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Abstract

BRD4 has long been implicated in many different pathological processes, in particular, the development of cancer and
inflammation. Pyroptosis is a newly recognized type of inflammatory programmed cell death. However, the correlation
between BRD4 and pyroptosis in renal cell carcinoma (RCC) remains elusive. The present study demonstrates that
BRD4 expression levels are markedly upregulated, while pyroptosis-associated proteins are significantly reduced, in
RCC tissues and cells. Inhibition of BRD4, via either genetic knockdown or use of bromodomain inhibitor JQ1,
prevented cell proliferation and epithelial-mesenchymal transition (EMT) progression and induced caspase-1-
dependent pyroptosis in RCC both in vitro and in vivo. In addition, BRD4 inhibition suppressed proliferation and EMT
though pyroptosis in vitro and in vivo. Moreover, NLRP3, which mediates caspase-1-dependent pyroptosis, was
increased upon BRD4 inhibition. Furthermore, the transcriptional activity of NLRP3 was enhanced by BRD4 inhibition,
and this enhancement was blocked by activation of NF-kB phosphorylation, indicating that NF-kB is an upstream
regulator of NLRP3. Collectively, these results show that BRD4 inhibition prevents cell proliferation and EMT, and exerts
an antitumor effect in RCC by activating the NF-kB-NLRP3—caspase-1 pyroptosis signaling pathway. Thus, BRD4 is a

potential target for RCC treatment, and JQ1 shows promise as a therapeutic agent for this disease.

Introduction

Kidney cancer is an important public health concern, with
an estimated 0.338 million new cases and 14,4000 deaths per
year worldwide'. RCC, which accounts for ~85% of such
malignancies, is the sixth most common cancer in males and
eighth most common in females in the United States™.
Established risk factors for this malignancy include obesity,
overweight, smoking, and mutations in specific genes™”.
Evidence indicates that surgery is the only curative treatment
for localized RCC. Unfortunately, approximately one-third of
patients treated with surgery experience relapse in distant
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sites, and the overall prognosis is poor once the disease
progresses®”. Thus, a detailed understanding of tumor biol-
ogy will help provide novel therapeutic strategies for patients
with RCC.

The bromodomain and extra terminal domain (BET)
family of proteins consists of epigenetic readers, including
BRD2, BRD3, BRD4, and BRDT. Through their N-
terminal bromodomains, BET family proteins bind to
acetylated lysine residues of histone tails, change chro-
matin structure, and exert an important influence on
diverse physiological processes®. Abnormal expression of
BET proteins has been reported to be involved in many
different pathological processes, especially in the devel-
opment of cancer and inflammation®'°. Therefore, inhi-
bition of BET proteins may be a promising therapeutic
strategy for many diseases. BET inhibitor JQ1, a relative
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specificity inhibitor of BRD4, binds to the bromodomain
pocket in competitively with acetylated peptide binding,
leading to substitution of BET proteins and transcrip-
tional regulatory complexes from acetylated chroma-
tin'"!2, Recent studies have shown that JQ1 has a
significant role in cancer and inflammatory response'*~°,
Our previous study demonstrated that BRD4 inhibition
suppressed tumor growth in prostate cancer via the
enhancement of FOXO1'. A recent study indicated that
inhibition of BRD4 by JQl could suppress vascular
inflammation though inhibiting NF-kB activation'.
Another study reported that BRD4 inhibition attenuates
pro-inflammatory cytokines produced in the microglia,
thereby promoting functional recovery after spinal cord
injury'®. Deficiency of BRD4 has been reported to induce
apoptosis and inhibit cell proliferation in RCC cells'’.
However, the association between BRD4 and tumor-
related inflammation in RCC remains unknown and the
underlying molecular mechanisms have not been studied.

Pyroptosis, a newly recognized type of programmed
inflammatory cell death, can be activated by canonical
caspase-1 inflammasomes or non-canonical caspase-4-, cas-
pase-5-, and caspase-11-mediated pathways®. When pyr-
optosis occurs via canonical signaling, caspase-1 is converted
into its active forms (p20 and p10 subunits) by inflamma-
somes (NLRP3, AIM2, etc) and then activates pro-
inflammatory cytokines interleukin (IL)-18 and IL-1f to
mature IL-18 and IL-1B; these have strong pro-inflammatory
activity and promote vasodilation and extravasation of cells.
Finally, the cells swell, burst, and eventually die*' . In the
non-canonical pathway, lipopolysaccharide binds directly to
caspases 4, 5, and 11 to induce pyroptosis>*. Previous studies
have demonstrated that pyroptosis aggravates hepatic fibrosis
diabetes and diabetic cardiomyopathy®>°. A recent study of
tumor cells showed that induction of caspase-1-mediated
pyroptosis by simvastatin in non-small-cell lung cancer
(NSCLC) promoted cell death and exerted antitumor
effects”. Caspase-1 is downregulated in many cancer types,
and its loss enhances tumor formation and promotes cancer
development™*®, However, the role of caspase-1-dependent
pyroptosis in RCC remains unknown.

In the present study, we determined that BRD4 was
upregulated whereas caspase-1 were downregulated in RCC
cancer samples and cell lines. Inhibition of BRD4 suppressed
proliferation and metastasis, and promote pyroptosis in RCC.
Our data indicated that the potential mechanisms of BRD4
inhibition might involve blocking NF-«B signaling and acti-
vating NLRP3 inflammasome-elicited pyroptosis.

