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Targeting aberrant epigenetic programs that drive tumorigen-
esis is a promising approach to cancer therapy. DNA-encoded
library (DEL) screening is a core platform technology increas-
ingly used to identify drugs that bind to protein targets. Here,
we use DEL screening against bromodomain and extra-termi-
nal motif (BET) proteins to identify inhibitors with new che-
motypes, and successfully identified BBC1115 as a selective
BET inhibitor. While BBC1115 does not structurally resemble
OTX-015, a clinically active pan-BET inhibitor, our intensive
biological characterization revealed that BBC1115 binds to
BET proteins, including BRD4, and suppresses aberrant cell
fate programs. Phenotypically, BBC1115-mediated BET inhi-
bition impaired proliferation in acute myeloid leukemia,
pancreatic, colorectal, and ovarian cancer cells in vitro. More-
over, intravenous administration of BBC1115 inhibited subcu-
taneous tumor xenograft growth with minimal toxicity and
favorable pharmacokinetic properties in vivo. Since epigenetic
regulations are ubiquitously distributed across normal andma-
lignant cells, it will be critical to evaluate if BBC1115 affects
normal cell function. Nonetheless, our study shows integrating
DEL-based small-molecule compound screening and multi-
step biological validation represents a reliable strategy to
discover new chemotypes with selectivity, efficacy, and safety
profiles for targeting proteins involved in epigenetic regulation
in human malignancies.

INTRODUCTION
The onset and progression of cancer is often promoted by the accu-
mulation of epigenetic alterations, including changes in patterns of
DNA methylation, histone modifications, and nucleosome posi-
tioning.1 Therefore, the proteins involved in regulating epigenetic
processes have long been considered as promising targets for cancer
drug discovery and development. In general, epigenetic regulators
have been classified into three broad categories: “writers,” that is,
enzymes involved in installing a specific epigenetic mark on the sub-
strate (e.g., DNA methyltransferases [DNMTs], histone acetyltrans-
ferases, histone methyltransferases [HMTs]); “readers,” or proteins
that bind to the specific marks to modulate function (e.g., bromodo-
main [BRD] and extra-terminal motif [BET] proteins); and “erasers,”
or enzymes that remove epigenetic marks from substrates (e.g., his-
tone deacetylases [HDACs], histone demethylases).2,3 Historically,
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two major classes of drugs targeting epigenetic regulation, DNMT in-
hibitors (azacitidine and decitabine), and HDAC inhibitors (vorino-
stat) were discovered through phenotypic observations and took years
to identify specific targets responsible for their mechanism of ac-
tion.4,5 Furthermore, although DNMT inhibitors are widely used as
chemotherapy agents, their systemic activity causes toxicity, thus re-
sulting in major interest in developing more targeted strategies.
Therefore, recent efforts in the field of epigenetic drug discovery
and development have been made on specific targets, resulting in
the 2020 U.S/ Food and Drug Administration approval of tazemeto-
stat, the first-in-class inhibitor of an HMT, enhancer of zeste homolog
2. Tazemetostat has been reported to be effective for the treatment of
metastatic or locally advanced epithelioid sarcoma.6 In addition,
numerous compounds are in different stages of clinical development,
including those targeting BRD and BET proteins.7,8

The BET proteins (BRD2, BRD3, BRD4, and BRDT) are a family of
epigenetic readers that regulate transcription. Attention to these pro-
teins started increasing in 2003, when the BRD4-NUT fusion onco-
protein was found to drive a rare and aggressive form of squamous
carcinoma called NUT midline carcinoma.9 This interest rose further
when it was found that unmutated BET proteins play essential roles in
the maintenance of various tumors, including breast, prostate, and
pancreatic cancer as well as various hematological malignancies.10

The oncogenic function of BETs is mediated by the two N-terminal
bromodomains (BDs) called BD1 and BD2. These domains are evolu-
tionarily conserved, similar in terms of sequence and structure, and
preferentially bind to the acetylated lysine residues of either histone
(BD1) or non-histone (BD2) proteins.11,12 This binding drives the
acetylation-dependent assembly of transcriptional-regulator com-
plexes.13,14 In particular, BRD binding leads to high and sustained
expression of critical oncogenes such as MYC and CDK6.15 The
link between the BRDs in BETs and cancer has led to the development
of several anti-cancer BET inhibitors, starting with the prototype
herapy: Nucleic Acids Vol. 32 June 2023 ª 2023 The Author(s). 637
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compounds I-BET762 and JQ1.16,17 Further optimization of proto-
type scaffolds has led to several new drugs, including a pan-BET
inhibitor birabresib (OTX-015 or MK-8628), and apabetalone
(RVX-208), which inhibits the BD2s of BRD2 and BRD3.18,19 Unfor-
tunately, clinical trials on these inhibitors have revealed diverse
adverse effects, namely, thrombocytopenia, neutropenia, and ane-
mia,20 highlighting the need for more effective and safer BET inhib-
itors with clinical efficacy.

A major challenge in target-based drug discovery has been finding
unique chemical matter (chemotypes) that have desired potency
and selectivity, as well as suitable pharmacological properties given
the vast size of chemical space.21 DNA-encoded libraries (DELs)
used in combination with high-throughput screening platforms
have emerged as one of the most promising strategies for profiling
large sections of chemical space. These libraries consist of millions
of small organic molecules that are conjugated to short DNA frag-
ments that serve as barcodes and can be quickly screened to deter-
mine their binding to an immobilized protein target. Thus, this
procedure involves multiple rounds of affinity selection followed by
next-generation sequencing (NGS) of the amplified barcoded
DNA.22 To date, DEL screening has been used to discover inhibitors
and binders of many different enzymes such as kinases, NAD+-
dependent enzymes, and epigenetic regulators, including BET
proteins.23–28 However, many BET inhibitors that emerged from
these efforts have neither been extensively validated, especially in
in vivo tumorigenesis models, nor exhibited major improvement of
activity over the established inhibitors.

