V staining (Fig. S1F), and activation of caspases 8, 9 and 3 (Fig. 1F). Caspase

8 activation occurred at 24 hr prior to caspase 9 and 3 activation (Fig. 1F), suggesting
crosstalk between the extrinsic and intrinsic apoptotic pathways [22, 23]. In contrast, JQ1
and IBET-151 even at 5 uM did not induce substantial apoptosis or affect BET protein
expression in CRC cells (Fig. 1E, S1F and S1G). Furthermore, pan caspase inhibitor z-VAD-
fmk suppressed, but did not completely block growth inhibition and cell death induced by
BETd260 and BETd246 (Fig. 1G and S1H). Inhibiting necroptosis or ferroptosis did not
affect cell death induced by BETd260 (Fig. S11). These results indicate that BETd260 and
BETd246 potently suppress CRC cell growth in part via apoptosis induction.
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BETd induce DR5 expression via CHOP-mediated transcriptional activation.

To determine the mechanism by which BETd induce apoptosis in CRC cells, we performed
MRNA sequencing (RNA-Seq) on HCT116 cells treated with BETd260. Analysis of
differentially expressed genes revealed a marked induction of DR5 mRNA in response

to BETd260 (A< 0.01; Fig. S2A, left panel), which was also found in cells with BRD4
knockdown, suggesting an on-target effect of BET inhibition. The induction of DR5in
HCT116 cells was confirmed by RT-PCR (Fig. 2A and S2B), and by Western blotting
showing upregulation of both DR5 isoforms (Fig. 2B and S2C) in a time- and dose-
dependent manner. In addition to DR5, other death receptor family members, including
DCR1, DCRZ2, and TNFRZ, were also upregulated by BETd (Fig. 2A and S2A). In
contrast, other apoptosis regulators did not significantly or consistently change upon
BETd260 treatment (Fig. 2A, S2A and S2D). Treating HCT116 cells with other BET
degraders, including dBET6, MZ-1, and ARV-825, also induced DR5 and apoptosis in a
dose-dependent manner, albeit at higher concentrations than BETd260 and BETd246 (Fig.
S2E). DR5 induction by BETd260 and BETd246 was also observed in other CRC cell lines
(Fig. S2, F and G; data not shown).

We analyzed the DR5-activating pathways and found the ER stress pathway is responsible
for DR5 induction by BETd. Consistent with the RNA-Seq data (Fig. S2A, right panel),
BETd260 and BETd246 treatment induced ER stress markers [36], including CHOP, ATF3
and ATF6, and phosphorylation of elF2a (p-elF2a.; Ser51) and PERK (p-PERK; Thr980)
(Fig. 2B; Fig. S3, A-C). Chromatin immunoprecipitation (ChIP) analysis showed enhanced
binding of CHOP to the DR5 promoter upon BETd260 exposure (Fig. S3D), which also
activated a OR5 promoter reporter containing a CHOP-binding site [37], without affecting
the control with a mutant binding site [38] (Fig. S3E). The induction of DR5 by BETd260
was abrogated by CHOP knockdown (Fig. S3, F and G) and transfection with the S51A
dominant negative mutant of elF2a [39] (Fig. S3H). Furthermore, the induction of DR5 and
apoptosis by BETd260 was suppressed by inhibiting ER stress with the p-elF2a inhibitor
salubrinal [40] (Fig. S3I), or blocking protein synthesis with cycloheximide (CHX) (Fig.
S3J). These results indicate DR5 induction via ER stress and CHOP-mediated transcription
as an on-target effect of BETd.

DR5 is required for apoptosis and chemosensitization by BETd in CRC cells.