Results
Overexpression of BRD4 and downregulation of caspase-1
and IL-1f in RCC tissue specimens and cell lines

We first used HE staining to detect renal tissue mor-
phology in RCC and surrounding non-tumor tissues
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(Fig. 1a). Then RCC tissue samples and adjacent non-
tumor samples were collected and assessed by immuno-
histochemistry. The results showed that BRD4 was
stained more intensely in tumor samples than in non-
tumor samples (Fig. S1A). We further determined BRD4
expression in RCC cells (A498, 786-O, ACHN, CAKI-1,
and OSRC-2) and human normal renal tubule epithelial
cell line (HK-2). Real-time PCR (RT-PCR) results showed
that the expression of BRD4 was increased in RCC cells
compared with HK-2 cells (Fig. S1B).

Pyroptosis-associated proteins such as caspase-1 and
IL-1P have been reported to be downregulated in several
cancer types®”’*®, Consistent with this, in our immuno-
histochemical staining experiments, caspase-1 and IL-
1P in RCC cancer tissues were stained more lightly than
in non-tumor tissues (Fig. 1b, c). Further, western blot
assays showed that caspase-1 and IL-1p expression
levels were downregulated in RCC cancer tissues, indi-
cating the same trend (Fig. 1d). Western blot assays
were also performed to detect the difference in caspase-
1 and IL-1p protein expression between RCC cells
(A498, ACHN, CAKI-1, 786-0, and OSRC-2) and HK-2
cells. As expected, caspase-1 and IL-1p expression were
also downregulated in RCC cells relative to HK-2 cells
(Fig. le). Taken together, these results indicate that
BRD4 and pyroptosis might be involved in the initiation
of RCC.

BRD4 inhibition suppresses cellular proliferation and EMT
progression in RCC cell lines

The 786-O cells exhibited much higher expression
levels of BRD4 than the other four RCC cell lines (Fig.
S1B). Thus, the 786-O cell line was employed for BRD4
knockdown analysis to determine the biological effects of
BRD4 in RCC cells. BRD4 expression levels were verified
by quantitative RT-PCR and western blot assays in 786-O
cell lines, showing that BRD4 expression levels were sig-
nificantly decreased after transfection with BRD4-targeted
short interfering RNA (siRNA) (Fig. S2A, B). Further-
more, we observed that knockout of BRD4 expression
notably attenuated cell proliferation in 786-O cells com-
pared with negative controls (Fig. 2a).

To avoid the toxicity of JQ1 to normal renal cells, HK-2
cells were treated with different concentrations of JQI.
CCK8 assays were used to measure cell proliferation, the
results showed that treatment with JQ1 did not attenuate
cell proliferation in HK-2 cells, suggesting that JQ1 has
no obvious toxicity to renal tubule epithelial cells
(Fig. S2C, D).

Next, we treated RCC cells with various concentra-
tions of JQ1, showing that JQ1 treatment decreased cell
proliferation in a dose- and time-dependent manner;
IC5q values were calculated for each cell line (Figs. 2b, ¢
and S2E-L). ACHN cells were more sensitive than the
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Fig. 1 Downregulation of Caspase-1 and IL-1pB in RCC tissue specimens and cell lines. a Hematoxylin and eosin staining of renal cell carcinoma
(RCC) specimens and adjacent normal renal tissues. b Immunohistochemical staining of caspase-1 in RCC specimens and adjacent normal renal
tissues. € Immunohistochemical analysis of IL-13 in RCC tissues and adjacent normal renal tissues. d Western blot analysis of expression levels of
caspase-1 and IL-13 in RCC tissues and surrounding normal regions. e Relative caspase-1 and IL-13 protein levels in HK-2 cells (human renal tubule
epithelial cell line), and five RCC cell lines (A498, ACHN, CAKI-1, 786-O, and OSRC-2) were analyzed using western blot analysis. Results are shown as
means + SD. *P < 0.05, relative to the HK-2 cell line.

other four RCC cell lines, with an ICsq value of 4.03 pM.
Therefore, ACHN cells were selected for all subsequent
JQ1 treatment assays. ACHN cells treated with
JQ1 showed a marked decrease in BRD4 levels (Fig. 2d).
In addition, colony formation assays showed that inhi-
bition of BRD4, either by siBRD4 or JQ1, impaired the
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colony formation capacity of RCC cells (Fig. 2e, f). BRD4
has also been reported to promote metastasis in cancer
cells®®. Next, we evaluated whether BRD4 could influ-
ence EMT progression in RCC; inhibition of BRD4
obviously suppressed the migration and invasion of RCC
cells
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Fig. 2 BRD4 inhibition suppressed cellular proliferation and EMT progression in RCC cell lines. a Cell proliferation of 786-O cells transfected
with BRD4-targeted siRNA was evaluated using CCK8 assay. *P < 0.05, relative to the si-NC group. b Cell proliferation of ACHN cells treated with JQ1
(192, 32,96, 16, 48, 80, 240, 400, 1.2, 2, 6, 10, 30, and 50 uM) for 48 h was determined using the CCK8 assay, and the corresponding half-maximal
inhibitory concentration (ICso) values were determined. ¢ Cell proliferation of ACHN cells after treatment with various concentrations of JQ1 for 0, 24,
and 48 h was evaluated using the CCK8 assay. *P < 0.05 vs. DMSO. d Western blot analysis of BRD4 levels following transfection with si-BRD4 or
treatment with JQ1 for 48 h. *P < 0.05, relative to the si-NC group or the DMSO group. P < 0.05, relative to HK-2 cells. N.S. P> 0.05 vs. control.
e, f Colony formation ability of 786-O and ACHN cells transfected with siBRD4 or treated with JQ1, and representative images. *P < 0.05 vs. si-NC or
DMSO. g Protein levels of E-cadherin and vimentin in 786-O and ACHN cells transfected with siBRD4 or treated with JQT, respectively, were assessed
by western blotting. Experiments were performed in triplicate. *P < 0.05 vs. si-NC or DMSO.