To address this problem, we used DEL technology to screen for chem-
ical compounds that bind to BD1s and BD2s of BRD2, BRD3, and
BRD4. We readily identified BBC1115, a new class of pan-BET inhib-
itor that is structurally distinct from known BET inhibitors. We
showed that BBC1115 treatment resulted in a typical response to
BET inhibitors, represented by suppression of MYC programs and
dissociation of BRD4 from chromatin. Moreover, our cell culture
and mouse xenograft models for leukemia, pancreatic cancer, colon
cancer, and ovarian cancer showed that BBC1115 suppresses BET-
dependent gene expression programs and exhibits anti-proliferative
activity in vitro and in vivo. To summarize, our work highlights the
promise of DEL screen in discovering epigenetic drugs with new che-
motypes. Furthermore, we suggest that BBC1115 represents a chem-
ically distinct starting point for further hit optimization and lead
development of both pan-BET and selective inhibitors of different
BET proteins.

RESULTS
Experimental platformdesign to screenBETBRD inhibitors from

DNA-encoded small molecule library

DEL technology is an efficient drug screening approach because it
employs the “split and pool” strategy to generate large libraries of
chemicals tagged with unique DNA barcodes.22 We screened a
commercially available DEL provided by WuXi AppTec,29 with the
BRDs of three BET proteins, including BRD2, BRD3, and BRD4.
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We chose these targets because the assays used to characterize BET
protein inhibitors are well standardized and the potency and selec-
tivity of those BET inhibitors are well established.30 In particular,
we focused on cancer-relevant functions in transcription regulation
of the BRDs of BET proteins.31

First, we purified His-tagged BD1s and BD2s of BRD2, BRD3, and
BRD4, and generated a pool of the BD1s, BD2s, or a mixture of the
BD1s and BD2s that are required for affinity selection with the
DNA-barcoded chemical compound library (Figure 1A). We then
conducted NGS of the DNA tags of small compounds that bound
to any of the purified BRDs. As a result, we selected a total of 20 can-
didates from BET BRD inhibitor screening. To validate our screening
results, we used the time-resolved fluorescence resonance energy
transfer (TR-FRET) assay and found that these candidates exhibited
different binding affinities for the purified BD1s and BD2s (Figure 1B;
Table S1). Of note, BBC1115, BBC1114, and BBC1118 were the only
candidates that displayed broad binding across BDs of all three BET
proteins.

An initial study demonstrating BET proteins as therapeutic targets of
cancer revealed that BRD4 maintains proto-oncogene MYC expres-
sion in acute myeloid leukemia (AML) cells, blocks terminal myeloid
differentiation, and potentiates proliferation of leukemia stem cells.32

To test whether the newly identified chemical compounds were func-
tionally similar to the known BET inhibitors, we first examined
whether the candidates affected MYC expression in cultured murine
MLL-AF9; NrasG12D AML cells. As expected, the pan-BET inhibitor
OTX-015 downregulatedMYCprotein levels in AML cells (Figure 1C;
Figure S1A). Consistent with previous observations, treatment of
RVX-208, a BD2-selective BET inhibitor, only modestly affected
MYC protein expression,19 emphasizing that simultaneous BD1
and BD2 inhibition is needed to abrogate BET-dependent transcrip-
tion. Notably, BBC1115 suppressed MYC expression to a degree
similar to that of OTX-015 (Figure 1D). Moreover, BBC1115 also
downregulates MYC protein and mRNA levels in multiple human
leukemia cell lines with different genetic backgrounds, such as
K562, JURKAT, HL-60, KASUMI-1, MV4-11, THP-1, MOLM13,
and NOMO-1 (Figure 1E), suggesting that BBC1115-mediated
MYC downregulation is not restricted to MLL-rearranged leukemia
cells.

Nonetheless, we wondered if BBC1115-induced MYC downregula-
tion could be an indirect consequence of BBC1115 cytotoxicity. To
exclude this possibility, we examined whether BBC1115 increases
the transcription of hexamethylene bisacetamide-inducible protein
1 (HEXIM1), a well-established marker whose expression is upregu-
lated by BET inhibition.33 BBC1115 increased Hexim1 mRNA
expression by >50-fold; this effect was even stronger than that of
OTX-015 (increase of >20-fold) (Figure 1F). By contrast, BBC1136,
another hit from the DEL screening that decreased MYC expression,
failed to upregulateHexim1mRNA. To further confirm if BBC1115 is
a potent inhibitor of BET BRDs, we checked if other hematopoietic
genes, whose expressions depend on BRD4 chromatin occupancy,
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were affected.34 Consistent with MYC downregulation, BBC1115 in-
terferes with mRNA expression of known BRD4-dependent genes,
including Pu1, Fli1, and Erg (Figure S1B).

The chemical composition of BBC1115 is different from that of
known BET inhibitors, OTX-015 and RVX-208. Specifically,
BBC1115 has a benzothiophene core, while OTX-015 and RVX-208
have diazepine and quinazoline cores, respectively.35–37 Despite these
differences, the key biological consequence of BET inhibition, repre-
sented by MYC suppression, is conserved in leukemia cell lines. This
suggests that BBC1115 may have unique conformational characteris-
tics that allow it to bind BET proteins and demonstrates the potential
of DEL screening to identify novel chemotypes against well validated
targets. This opens up new opportunities for the development of tar-
geted therapies.

