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Introduction
Cancer cells rely on “transcriptional addiction” to support their 
uncontrolled proliferation or other needs (1). This is largely attribut-
ed to the function of bromodomain and extra-terminal (BET) pro-
teins (BRD2, BRD3, BRD4, and BRDT), which serve as epigenetic 
readers of lysine acetylation to activate gene transcription (2). Dys-
function of BET proteins has been strongly linked to the develop-
ment and progression of various tumors (3). Specifically, BRD4 acts 
as a synthetic lethal factor of the proto-oncogene MYC, in which 
BRD4 not only promotes MYC transcription but also regulates its 
function and degradation (4, 5). Given the essential role of BET fam-
ily proteins in cancer development and inflammation, more than 
100 clinical trials are now being carried out to evaluate the benefits 
of BET inhibitors (BETi) as anticancer therapy (6). Although BETi 
show promising clinical benefits, inherent and acquired resistance 
is still inevitable. Furthermore, inherent BETi resistance often 
occurs because of increased BET protein stability, which is trig-
gered either by a weakened ubiquitination of SPOP-mutant status 
(7) or enhanced deubiquitination in a DUB3-dependent manner 
(8). In contrast, acquired BETi resistance is largely attributed to the 
reactivation of MYC expression, which is partly a consequence of 

increased Wnt/β-catenin signaling (9) or the formation of a BRD4-
MED1 transcription complex (10). Therefore, it is paramount to 
further elucidate the mechanism underlying BETi resistance and 
explore the potential treatment paradigms to sensitize the cancer 
response to BET inhibition in a specific tumor context.

B cell lymphoma 6 (BCL6) is a member of the BTB/POZ-zinc 
finger family of transcription factors and mediates transrepression 
(11). As a proto-oncogene in diffuse large B cell lymphoma, BCL6 
drives the malignant phenotype by regulating hundreds of target 
genes involved in cell proliferation (12), DNA damage sensing (13), 
senescence (14), and antiapoptosis (15). BCL6 has been implicat-
ed in the promotion of an expanding scope of hematologic and 
solid tumor progression (16, 17), including that of non–small-cell 
lung cancer (NSCLC) (18). Compounds selectively targeting BCL6 
activity have demonstrated promising antitumor effects in pre-
clinical settings (19, 20). Recent work has shown that BCL6 serves 
as a central component of the stress response and tumorigenesis, 
in which inhibition of BCL6 might potentiate chemotherapeutic 
sensitivity (21, 22). These findings highlighted a key role of BCL6 
in conferring cancer cell resistance to therapeutic agents.

KRAS-mutant NSCLC represents an enormous health burden 
because of its high motility. A series of clinical trials are now being 
carried out to explore potential therapeutic options (23). Although 
our previous studies have unveiled vulnerability of KRAS-mutant 
cancers that can be tractable with the use of either monotherapy 
(24) or a combined regimen (25), KRAS-mutant NSCLC remains 
refractory to all targeted therapies to date (26). Given the critical 
role of BCL6 in mediating stress tolerance, we hypothesize that 
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Figure 1. Clinical BETi promote BCL6 expression. (A) BCL6 expression in KRAS-mutant NSCLC cells in response to clinical drug treatments. Cells were 
treated with the indicated drugs at a concentration of their one-half IC50s for 48 hours. Graph shows the relative BCL6 protein levels, normalized to GAPDH. 
**P < 0.01, by unpaired, 2-tailed Student’s t test, comparing the relative BCL6 protein level of the OTX015-treated group with that of the vehicle-treated 
group. (B and C) OTX015 upregulated BCL6 expression at the (B) protein and (C) transcription levels in a time-dependent manner. A549, H292, and H441 
cells were treated with OTX015 for the indicated durations. BCL6 expression was detected by Western blotting and PCR assays. (D) BCL6 protein levels 
in cells upon treatment with BETi (OTX015, JQ1, I-BET762, and AZD5153) or a BRD9i (BI7273). (E) BETi upregulated BCL6 expression in a set of KRAS-mu-
tant NSCLC cells. Cells were treated with OTX015 (300 nM), JQ1 (300 nM), or DMSO for 6 hours. Cell lysates were probed with antibodies against BCL6 and 
GAPDH. (F) OTX015 upregulated BCL6 levels in 2 primary NSCLC cell lines harboring a KRASG12C mutation. Left: DNA-Seq of exon 2 in the KRAS gene. Right: 
BCL6 levels in LC087A05 and LC308B01 cells exposed to OTX015 (300 nM) or DMSO for 6 hours. (G) BCL6 protein levels in orthotopic xenografts. During 
the 1-week treatment with OTX015, tumor tissue was isolated on day 2 and day 7, followed by immunoblot analysis for BCL6 expression. Three biologically 
independent samples per group are shown.
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lated in nuclei (Supplemental Figure 2B) and repressed several 
well-known BCL6 target genes, such as CASP8, CDKN1A, CHEK1, 
DUSP5, and TP53 (Supplemental Figure 2C). These data reveal 
that increased expression of BCL6 triggered by BET inhibition has 
functionality in cells.

Inhibitors of the BET family of proteins have shown promising 
anticancer activity in multiple myeloma, leukemia, and prostate 
cancers (27–29). However, BETi have been reported to be less 
effective in KRAS-mutant NSCLC (30). In agreement with our 
assumption that BCL6 induction contributes to BETi failure, we 
found that BCL6 expression was increased in orthotopic xenograft 
tumors isolated from tumor-bearing mice treated with 50 mg/
kg/d OTX015 over a period of 1 week (Figure 1G). These results 
collectively support the notion that BET inhibition increases BCL6 
expression in KRAS-mutant NSCLC in vitro and in vivo.

BCL6 is required for the therapeutic efficacy of BET inhibition. 
In attempting to clarify the role of increased BCL6 expression in 
the therapeutic efficacy of clinical BETi, we overexpressed BCL6 
in two KRAS-mutant A549 and H23 cell lines and subsequently 
treated these cells with various concentrations of OTX015. Our 
results showed that BCL6 overexpression significantly increased 
the IC50 of OTX015 by more than 5-fold in A549 cells (Figure 2, A 
and B). The phenomenon of BCL6-mediated BETi resistance was 
additionally confirmed by colony formation assays, in which the 
inhibitory effects of OTX015 on A549 cell viability were markedly 
decreased by BCL6 overexpression (Figure 2C). We obtained con-
sistent results in H23 cells (Figure 2, D–F).

Next, we investigated whether direct BCL6 silencing could, in 
turn, sensitize cancer cells to BET inhibition. Therefore, we genet-
ically interfered with BCL6 expression in BCL6hi H441 cells and 
evaluated the effects of BCL6 knockdown on OTX015 sensitivity 
by colony formation assays. As expected, both siRNAs targeting 
BCL6 potentiated OTX015 cytotoxicity and efficacy (Figure 2G). 
On the basis of these observations, we further applied different 
concentrations of BI3802, a recently developed BCL6 degrader 
(20), along with OTX015, and examined the antigrowth effects 
of various drug combinations on KRAS-mutant A549 cells. Our 
results showed that BCL6 degradation effectively sensitized 
OTX015 (Figure 2H). Collectively, these results establish that 
BCL6 plays a substantial role in conferring BETi resistance.