We then investigated the functional role of DR5 in response to BETd in CRC cells.
Knockout (KO) of DR5in HCT116 cells [41] abrogated growth suppression by BETd as
indicated by 4-6 fold increases in the ICgq of BETd260 (1.23 pM for DR5KO vs. 0.21 pM
for WT) and BETd246 (1.32 uM for DR5KO vs. 0.32 uM for WT) (Fig. 2C). DR5KO
inhibited BETd260- and BETd246-induced apoptosis analyzed by nuclear fragmentation,
annexin V staining, caspase activation, Bid cleavage, cytochrome crelease, mitochondrial
outer membrane permeabilization, and colony formation (Fig. 2, D-H; Fig. S4, A and B),
further suggesting crosstalk of the extrinsic and intrinsic apoptotic pathways. Indeed, KO or
knockdown (KD) of key mediators of crosstalk, including FADD, caspase 8, Bid, and BAX
[42-44], suppressed BETd-induced apoptosis (Fig. S4, B-G). The requirement of DR5 was
confirmed by analyzing BETd260-treated DR5KO RKO cells generated by CRISPR/Cas9
(Fig. S4A). In contrast, KO of other apoptosis regulators, such as Bimand Noxa, did not
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affect apoptosis induced by BETd (Fig. S4E). Structural analogs of BETd260 and BETd246,
including BETd228 and BETd570 [15], showed similar dependence on DR5, FADD, Bia,
and BAXto induce apoptosis in HCT116 cells (Fig. S4E).

We then analyzed the therapeutic efficacy of BETd in combination with the FDA-approved
CRC drugs 5-FU and oxaliplatin, or the DR5 ligand TRAIL. BETd260 combined with 5-
FU, oxaliplatin, or TRAIL at different concentrations were highly synergistic (combination
indexes <0.015) in HCT116 cells (Fig. S5, A-C). The combinations at low, non-apoptotic
doses markedly enhanced DRS5 induction, caspase activation and apoptosis in WT HCT116
cells, but not in DR5KO cells (Fig. S5, D and E), indicating the enhanced induction of
DR5 and apoptosis mediates the chemosensitization effect of BETd. Together, these results
demonstrate that the apoptotic and chemosensitization effects of BETd260 and BETd246 in
CRC cells are dependent on DR5 via crosstalk between the two apoptotic pathways.

SPOP activating mutations increase BETd sensitivity due to enhanced DR5 induction.

Mutations in SPOP, a substrate-binding subunit of the BRD4 E3 ubiquitin ligase, determine
BETi sensitivity in some cancer cells [29-31]. CRC cells with a SPOP-activating mutation,
including NCI-H508 (SPOP-E4ATK) and SNU-407 (SPOP-GT5E) [41], are substantially
more sensitive to BETd than SPOP-WT cells, as indicated by 3-20-fold lower 1Cgq of
BETd (Fig. S6A). Compared to WT cells, SPOP-mutant CRC cells have reduced BRD4 but
slightly higher basal DR5 levels (Fig. S6B) and are much more prone to DR5 induction

by BETd260 (Fig. S6, C and D). BETd260 at 0.1 uM robustly induced DR5 and apoptosis
in the SPOP-mutant cells but was not sufficient to do so in SPOP-WT HCT116 cells

(Fig. S6, D-H). This increased BETd sensitivity in the mutant cells is dependent on DR5
and could be suppressed by DR5 knockdown (Fig. S6, F—H). Furthermore, knockdown of
SPOPin NCI-H508 and SNU-407 cells abolished the enhanced DR5 induction, apoptosis,
and BETd sensitivity, but only slightly affected DR5 induction in HCT116 cells (Fig. S7,
A-C). Transfecting the SPOP mutants into the parental HCT116, but not DR5KO cells,
recapitulated the observed differences in the mutant cells (Fig. S7, D-G). These results
indicate that SPOP activating mutations increase BETd sensitivity by downregulating BET
proteins, which lowers threshold for their inhibition and enhances DR5 induction.

DR5 mediates the in vivo antitumor effects of BETd260 in isogenic and PDX models.

To determine the functional role of DR5 in mediating the /in vivo antitumor effects of
BETd, we analyzed xenograft tumors established from WT and DR5KO HCT116 cells in
athymic nude mice. Treating tumor-bearing mice with BETd260 (i.v.; 5 mg/kg) effectively
suppressed growth of WT HCT116 tumors (Fig. 3, A and B), accompanied by induction
of DR5 (Fig. 3C) and apoptosis detected by positive staining of TUNEL, active caspase

8, and active caspase 3 (Fig. 3, D-F). In contrast, the antitumor and apoptotic effects of
BETd260 were largely suppressed in DR5KO tumors (Fig. 3, A-F), suggesting a key role
of DR5-mediated apoptosis in tumor suppression.