BBC1115 abrogates BET-dependent transcriptional programs in

association with BRD4 dissociation from chromatin

To further validate BBC1115 biochemically, we conducted BRD
profiling with BROMOscan, a robust and sensitive assay measuring
binding affinities of chemical compounds to specific BRDs. We
focused on a total of 13 BRDs of 4 BET BRD-containing proteins
including BRD2, BRD3, BRD4, and BRDT. Although dissociation
constant (Kd) values varied among tested BRDs, BBC1115 bound
to the BD1s and BD2s of all BET proteins with a Kd of
<1,000 nM (Figure 2A). Interestingly, BRD4 was the only case in
which we identified a significant difference in binding affinities be-
tween BD1 and BD2 (Kd [BD1-BBC1115] = 320 nM, and Kd [BD2-
BBC1115] = 950 nM) (Figure 2B). Collectively, the results of the
BROMOscan analysis indicate that BBC1115 is a sub-micrometer
pan-BET inhibitor that engages all BRDs in BRD2-4, with BD2 in
BRD4 exhibiting the lowest affinity.

Next, to examine if BBC1115 suppresses BET protein-dependent
transcription by displacing BET proteins from chromatin, we tested
whether BBC1115 binding causes BRD4 to dissociate from the chro-
matin where acetylated histones are enriched, such as a distal region
of the enhancer cluster that is located >1.8 Mb 30 of the Myc locus
(namely, e1-e5).38 To this end, we treated AML cells with either
BBC1115, OTX-015, or RVX-208 and conducted chromatin immu-
noprecipitation quantitative real-time PCR (ChIP-qPCR) with
BRD4-specific antibodies. Similar to OTX-015, BBC1115 impaired
the occupancy of BRD4 at the e1-e5 Myc enhancers (Figure S2;
Table S2). In contrast, in line with its inability to downregulate
MYC expression, RVX-208 treatment showed a negligible effect on
the BRD4 occupancy at e1-e5.
Figure 1. DEL screening identifies BBC1115 as a candidate BET inhibitor

(A) Schematic diagram for rational design of DEL screening for BET-inhibitor compounds

the BD1s and BD2s from BRD2, BRD3, and BRD4. (C) Western blot analysis of whole-

RVX-208 (1 mM), OTX-015 (1 mM), or candidate BET inhibitors (10 mM). (D) Real-time qua

treatment with the indicated BET inhibitors or DMSO. The results were normalized again

various human leukemia-derived cell lines treated for 48 h with DMSO, RVX-208, OTX-0

with indicated drugs. (G) RVX-208, OTX-015, and BBC1115 chemical structures. See
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To evaluate the impact of BBC1115 treatment on BRD4-chromatin
binding throughout the genome, we conducted ChIP-sequencing
(ChIP-seq). From four different BRD4 ChIP-seq data of AML cells
each treated with DMSO, RVX-208, OTX-015, or BBC1115, we iso-
lated a total of 4,145 BRD4 ChIP-seq peaks and achieved high confi-
dence by the disregarding BRD4-peak if the normalized BRD4 tag
count was <10. To further define BBC1115-sensitive BRD4 peaks,
we considered BRD4-occupied sites where relative changes
(BBC1115 to DMSO) of BRD4 are smaller than�1.5 in the log2 scale.
To this end, we characterized 330 BRD4 peaks in AML cells that ex-
hibited the greatest sensitivity to BBC1115 (Table S3).

Comparison of the ChIP-seq profiles of BRD4 and acetylated H3 Lys-
27 (H3K27ac) demonstrated that BBC1115 strongly reduced the
BRD4 occupancy in regions that were enriched with H3K27ac modi-
fication (Figure 2C). While the fold changes of BRD4 dissociation in a
total of 4,145 BRD4-occupied sites upon BBC1115 treatment showed
marginal differences, BBC1115-sensitive BRD4-bound sites were
associated with a severe loss of BRD4 signals (n = 330) (Figures 2D
and 2E). In addition, we evaluated the impact of BBC1115 on the
genome-wide binding of RNA polymerase II (Pol II) as BRD4 regu-
lates Pol II activity at its co-regulated target genes.39 Consistent
with the effects on BRD4, we found that BBC1115 led to a loss of
Pol II binding from BRD4-occupied sites to a greater degree at
BBC1115-sensitive sites than all BRD4 peaks (Figure 2F; Figure S3).
However, compared with BBC1115 and OTX-015, the impact of
RVX-208 on chromatin bindings of BRD4 or Pol II was negligible.

Next, we conducted an RNA-sequencing (RNA-seq) analysis to deter-
mine if BBC1115-mediated BRD4 loss accompanies transcriptional
changes (Table S4). Following ChIP-seq analysis, gene set enrichment
analysis (GSEA) revealed that genes located close to the BBC1115-
sensitive 330 regions, including MYC, that had lost BRD4 were
significantly downregulated by both BBC1115 and OTX-015 (Fig-
ure 2G; Table S5). Selective loss of BRD4 occupancy and preferential
changes in oncogenic expression upon BET inhibition are a key to
therapeutic activity, although the underlying molecular mechanism
of such asymmetric changes remains incompletely understood.34

Nevertheless, our findings indicate that BBC1115, although chemi-
cally distinct from OTX-015, exhibits comparable activity, further
illustrating the power of DEL screening to discover new chemotypes.