BET inhibition disrupts the BCL6 autoregulatory circuit. Con-
sidering that BCL6 upregulation was caused by increased BCL6 
transcription rather than decreased protein degradation (Figure 
1C and Supplemental Figure 1, B–D), we sought to explore the 
mechanism underlying the increased transcription of BCL6. It 
has been reported that BCL6 binds to its promoter to repress its 
own transcription (16, 31), therefore, we asked whether BET inhi-
bition caused disruption of this negative autoregulatory circuit of 
BCL6, and consequently promoting its expression. To this end, 
we performed ChIP with massively parallel DNA-Seq (ChIP-Seq) 
using a BCL6 antibody and observed a complete shift of BCL6 
binding from its promoter regions (region 1 and region 2) to its 
coding regions (region 3) (Figure 3A). This finding was addition-
ally confirmed by ChIP-quantitative PCR (ChIP-qPCR) analysis 
(Figure 3B). Such a shift was of biological function, as the binding 
of RNA polymerase II (Pol II) was dramatically increased while 
dissociating BCL6 from its promoter regions (region 1 and region 

BCL6 may confer resistance to targeted therapies in KRAS-mu-
tant NSCLC. To this end, we tested a set of clinical drugs that are 
either approved or under clinical evaluation to treat KRAS-mu-
tant NSCLC. Intriguingly, we found that BCL6 was upregulated 
upon BET inhibition. We further observed that BRD3, not BRD2 
or BRD4, directly interacted with BCL6, functioning as a BCL6 
partner to maintain the negative autoregulatory circuit of BCL6. 
Upon BET inhibition, the transrepression of BCL6 was disrupted 
and consequently activated the mTOR signaling pathway to tol-
erate BET inhibition. These findings further support an effective 
combinatorial strategy with potential translatability to sensitize 
KR AS-mutant NSCLC to clinical BETi by concurrent inhibition of 
either BCL6 or mTOR.

Results
Clinical BETi promote BCL6 transcription. Given the critical role 
of BCL6 in tumorigenesis and the stress response, we hypothe-
sized that BCL6 might confer resistance to targeted therapies in 
KRAS-mutant NSCLC. To this end, we tested a set of clinical drugs 
(Supplemental Table 1; supplemental material available online 
with this article; https://doi.org/10.1172/JCI133090DS1) that have 
either been approved or are currently under clinical evaluation to 
treat KRAS-mutant NSCLC to determine their impact on the pro-
tein expression of BCL6. Intriguingly, we found that OTX015, 
a clinical BETi, induced a striking and significant increase in 
BCL6 protein levels across 3 different KRAS-mutant NSCLC cell 
lines (Figure 1A), implying a potential role of BCL6 in the BETi 
response. Specifically, OTX015 time dependently induced a rap-
id increase in BCL6 protein levels at the tested dose (Figure 1B), 
without affecting cancer cell viability (Supplemental Figure 1A). 
These data excluded an indirect effect of cell death, selecting for 
BCL6hi cells by OTX015 treatment. Subsequently, we determined 
that OTX015-mediated BCL6 upregulation was due to an increase 
in BCL6 gene expression (Figure 1C and Supplemental Figure 1B) 
rather than a decrease in protein degradation (Supplemental Fig-
ure 1, C and D). These data collectively indicate that OTX015-in-
duced BCL6 upregulation occurred at the transcription level at 
early time points, before cytotoxicity was observed.

In an attempt to exclude an off-target effect of OTX015, we 
used 3 other BETi (JQ1, I-BET762, and AZD5153) and 1 BRD9 
inhibitor (BRD9i) (BI7273) in the experimental system. As expect-
ed, HPNE/KRASG12V (a normal pancreatic epithelial cell line with 
an introduced KRASG12V variant), H441, and A549 cells strikingly 
upregulated BCL6 protein levels in response to 4 different BETi, 
but they failed to respond to BI7273 (Figure 1D), suggesting the 
specificity of BET inhibition in promoting BCL6 expression.

Of note, we also observed increased BCL6 expression pro-
voked by BETi in a panel of KRAS-mutant lung (Figure 1E), col-
orectal, and pancreatic cancer cell lines (Supplemental Figure 2A 
and Supplemental Table 2), and in 2 primary KRAS-mutant NSCLC 
cell lines (LC087A05 and LC308B01) harboring a KRASG12C muta-
tion (Figure 1F). In total, 12 of 15 KRAS-mutant cancer cell lines 
showed increased BCL6 expression, thus reinforcing a general 
action of BETi in this specific tumor context.

BCL6 functions as a key transcriptional repressor by recruit-
ing cofactors to suppress target genes (11). Our results further 
showed that the increased BCL6 induced by OTX015 accumu-
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P2-Fluc (Figure 3D). The phenomenon that region 2 exhibited 
much higher baseline signal than did region 1 might be attribut-
ed to differential enrichment of RNA Pol II binding, as shown 
in Figure 3C. We next investigated the impact of BCL6 on these 
promoter regions by further genetically silencing BCL6 in those 
experimental cells. Our results showed that BCL6 knockdown 
significantly increased reporter gene expression (Figure 3E). Col-
lectively, these results establish a mechanism whereby BET inhi-
bition causes disruption of the BCL6 autoregulatory circuit and 
provokes BCL6 transcription.

2) (Figure 3C), suggesting that the autoregulatory circuit of BCL6 
was apparently disrupted upon BET inhibition. In contrast, we 
observed no obvious binding of RNA Pol II in the BCL6 coding 
region (region 3; Figure 3C).

To further understand the biological role of BCL6 promoter 
regions, we cloned region 1 and region 2 to generate luciferase 
reporter vectors (named P1-Fluc and P2-Fluc). These vectors, 
along with an empty vector (named P0-Fluc), were respective-
ly transfected into A549 cells. Our results showed that OTX015 
significantly increased reporter gene expression of P1-Fluc and 

Figure 2. BCL6 is required for the therapeutic efficacy 
of BETi. (A) Efficacy of BCL6 overexpression in A549 cells 
by immunoblot analysis. (B and C) BCL6 overexpression 
(BCL6OE) impaired the inhibitory effects of OTX015 on A549 
cells, as indicated by (B) growth curves and (C) relative cell 
viability of cultured colonies. (D) Efficacy of BCL6 overex-
pression in H23 cells by immunoblot analysis. (E and F) BCL6 
overexpression impaired the inhibitory effects of OTX015 
on H23 cells, as indicated by the (E) growth curves and (F) 
relative viability of the cultured colonies. (G) BCL6 silencing 
potentiated OTX015 efficacy in H441 cells. Left: Represen-
tative images of colony formation assays. Right: Relative 
viability of the cultured colonies. siNC, siRNA negative 
control. (H) BI3802 enhanced the efficacy of OTX015 in A549 
cells. A549 cells were treated with concentration gradients 
of OTX015 with or without BI3802 for 48 hours. Shown 
are cell viability curves and immunoblot analysis of BCL6 
expression. Results in C, F and G are representative of 3 
independent experiments. Data represent the mean ± SEM 
of biological triplicates. ***P < 0.001, by unpaired, 2-tailed 
Student’s t test.
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were further supported by the failure of the BRD4-specific inhibi-
tors DC-1 and DC-2 (32) to promote BCL6 expression (Figure 4B), 
even at higher concentrations (Supplemental Figure 3B). On the 
basis of the above results, we speculated that these BET family 
proteins might directly interact with BCL6 protein. To this end, 
we performed an immunoprecipitation assay and found that only 
BRD3 directly bound to BCL6, whereas no obvious interaction was 
detected between BCL6 and BRD2 or BRD4 in A549 cells (Figure 
4C). We observed similar results in H441 cells (Supplemental 