(Fig. S3A-D). Furthermore, the expression of epithelial-

related protein, E-cadherin, was significantly increased, in vitro

BRD4 inhibition activates caspase-1-dependent pyroptosis

whereas mesenchymal-associated protein, vimentin was
obviously downregulated after BRD4 silencing or JQ1
treatment (Fig. 2g). Collectively, we considered that
inhibition of BRD4 suppresses cell proliferation and
EMT progression in RCC cells.
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Previous studies have reported that BRD4 is involved in
the development of cancer and inflammation®. BRD4
deficiency was also shown to induce apoptosis in RCC cell
lines'®, but whether BRD4 knockout could induce pyr-
optosis in RCC cells was still unclear. Here, 786-O cells
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Fig. 3 BRD4 inhibition activated caspase-1-dependent pyroptosis in RCC cell lines. a 786-O and ACHN cells were pretreated with LPS though
the methods mention above, then transfected with siBRD4 or treated with JQ1, respectively, and the levels of IL-1B secreted into the culture medium
were assessed using ELISA. b Activity of caspase-1 following siBRD4 transfection and JQ1 treatment was measured. ¢ Western blots of caspase-1, IL-13
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24 h, then transfected with siBRD4 or treated with JQ1. d Production of IL-1$3 secreted into the culture medium was measured using ELISA. e
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| J

and ACHN cells were pre-treated with LPS to activate and GSDMD were also evaluated; BRD4 inhibition sig-
pyroptosis, then transfected with BRD4 target-siRNA or nificantly increased IL-1f, cleaved caspase-1 and cleaved
treated with JQ1, respectively. An ELISA assay was carried =~ N-terminal GSDMD levels compared with control groups
out to detect the production of pyroptosis-associated in RCC cells (Fig. 3c). In addition, flow cytometry was
markers (IL-1p) in the culture medium. Caspase-1 activity — used to determine cell pyroptosis and the results revealed
was also examined. The production of IL-1f in the culture  that inhibition of BRD4 in RCC cells significantly
medium was significantly increased after transfection with  increased the levels of cell pyroptosis (Fig. S4A).

siBRD4 or JQ1 treatment (Fig. 3a). Caspase-1 activity was To further investigate whether pyroptosis induced by
also increased relative to the control groups (Fig. 3b). BRD4 inhibition was mediated by caspase-1, Ac-YVAD-
Intracellular protein expression levels of IL-1p, caspase-1 =~ CMK, a specific caspase-1 inhibitor that suppresses
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caspase-1 activation and expression, was employed in this
study. Suppression of caspase-1 by this pharmaceutical
inhibitor attenuated BRD4 knockdown-induced IL-1B
upregulation and decreased caspase-1 and GSDMD acti-
vation in 786-O cells (Fig. 3d—f). A combination of Ac-
YVAD-CMK and JQ1 also resulted in downregulation of
IL-1PB, caspase-1 and GSDMD activation in ACHN cells
(Fig. 3d—f). The results from flow cytometry indicated that
cell pyroptosis levels were attenuated when treated with
Ac-YVAD-CMK (Fig. S4B). Therefore, BRD4 inhibition
can induce caspase-1-dependent pyroptosis in RCC cells.

Pyroptosis activation mediates BRD4 inhibition-elicited
suppression of cell proliferation and EMT in vitro

Recent studies have indicated that pyroptosis is involved
in cell proliferation and motility in NSCLC and hepato-
cellular carcinoma®”?®, Thus, we explored whether BRD4
inhibition-induced suppression of cell proliferation and
EMT progression were mediated by caspase-1-dependent
pyroptosis. Our data showed that BRD4 knockout with si-
BRD4 markedly reduced cell proliferation in 786-O cells,
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whereas Ac-YVAD-CMK increased cell proliferation (Fig. 4a).
Treatment with Ac-YVAD-CMK and JQ1 also diminished
the inhibitory effect of JQ1 on the proliferation of ACHN
cells (Fig. 4a).

EMT-associated proteins were also detected. Our
results showed that BRD4 inhibition-elicited E-cadherin
upregulation and vimentin downregulation were sig-
nificantly abrogated in Ac-YVAD-CMK-treated cells (Fig.
4b, c). Furthermore, migration and invasion assays were
performed, showing that Ac-YVAD-CMK ameliorated the
suppression of migration and invasion caused by BRD4
deficiency or JQ1 in RCC cells (Fig. SSA-D), suggesting
that BRD4 inhibition suppressed EMT progression via
caspase-1-dependent pyroptosis.