BBC1115-mediated suppression of BET proteins leads to anti-

leukemogenic phenotypes

Together with our results that BBC1115 is a small molecule inhibitor
of BET BRDs, we were prompted to compare the therapeutic activity
. (B) TR-FRET assay to determine the binding affinity of 20 candidate BET inhibitors of

cell lysates from murine AML (MLL-AF9; NrasG12D) cells treated for 6 h with DMSO,

ntitative reverse transcription PCR (RT-qPCR) ofMycmRNA in murine AML after 6 h

st Tbp. Mean ± SEM are shown. (E) Western blot analysis of whole-cell lysates from

15, or BBC1115. (F) RT-qPCR analysis of Hexim1 in murine AML after 6 h treatment

also Figure S1.
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Figure 2. BBC1115 selectively abrogates BRD4-mediated gene expression programs

(A and B) BROMOscan assay. The binding affinity of BBC1115 for 13 BRDs are indicated by the Kd values (A), represented by binding curves of BBC1115 to BRD4-BD1 and

to BRD4-BD2 (B). (C) Representative ChIP-seq browser tracks of BRD4 andH3K27ac inmurine AML cells treated with indicated drugs. Super enhancer regions are indicated
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of BBC1115 to JQ1, a first-in-class BET inhibitor.37 We obtained
RNA-seq profiles of RVX-208-, OTX-015-, and BBC1115-treated
murine AML cells and compared the effect of these BET inhibitors
with JQ1 by focusing on JQ1-rapid targets. A total of 50 genes have
been reported to decrease rapidly after a brief exposure to JQ1 in mu-
rine AML cells.34 Consistent with its inability to suppress MYC
expression, RVX-208 treatment downregulated some but not all
JQ1-rapid targets. In contrast, OTX-015 and BBC1115 strongly
downregulated all JQ1-rapid targets (Figure 3A).

Since BET proteins maintain a transcriptional program for self-
renewal in AML cells, inhibiting BET proteins decreases the surface
expression of Kit, a protein marker for leukemia stem cells
(LSCs).32 To examine if BBC1115 treatment affects LSCs, we per-
formed a GSEA analysis and found that both OTX-015 and
BBC1115 significantly suppressed the LSC signature genes, whereas
changes driven by RVX-208 were insignificant (Figure 3B). Consis-
tent with our observation, flow cytometric analyses showed that
both OTX-015 and BBC1115 downregulated c-Kit in murine AML
cells (Figure 3C). Furthermore, OTX-015 and BBC1115 treatment in-
hibited the proliferation of leukemia cells, while the ability to form
colonies on methylcellulose was substantially suppressed (Figures
3D and 3E).

Motivated by these results, we compared the sensitivity of human leu-
kemia cells with OTX-015 or BBC1115 by examining anti-proli-
ferative activity in cell culture. As a result, we observed a broad
growth-suppressive effect of OTX-015 in four of eight leukemia cell
lines (MV4-11, KASUMI-1, MOLM-13, and THP-1) representing
diverse disease subtypes (Figure 3F). On the contrary, the remaining
four of eight leukemia cell lines (K562, NOMO-1, JURKAT, and HL-
60) showed minimal sensitivity to the compound (Figure 3F). Similar
to these results, we observed significant growth-inhibitory effects of
BBC1115 onMV4-11, KASUMI-1, MOLM-13, and THP-1 cells (Fig-
ure 3G). Notably, we found that BBC1115 showed anti-proliferative
activity in the four leukemia cell lines insensitive to OTX-015 with
a moderate but more severe degree than OTX-015.

Next, to evaluate the on-target activity of BBC1115, we exploited the
cDNA retroviral overexpression system. Since MYC is a well recog-
nized downstream target of BRD4 and is responsible for the anti-
leukemic activity of BET inhibition, ectopic expression of Myc
cDNA is sufficient to prevent the growth suppression or differentia-
tion phenotype of BET inhibitor.32 Based on this, we established a
murine AML cell culture ectopically expressing Myc cDNA from
an MSCV retroviral promoter. As anticipated, we found that ectopic
Myc expression conferred resistance to BBC1115, as for OTX-015
(Figure 3H). Furthermore, Myc restoration was sufficient to suppress
with gray above the genome browser tracks at Myc, Cd47, and Cdk6 loci. (D) BRD4 Ch

indicated genomic regions. (E and F) Relative BRD4 occupancy (E) and RNA Pol II

****p < 0.0001. (G) GSEA of DMSO vs. OTX-015 or BBC1115 RNA-seq data using a cu

provided the normalized enrichment score (NES) and false discovery rate (FDR) q-value
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phenotypic characteristics led by BBC1115 treatment, including
reduced Myc protein expression, and, more important, decrease in
the cell surface LSC marker, c-Kit (Figure 3I). These findings collec-
tively support that OTX-015 and BBC1115 target Myc as a key down-
stream effector to maintain cancerous phenotypes. Furthermore,
these results implicate that BBC1115 could potentially be a viable
hit for further optimization for treating AML and other hematological
malignancies.