BRD3 acts as a cofactor to maintain the BCL6 autoregulation cir-
cuit. Given that current BETi, such as OTX015 and JQ1, are unable 
to distinguish between BRD2, BRD3, and BRD4, we carried out a 
knockdown assay to determine which BET protein contributed to 
BCL6 upregulation. Intriguingly, we found that genetic silencing 
of BRD2 and BRD3, rather than BRD4, markedly increased BCL6 
expression in KRAS-mutant A549 (Figure 4A) and H441 cells 
(Supplemental Figure 3A), implying that BRD2 and BRD3 partici-
pated in BCL6 regulation in unstressed conditions. These findings 

Figure 3. BET inhibition disrupts the BCL6 autoregulatory circuit. (A) OTX015 treatment shifted BCL6 from binding its promoter regions (region 1 and 
region 2) to its coding region (region 3). A549 cells were treated with DMSO or OTX015 (300 nM) for 6 hours. Chromatin was sheared and subsequently 
precipitated using a specific antibody against BCL6. Cellular DNA for the ChIP assay was isolated and analyzed on an Illumina NextSeq 500 instrument. 
Reads were mapped to the human reference genome (GRCh37/hg19) using Bowtie2 (version 2.2.9). UCSC’s Genome Browser tracks showed BCL6 ChIP-Seq 
signals in the BCL6 gene locus. Blue shading marks the peaks located in the promoter region. (B) OTX015 treatment promoted BCL6 to bind to its coding 
region. qPCR was performed with primers specifically targeting region 1, region 2, and region 3 of the BCL6 gene. The data are plotted relative to the values 
obtained with the IgG control antibody. Data represent the mean ± SEM of biological triplicates. P values were analyzed by unpaired, 2-tailed Student’s 
t test, comparing the OTX015 treatment group with the control group. (C) RNA Pol II–binding level at the 3 indicated regions examined by ChIP-qPCR. 
Data represent the mean ± SEM of biological triplicates. P values were determined by unpaired, 2-tailed Student’s t test, comparing the OTX015 treat-
ment group with the control group. (D) Response of different BCL6 promoter (P) regions to OTX015 treatment. Luciferase reporter vectors with promoters 
containing the indicated BCL6 promoter regions (region 1 and region 2) or the control sequence were equivalently transfected into A549 cells. Transfected 
cells were then exposed to 300 nM OTX015. Cells were harvested to detect luciferase expression 48 hours after transfection. Data represent the mean ± SD 
of biological triplicates. P values were determined by unpaired, 2-tailed Student’s t test, comparing the OTX015 treatment group with the control group. 
(E) Response of different BCL6 promoter regions to BCL6 silencing. Luciferase reporter vectors with promoters containing the indicated BCL6 promoter 
regions (mentioned in D) or the control sequence were equivalently transfected into BCL6-knockdown A549 cells. Transfected cells were harvested to 
detect luciferase expression 48 hours after transfection. Data represent the mean ± SD of biological triplicates. P values were determined by unpaired, 
2-tailed Student’s t test, comparing the siBCL6 groups with the control group.
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Figure 4. BRD3 acts as a cofactor to maintain BCL6 autoregulation. (A) Knockdown of BRD2 or BRD3 upregulated BCL6 expression. A549 cells 
transfected with 20 nM siRNAs targeting BRDs were collected 48 hours after transfection. BRD2, BRD3, BRD4, and BCL6 expression were detected 
by immunoblot analysis. (B) BRD4-specific inhibitors did not affect BCL6 expression. A549 and H292 cells were treated with BETi (OTX015 and JQ1), 
BRD4-specific inhibitors (DC-1 and DC-2), or a negative control compound (DC-control) for 6 hours. (C and D) Endogenous interaction of BCL6 and 
BRD3. A549 cell lysates were subjected to immunoprecipitation experiments using an anti-BCL6 or anti-BRD3 antibody. Immunoprecipitates were 
analyzed with antibodies against BRD2, BRD3, BRD4, and BCL6. Ten percent of total lysates was used as the input control. The anti-IgG antibody 
was used as a negative control. (E) Knockdown of BRD3 increased BCL6 mRNA levels. Data represent the mean ± SEM of biological triplicates. P 
values were analyzed by comparing siBRD3 groups with the control group. *P < 0.05 and ***P < 0.001, by unpaired, 2-tailed Student’s t test. (F) 
ChIP and re-ChIP were performed to test the cobinding of the BCL6 and BRD3 complex at the loci on the BCL6 promoter regions mentioned in Figure 
3A. The first ChIP was performed using anti-BCL6 and anti-IgG antibodies. The second ChIP was performed using anti-BRD3 and anti-IgG antibod-
ies to analyze the first ChIP (anti-BCL6) components. Data represent the mean ± SEM of biological triplicates. P values were analyzed by Student’s 
t test analysis for the first and second ChIPs. (G) BRD3 binding at the 3 indicated regions analyzed by ChIP-qPCR. Data represent the mean ± SEM 
of 3 independent experiments. P values were determined by unpaired, 2-tailed Student’s t test. (H) BRD3 maintained the BCL6 autoregulatory 
circuit. A549 cells were cotransfected with P1-Fluc, together with an equivalent amount of pcDNA3.1-BRD3, pcDNA3.1-BCL6, and/or pcDNA3.1-Ctrl. 
Cells were harvested for a luciferase assay 48 hours after transfection. Western blotting was subsequently conducted using specific antibodies 
against BCL6, BRD3, and GAPDH. Data represent the mean ± SD of biological triplicates. *P < 0.05, **P < 0.01, and ***P < 0.001, by 1-way ANOVA. 
Immunoblots in A, C, and D were contemporaneous and run in parallel from the same biological replicate.
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Figure 3C), excluding a cell-line–specific effect. We further con-
firmed the endogenous interaction between BRD3 and BCL6 by 
a reverse immunoprecipitation analysis of A549 cells (Figure 4D).

To understand the mechanism of BRD3 in regulating BCL6, 
we genetically interfered with BRD3 and found a marked increase 
in BCL6 transcription (Figure 4E). Given the endogenous inter-
action between BRD3 and BCL6, we thus hypothesized that the 
BRD3-BCL6 complex might bind to the BCL6 functional pro-
moter regions (region 1 and region 2). A sequential ChIP (ChIP/
re-ChIP) assay was further carried out to investigate their bind-
ing patterns. The immunoprecipitation by anti-BCL6 antibody 
served as the first ChIP component, which was then subjected to 
a second ChIP assay using a specific antibody against BRD3. The 
results revealed a marked co-occupancy of BRD3 and BCL6 on 
BCL6 promoter region 1, rather than region 2 (Figure 4F), indicat-
ing that BRD3 and BCL6 exist in the same protein complex that 
preferentially binds to the promoter region 1 of the BCL6 gene in 
unstressed conditions. As expected, addition of OTX015 atten-
uated the interaction of BRD3 and BCL6 (Supplemental Figure 
3D) and further impaired the binding of BRD3 to BCL6 promot-
er region 1, as region 1 binding exhibited a more rapid decrease 
upon OTX015 treatment (Figure 4G). In light of these data, we 
next examined whether the interaction between BRD3 and BCL6 
contributes to BCL6 negative autoregulation. Using the P1-Fluc 
luciferase reporter assay, we found that BRD3 overexpression sig-
nificantly enhanced BCL6 autorepression (Figure 4H and Supple-
mental Figure 3E), highlighting a cooperativity of BRD3 and BCL6 
to maintain the BCL6 autoregulatory circuit.