In addition, BRD4 inhibition markedly increased
caspase-3 activity in our results (Fig. S6A, B), indicating
BRD4 deficiency induced apoptosis in RCC cells. To
further analyze whether apoptosis was involved in cell
proliferation and EMT progression upon BRD4 inhibi-
tion, Z-DEVD-FMK, the specific caspase-3 inhibitor, was
used to block cell apoptosis. Our data showed that
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Z-DEVD-FMK effectively attenuated BRD4 inhibition-
induced caspase-3 activation (Fig. S6A-D). However,
Z-DEVD-FMK had no effect on caspase-1 (Fig. S6A-D).
Similarly, BRD4 inhibition suppressed cell proliferation
in RCC cells and the administration of Z-DEVD-FMK did
not disturb this process (Fig. 4d). Moreover, we also
employed the Edu stain measurement to see how BRD4
affected cell proliferation. As expected, Z-DEVD-FMK
could not diminish the inhibitory effect of BRD4 inhibition
on the proliferation of 786-O and ACHN cells (Fig. S7A, B).
Thus caspase-3 played no role in BRD4 inhibition-induced
suppression of cell proliferation. Furthermore, Z-DEVD-
EMK could not ameliorate the suppression of EMT pro-
gression caused by BRD4 deficiency or JQ1 treatment in RCC
cells (Figs. 4e, f and S5A-D). Taken together, these data
revealed that caspase-1-depedent pyroptosis, but not caspase-
3-dependent apoptosis, participated in BRD4 inhibition-
elicited prevention of proliferation and EMT progression in
RCC cells.

JQ1 impairs tumor growth and EMT progression via
pyroptosis in mice

We then explored whether treatment with JQ1 could
induce cell pyroptosis and suppress tumor growth and
EMT progression in vivo. Compared with the vehicle
group, JQl-treated mice showed a strong reduction in
tumor volume and weight, which could be reversed by
Ac-YVAD-CMK (Fig. S8A-C). Immunohistochemical
staining showed markedly decreased levels of Ki-67 in
JQ1-treated mice (Fig. 5a). However, this effect could be
abrogated by Ac-YVAD-CMK, as evidenced by the inte-
gral optical density (IOD) values (Fig. 5a, b). Protein levels
of BRD4 were attenuated by JQ but not by Ac-YVAD-
CMK (Fig. 5c¢). However, administration of a caspase-1
inhibitor diminished the upregulation of pyroptosis-
associated proteins such as caspase-1, IL-1p and
GSDMD caused by JQ1 treatment (Figs. 5d and S8D, E).
Moreover, abolishing caspase-1 using Ac-YVAD-CMK
reversed the JQl-elicited decrease in vimentin levels and
increase in E-cadherin levels (Fig. 5e). Collectively, these
findings show that JQ1 can suppress tumor growth and
EMT progression though caspase-1-dependent pyroptosis
in vivo.

BRD4 inhibition regulates NLRP3-induced pyroptosis, cell
proliferation, and EMT in RCC cells

Previous research has demonstrated that NLRP3 trig-
gers pyroptosis by cleavage and activation of caspase-1°°.
In this study, we enhanced the levels of NLRP3 and
investigated its role in RCC cells; the results indicated that
NLRP3 mRNA and protein expression levels were sig-
nificantly increased after transfection with lentiviral
plasmids containing NLRP3 (Figs. 6a, b and S9A). We
found induction of cell pyroptosis after overexpression of
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NLRP3 (Figs. SOC and S10A-C), as well as inhibition of
cell proliferation and EMT progression in RCC cells (Fig.
S9D-G).

Next, we assessed the effects of BRD4 inhibition on
NLRP3 levels. The data revealed that either si-BRD4
transfection or JQI treatment enhanced the levels of
NLRP3 (Fig. 6¢, d). To further evaluate whether BRD4
inhibition regulated pyroptosis, cell proliferation, and
EMT progression though NLRP3, knockdown of NLRP3
with NLRP3-targeted siRNA or MCC950, a highly selec-
tive inhibitor of NLRP3 inflammasome, were performed.
Inhibition of NLRP3 either via siRNA or MCC950 notably
blocked the enhancement of NLRP3 caused by BRD4
inhibition (Figs. 6¢, d and S9B). The results also showed
that cell proliferation was decreased after BRD4 inhibi-
tion. However, this effect was abrogated by knockdown of
NLRP3 or administration of MCC950 (Fig. S11E, F).
Furthermore, blockage of NLRP3 with siRNA notably
abrogated BRD4 inhibition-induced upregulation of cas-
pase-1, IL-1p and GSDMD protein expression. Similar
results were also obtained upon treatment with MCC950
and JQl (Fig. 6e, f). In addition, MCC950 and
NLRP3 siRNA successfully blunted RCC cells pyroptosis
caused by BRD4 inhibition (Fig. S10D—G). Therefore,
BRD4 inhibition-induced pyroptosis and cytotoxicity in
RCC cells were mediated by NLRP3 activation.

A recent study verified that upregulation of NLRP3
induced by LXRa inhibition suppressed cell metastasis,
whereas NLRP3 knockout promoted migration and
invasion in RCC cells®’. Similarly, we inhibited the
expression of NLRP3 and explored its role in BRD4
inhibition-suppressed EMT in RCC cells. Our results
showed that BRD4 inhibition-suppressed EMT was
reversed by selective knockdown of NLRP3 in 786-O cells
(Fig. 6g, h).

Moreover, the results of cell wound-healing and trans-
well assays showed that diminishing NLRP3 levels with
MCC950 blunted the suppression of migration and
invasion caused by JQ1 treatment in ACHN cells (Fig.
S11A-D). Collectively, these results revealed that BRD4
inhibition-elicited repression of EMT progression and
proliferation and inducement of pyroptosis in RCC cells
were mediated by NLRP3, and that NLRP3 might function
as a tumor suppressor.