BBC1115 treatment suppresses proliferation of pancreatic,

colorectal, and ovarian cancer cells in vitro and in vivo

Next, we investigated whether the anti-tumorigenic activity of
BBC1115 is applicable to solid tumors since BET inhibitors are also
effective for cancers other than hematologic malignancies. For
example, there are several ongoing clinical trials evaluating the ability
of BET inhibition to treat solid tumors.40 To this end, we tested the
anti-proliferative effect of BBC1115 in a pancreatic ductal adenocar-
cinoma (PDA) cell line AsPC-1 and a colorectal cancer cell line SW-
480. As a result, OTX-015 and BBC1115 markedly inhibit clonogenic
growth of AsPC-1 and SW-480 cells in a dose-dependent manner
(Figures 4A and 4B). Similar to the effects on AML cells, BBC1115
decreased MYC and increased HEXIM1 expressions in these cell lines
(Figure 4C; Figure S4). We next explored clinically relevant therapeu-
tic activities of BBC1115. Recently, the organoid model of PDA has
been established and offered a reliable platform for drug discovery
and evaluation.41,42 Thus, we asked whether BBC1115 shows compa-
rable anti-proliferative effects in PDA organoids. In line with their
ability to inhibit proliferation of monolayer cultures, microscopic
analysis showed that treatment with OTX-015 and BBC1115, but
not RVX-208, attenuated PDA organoid growth (Figure 4D), and
these changes were statistically significant according to CellTiter
Glo-3D assays (Figure 4E).

Our findings motivated us to examine if BBC1115 is also active in
in vivo tumor models. Therefore, we first analyzed pharmacokinetic
profiles in mice and rats injected with BBC1115 intravenously. We
confirmed that the time needed to metabolize and eliminate
BBC1115 from the bloodstream increased in a dose-dependent
manner in both mice and rats (Figures 4F and 4G). To test if
BBC1115 treatment inhibits tumor growth in vivo, we generated sub-
cutaneous tumors by injecting AsPC-1 or SW-480 cells. When the
tumors were 100–150mm3 in volume, themicewere intravenously in-
jected with BBC1115 (12 times over 4 weeks). Of note, BBC1115 at
doses of 25 and 35 mg/kg did not significantly affect body weight
over the next 40–60 days (Figures 4H and 4I). In addition, we also
included a xenograft model of the ovarian cancer cell line, SNU-251
since BRD4 amplification occursmost frequently in high-grade serous
ovarian cancer patients.43 Despite the tolerability of BBC1115
IP-seq density plot analysis of DMSO or BET inhibitors treated murine AML cells at

occupancy (F) in murine AML cells treated with indicated drugs. ***p < 0.001;

stom gene set that was associated with 330 BBC1115-sensitive regions. The GSEA

. See also Figure S2 and S3.
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administration, the growth of pancreatic, colorectal, and ovarian tu-
mors was significantly decreased by BBC1115 compared with its
vehicle-treated counterpart (Figures 4J and 4K; Figure S5), suggesting
the potential use of BBC1115 as a therapeutic reagent in cancer
treatment.

In conclusion, our collective findings indicate that DEL screening
may be useful as a strategy for expanding available chemical space
and opening opportunities for overcoming limitations of the existing
chemical matter by discovering new chemotypes with potent and se-
lective activity against established targets.

DISCUSSION
This study showed that the DEL screening platform can identify novel
and unique chemotypes against well established targets in a robust,
straightforward, efficient, unbiased, and relatively quick manner.
This is especially important for those targets, such as BET proteins,
for which inhibitors currently in clinical testing have shown clinical
benefit at the cost of diverse adverse effects.20 Here, the deployment
of a DEL platform selected to include a broad range of chemotypes
and enable access to thousands of diverse compounds led us to
BBC1115, a pan inhibitor of BET proteins that is chemically distinct
from the existing inhibitors. Our analyses with this agent showed that
it was as effective as the previously identified pan-BET inhibitor
OTX-015 in terms of suppressing MYC, JQ1-rapid target genes,
and LSC-like signature genes in AML cells. BBC1115 also inhibited
the in vitro growth of AsPC-1 pancreatic, SW-480 colorectal, and
SNU-251 ovarian carcinoma cells, the ex vivo growth of pancreatic
organoids, and the in vivo xenograft tumor growth of pancreatic,
colorectal, and ovarian carcinoma cells. Thus, BBC1115 represents
a useful addition to the currently available arsenal of compounds tar-
geting BET proteins. Importantly, BBC1115 has anti-tumor effects on
cancers of varying lineages and against both models of hematological
malignancies and solid tumors.

Our study highlights the usefulness of DEL screening for the discov-
ery of inhibitors that are structurally distinct from those identified
through structure-guided approaches, which tend to limit chemical
features to the same and/or closely related set of derivatives. For
instance, BBC1115 and OTX-015 do not resemble each other struc-
turally, yet BBC1115 exerts epigenome-regulating activities like
OTX-015.44 Furthermore, both compounds have a significantly
higher affinity for BRD4 BD1 than BD2, and their effect on
BRD4 is likely to be primarily driven by BD1 binding. We also
examined binding to other BET proteins and our TR-FRET and
Figure 3. BBC1115 treatment exerts anti-leukemogenic phenotypes

(A) Relative mRNA levels of JQ1-rapid target genes (n = 50) in murine AML cells that wer

by dividing normalized expression level of drug-treated to DMSO-treated RNA-seq data

208, OTX-015, or BBC1115. (C and D) Flow cytometric analysis of c-Kit (C) and propidiu

BBC1115. (E) Semi-solid methylcellulose-based colony formation of DMSO, RVX-208,

leukemia cells treated with OTX-015 (F) or BBC1115 (G), and results are normalized to the

whole-cell lysates prepared frommurine leukemia cells transduced with empty vector or

or BBC1115 for 6 h. (I) Flow cytometry analysis of c-Kit surface expression after 2 days
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BROMOscan analyses showed that BBC1115 also binds to BD1
and BD2 of BRD2 and BRD3 and represents a pan-BET inhibitor.
This pan-BET activity is considered to be beneficial for clinical ap-
plications, as it is believed to contribute to enhanced efficacy
in vivo.45