Given that BRD3 acted as a regulator of BCL6, we asked wheth-
er they coordinated to regulate gene transcription in a more gen-
eral pattern. Through a random examination of sequencing tracks 
along human chromosome 12, we found obvious colocalization of 
BCL6 with BRD3 peaks at the genome-wide level (Supplemental 
Figure 4A). Moreover, we compared BCL6- and BRD3-binding 
peaks and found that they potentially shared a great number of 
binding sites, nearly half of which (promoter 12% plus exon 6% 
plus intron 29%) were located in gene bodies (Supplemental Figure 
4B). Since BCL6 functions as a transcriptional repressor, we thus 
elucidated the working mechanism of BCL6 and BRD3 coopera-
tives by analyzing gene promoters. Our data showed that among 
the 694 BCL6-binding gene promoters, 82 genes (2.6%) also har-
bored BRD3 binding (Supplemental Figure 4C and Supplemental 
Table 3). Additionally, the core element in the BCL6-binding con-
sensus sequence was nearly identical to the BRD3-binding motif, 
which presented a typical palindrome (Supplemental Figure 4D). 
More specifically, we detected strong colocalization of BRD3 and 
BCL6 in the promoter regions of CPD, IDH2, IRT1 and of BCL6 
itself (Supplemental Figure 4E), which was further confirmed by 
ChIP-qPCR experiments (Supplemental Figure 4F and Figure 4F). 
Together, these findings reveal that BRD3 works, in part, as a BCL6 
partner and coordinately regulates shared gene expression.

Increased BCL6 expression activates mTOR signaling through 
suppression of DAPK2. After elucidating the regulatory effects of 
BETi on BCL6, we next sought to characterize BCL6 downstream 
components to decipher its detailed role in KRAS-mutant NSCLC. 
BET inhibition produced a BCL6 gene–binding spectrum that was 
quite different from that of the vehicle-treated cells. BCL6 bound 

to the promoter region of 577 genes upon vehicle treatment and of 
614 genes upon OTX015 treatment, with only 117 (8.9%) overlap-
ping genes (Figure 5A and Supplemental Table 4). These results 
may be explained by the aforementioned BET-dependent mech-
anism, whereby BRD3 cooperated with BCL6 to regulate the lat-
ter’s target genes.

Because BCL6 is a well-known transcriptional repressor, we 
therefore performed an RNA-Seq assay to identify genes whose 
transcription was affected by OTX015 treatment. We compared 
the 614 BCL6-binding genes unique to OTX015 treatment with 
our RNA-Seq data. As listed in Figure 5B, transcription of 51 
BCL6-binding genes was significantly changed by OTX015 treat-
ment (P < 0.05). Of the 32 significantly downregulated genes, 
death-associated protein kinase 2 (DAPK2) was the only putative 
tumor suppressor whose downregulation was strongly associated 
with enhanced tumor cell survival (33, 34). Our ChIP-Seq data 
revealed increased binding of BCL6 to the promoter of DAPK2 
upon OTX015 treatment (Figure 5C), which we additionally con-
firmed by ChIP-qPCR (Figure 5D). Of note, the binding of BCL6 
repressed DAPK2 transcription, as RNA Pol II enrichment was 
significantly decreased upon treatment with OTX015 (Figure 5E). 
Consistently, OTX015 treatment decreased DAPK2 mRNA levels 
in different KRAS-mutant NSCLC cell lines (Figure 5F), underlin-
ing a more general phenotype of DAPK2 transrepression by BET 
inhibition. DAPK2 has been reported to suppress mTOR signaling 
(35). In agreement, we found that OTX015 negatively regulated 
DAPK2 expression and positively activated mTOR signaling in a 
time-dependent manner in KRAS-mutant A549 cells, resulting in 
specific effects on P70S6K and 4E-BP1, two regulatory compo-
nents downstream of the mTOR kinase (Figure 5G). We observed 
similar results in H292 and H441 cells (Figure 5H). Importantly, 
the decrease in DAPK2 expression and the increase in mTOR 
activity by OTX015 were dramatically diminished by BCL6 
knockdown (Figure 5I), suggesting that DAPK2/mTOR signaling 
is dependent on the regulation of BCL6 in treated cells.

BCL6 inhibitors synergize with BETi in vitro and in vivo. Giv-
en that BCL6-mediated mTOR signaling is activated upon BET 
inhibition, we sought to test whether current BCL6-specific inhib-
itors, such as FX1 (19) and Compound 7 (36), are capable of sensi-
tizing KRAS-mutant NSCLC cells to BET inhibition. To this aim, 
we combined BCL6 inhibitors (FX1 and Compound 7) with BETi 
(OTX015, JQ1, and I-BET762) to examine their synergistic effects. 
To indicate drug interactions, we calculated the combination indi-
ces (CIs) at 50%, 75%, and 90% of the effective dose (ED50, ED75, 
and ED90) of each drug pair. Our results showed that concurrent 
inhibition of BCL6 and BET produced strong synergy (CI <0.7) in 
5 different KRAS-mutant NSCLC cell lines (Figure 6A). Cotreat-
ment with FX1 and OTX015 inhibited the colony formation ability 
of KRAS-mutant cells (Figure 6B and Supplemental Figure 5, A 
and B) and primary KRAS-mutant NSCLC cells (LC087A05 and 
LC308B01) (Figure 6C). These synergistic effects were largely 
attributed to a strengthened G2/M blockade in cell-cycle regu-
lation (Figure 6D and Supplemental Figure 5, C and D) that was 
a typical consequence of mTOR blockade (37). In line with the 
mechanism described above, addition of FX1 apparently restored 
DAPK2 expression and blocked the activation of mTOR signaling 
triggered by OTX015 in different KRAS-mutant NSCLC cell lines 
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Figure 5. Increased BCL6 activates the mTOR pathway through suppression of DAPK2. (A) Venn diagram 
shows the overlap of BCL6-bound gene promoters between the DMSO and OTX015 treatment groups. These 
data were generated by the ChIP-Seq experiments described in Figure 3A. (B) Heatmap of differentially 
expressed genes (fold change >2, adjusted P < 0.05) in the OTX015-specific region described in A. RNA-Seq 
was performed using the same cell samples as the ChIP-Seq in Figure 3A. Blue represents gene downregula-
tion, and red represents gene upregulation, with 0 as the median. (C) Genome Browser tracks showing BCL6 
ChIP–Seq signals in the DAPK2 gene locus in A549 cells treated with DMSO or OTX015 (300 nM) for 6 hours. 
Blue shading marks the peaks located in the promoter region. (D) BCL6 binding level at the promoter region of 
DAPK2 examined by ChIP-qPCR assays. (E) RNA Pol II–binding level at the promoter region of DAPK2 examined 
by ChIP-qPCR assays. Data represent the mean ± SEM of biological triplicates. The P value was determined by 
comparing the OTX015 treatment group with the control group, using an unpaired, 2-tailed Student’s t test. 
(F) Relative DAPK2 expression at different time points. Cells were treated with 300 nM OTX015, and DAPK2 
mRNA levels were detected by qPCR. Data represent the mean ± SEM of 3 independent experiments. P values 
were determined by comparing OTX015-treated groups with the untreated group, using an unpaired, 2-tailed 
Student’s t test. (G) Effects of OTX015 on the DAPK2/mTOR signaling pathway on A549 cells. A549 cells were 
treated with OTX015 (300 nM) for the indicated durations. Treated cells were collected and probed with anti-
bodies against DAPK2, p-mTOR (Ser2448), mTOR, p-P70S6K (Thr389), P70S6K, p–4E-BP1 (Thr37/46), 4E-BP1, 
and GAPDH, respectively. (H) Effects of OTX015 on the DAPK2/mTOR signaling pathway in H292 and H441 cells. 
(I) BCL6 knockdown impaired OTX015-mediated DAPK2 suppression and mTOR activation. BCL6 silencing was 
conducted by RNA interference in A549 cells. Cells were treated with 300 nM OTX015 for 48 hours. Cells lysates 
were collected and probed with antibodies against BCL6, DAPK2, p-mTOR (Ser3448), mTOR, and GADPH. Immu-
noblots in G, H, and I were contemporaneous and run in parallel from the same biological replicate, respectively. 
The immunoblots are representative of at least 3 independent experiments.
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images and tumor volume (Figure 6, I and J). Collectively, these 
findings support the notion that the OTX015 plus FX1 combina-
tive regimen is effective against transformed cells and lung tumor 
entities harboring a KRAS mutation.