BRD4 regulates NLRP3 expression via the NF-kB pathway

To further investigate the underlying mechanism
responsible for NLRP3 regulation by BRD4, possible
pathways involved were explored. Recent data suggested
that BET/BRD4 proteins were involved in the regulation
of NF-kB in myeloproliferative neoplasms®. Another
study showed that blockage of NF-«kB exacerbated
NLRP3-dependent inflammation in animal models®?,
indicating that BRD4 might be involved in the expression
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of NF-«B. Thus, we activated the NF-«B signaling path-
way in RCC cells using TNF-a. The results showed that p-
NF-«B expression was upregulated after administration of
TNEF-a, which could be attenuated by BRD4 knockdown
in 786-O cells (Fig. 7a). Similarly, BRD4/BET inhibitor
JQ1 caused significant downregulation of p-NF-«xB in
ACHN cells (Fig. 7a). Phosphorylation of IkBa protein
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levels were also obviously reduced while IkBa expression
levels were moderately increased upon BRD4 inhibition
(Fig. 7b), suggesting that blockage of NF-kB activation by
BRD4 inhibition was mediated by suppression of IkBa
phosphorylation and degradation.

Next, we investigated the role of NF-«B in the expres-
sion of NLRP3 using TNF-a, and BAY 11-7082, an
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there was an increase in the IL-1p secreted in the cell
culture medium upon BAY 11-7082 treatment, as well as
upregulation of caspase-1 activity (Fig. 7d).

inhibitor of NF-kB. Activation of NF-kB by TNF-a suc-
cessfully blunted the enhancement of NLRP3 caused by
BRD4 knockdown or JQ1 treatment (Fig. 7c). Moreover,
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Subsequently, to explore whether BRD4 could regulate
NLRP3 promoter activity in RCC cells, we transfected
RCC cells with a luciferase reporter plasmid containing
the human NLRP3 promoter region. Our results
demonstrated that inhibition of BRD4, either by siRNA or
JQ1, increased NLRP3 promoter activity. However,
application of TNF-a could diminish the upregulation of
NLRP3 promoter activity caused by BRD4 inhibition (Fig.
7e). In summary, these findings showed that BRD4
inhibition-elicited upregulation of NLRP3 though the
upstream NF-kB pathway and then transcriptionally
increased the activity of the NLRP3 promoter.

JQ1 activates NLRP3 expression and attenuates NF-kB
signaling in vivo

To recapitulate the findings of the in vitro studies, the
effects of JQ1 in vivo were determined. NF-kB, phos-
phorylated NF-«kB, IkBa, and phosphorylated IxkBa protein
levels were measured. The results showed that p-NF-xB
and p-IkBa expression levels were attenuated whereas
IxBa levels were increased when treated with JQ1 (Fig. 8a,
b). Moreover, TNF-a could blunt the upregulation of
NLRP3 levels caused by JQ1 treatment. Collectively, these
results further confirm that BRD4 inhibition prevents cell
proliferation and EMT progression of RCC cells through
blocking NF-«B signaling and activating NLRP3-induced
pyroptosis. Finally, a working model for the possible
mechanism of the BRD4 inhibition-induced inhibitory
effect on cell proliferation and EMT progression in RCC
cells was obtained (Fig. S12).

Discussion

Despite considerable improvements in diagnostics,
adjuvant therapies, and surgical techniques for RCC
patients in recent decades, patients with distant metastasis
still face bleak clinical outcomes®*. In addition, ~40% of
patients with RCC exhibit metastasis or recurrence after
radical resection®. Thus, a better understanding of
molecular mechanisms in RCC and development of
effective strategies is of vital importance to patients.

Accumulating evidence indicates that BRD4 is dysre-
gulated in numerous types of cancer and influences tumor
progression®®, BRD4 has been shown to be activated in
bladder cancer, where it promotes tumor progression,
BRD4 knockdown negatively regulated EZH2 transcrip-
tion through downregulation of C-MYC and exerted
anticancer effects®’. Suppression of BRD4 via a novel BET
inhibitor decreased RCC cell proliferation and induced
cell apoptosis and cycle arrest'®. Consistent with previous
studies, we found that BRD4 was upregulated in RCC
tumor samples and cell lines. Inhibition of BRD4, by
either genetic knockdown or JQ1, suppressed cell pro-
liferation in RCC cells and impaired tumor growth in
human RCC xenografts in mouse model. However, this
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effect was not seen in HK-2 cell lines, indicating that JQ1
is not toxic to normal human renal tubule epithelial cell
lines. Thus, JQ1 might have therapeutic potential in
patients with RCC.

EMT is a major process that promotes the escape of
metastatic cancer cells from primary tumors and con-
tributes to the aggressiveness of the tumor; during this
process, cancer cells lose their epithelial characteristics,
such as expression of E-ca, and gain a mesenchymal
phenotype®®. EMT has also been described as an essential
event in RCC progression, metastasis, and response to
therapies, and is associated with increased recurrence and
decreased survival in RCC patients®’. Inhibition of BRD4
has been shown to attenuate EMT progress in many
cancer types'®**?°, In this study, BRD4 inhibition pre-
vented EMT in vitro and in vivo, as evidenced by
increased expression of epithelial-related proteins and
downregulation of mesenchymal-associated proteins after
BRD4 inhibition.

Furthermore, BRD4 has been reported to regulate the
expression of tumor-related inflammatory cytokines and
promote the development and progression of cancer. A
study showed that JQ1 could disrupt the interactions
between BRD4 and the acetylated lysine-310 residue on
RelA, and inhibit the activation of TNF-a-mediated
inflammatory cytokines in human lung cancer cells.
Deficiency of BRD4 has been reported to induce apoptosis
and inhibit cell proliferation in RCC cells'®. However, the
association between BRD4 and pyroptosis in RCC
remained unknown. In this study, for the first time, we
revealed that pyroptosis was closely involved in the
anticancer effects of BRD4 inhibition.