We further analyzed the antitumor effects of BETd260 using PDX models, which
better recapitulate histology, heterogeneity, and molecular alterations of original patient
tumors than cell line xenografts [45]. Two CRC PDX models established from treatment-
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naive primary tumors were analyzed [41], including PDX1 (T4NOM1; KRAS-G13D;
NRAS-G12D; MMR-proficient [pMMR]) and PDX2 (T2NO; pMMR). BETd260 treatment
markedly suppressed the growth of PDX1 tumors without affecting animal weight (Fig. 4,
A-C). The treatment induced DR5 expression, tumor cell loss, and apoptosis analyzed by
active caspase 3 staining, as well as proliferation inhibition (Fig. 4, D—H). Furthermore,
inhibiting ER stress by salubrinal largely suppressed the antitumor activity of BETd260, as
well as DR5 induction and apoptosis (Fig. 4, A-H). BETd260 was also efficacious against
PDX2 with ER-stress-dependent DR5 induction (Fig. S8, A—C). These results demonstrate
DR5- and ER-stress-mediated antitumor effects of BETd260 against CRC tumors /n vivo.

BETd induce DR5-dependent immunogenic cell death (ICD) in CRC cells.

Recent studies showed that BET proteins regulate the expression of the PD-1 ligand PD-L1
in some cancer cells, and BET inhibition promotes antitumor immune response [20, 21].
However, BETd260 treatment did not affect the expression of PD-L1 in CRC cells (Fig.
5A). The involvement of ER stress promoted us to test if BETd-induced apoptosis is ICD
[28], in which a small fraction of dying tumor cells expose or release Damage Associated
Molecular Pattern (DAMP) molecules, such as the ER chaperone calreticulin (CRT) [46],
which promote dendritic cell (DC) maturation and subsequent immune attack of remaining
tumor cells [26, 27]. We found that treating different CRC cells with BETd260 or BETd246
markedly induced cell-surface CRT (Fig. 5B), which was suppressed in DR5KO cells

(Fig. 5C). We then tested if BETd-induced dying CRC cells can be engulfed by DCs
through phagocytosis. Upon co-culture of green-labeled, BETd-treated HCT116 cells with
red-labeled DCs prepared using peripheral blood mononuclear cells (PBMCs) from healthy
donors, we observed a significant increase in DC phagocytosis of BETd-treated HCT116
cells, which was inhibited by DR5 KO (Fig. 5, D and E), suggesting a key role of ER stress-
and DR5-dependent cell killing in mediating the immunogenic effects of BETd.

BETd260 potentiates anti-PD-1 immunotherapy in a DR5-dependent manner.

We then used the immuno-competent CT26-BALB/cJ syngeneic tumor model to determine
the efficacy of BETd260 in combination with an anti-PD-1 antibody. We observed a striking
synergism between BETd260 and anti-mouse PD-1 antibody at doses that either agent
alone showed little or no efficacy. WT CT26 tumors did not respond to BETd260 at a
pre-determined, reduced dose and frequency (from 3x5 mg/kg/week in Fig. 3A to 2x2
mg/kg/week in Fig. 6A), or anti-mouse PD-1 antibody at a previously described dose and
schedule [47] (Fig. 6, A—C). Remarkably, the combination of BETd260 and anti-mouse
PD-1 markedly enhanced therapeutic efficacy (Fig. 6, A and B), with 8 out of 10 treated
mice had virtually no tumor growth at the endpoint of day 28 (Fig. 6C). Upon analyzing
DR5KO CT26 cells generated by CRISPR/Cas9 (Fig. S9, A and B), we found that the
therapeutic efficacy of the combination is DR5-dependent. Mice bearing DR5KO CT26
tumors treated with the combination, similar to those with untreated tumors or treated with
either agent alone, had to be sacrificed around day 20 due to a large tumor size (Fig. 6,
A-C). The combination treatment was well tolerated and did not significantly affect body
weight (Fig. 6D).

Oncogene. Author manuscript; available in PMC 2022 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tong et al.

Page 7

Analysis of tumor sections by immunostaining revealed DR5-dependent increases in
infiltration of CD3+ and CD8+ cells (Fig. 6E). Further analysis of immune cell markers

by flow cytometry showed that the combination treatment significantly increased infiltration
of CD3+, CD4+, and CD8+ T cells, and decreased infiltration of CD25+/FoxP3+ regulatory
T cells (Tregs) in WT tumors (Fig. 7, A-D). The combination treatment increased interferon
v (IFNvy) and granzyme-B (GzmB) production by tumor-infiltrating CD8+ T cells in WT
tumors (Fig. 7, E and F), and also increased the population of infiltrating CD11c+ DCs
expressing higher levels of the activation markers CD86 and MHC class Il (MHCII) (Fig.