mTOR inhibition sensitizes KRAS-mutant NSCLC to BETi. A 
recent publication (39), together with our results (Figure 5 and 
Supplemental Figure 6C), prompted us to elucidate the biologi-
cal function of DAPK2/mTOR signaling in BET resistance. First, 
we found that p-P70S6KT389 levels were broadly increased upon 
OTX015 treatment in cells, suggesting a general effect of OTX015 
on mTOR signaling activation, excluding preselection for the 
p-P70S6Khi cell population (Supplemental Figure 7A). Next, we 
found that DAPK2 overexpression inactivated mTOR and sig-
nificantly sensitized both A549 and H441 cells to BET inhibition 
(Figure 7, A and B). Finally, genetic silencing of DAPK2 expression 
prevented the mTOR activation induced by OXT015 (Supplemen-
tal Figure 7B). These results support a critical role of the DAPK2/
mTOR axis in conferring responsivity of cancer cells to BETi.

Considering that mTOR inhibitors (mTORi) have greater 
translatability to the clinic than do current BCL6 inhibitors, we 
further explored the sensitizing effects of the clinically used mTO-
Ri rapamycin and ridaforolimus to BETi in vitro and in vivo. Our 
results showed that mTOR inhibition dramatically enhanced the 
antigrowth effect of BETi on KRAS-mutant NSCLC cells (Figure 
7C), in which the CI values were all below 0.7. Besides, we also 
observed a similar synergistic effect of BETi and mTORi in a long-
term colony formation assay (Supplemental Figure 8). Moreover, 
rapamycin and OTX015 synergized to constrain tumor growth of 
KRAS-mutant LACPDX, as indicated by tumor volume (Figure 
7D) and tumor weight (Figure 7E). These data suggest that dual 
inhibition of BET and mTOR is effective in patients with BETi-re-
sistant KRAS-mutant NSCLC.

Discussion
BETi show promising therapeutic effects in clinical trials; however, 
inherent and acquired resistance is still inevitable, with resistance 
mechanisms that can be quite complicated in specific tumor con-
texts, highlighting the need for drug combinations that can poten-
tiate BETi in cancer cells. In this study, we identified a mechanism 
underlying BETi resistance in KRAS-mutant NSCLC, in which 
BCL6 transcription was markedly promoted as a consequence of 
BRD3 inhibition. In more detail, we show that BRD3 directly inter-
acted with BCL6 to maintain the BCL6 autoregulatory circuit in 
unstressed conditions. Intriguingly, such a BRD3-BCL6 complex 
tends to disassociate from the BCL6 promoter region in response 
to BETi, consequently leading to increased BCL6 transcription. 
Moreover, increased expression of BCL6 protein alters its binding 
mode to negatively regulate the tumor suppressor DAPK2, leading 
to mTOR signaling activation and conferring resistance to clinical 
BETi. On the basis of this discovery, we further propose a mecha-
nism-based combinative treatment, in which concurrent inhibition 
of BET and the BCL6/DAPK2/mTOR axis leads to potent regres-
sion of KRAS-mutant NSCLC in several tumor mouse models.

BET family members are widely expressed and play a crit-
ical role in regulating gene expression by recognizing acetylated 
histones (3). BRD4 has been considered a transcription activator 
largely because of its binding to superenhancer regions of several 

(Supplemental Figure 5E), collectively highlighting a core role of 
BCL6 in BETi-mediated activation of the mTOR pathway.

We next explored the therapeutic efficacy of FX1 and OTX015 
cotreatment in vivo by using a patient-derived xenograft (PDX) 
mouse model with human lung adenocarcinoma tissue harbor-
ing a KRASG12V mutation (LACPDX). Following the schedule 
described in the clinical trial of OTX015 (ClinicalTrials.gov ID: 
NCT02259114), we chose a 3-week treatment regimen  and found 
that FX1 significantly enhanced the antitumor effects of OTX015, 
as indicated by tumor volume (Figure 6E) and tumor weight (Sup-
plemental Figure 6A), without causing significant loss of mouse 
body weight (Supplemental Figure 6B). More important, the com-
bined therapy did not result in severe systemic toxicity, as serum 
levels of alanine amino transferase (ALT), aspartame amino trans-
ferase (AST), blood urea nitrogen (BUN), and creatinine (CR), 
along with other biochemical factors, were marginally affected in 
the treated mice at the end of therapy (Supplemental Table 5). Fur-
thermore, immunoblot analysis of the tumor xenografts showed 
that protein levels of BCL6 and phosphorylated mTOR (p-mTOR) 
were remarkably repressed, whereas expression of DAPK2 and 
p53 (a well-known target gene of BCL6) was reciprocally increased 
by the combined regimen (Supplemental Figure 6C). These data 
substantially support the importance of the BCL6/DAPK2/mTOR 
signaling axis in the resistance of KRAS-mutant cancer to BETi in 
vivo.

On the basis of the synergy of combined BET and BCL6 inhi-
bition on tumor growth in vitro and in vivo, we next investigated 
the survival benefit of OTX015 plus FX1 in LSL-Kras(G12D) mice, 
an established genetically engineered mouse model (GEMM) 
of KRAS-mutant lung cancers. To avoid potential toxicity in the 
GEMM mice, we first tested the safety of the cotreatment of 
OTX015 and FX1 in normal C57BL/6J mice that shared the same 
background. Our results showed that the drug pair did not trigger 
body weight loss in the mice (Supplemental Figure 6D) or any sys-
temic toxicity as determined by the blood cell counts (Supplemen-
tal Table 6) and biochemical testing (Supplemental Table 7). After-
ward, lung tumors were induced in LSL-Kras(G12D) mice by nasal 
administration of cre-adenovirus and treated according to the 
schedule shown in Supplemental Figure 6E. As expected, a sub-
stantial therapeutic benefit was achieved with the combined ther-
apy, as indicated by the decrease in tumor size and number (Figure 
6, F and G). In comparison with the control, OTX015 monothera-
py had a limited effect on mouse survival, whereas addition of FX1 
significantly prolonged survival, with an added median survival 
benefit of 63 days (Figure 6H). Immunohistochemical analysis 
of tumor tissue additionally demonstrated the involvement of 
BCL6/mTOR signaling in the response of KRAS-mutant lung can-
cer to BETi (Supplemental Figure 6F). These in vivo data suggest a 
potent and sustained antitumor activity of combined inhibition of 
the BET family protein and BCL6.