Inflammatory caspases cleave the gasdermin D
(GSDMD) protein to trigger pyroptosis, and results in
pore formation in the membrane, release of pro-
inflammatory cytokines, and, finally, programed cell
death®®. Pyroptosis has long been known to occur in
monocytes and macrophages; similarly, it can be triggered
by chemotherapy drugs in tumor cells*>*?, Activation of
pyroptosis in cancer cells leads to suppression of cell
proliferation and promotion of cell death, thereby exert-
ing an anti-tumor effect*'. Moreover, inhibitory effects on
metastasis and cell proliferation corresponded with
caspase-1-mediated pyroptosis in NSCLC?’. Activation of
pyroptosis by anthocyanin inhibited migration and inva-
sion abilities in oral squamous cell carcinoma cells*>. In
our study, we found that caspase-1 was downregulated in
RCC tissues and cell lines. Importantly, BRD4 inhibition
induced pyroptosis by increasing caspase-1, IL-1p and
GSDMD levels in vitro and vivo. We further found that
caspase-1 inhibitor Ac-YVAD-CMK ameliorated the
activation of pyroptosis induced by BRD4 knockout.
Moreover, the inhibitory effects of JQ1 on cell prolifera-
tion and EMT were attenuated by Ac-YVAD-CMK,
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further demonstrating that pyroptosis has a crucial
function in BRD4 inhibition-mediated cell proliferation
and EMT. Furthermore, it was found that BRD4 inhibi-
tion also increased the levels of caspase-3 in RCC cells.
We then used Z-DVED-FMK to block apoptosis on RCC
cells and verified that caspase-3 played no role in BRD4
inhibition-induced suppression of cell proliferation.
Therefore, the antitumor effects of BRD4 inhibition were
due to caspase-1-mediated pyroptosis, but not caspase-3-
dependent apoptosis. However, the association between
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apoptosis and pyroptosis induced by BRD4 inhibition in
RCC cells will require further investigation.

NLRP3 belongs to the nucleotide-binding domain and
leucine-rich repeat-containing protein family, which
respond to a variety of infections and endogenous ligands.
It is involved in the formation of the NLRP3 inflamma-
some that activates caspase-1, initiating the inflammatory
form of programmed cell death known as pyroptosis®.
Accumulating evidence suggests that the NLRP3 inflam-

masome influences the pathogenesis of cancer by
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regulating immune responses, cell proliferation, and
death™. NLRP3 activity is associated with increased lung
metastasis; mice lacking NLRP3 showed reduced tumor
burden and lung metastasis compared with those
expressing NLRP3 normally*”. However, other studies
have shown that mice lacking NLRP3 are more suscep-
tible to colitis-related colorectal cancer, indicating that
the NLRP3 inflammasome has an antitumor role in
colitis-associated cancer®. Moreover, NLRP3 levels were
low in RCC tumor samples, and that it might function as a
tumor suppressor in RCC®'. Consistent with this, our
study showed that BRD4 deficiency markedly increased
NLRP3 protein expression and enhanced its transcrip-
tional activity, and also led to suppression of cell pro-
liferation and EMT and induction of pyroptosis.
Furthermore, we inhibited NLRP3 expression with tar-
geted siRNA or a pharmaceutical inhibitor, the promotion
of pyroptosis and inhibition of cell proliferation and EMT
caused by JQI treatment or BRD4 inhibition were wea-
kened. Thus, we revealed that BRD4 inhibition exerted an
anticancer  effect  through  inducing = NLRP3
inflammasomes-regulated pyroptosis.

NF-«B plays a crucial part in the regulation of genes
involved in immunity and inflammation®’. In cancer cells,
NF-kB promotes an invasive phenotype and transcription
of oncogenes™. Activation of NF-kB has also been
observed in various types of cancer, including RCC™.
Studies have shown that BET/BRD4 proteins are involved
in the regulation of NF-kB in a variety of cancers®’.
Moreover, JQ1 disrupted the interactions between BRD4
and NF-«B, and blocked the activation of NF-«B signaling
in cancer cells®®**°. Based on these findings, we investi-
gated the possible regulators of NLRP3 after BRD4 inhi-
bition in RCC and surmised that NF-«B signaling was
involved in this process. Furthermore, the NF-kB signal-
ing pathway is closely associated with NLRP3. On the one
hand, NF-«xB binds to the NLRP3 promoter region and
affects transcriptional regulation of NLRP3*°. On the
other hand, blockage of NF-«B exacerbates the activation
of the NLRP3-dependent inflammasome®®. Consistent
with this, we demonstrated that knockout of BRD4 with
siRNA decreased the phosphorylation of NF-kB and
subsequently activated the downstream NLRP3 pathway.
In addition, a combination of JQ1 and TNF-q, resulted in
a reduction in NLRP3 levels. Moreover, either
BRD4 siRNA or JQ1 increased the activity of the NLRP3
promoter, and application of TNF-a diminished this
enhancement. Therefore, these findings demonstrate that
BRD4 inhibition elicits enhancement of NLRP3 expres-
sion though the upstream NF-kB pathway and then
transcriptionally increases the activity of the NLRP3
promoter. In addition, BRD4 exerts many of its physio-
logical effects on cells and regulates many gene expres-
sion'!. Although we revealed that BRD4 inhibition could
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induce pyroptosis by activating NLRP3 inflammasome,
other mechanism for activation of pyroptosis by BRD4
inhibition needs to be further investigated. Moreover,
inflammation triggered by inflammasomes results in
promotion of anti-tumor immunity conferred by NK cells
and T cells that is detrimental to the development of
cancer™’, whether this effect contribute to the prolifera-
tion and EMT progression will requires further
investigation.