In terms of mechanisms of action, we proposed that BBC1115 com-
petes with acetylated lysine for binding to BRD4. This was
confirmed by our observation that BBC1115 binding to BRD4 re-
sulted in dissociation of BRD4 from chromatin regions enriched
with acetylated lysine. Furthermore, treatment with BBC1115 sup-
pressed aberrant self-renewal and cell fate programs in AML and
attenuated the proliferation of pancreatic, colorectal, and ovarian
cancer cells. Our study also indicated that these effects of
BBC1115 (and OTX-015) are mediated by displacing BRD4 from
chromatin in only a subset of sites (330 of 4,145 BRD4-occupied
sites in AML cells), thus shutting down the epigenetic reading of
and aberrant transcription from these sites.

In agreement with our results from cell-based assays, in vitro binding
assay (BROMOscan) also confirmed that BBC1115 phenocopies
OTX-015 as indicated by tight but permissive binding affinity toward
BD1 and BD2. While OTX-015 and BBC1115 do not show signifi-
cantly different binding affinities between BD1 and BD2 of BRD2/
3/4, RVX-208, a quinazolone compound, had shown an approxi-
mately 10- to 100-fold stronger binding affinity toward BD2 than
BD1.19,37,46–48 Despite differences in the core chemical structure,
our results suggested that BBC1115 harbors pharmacological activ-
ities in cells similar to OTX-015, not to RVX-208.

However, several limitations remain to making DEL screening based
on the identification of chemical compounds a promising and reliable
strategy to develop epigenome-targeted therapeutics for cancer
treatment. First, given the role of epigenetic modulation in cellular
homeostasis, determining the specificity toward epigenetic addiction
in cancer cells, not in normal cells, must be the highest priority.
Extended from the first problem, the second issue to be addressed
is that it is necessary to better understand the molecular mechanism
of epigenetic addictions in the different cancer cells. For example, it is
reasonable to think that major epigenetic alterations in hematological
malignancies and solid tumors are independent. Therefore, to deter-
mine the use of epigenome-targeting compounds, such as BBC1115,
in distinct types of cancer and to consider epigenome-targeted ther-
apy as an effective adjunctive therapy (i.e., the combination of immu-
notherapy and epigenetic therapy), further efforts need to be made to
e treated with RVX-208, OTX-015, or BBC1115. Relative expression was calculated

. (B) GSEA of LSC signature genes in murine AML cells that were treated with RVX-

m iodide (PI)-positive AML cells treated for 48 h with DMSO, RVX-208, OTX-015, or

OTX-015, or BBC1115 in human AML cells. (F and G) Proliferation rate of human

proliferation rate of DMSO-treated cells (n = 3, mean ± SEM). (H) Western blotting of

a Myc-cDNA-containing MSCV retrovirus. Cells were treated with DMSO, OTX-015,

of OTX-015 or BBC1115 treatment in indicated cells.



D

A B C

E F G

H JI K

Figure 4. BBC1115 administration impairs pancreatic and colorectal tumor growth in vivo

(A and B) Colony formation of AsPC-1 (A) and SW-480 (B) cells after 5 days of treatment with DMSO, RVX-208, OTX-015, or BBC1115. (C) Western blot analysis of AsPC-1

and SW-480 cells after treatment with the indicated drugs for 3 days. (D) Growth of PDA organoids 24, 48, and 72 h after treatment with DMSO, RVX-208, OTX-015, or

BBC1115, as indicated by light microscopy. (E) CellTiter Glo-3D-based quantification of drug-treated PDA organoids. Mean ± SEM are shown. p-values were determined by

Student’s t test. **p < 0.005. (F and G) Pharmacokinetic profile of BBC1115. The mean plasma concentration-time curves are shown for BBC1115 after intravenous injection

in mice (F) and rats (G). (H and I) Effect of intravenous BBC1115 injections on the body weight of AsPC-1 (H) and SW-480 (I) tumor xenografts. (J and K) Effect of intravenous

BBC1115 injections on the tumor volumes of AsPC-1 (J) and SW-480 (K) xenografts. Mean ± SEM are shown. p Values were determined by Student’s t test. *p < 0.05;

***p < 0.0001. See also Figure S4 and S5.
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explore the specific mechanisms underlying epigenetic alterations in
different cancers. Finally, both experimental and computational ap-
proaches must be used to determine ligand-protein interactions
following DEL screening. This will enable an understanding of the
distinct binding modality and provide information for hit-to-lead
optimization.
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Our in vivo studies demonstrated activity of BBC1115 in three solid
tumor models, pancreatic, colorectal, and ovarian; however, it should
be noted that the anti-cancer effects of BBC1115 were only obtained
at high doses (25–35 mg/kg). This suggests that structural optimiza-
tion of BBC1115 would be necessary to maximize its performance.
Nonetheless, our study portrays that combining DEL screening plat-
form with thorough biological and functional assessment could accel-
erate the discovery of novel chemotypes with potentially improved
properties for established, high-value cancer drug targets.