Activation of an oncogenic allele of Kras is sufficient to initiate 
tumorigenesis in lung; however, additional tumor suppressor dele-
tion (e.g., TP53) leads to significantly advanced adenocarcinoma 
disease (38). We therefore used the LSL-KrasG12D/+ Trp53fl/fl mouse 
model to further evaluate the therapeutic efficacy of OTX015 plus 
FX1 combination therapy. Treatment with the drug pair signifi-
cantly constrained tumor growth in mice, as shown by micro-CT 
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preferentially bound to the DAPK2 promoter upon BET inhibition 
(Figure 5, C–F). Suppression of DAPK2 further led to activation of 
the mTOR signaling pathway (Figure 5, G–I) to help cells survive 
BET inhibition (Figure 7, A and B). The critical role of the mTOR 
pathway in BETi resistance could be consistently supported by the 
recently published study showing that mTORi synergized BETi in 
prostate cancer mouse models (39).

BCL6 acts as a transcriptional repressor and engages with 
a number of corepressors, such as SMRT (52), NCOR (53), and 
BCOR (54), to an extended groove motif that forms along the BTB 
dimer interface. Such recruitment relies on the N-terminal BTB 
domain of BCL6 (55). Inhibition of the BCL6 BTB domain by pep-
tides such as RI-BPI (56) or small molecules such as FX1 (19) and 
other compounds (57) provided a promising strategy for the treat-
ment of BCL6-driven cancers. Apart from inhibition of the BTB 
domain, compounds that induced rapid BCL6 protein degradation 
or targeted a tyrosine residue in the homodimer interface (58) also 
demonstrated antitumor efficacy. Although BCL6 inhibition has 
proven to be effective as a monotherapy, our findings, together 
with those of other studies (21, 47), characterize a critical role of 
BCL6 in mediating stress tolerance. Therefore, it is of great impor-
tance to further evaluate the benefit of BCL6 inhibitors as combi-
native regimens to conquer BCL6-mediated drug resistance.

Inherent and acquired resistance to BETi often occurs either 
as a result of increased BET protein expression (7) or a bypass 
of downstream signaling (9, 10). In our study, we characterized 
a critical role of the BRD3/BCL6/DAPK2/mTOR axis in confer-
ring BETi resistance and proposed a regimen of dual inhibition of 
BET and BCL6 to improve the efficacy of BETi in KRAS-mutant 
NSCLC. Importantly, we found that combined therapy target-
ing BET and BCL6 was effective and well tolerated in 3 different 
KRAS-mutant lung cancer mouse models, including a PDX mouse 
model, an LSL-Kras(G12D) mouse model, and an LSL-KrasG12D/+ 
Trp53fl/fl mouse model (Figure 6, E–J). Additionally, combining 
BETi and BCL6i conferred a remarkable survival benefit in this 
kind of aggressive and refractory cancer (Figure 6H). Consider-
ing that mTORi are more translatable than current preclinical 
BCL6 inhibitors, we further suggest a more feasible BETi/mTO-
Ri combination to circumvent BETi resistance (Figure 7). We 
believe our findings are of paramount importance, considering 
that clinical trials of BETi are now being conducted in intractable 
cancers (ClinicalTrials.gov IDs: NCT02259114, NCT02698176, 
NCT02630251, and NCT01987362) with limited effectiveness in 
patients. Additionally, although recent studies revealed that dis-
tinguishing BD1 and BD2 of the BET proteins may guide future 
BET-targeted therapies (59), our findings suggest that develop-
ment of a BRD4-specific inhibitor may be a pivotal therapeutic 
option for patients with KRAS-mutant NSCLC, as selective inhi-
bition of BRD4 avoids BCL6 upregulation (Figure 4B and Supple-
mental Figure 3B).

Methods
Detailed methods are provided in the Supplemental Methods.

Cell lines and cell culture. A549, H441, H358, H522, HCT15, DLD1, 
HCT116, and 293T cells were obtained from the American Type Cul-
ture Collection (ATCC). The cell lines Calu-1, H23, H292, H460, LoVo, 
Capan-2, MDA-Panc-28, SW1990, and MIA PaCa-2 were obtained from 

oncogenes (10). In contrast, BRD2 and BRD3 exhibit potential in 
repressing gene transcription (40, 41). On the basis of our find-
ings, we deem that BRD3 may serve as a tumor suppressor in 2 
ways: (a) acting as a BCL6 cofactor to maintain BCL6 autorepres-
sion (Figure 4), and (b) protecting BCL6 downstream tumor sup-
pressors (e.g., DAPK2) from BCL6-mediated transrepression (Fig-
ure 5). In this study, we found that BRD3 directly interacted with 
BCL6 protein (Figure 4). The working pattern of BRD3 and BCL6 
is similar to that of STAT5 and BCL6, where STAT5 not only medi-
ates the autoregulation of BCL6 (42), but also shares downstream 
genes with BCL6 (43). The evidence that BCL6 can be inactivated 
through acetylation by p300 may help to understand the molec-
ular basis of the interaction between BRD3 and BCL6 (44). It is 
quite possible that BRD3 recognizes the acetyl in BCL6 protein to 
regulate BCL6 expression, as we found that their interaction was 
diminished by OTX015 (Supplemental Figure 3D), which selec-
tively inhibits the acetylation-recognizing bromodomain of BET 
proteins. However, more detailed experiments are required to fur-
ther elucidate the interaction mode of BCL6 and BRD3.

As a proto-oncoprotein in diffuse large B-cell lymphoma, 
BCL6 is upregulated in lymphomas and contributes to cancer 
development (45) as well as drug resistance in leukemia (46–48). 
However, the biological role of BCL6 in solid tumors has been 
hard to determine, given its low basal content. Our findings (Fig-
ure 1), along with recently published studies (21, 47), support an 
underestimated function of BCL6 in stressed conditions, in which 
BCL6 expression can be induced as a consequence of either an 
increase in its gene transcription or a decrease in its protein deg-
radation. Increased BCL6 expression promotes carcinogenesis 
and drug resistance by transrepressing a variety of tumor sup-
pressor genes, such as TP53 (13, 49), CDKN1A (50), PTEN (51), 
DUSP5 (19), and CASP8 (19). In this study, we found that BCL6 