7, G-1). Strikingly, all of the observed changes in immune cell markers in WT tumors were
suppressed in DR5KO tumors (Fig. 7, A-Il), indicating a critical role of DR5-dependent
cell death in mediating the antitumor immune response to the combination treatment.
Furthermore, depleting CD8+ cytotoxic T cells by treating mice with an anti-CD8 antibody
abolished the effects of the combination on WT tumors, confirming the role of CD8+ T
cells in tumor suppression by combination therapy (Fig. 7J). Collectively, our /n vitroand in
vivo data demonstrate a key functional role of DR5 induction in mediating the apoptotic and
antitumor effects of BETd in CRC cells.

Discussion

The majority of advanced CRCs are refractory to conventional chemotherapy and recent
targeted therapy [2]. BET family proteins are overexpressed in CRCs including recurrent
and metastatic tumors and represent attractive therapeutic targets. Our results show that
BETd260 and BETd246 are much more potent than other BET-targeting agents in CRC
cells. They exhibited striking /n vivo efficacy in cell line, PDX, and syngeneic tumor
models. Furthermore, combinations of BETd260 with 5-FU, oxaliplatin, TRAIL, and anti-
PD-1 are highly synergistic and markedly improve therapeutic efficacy. The remarkable
therapeutic efficacy of BETd260 and BETd246 suggests this class of BET degraders can be
further developed and optimized for clinical translation.

We identified ER stress- and CHOP-mediated DR5 induction as a critical activity of BET-
targeting agents in CRC cells. The DR5 induction likely results from downregulation of
c-Myc, a key oncogenic driver aberrantly activated by the defective APCI 5-catenin pathway
in CRCs [48]. c-Myc levels were shown to correlate with BETi sensitivity in CRC cells
[34]. While c-Myc is often considered to be undruggable, inhibiting its expression using
BETd offers an exciting opportunity for targeting this key oncogene. DR5 induction is
critical not only for the activity of BETd alone, but also for the synergistic effects of BETd
combined with different classes of anticancer agents. This is consistent with the role of
DR5 as a nodule point of different apoptotic pathways, including DNA damage-induced and
p53-dependent apoptosis, ER stress-mediated apoptosis, and cytokine-induced apoptosis in
antitumor immune response. Enhanced DR5 induction may also be related to the inhibitory
effect of BETi on protective feedback kinase signaling, which mediates the potentiating
effects of BETi on kinase inhibitors [8]. Our data suggest that in addition to apoptosis,
non-apoptotic cell death is also involved in the killing of CRC cells by BETd260 and
BETd246 (Fig. 1G; Fig. S1, H and 1), which will be further examined in our future studies.
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Our data indicate that SPOP mutations may be useful biomarkers for predicting BETd
sensitivity in CRCs. Despite their low frequency (2-5%) [30], analyzing the effects of
SPOP mutations in CRC may have important translational implications as SPOP-mutant
tumors may represent “super responders” particularly sensitive to BETd at a clinically
achievable and non-toxic dose, similar to lung cancers with rare £GFR mutations or

ALK translocation [49]. However, caution should be taken as SPOP has many substrates,
and SPOP mutations have complex and context-dependent effects in different types of
cancer cells [29-31]. Several other features are associated with differential BETi sensitivity,
including epigenetic reprograming, the LncRNA CCAT1, hyper-phosphorylation of BRD4
[50], and CpG island methylator phenotype (CIMP) [32]. Further studies on how SPOP
and other drivers modulate the sensitivity to BET-targeting agents may provide a panel of
biomarkers for designing a personalized CRC therapy.

Sustained BET inhibition causes intestinal stem cell depletion and both lymphoid and
hematopoietic abnormalities [9, 10]. A major challenge in targeting BET proteins is
optimizing the therapeutic window to minimize normal tissue toxicity. BETd260 at 5 mg/kg
every other day, while robustly inhibiting tumor growth, was well-tolerated and did not
cause animal weight loss (Fig. 6 and 7). The potent efficacy of BETd260/246 alone or in
combination may provide a therapeutic window necessary for BETd dosing to minimize
normal tissue toxicity. In addition to biomarker-based stratification, development of isoform-
specific degraders may provide improved specificity for minimizing the toxicity of BET
degraders. It has been shown isoform-specific BETd can be designed based on the structural
information of BET family proteins [17].