In summary, our study demonstrated the anti-tumor
effect of a BRD4 inhibitor in RCC. Further, we identified
that BRD4 inhibition prevented cell proliferation and
EMT progression. This effect may be attributable, at least
in part, to the activation of NLRP3 inflammasome-
induced pyroptosis through NF-kB signaling. Thus, our
results indicate that BRD4 is a promising target for RCC
therapy.

Materials and methods
Cell lines and reagents

Five renal cell carcinoma cell lines (786-O, ACHN,
A498, CAKI-1, and OSRC-2) and a human renal tubule
epithelial cell line (HK-2) were purchased from the
American Type Culture Collection (Manassas, USA). 786-
O and OSRC-2 cell lines were maintained in RPMI-1640
culture medium (GIBCO), ACHN and A498 cell lines
were maintained in minimal essential medium with Ear-
le’s balanced salts, and CAKI-1 cells were cultured in
McCoy’s 5A medium. All culture media were supple-
mented with 10% heat-inactivated FBS (FBS; GIBCO) and
1% streptomycin—penicillin. HK-2 cell line was cultured
in complete medium containing K-SFM (keratinocyte
serum-free medium). All cell lines were maintained in an
incubator with 5% CO, at 37°C. JQl (Catalog NO.
S$7110), MCC950 (Catalog NO. S7809), and BAY 11-7082
(Catalog NO. $2913), Z-DEVD-FMK (Catalog NO. $7312)
were all purchased from Selleckchem. Ac-YVAD-CMK
(Catalog NO. N-1330) was purchased form BaChem, and
TNF-a (Catalog NO. 300-01A) was obtained from
PeproTech.

Patient samples

This study had been carried out in accordance with the
World Medical Association Declaration of Helsinki, and
that all subjects provided written informed consent. A
total of 40 RCC specimens with paired normal tissue
samples (1 cm away from the margin of the tumor tissues)
were collected from patients at the urology department of
Renmin Hospital of Wuhan University from 2016 to 2018.
None of the patients had received chemotherapy or
radiotherapy prior to the operation. Histological and
pathological diagnoses were evaluated by two senior
pathologists. This experiment was approved by the
Institutional Ethics Committee of Renmin Hospital of
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Wuhan University and strictly followed the guidelines of
the Institutional Ethics Committee. Informed consent was
obtained from patients before the operation.

Pyroptosis and inflammasome activation

To activate pyroptosis and inflammasome, RCC cells
were pretreated with lipopolysaccharide (LPS) (0.5 pg/ml)
(Sigma, USA) for 4 h, then incubated with ATP (5 nM) for
1h in complete medium, as previously described®'.

Immunohistochemistry and Histology

Tissues were fixed in 4% paraformaldehyde, embedded
in paraffin, and then used to prepare 4.0 um sections.
Subsequently, sections were deparaffinized, rehydrated,
and incubated with primary antibodies overnight at 4 °C.
After incubation, the sections were washed three times
with phosphate-buffered saline (PBS) and incubated with
HRP (horseradish peroxidase)-conjugated secondary
antibody (Servicebio, China). Finally, all sections were
stained with DAB (3,3-diaminobenzidine, Servicebio,
China) and visualized using a light microscope (Olympus,
Japan). The primary antibodies used for immunohis-
tochemistry were anti-KI67 (ab15580, Abcam), anti-BRD4
(ab128874; Abcam), anti-caspase-1 (ab1872; Abcam), and
anti-Il-1p (ab7632; Abcam). For quantitation, the average
IOD was determined using Image-Pro Plus software
(Version 6.0). The relative mean IOD of each group was
divided by that of the control group. For histological
staining, specimens were stained with hematoxylin and
eosin (H&E) to evaluate nucleus and cytoplasm.

Quantitative real-time PCR

Total RNA from tissues and cell lines was extracted
with TRIzol regent (Invitrogen, USA). The concentration
and purity of RNA was measured by spectrophotometry,
and complementary DNA was synthesized using the Pri-
meScript RT Reverse transcriptase reagent kit (Takara)
following the manufacturer’s protocol. The qRT-PCR
analysis was performed using s SYBR Premix Ex Taq kit
(Takara) and the StepOnePlus Real-Time PCR System
(Applied Biosysterms, USA). All results were normalized
to GAPDH, and the AACt method was used to determine
the relative expression of genes. The target gene primers
were designed by Shanghai Sangon Biotech Co., Ltd
(Shanghai, China) and are listed in Supplemental Table 1.

Cell proliferation assay

RCC cells were seeded in a 96-well plate at a density of
5x10° cells/100 uL. per well and incubated overnight.
After transfection with BRD4 siRNA or si-NC, they were
treated with JQ1 or DMSO, respectively. CCK8 reagent
(10 uL) (Dojindo, Japan) was added to each well. Then,
cells were incubated at room temperature in the dark for
2h. The absorbance value was measured using a
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spectrophotometer at 450 nm. GraphPad Prism 7 was
used to measure ICs, values (GraphPad Software, Inc.).