Figure 6. BCL6 inhibitors synergize with BETi in vitro and in vivo. (A) 
Synergistic interaction between BCL6 inhibitors (FX1 and Compound 7) and 
BETi (OTX015, JQ1, and I-BET762) in KRAS-mutant NSCLC cells. CI values 
at ED50, ED75, and ED90 were calculated using CalcuSyn software. CI values 
of less than 1 represent synergism. (B) Representative images of 3D colony 
formation assays of A549 cells in response to the indicated treatments. 
Scale bars: 0.1 cm (dark) and 1 cm (white). (C) Clonogenic assay of primary 
KRAS-mutant NSCLC cells. (D) Cell-cycle profiles. Data represent the 
mean ± SD of biological triplicates. P values were determined by unpaired, 
2-tailed Student’s t test, comparing the combination treatment group 
with the control group. (E) Tumor volume (fold change) of patient-derived 
NSCLC (LACPDX) xenografts in mice (n = 10 per group). The mean AUC of 
tumor volumes (AUCTV) on day 21 is shown. Mice were treated according to 
the schedule in E. Data represent the mean ± SEM. *P < 0.05 and ***P < 
0.001, by 1-way ANOVA. (F) Representative lung micro-CT images of LSL-
Kras(G12D) mice. Yellow arrowheads indicate lung tumors. (G) Representa-
tive images of H&E-stained unilateral lung lobe tissues after treatment. 
(H) Kaplan-Meier survival analysis of LSL-Kras(G12D) mice (n = 6 per group). 
*P < 0.05 and **P < 0.01, by log-rank test. (I) Representative micro-CT 
images of the lungs of LSL-KrasG12D/+ Trp53fl/fl genetically engineered mice. 
Areas marked by yellow dotted lines indicate lung tumors. (J) Box plots 
showing the tumor volumes at the endpoint of the indicated treatments 
based on micro-CT (n = 6 per group). The horizontal lines represent the 
median, the bottom and top of the boxes represent the 25th and 75th per-
centiles, respectively, and the vertical bars represent the range of the data. 
The P value in J was determined by unpaired, 2-tailed Student’s t test. All 
data are shown as the mean ± SEM.
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Figure 7. mTOR inhibition sensitizes KRAS-mutant NSCLC to BETi. (A) DAPK2 overexpression suppressed mTOR and S6K phosphorylation. H441 
cells infected with a pCDH-DAPK2 or pCDH control virus were subjected to immunoblot analysis. Immunoblots were contemporaneous and run in 
parallel from the same biological replicate, respectively. (B) Colony formation of H441 and A549 cells with DAPK2 overexpression. Results are rep-
resentative of 3 independent experiments. Data represent the mean ± SEM of biological triplicates. ***P < 0.001, by unpaired, 2-tailed Student’s t 
test, comparing the DAPK2OE group with the vector group in the presence of OTX015. (C) Synergistic interaction between BETi (OTX015 and JQ1) and 
mTORi (rapamycin and ridaforolimus) in KRAS-mutant NSCLC cells. A549 and H441 cells were treated for 48 hours with various concentrations of the 
indicated inhibitors. The concentrations of BETi or mTORi were used in a 2-fold dilution series (0.78, 1.56, 3.13, 6.25, 12.5, and 25 μM for individual 
BETi; 0.78, 1.56, 3.13, 6.25, 12.5, and 25 nM for individual mTORi). Relative cell viability was subsequently measured. Data represent the mean ± SD of 
biological triplicates. CI values at each concentration were calculated using CalcuSyn software. (D) Tumor growth curves of LACPDX (n = 8 per group). 
The mean AUC of tumor volumes on day 23 is shown. Data represent the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by 1-way ANOVA. (E) 
Tumor weights at the end of therapy. Each dot represents a tumor from an individual mouse. Data represent the mean ± SEM. *P < 0.05, **P < 0.01, 
and ***P < 0.001, by 1-way ANOVA.
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Immunoprecipitation. To immunoprecipitate endogenous pro-
teins, whole A549 or H441 cells were lysed in immunoprecipitation 
buffer (20 mM Tris, pH7.5, 150 mM NaCl, 1% Triton-X 100, protease 
inhibitor). Cell lysates (1.0–2.0 mg) were precleaned by incubation 
with protein A/G-agarose beads (Abmart) for 1 hour on a rotator at 4°C. 
Antibodies against BCL6 (Cell Signaling Technology, 14895, 10 μL), 
BRD3 (Bethyl Laboratories, A302-368A, 6 μL), and normal rabbit IgG 
(Cell Signaling Technology, 2729, 1 μL) were added to the precleared 
lysates and incubated on a rotator at 4°C overnight, respectively. The 
complex was then immunoprecipitated with protein A/G-agarose 
beads at 4°C for 1 hour. Beads were washed thrice in immunoprecip-
itation buffer, resuspended in 50 μL of 2×loading buffer, and boiled at 
100°C for 10 minutes. Samples were then analyzed by Western blot-
ting as described in Supplemental Methods.

Reporter assay. Plasmids of pGL4.17 (no. E6721, Fluc) and pGL4.74 
(no. E6911, Rluc) vectors were purchased from Promega. PCR prod-
ucts of the BCL6-binding regions in the BCL6 gene were purified and 
subcloned into a modified pGL4.17-basic vector, named P1-Fluc and 
P2-Fluc, and the empty vector was named P0-Fluc. The amplification 
primers are listed in Supplemental Table 3. A549 cells were respectively 
transfected with these plasmids, together with the equivalent Renilla 
luciferase, followed by RNA interference or drug treatment for an addi-
tional 48 hours. For coexpression of BCL6 and BRD3, A549 and H292 
cells were transfected with a modified luciferase reporter (P1-Fluc), 
Renilla luciferase, pcDNA-BCL6, and/or pcDNA-BRD3. Cells trans-
fected with the equivalent unmodified pGL4.17 and pcDNA3.1 served 
as controls. Cells were harvested 48 hours after transfection, and lucif-
erase activity was measured using Dual-Luciferase Reporter Assay kits 
(Promega). Reporter gene activity was determined by normalizing the 
relevant firefly luciferase to Renilla luciferase activity.

Cell viability assays. NSCLC cells were seeded onto 96-well plates 
at a density of 2000–5000 cells per well and allowed to adhere over-
night. Cells were treated with various concentrations of the indicated 
drugs for 48 hours. Cell viability was determined using the CellTiter 
96 Cell Proliferation Assay (Promega) according to the manufactur-
er’s instructions. For the drug synergy analysis, cells were treated with 
single agents or their fixed-ratio combination for 48 hours. CI values 
were calculated using CalcuSyn software, version 2 (Biosoft). Combi-
nations with a CI value of less than 1 were considered synergistic, and 
a CI value of less than 0.7 indicated a strong synergy.

Orthotopic mouse model. A549 cells were digested and resus-
pended in 50% medium/Matrigel (356234, BD Biosciences) solu-
tion. Four-week-old male BALB/cA nude mice were purchased from 
National Rodent Laboratory Animal Resources (Shanghai, China) 
and anesthetized with nembutal sodium by intraperitoneal injec-
tion. A549 cells were transplanted into the left middle lung at a 
dosage of 1 × 106/100 μL per mouse. Fourteen days after transplan-
tation, the mice were orally treated with OTX015 (50 mg/kg/day, 
daily) for 1 additional week. OTX015 was dissolved in 2% DMSO 
plus 5% Tween 80 and 30% PEG-400 in double-distilled H20 
(ddH2O). During the treatment, the mice were randomly sacrificed 
on day 2 and day 7, and lung cancer tissue was individually isolated 
using laser capture microdissection technology to determine BCL6 
protein levels by immunoblotting.

LACPDX mouse model. Primary KRAS-mutant lung adenocar-
cinoma fragments harboring a KRASG12V mutation were obtained 
from a patient who underwent surgical resection at Shanghai 

the Shanghai Cell Bank of the Chinese Academy of Sciences (Shanghai, 
China). The HPNE/KRASG12V cells were generated and described pre-
viously (60). Briefly, a KRASG12V mutation was introduced into human 
pancreatic epithelial nestin-expressing (HPNE) cells through a lenti-
viral delivery system. HPNE/KRASG12V cells were cultured in medium 
containing 1 volume of M3:Base culture medium (INCELL), 3 volumes 
of glucose-free DMEM (Thermo Fisher Scientific) supplemented with 
10% FBS, 10 ng/mL EGF (R&D Systems), 5.5 nM glucose, and 50 μg/
mL gentamycin. Patient-derived lung adenocarcinoma cells LC087A05 
and LC308B01 were obtained from 3D Medicines (Shanghai, China) 
and maintained in DMEM/F12 supplemented with 10% FBS. 293T 
cells were maintained in DMEM supplemented with 10% FBS. Calu-1 
cells were maintained in McCoy’s 5A supplemented with 10% FBS, and 
other cells were maintained in RPMI-1640 medium supplemented with 
10% FBS. All cell lines were authenticated by short tandem repeat (STR) 
analysis and routinely evaluated for mycoplasma contamination.