Our results indicate that both cell-intrinsic and immunogenic effects contribute to the
therapeutic efficacy of BETd. In contrast to studies on PD-L1 downregulation [9, 10],
BETd treatment did not affect PD-L1 expression in CRC cells (Fig. 5A). In CRC patients,
PD-L1 is expressed at low levels in a small fraction of tumors, and PD-L1 levels do

not predict clinical response to anti-PD-1 immunotherapy [4, 5]. Our results showed that
BETd treatment induced DR5-dependent cell killing with hallmarks of ICD, suggesting a
critical role of DR5 in ICD. Consistent with our findings, other anticancer agents, such as
a combination of EGFR antibody and chemotherapy, also induce ICD via ER stress and
apoptosis [28]. The DR5-dependent immunogenic effects of BETd can be further verified
by other approaches such as /n vivo vaccination [26, 27], in which mice vaccinated with
BETd260-treated WT, but not DR5KO, CT26 cells are expected to be protected against
subsequent tumor development.

Immune checkpoint inhibitors (ICls) have revolutionized cancer treatment [51]. However,
the clinical benefit of ICls is limited in only 10-15% of CRCs with dMMR [5]. A burning
issue is to covert immunologically “cold” tumors into “hot” tumors. We demonstrate
remarkable synergism of BETd260 and anti-PD-1 antibody, which nearly eradicated mouse
CT26 syngeneic tumors in a DR5-and CD8-dependent manner. As CT26 is pPMMR [52], our
results suggest that BETd are potentially useful for sensitizing the majority (>85%) of CRCs
to anti-PD-1 immunotherapy [4, 5]. Our study supports a critical role of DR5-mediated

cell death in the tumor microenvironment in priming the T cell response. Identification

of specific drugs or drug combinations that activate DR5-dependent ICD may be broadly
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applicable in CRCs. The translational potential of the BETd/ICI combinations remains to be
evaluated in future animal and clinical studies.

Collectively, our results demonstrate a striking efficacy of BETd against CRCs through
DR5-mediated cell death and antitumor immunity. These results provide a rationale,
proof-of-principle evidence, new mechanistic insights, and potential biomarkers for further
developing BETd for improving CRC therapies.

Materials and Methods

Cell culture and drug treatment

Cell lines are described in Supplemental Methods. Cell lines were authenticated by
genotyping and analysis of protein expression by Western blotting, and routinely checked
for Mycoplasma contamination by PCR. All CRC cell lines were maintained in a 37°C
incubator at 5% CO». Cell culture media were supplemented with 10% defined FBS
(HyClone, Logan, UT), 100 units/mL penicillin, and 100 ug/mL streptomycin (Invitrogen).
For drug treatment, cells were plated in 12-well plates at 20-30% density 24 hr before
treatment.

BETd246, BETd260, BETd228, and BETd570 are previously described [13, 15]. All other
chemicals and drugs are described in Table S1. DMSO stocks were prepared and diluted in
cell culture media.

Analysis of cell viability and apoptosis

MTS assay was performed as described in Supplemental Methods. Apoptosis was measured
by counting cells with condensed and fragmented nuclei after nuclear staining with Hoechst
33258 [53]. A minimum of 300 cells were counted for each sample. Apoptosis was also
analyzed by flow cytometry of cells stained with Annexin V/propidium iodide (PI) [54].
Crystal violet staining of viable cells was performed on cells treated for 36 hr in 12-well
plates. Long-term cell survival was analyzed by colony formation assay as described [54].
Cytochrome crelease was analyzed by cytochrome ¢ Western blotting of mitochondrial

and cytosolic fractions isolated by differential centrifugation. Each assay was conducted in
triplicate and repeated three times.

Western blotting

Western blotting was performed using antibodies listed in Table S1 as previously described
[43].

Analysis of mRNA expression

Total RNA was isolated from cells using the Mini RNA Isolation Il Kit (Zymo Research)
according to the manufacturer’s protocol. RNA-Seq was performed as described in
Supplemental Methods. For Real-time reverse Transcriptase (RT) PCR, one pg of total RNA
was used to generate CDNA by the SuperScript Il reverse transcriptase (Invitrogen). PCR
was performed using primers listed in Table S2 and previously described cycle conditions
[55].
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Analysis of immunogenic cell death (ICD)

CRC cells treated with 0.5 uM BETd260 or BETd246 for 24 hr were analyzed for
ICD markers, including cell-surface calreticulin (CRT) and phagocytosis of CRC cells by
dendritic cells (DCs), as described in Supplemental Methods.