MATERIALS AND METHODS
DEL screening with BRDs from BRD2, BRD3, and BRD4

Novel BET-inhibitor chemicals were identified by screening a DEL
(WuXi AppTec, Shanghai, China) with the BD1s and BD2s from
the BRD2, BRD3, and BRD4 proteins. These proteins were generated
by amplifying the relevant sections of the BRD2–4-encoding genes,
placing the sections into pET28a vectors (Novagen, Northumberland,
UK), transforming Escherichia coli BL21(DE3) (Novagen) with each
plasmid, and inducing protein expression by treatment with
0.2 mM isopropyl b-D-thiogalactopyranoside (Sigma, St. Louis,
MO) for 16 h at 18�C. The bacteria were then collected, resuspended
in lysis buffer (50 mM Tris, pH 8.2, with 300 mM NaCl and 20 mM
imidazole), and sonicated. The lysates were centrifuged at 1,550�g for
1 h at 4�C, after which the supernatant was loaded onto a nickel af-
finity HisTrap HP column (GE Healthcare, Chicago, IL). After
washing the column, BRD2, BRD3, or BRD4 was eluted with
50 mM Tris (pH 8.2) containing 300 mM NaCl and 500 mM
imidazole.

TR-FRET assay

TR-FRET assay kits from BPS Bioscience (San Diego, CA) that were
specific for BRD2 BD1 (Cat# 31022), BRD2 BD2 (Cat# 32522), BRD3
BD1 (Cat# 32513), BRD3 BD2 (Cat# 32523), BRD4 BD1 (Cat#
32613), and BRD4 BD2 (Cat# 32617) were used. The BRD ligands
were diluted with water. A master mix consisting of 1� BRD Homo-
geneous Assay Buffer and diluted BRD ligands was prepared. The
BRD proteins were thawed on ice and diluted with 1� BRD Homo-
geneous Assay Buffer. Subsequently, 1.5 mL master mix was added to
each well of a microplate (Cat# LP-0200; Labcyte) and reactions were
initiated by adding 5 mL diluted BRD protein to each well. The plate
was incubated at room temperature for 30–60 min. GSH Acceptor
beads (Cat#AL109C) and Streptavidin-conjugated donor beads
(Cat# 6760002S) (both from PerkinElmer, Waltham, MA) were
diluted with 1� BRD Homogeneous Detection Buffer 1, after which
a 10-mL acceptor bead mixture was added to each well. After incuba-
tion at room temperature for 30min, a 10-mL donor beadmixture was
added to each well, followed by incubation at room temperature for
15–30 min. Alpha-counts were read with an EnVision 2105 multi-
mode plate reader (Cat# 2105-0010, PerkinElmer).

BROMOscan

BBC1115 was dissolved in DMSO at a concentration of 1 mM in
1,000� stock. Kds were measured using an 11-point, 3-fold com-
pound dilution series with 1 DMSO control point. The compounds
646 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
were then diluted directly into the assays such that the final concen-
tration of DMSO was 0.09%. All reactions were performed in poly-
propylene 384-well plates in a final volume of 0.02 mL/well. The assay
plates were incubated at room temperature with shaking for 1 h, and
the affinity beads were washed with wash buffer (1� PBS, 0.05%
Tween 20). The beads were then resuspended in elution buffer (1�
PBS, 0.05% Tween 20, 2 mM non-biotinylated affinity ligand) and
incubated at room temperature with shaking for 30 min. The BRD
concentration in the eluates was measured by qPCR. BROMOscan
was then used to determine the Kds to determine the binding affinity
of BBC1115 for epigenetic proteins, including BRD2–4. If the initial
Kd determined was <0.169 nM (the lowest concentration tested),
the measurement was repeated with a serial dilution starting at a
lower maximum concentration.

Mouse studies

ICR mice, SCID mice, athymic mice, and SD-rats were obtained from
Orient Bio (Seoul, Korea) and housed under pathogen-free condi-
tions. The animal care was in line with the guidelines of the animal
care facility at Biotoxtech Co. Ltd. (Chungcheong Buk-Do, Korea).

BBC1115 pharmacokinetics

To analyze the pharmacokinetics of BBC1115, ICR mice were intra-
venously injected with BBC1115 (6.8, 13.6, or 20.4 mg/kg). Alterna-
tively, SD-rats were intravenously injected with BBC1115 (4.17,
8.33, or 12.5 mg/kg). Blood was collected at various time intervals
by heart puncture. It was mixed with 3.8% (w/v) sodium citrate and
plasma was obtained by centrifuging the samples at 8,000�g for
30 min. Mouse or rat plasma samples were then mixed with acetoni-
trile (33%, v/v), vortexed for 5 min, centrifuged at 13,000�g for
10 min. After sample preparation, the concentration of BBC1115 in
the plasma was analyzed by UV-absorbance measurement by
HPLC-MS. Thus, separation was conducted with the ACQUITYTM
UPLC H-Class Plus system (Waters, Milford, MA), which consisted
of a quaternary solvent manager, a QDaTM mass detector, and an
FTN-H sample manager. Acquity UPLC BEH C18 (2.1 mm � 50
mm, 1.7 mm) columns (Waters, Milford, MA) were used. The mobile
phase initially consisted of 40% acetonitrile and 60% 10 mM ammo-
nium formate aqueous solution. The mobile phase buffer for ioniza-
tion was 10 mM ammonium formate. The total analysis time was
5 min, including the 3-min re-equilibration time. The mobile phase
was sonicated before use. Separation was conducted at a constant
flow rate of 0.3 mL/min with a 2-mL injection volume. The column
and autosampler temperatures were set at 40�C and 15�C, respec-
tively. A mass spectrometer was operated in positive electrospray
ionization-single ion reaction) mode for all analyses and high-purity
nitrogen served as the nebulizing gas. The capillary voltage was 0.8 kV
and the source and desolvation temperatures were set at 150�C and
600�C, respectively. Single-ion transition wasmonitored at 540.2 m/z.