ChIP-Seq and sequential ChIP assays. The ChIP assays for BCL6 and 
BRD3 were performed using the SimpleChIP Plus Enzymatic Chroma-
tin Immunoprecipitation kit (agarose beads) (Cell Signaling Technol-
ogy, 9004) according to the manufacturer’s instructions. For ChIP-
Seq experiments, A549 cells were treated with 300 nM OTX015 for 6 
hours. Cells were cross-linked with 1% formaldehyde for 10 minutes. 
Consequently, 10× glycine was added and incubated for 5 minutes to 
terminate the cross-linking. After that, cells were collected and digest-
ed with Micrococcal Nuclease (50 Kunitz per sample) for 30 minutes, 
resulting in an average chromatin fragment size of 150–900 bp. Chro-
matin from 4 × 106 cells was used for ChIP assays with the following 
antibodies: anti-BCL6 (Cell Signaling Technology, 14895), anti-BRD3 
(Bethyl Laboratories, A302-368A), anti–Pol II (Abcam, ab5408), and 
normal rabbit IgG (Cell Signaling Technology, 2729). Purified DNA 
from cells was incubated with the antibody at 4°C overnight followed 
by washing and reversal of cross-linking. ChIP–Seq libraries were pre-
pared using previously described methods (43), and high-throughput 
sequencing was performed using an Illumina HiSeq 2000 platform 
at the Zhongshan Ophthalmic Center of Sun Yat-sen University. Data 
were analyzed using the following pipeline: ChIP-Seq raw reads were 
aligned to the human reference genome (GRCh37/hg19) using Bow-
tie2 (version 2.2.9), and reads mapped to 1 or 2 locations were kept for 
further analysis. Peak calling was performed by MACS2 (version 2.1.1), 
with a P value threshold of 1 × 10−5. BigWig files were generated for 
visualization with the UCSC’s Genome Browser (https://genome.ucsc.
edu/) or Broad Institute’s Integrative Genomics Viewer (IGV) (https://
software.broadinstitute.org/software/igv/). The Genomic Regions 
Enrichment of Annotations Tool (GREAT) (http://great.stanford.edu/
public/html/index.php) was used to assign peaks to their potential tar-
get genes (a peak gene association was determined if the peak fell into 
a 2 kb region centered on the transcription start site of the gene). The 
BCL6 target genes induced by OTX015 were determined independent-
ly in each of 2 biological repeat experiments.

Sequential ChIP (ChIP/re-ChIP) was conducted as previously 
described (61). Briefly, bead eluates from the first immunoprecipi-
tation were incubated with 10 mM DTT at 37°C for 30 minutes, and 
the resulting samples were diluted 1:50 in dilution buffer (1% Triton 
X-100, 2 mM EDTA, 150 mM NaCl, and 20 mM Tris-HCl, pH 8.1) fol-
lowed by immunoprecipitation with the second antibody. DNA pulled 
down by antibodies or nonspecific IgG was amplified by real-time 
PCR. The ChIP-qPCR primers are listed in Supplemental Table 8.

https://www.jci.org
https://doi.org/10.1172/JCI133090
https://www.jci.org/articles/view/133090#sd
https://genome.ucsc.edu/
https://genome.ucsc.edu/
https://software.broadinstitute.org/software/igv/
https://software.broadinstitute.org/software/igv/
http://great.stanford.edu/public/html/index.php
http://great.stanford.edu/public/html/index.php
https://www.jci.org/articles/view/133090#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 4 J Clin Invest. 2021;131(1):e133090  https://doi.org/10.1172/JCI133090

 1. Bradner JE, Hnisz D, Young RA. Transcriptional 
addiction in cancer. Cell. 2017;168(4):629–643.

 2. Shi J, Vakoc CR. The mechanisms behind the 
therapeutic activity of BET bromodomain inhibi-
tion. Mol Cell. 2014;54(5):728–736.

 3. Fujisawa T, Filippakopoulos P. Functions of bro-
modomain-containing proteins and their roles 
in homeostasis and cancer. Nat Rev Mol Cell Biol. 
2017;18(4):246–262.

 4. Muhar M, et al. SLAM-seq defines direct 
gene-regulatory functions of the BRD4-MYC 
axis. Science. 2018;360(6390):800–805.

 5. Devaiah BN, et al. MYC protein stability is nega-
tively regulated by BRD4. Proc Natl Acad Sci U S 
A. 2020;117(24):13457–13467.

 6. Stathis A, Bertoni F. BET proteins as targets 
for anticancer treatment. Cancer Discov. 
2018;8(1):24–36.

 7. Dai X, et al. Prostate cancer-associated SPOP 
mutations confer resistance to BET inhibi-
tors through stabilization of BRD4. Nat Med. 
2017;23(9):1063–1071.

 8. Jin X, et al. DUB3 promotes BET inhibitor resis-
tance and cancer progression by deubiquitinating 
BRD4. Mol Cell. 2018;71(4):592–605.e4.

 9. Fong CY, et al. BET inhibitor resistance 
emerges from leukaemia stem cells. Nature. 

Accession numbers. The RNA-Seq and ChIP-Seq data reported 
here have been deposited in the NCBI’s Gene Expression Omnibus 
(GEO) database (GEO GSE118645 and GSE119863).

Statistics. The data are presented as the mean ± SD unless other-
wise stated. Statistical tests were performed using Microsoft Excel and 
GraphPad Prism, version 5.0 (GraphPad Software). For comparisons 
of 2 groups, an unpaired, 2-tailed Student’s t test was used. For com-
parisons of multiple groups, 1-way ANOVA was used. A log-rank test 
was performed for survival analysis.

Study approval. All animal treatments were performed according 
to the Guide for the Care and Use of Laboratory Animals (National Acad-
emies Press, 2011). All animal procedures were approved by East Chi-
na Normal University and were performed in accordance with IACUC 
guidelines. Human lung cancer tissue was obtained from Shanghai 
Changzheng Hospital (Shanghai, China) with the approval of the 
ethics committee of Shanghai Changzheng Hospital. Prior written 
informed consent was obtained from patients.
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the mice were sacrificed, and tumor tissue was excised, weighed, 
and snap-frozen in liquid nitrogen for Western blot analysis. The 
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(Shanghai ADICON Clinical Laboratories).

LSL-Kras(G12D) mouse model. LSL-Kras(G12D) (B6N.Cg-Krastm4Tyj/
CjDswJ) mice on a C57BL/6J background were purchased from The Jack-
son Laboratory. C57BL/6J mice were purchased from National Rodent 
Laboratory Animal Resources. The LSL-Kras(G12D) lung cancer mouse 
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tially, 7-week-old LSL-Kras(G12D) mice were anesthetized with isoflu-
rane via a gas chamber and infected with 5 × 107 infectious particles of 
Ad-Cre (HanBio) per mouse by intranasal injection. Mice were random-
ly divided into 4 groups 12 weeks after the operation. Mice were treated 
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tious particles of Ad-Cre (HanBio) per mouse by intranasal injection. 
Mice were randomly divided into 2 groups 8 weeks after the operation. 
Mice were treated with vehicle and OTX015/FX1 daily for 3 weeks. Next, 
mice were allowed to recover in the untreated condition for an additional 
week. On day 28, tumors were measured by micro-CT (PerkinElmer).
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