Animal experiments

All animal experiments were approved by the University of Pittsburgh Institutional Animal
Care and Use Committee. Sample size estimation was based on previous experience [41,
43]. All treated animals were analyzed without randomization and blinding to the group
allocation. Mice were housed in a sterile environment with micro isolator cages and
allowed access to water and chow ad /ibitum. BETd260 was dissolved in 10% PEG400:
3% Cremophor: 87% PBS. Tumor growth was monitored by calipers, and tumor volumes
were calculated according to the formula Y2xlengthxwidth?.

Cell line xenografts were established by subcutaneously injecting 4x10% WT or DR5-KO
HCT116 cells into both flanks of 5-6-week old female Nu/Nu mice (Charles River).
Xenograft tumors were allowed to grow for 7 days to reach ~60 mm? in size before
treatment. Tumor-bearing mice were treated with BETd260 at 5 mg/kg by intravenous
injection (i.v.) for 3 times/week. Six mice were used for each group.

Patient derived xenograft (PDX) tumors were established from treatment-naive primary
tumors in 5-6-week-old female NOD.Cg-Prkacscid 1/2rgmIWJljSz) (NSG) mice (Jackson
Laboratory) as described [41]. PDX1 was from a KRAS-mutant (G13D), NRAS-mutant
(G12D), and MMR-proficient sigmoid colon tumor (T4ANOM1). PDX2 was established from
an MMR-proficient right colon tumor (T2NO0). Tumors passaged and expanded for two
generations (P2) in NSG mice were used. Tumor-bearing mice were randomized into 4
groups and subjected to following treatments for 3 weeks: 1) untreated; 2) BETd260; 3)
Salubrinal; 4) BETd260 + Salubrinal. Four mice were used for each group. Salubrinal (10
mg/mL) was freshly diluted in 50/50 Poly (ethylene glycol) (PEG)/saline solution before
administration and i.p. injected at 1 mg/kg.

Syngeneic tumors were established by subcutaneously injecting 5x10° WT or DR5KO
CT26 cells into both flanks of 5-6-week-old BALB/cJ mice (Jackson Laboratory). After
tumor growth for 7 days, tumor-bearing mice were randomized and treated with 2 mg/kg
BETd260, anti-PD-1 antibody (200 ug/dose), or their combination. The ethical endpoint was
reached when a tumor reached 2 cm or more in any dimension.

Immunostaining of tumor tissues

Tumor tissues were dissected and fixed in 10% formalin and embedded in paraffin.
Immunostaining was performed on 5-um paraffin-embedded tumor sections using kits and
antibodies listed in Table S1 as described [53], with AlexaFluor 488-conjugated secondary
antibody for signal detection and 4’ 6-Diamidino-2-phenylindole (DAPI) for nuclear counter
staining.
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Flow cytometry analysis of tumor-infiltrating lymphocytes

WT and DR5KO CT26 tumors treated with BETd260 with or without combination with
anti-PD-1 antibody were dissected 24 hr after the third treatment and dispersed in 5 mL of
base RPMI-1640 media with 10x dissociation cocktail containing collagenase I, collagenase
IV, and DNase | for 1 hr at 37 °C with shaking. Single-cell suspensions were prepared

by passing cells through a 70-um cell strainer. Cells were stained with combinations of
fluorochrome-conjugated antibodies listed in Table S1 and analyzed by flow cytometry as
described [56].

Statistical analysis

Statistical analysis was carried out using the GraphPad Prism 9 software. For cell culture
experiments, Pvalues were calculated using the Student’s t-tests. Means + standard
deviation (SD) are reported in the figures. For animal experiments, £ values were calculated
by repeated measures (RM) ANOVA with Fisher’s LSD post-hoc tests. Means + standard
error of the mean (SEM) are reported in the figures. Differences were considered significant
if P<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. BET degraders exhibited potent single-agent activity against colorectal cancer cells.
(A) Left, Illumina HiSeq analysis of BRD4 mRNA expression in TCGA 551 colon