ChIP assay and ChIP-qPCR

The ChIP assay was performed as described previously.49 Briefly, 30
million murine AML cells were cross-linked and then incubated for
10 min at 4�C with 600 mL cell lysis buffer containing protease
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inhibitor (cOmplete Protease Inhibitor Cocktail, Cat#11873580001;
Roche, Basel, Switzerland) and 1 mM DTT (Cat# BP172, Fisher Bio-
reagents, Waltham, MA). After centrifugation at 7,400 rpm for 30 s,
the isolated nuclei were gently resuspended in 600 mL nucleus lysis
buffer containing protease inhibitor and 1 mM DTT. The chromatin
lysate was then sonicated for 10 cycles (30 s on/30 s off) and centri-
fuged at 13,000 rpm for 15 min at 4�C. To pre-clear the supernatant,
it was incubated for 1 h with 2,400 mL IP dilution buffer, 30 mg rabbit
IgG (Cat# I8140, Sigma), and 30 mL Protein A magnetic beads (Cat#
10002D, Invitrogen, Waltham, MA). Immunoprecipitation was then
conducted overnight in a 4�C rotator with 3 mL pre-cleared chro-
matin, 3 mg antibody, and 30 mL Protein A magnetic beads. The anti-
body was specific for BRD4 (Cat# A301-985A50, Bethyl Laboratories,
Montgomery, TX) or H3K27Ac (Cat# ab4729, Abcam, Cambridge,
UK) or RNA Pol II phospho-Ser5 (Cat# ab5131, Abcam). The next
day, the immunocomplexes were washed six times and eluted with
200 mL elution buffer for 60 min in a 45�C thermomixer at
1,000 rpm. The elute was de-cross-linked with RNase A (1 mg/mL)
and 0.25 M NaCl and then incubated overnight at 65�C in a water
bath. The next day, 4 mL Proteinase K (Cat# P8107S; New England
Biolabs, Ipswich, MA) was added. After 2 h incubation at 42�C, the
immunoprecipitated DNA was purified with a QIAquick PCR purifi-
cation kit (Cat# 28106; Qiagen, Hilden, Germany) in 50 mL elution
buffer, after which 2 mL of 1:10 diluted ChIP DNA was subjected to
ChIP-qPCR with 1 mL 10 mM primer and SYBR Green Master Mix.
All ChIP-qPCR primers are shown in Table S2.

ChIP-seq library construction

ChIP-seq libraries were constructed from 40 mL ChIP DNA by using a
NEXTflex ChIP-seq kit (Cat# NOVA-5143-02; PerkinElmer) accord-
ing to the manufacturer’s instructions. Briefly, after the end-repair
and size selection step, adenylation, adapter ligation, and PCR ampli-
fication were performed. The quality and size of the ChIP-seq li-
braries were confirmed by Bioanalyzer using the High Sensitivity
chip (Agilent, Santa Clara, CA). The average size was 250–350 bp.
For multiplexing, equal molar quantities of libraries were combined
to consider the sequencing depth per sample (20–40 million reads
per library). ChIP-seq libraries were then sequenced using an Illu-
mina NextSeq platform with single-end reads of 76 bases.

RNA-seq library construction

The RNA-seq libraries were constructed with the NEXTflex Rapid
Directional mRNA-seq kit (Cat# NOVA-5138-11; PerkinElmer).
Thus, total RNA was purified with QIAzol and the mRNA in 10 mg
was isolated by the poly-(A) selection step. After mRNA fragmenta-
tion, cDNAwas synthesized. After adenylation and adapter ligation, a
library was constructed via PCR amplification.

Bioinformatic analyses of ChIP-seq and RNA-seq

To align the ChIP-seq, the raw reads were mapped to the reference
mouse genome assembly (mm9) by using Bowtie2. SAMtools was
used to remove duplicate reads. To permit visualization with the
UCSC genome browser, a bigWig file was created by using the make-
BigWig tool (in HOMER suite). A density plot was created by using
the annotatePeaks tool (in HOMER suite) by centering the BRD4-
occupied regions with extension to ±5,000 bp (-size 10000 -hist 25
-ghist). To align the RNA-seq, raw reads were mapped to the refer-
ence mouse genome assemblies (mm10) by using STAR tool. Cuf-
flinks tools were used to analyze differentially expressed genes. To
generate a customized set of genes for the BBC1115-sensitive regions,
the genes with the closest TSS from the BBC1115-sensitive regions
were assigned. GSEA was then performed according to the instruc-
tions. The gene set information used in the GSEA analysis is listed
in Table S5.

Xenograft modeling of pancreatic and colorectal tumors

The human SW-480 colon cancer cell line, the human pancreas
adenocarcinoma cell line AsPC-1, and the human SNU-251 ovarian
cancer cell line were grown as described above. To generate the colon
cancer xenograft model, the dorsal flanks of 6-week-old athymic male
BALB/c mice were subcutaneously injected with 0.5 � 107 SW-480
cells. To generate the pancreas and ovarian cancer xenograft models,
the dorsal flanks of 6-week-old male SCID mice were subcutaneously
injected with 0.5� 107 AsPC-1 and SNU-251 cells. When the tumors
were at least 100–150 mm3 in volume, the mice were randomly
divided into two groups of three mice (day 0). One group was
injected intravenously 12 times over 4 weeks with 100 mL BBC1115
(25 or 35 mg/kg). The other group only received the vehicle. The
murine tumors were measured at various time points with vernier
calipers. Tumor volume was calculated by using the formula
(length � width � height)/2.
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