adenocarcinoma (COAD) samples. FPKM (fragments per kilobase of transcript per million
mapped reads) is shown). Right, Kaplan-Meier curves for comparing survival probability of
597 patients with COAD or rectal adenocarcinoma (READ) expressing high and low mRNA
levels of BRD4. (B) MTS analysis of HCT116 cells treated with JQ1 and indicated BET
degraders at different concentrations for 72 hr. (C) MTS analysis of indicated CRC cell lines
and NCM356 non-transformed colonic epithelial cells treated with BETd260 at different
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concentrations for 72 hr. (D) Western blotting of indicated proteins in HCT116 cells

treated with BETd260 and BETd246 at indicated concentrations for 36 hr. (E) Apoptosis

in HCT116 cells treated with 5 uM of indicated BETi (JQ1, BET151) or 0.5 uM of indicated
BETd (BETd246, BETd260) for 36 hr was analyzed by counting cells containing condensed
and fragmented nuclei after nuclear staining with Hoechst 33258. (F) Western blotting of
cleaved caspases (C Casp) in HCT116 cells treated with 0.5 UM BETd260 at indicated time
points. (G) MTS analysis of HCT116 cells treated with BETd260 and BETd246 at indicated
concentrations with or without pretreatment with the pan-caspase inhibitor z-VAD-fmk
(z-VAD; 10 uM) for 72 hr. Results in (E) and (G) were expressed as means + SD of three
independent experiments. *, < 0.05; **, £<0.01; ***, £<0.001.
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Figure 2. The potent activity of BET degradersin colon cancer cellsismediated by ER stress-
and DR5-dependent apoptosis.

(A) RT-PCR analysis of indicated genes related to the death receptor pathway in HCT116
cells treated with 0.5 pM of BETd260 or BETd246 for 36 hr. (B) Western blotting of
indicated proteins in HCT116 cells treated with BETd260 at indicated concentrations for
36 hr. Right: Western blotting of indicated proteins at indicated time points in HCT116
cells treated with 0.5 uM BETd260. p-elF2a.: phospho-elF2a, Ser51. (C) MTS analysis
of WT and DR5KO HCT116 cells treated with BETd246 (/eff) or BETdA260 (right) at
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indicated concentrations for 72 hr. (D) WT and DR5KO HCT116 cells treated with 0.5 pM
of BETd246 or BETd260 for 36 hr. Apoptosis was analyzed by counting cells containing
condensed and fragmented nuclei after nuclear staining with Hoechst 33258. (E)-(H) WT
and DR5KO HCT116 and RKO cells were treated with 0.5 uM of BETd260 for 36 hr.
(E) Colony formation of WT and DR5KO HCT116 cells was analyzed by crystal violet
staining. Left, representative pictures of colonies; right, enumeration of colony numbers.
(F) Western blotting of indicated proteins in WT and DR5KO HCT116 and RKO cells.
(G) Mitochondrial membrane integrity of WT and DR5KO HCT116 cells was analyzed
by MitoTracker Red CMXRos staining followed by flow cytometry. (H) Cytochrome ¢
(Cyto ¢) release in WT and DR5KO HCT116 cells was analyzed by Western blotting of
mitochondrial and cytosolic fractions isolated from treated cells. B-Actin and cytochrome
oxidase subunit IV (COX V) were used as a control for loading and fractionation,
respectively. Results in (A), (C), (D) and (E) were expressed as means + SD of three
independent experiments. *, < 0.05; **, £<0.01; ***, £<0.001.
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Figure 3. BETd260 suppressesin vivo tumor growth via DR5-mediated apoptosis.
(A) Nude mice were injected subcutaneously with 4x106 WT or DR5KO HCT116 cells.

After tumor growth for 7 days, mice were treated with BETd260 (i.v.; 5 mg/kg; 3x/week).
Tumor volume at indicated time points was calculated and plotted with P values for
indicated comparisons (N=6 in each group). (B) Representative tumors at the end of the
experiment in (A). (C)-(F) Mice bearing WT and DR5KO HCT116 tumors were treated
as in (A) for 5 days. Paraffin-embedded sections of tumor tissues were analyzed by (C)
Western blotting of DR5; immunostaining of (D) TUNEL, (E) active caspase 8, and (F)
active caspase 3. Upper panels: representative staining pictures with arrows indicating
examples of positive signals (scale bars: 25 um); lower panels: quantification of positive
signals showing means + SEM of 300 cells in each mouse (N=3 in each group). *, £< 0.05;
** P<0.01.
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Figure 4. BETd260 suppresses CRC PDX tumorsin an ER-stress-dependent manner.
NSG mice subcutaneously implanted with PDX1 model (T4ANOM1; KRAS G13D; NRAS

G12D; MMR-proficient) were treated with BETd260 (i.v.; 5 mg/kg) +/- salubrinal (i.p.; 1
mg/kg) 3 times per week as indicated for 19 days. (A) Tumor volume at indicated time
points with Pvalues indicated (N=4 in each group). (B) Representative tumors at the end of
the experiment. (C) Animal weight. (D)-(H) NSG mice bearing PDX1 tumors were treated
as in (A) for 10 consecutive days. Tumor tissues were analyzed by (D) H&E staining, (E)
Western blotting of DRS5, (F) TUNEL, (G) active caspase 3, and (H) Ki67 immunostaining.
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In (F)-(H), left panels: representative staining pictures with arrows indicating examples of
positive signals (scale bars: 25 um); right panels: quantification of positive signals showing
means + SEM of 300 cells in each mouse (N=3 in each group). **, £<0.01.
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Figure 5. BET degradersinduce DR5-dependent immunogenic cell death.
(A) Western blotting of PD-L1 in indicated human and mouse CRC cell lines treated with

0.5 uM BETd260 at indicated time points. (B) CRT cell-surface translocation in indicated
CRC cell lines treated with 0.5 uM BETd260 or BETd246 for 24 hr was examined by
immunostaining followed by flow cytometry. (C) CRT cell-surface translocation in WT

and DR5KO HCT116 cells treated as in (B). (D) and (E) WT and DR5KO HCT116

cells treated with BETd260 or BETd246 as in (B) and dendritic cells differentiated from
healthy donors’ monocytes were labelled with green (CFSE) and red (Far Red) fluorescence,
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respectively, and co-incubated at 1:1 ratio. DC phagocytosis was analyzed by detecting fused
cells by (D) fluorescence microscopy and (E) quantified by flow cytometry. In (D), arrows
indicate examples of phagocytic DCs (scale bars: 10 um). In (F), right quadrants in flow
cytometry profiles represent fused cells. Results in (B), (C) and (E) were expressed as means
+ SD of three independent experiments. **, £<0.01; ***, £<0.001.
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Figure 6. BETd260 combined with anti-PD-1 antibody potently suppresses CT26 tumorsin a
DR5-dependent manner.

BALB/cJ mice were injected subcutaneously with 4x108 WT or DR5KO CT26 cells.

After tumor growth for 7 days, mice were treated with BETd260 (i.v.; 2 mg/kg; 3x/week),
anti-mouse PD-1 (Clone 4H2; i.p.; 200 pg/dose), or their combination. (A) Tumor volume at
indicated time points after treatment was calculated and plotted with Pvalues for indicated
comparisons (N=8-10 in each group as indicated; ***, £<0.001). (B) Cumulative survival
of mice over time. *** P£<0.001 (log-rank test). (C) Growth curves of individual WT and

DR5-KO
DR5-KO
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DR5KO tumors treated with BETd260, anti-PD-1, or their combination as in (A). (D) Body
weight of the mice treated as in (A). (E) CD3 and CD8 immunostaining of tumor tissues
resected from mice treated as in (A) for 10 days (scale bars: 25um).
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Figure 7. The BET d260/anti-PD-1 combination increases tumor infiltration of lymphocytesin a
DR5-dependent manner in CT26 tumors.

(A)-(I) WT or DR5KO CT26 tumors treated as in Fig. 6A and resected at day 10 were
analyzed by flow cytometry for infiltrating immune cells: (A) CD3+/CD45+, (B) CD8+/
CD45+, (C) CD4+/CD45+, (D) CD25+/FoxP3+/CD4+, (E) IFNy+/CD8+, (F) GzmB+/
CD8+, (G) CD11c+/CD45+, (H) CD86+/CD11c+, and (1) MHCII+/CD11c+. (J) Mice
injected with anti-CD8 (250 pg/dose indicated; 15t dose 1 day before 15t anti-PD-1) or the
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control 1gG were treated with the BETd260/anti-PD-1 combination and analyzed as in Fig.
6A. In (A)-(J), N=6 in each group. *, £<0.05; **, £<0.01.
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