Plasmids and RNA interference

siRNAs targeting different sequences of BRD4 and
NLRP3, and negative controls were designed and syn-
thesized by GenePharma Company (Shanghai, China). For
knockdown experiments, 786-O cells (density of 2 x 10°
cells per well) were cultured in six-well plates and trans-
fected with siRNA targeted to BRD4 or NLRP3 using a
Lipofectamine 2000 kit, according to the manufacturer’s
instructions. After 6 incubation, the medium was replaced
and cells were incubated for an additional 42 h. NLRP3
overexpression lentiviral plasmids or control lentiviral
plasmids were designed and constructed by GenePharma
Company (Shanghai, China). For the overexpression
assay, 786-O and ACHN cells were infected with lentiviral
plasmids for 24 h, then the medium was exchanged and
cells were cultured for an additional 24 h.

Colony formation

786-O and ACHN cells were plated onto a six-well
plate. After attachment, the cells were transfected with
BRD4 siRNA or si-NC or were treated with JQ1 or
DMSO, respectively. Then, the cells were harvested using
0.25% trypsin and resuspended in culture medium. Sub-
sequently, 1000 cells/per well were seeded in six-well
plates and cultured in drug-free complete culture medium
for 10 days. Finally, the colonies were fixed with 4% par-
aformaldehyde, and crystal violet solution was used to
stain the colonies (Beyotime, China). The number of
positive colonies (>50 cells/colony) were counted under a
microscope (Olympus, Japan); results were expressed as
mean + SD of three independent experiments.

Cell wound-healing

In this study, 786-O and ACHN cells were seeded into a
six-well plate and incubated in medium containing 10%
FBS overnight. Then, cells were transfected with
BRD4 siRNA or si-NC or were treated with JQ1 or DMSO
respectively. The wound was scraped using a 200 pL
pipette tip and washed with PBS to remove cell debris.
Subsequently, the supernatant was replaced with serum-
free medium. Scratch gaps were photographed at 0 and
24 h using a microscope (magnification, x200; Olympus,
Japan).

Cell invasion

In this study, 786-O and ACHN cells were seeded into a
six-well plate, followed by BRD4 siRNA or si-NC trans-
fection, and JQ1 or DMSO treatment, respectively, for
48 h. Cells were harvested with 0.25% trypsin and resus-
pended in serum-free medium. For the cell invasion
assays, 1x10° cells/200 uL. per well were seeded in a
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transwell chamber pretreated coated with Matrigel in the
upper chamber. 500 uL. complete medium (containing
10% FBS) was placed in the lower chamber as an inducer.
Twenty four hours later, a cotton swab was used to
remove cells located in the upper chamber; cells on the
lower side of the chamber were fixed with 4% paraf-
ormaldehyde (Beyotime, China) and stained with 0.5%
crystal violet solution. Finally, the cells were counted and
photographed using a microscope (Olympus, Japan).

ELISA analysis

The production of IL-1p in the culture supernatant was
detected with ELISA kits (Beyotime, China), following the
instructions of the manufacturer.

Flow cytometry assay

FAM-FLICA Caspase-1 Detection Kit was used to
determine pyroptosis, according to the manufacturer’s
instructions (ImmunoChemistry, USA). Cells were
transfected with si-BRD4 or treated with JQ1, the samples
were harvested and stained with PI and FAM-YVAD-
FMK (a caspase-1 specific marker), then flow cytometer
(BD FACSalibur, USA) was used to detect the samples,
FAM-YVAD-FMK and PI double stained cells were
defined as pyroptosis.

Measurement of caspase-1 activity

Caspase-Glo® 1 inflammasome assays (Promega, USA)
were performed to evaluate caspase-1 activity, following
the instructions of the manufacturer. Briefly, cells were
seeded in 96-well plates and Caspase-Glo 1 reagent was
added to each well. Then, cells were incubated at room
temperature for 1 h. Subsequently, cells were shaken for
5min and incubated again at room temperature for
30 min. Victor X (PerkinElmer, USA) was used to detect
luminescence.

5-Ethynyl-2’-deoxyuridine assay

Cell-Light 5-Ethynyl-2’-deoxyuridine (EdU) imaging
detection kit was used to analyze cell growth, following the
instructions of the manufacturer (RiboBio, China). Briefly,
cells were cultured with 10 uM Edu in medium, then fixed
with 4% paraformaldehyde (Beyotime, China) and stained
with 5pg/ml Hoechst 33342. Finally, Edu and Hoechst
positive cells were counted and photographed using a
microscope (magnification, x200; Olympus, Japan).

Western blotting analysis

Cells and tissues were collected and lysed with RIPA
buffer containing phenylmethanesulfonylfluoride (Beyo-
time, China). Protein concentration was determined with
a BCA assay kit (Beyotime, China). Equivalent amounts of
total protein were separated by 10% sodium dodecyl sul-
fate polyacrylamide (servicebio, China) gel electrophoresis
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and then transferred to polyvinylidene fluoride mem-
branes (servicebio, China). Blocking was performed in
TBST containing 5% nonfat milk, and membranes were
incubated with primary antibody overnight at 4 °C. Sub-
sequently, membranes were incubated with HRP-
conjugated secondary antibodies for 1h at 37°C. An
ECL kit (Multisciences, China) was used to detect the
proteins. Image ] software (NIH, MD, USA) was used to
evaluate the relative expression levels of different proteins.
Primary antibodies for BRD4 (ab128874), caspase-1
(ab1872), II-1B (ab7632), cleaved N-terminal GSDMD
(ab215203), vimentin (ab92547), caspase-3 (ab2302) and
GAPDH (ab9485) were purchased from Abcam. Anti-
bodies for Cl-caspase-1 (4199), E-ca (3195), NLRP3
(15101), NF-kB-p65 (8242), phospho-NF-kB-p65 (3033),
IkBa (4812), and p-IkBa (2859) were from Cell Signaling
Technology. Goat and anti-rabbit secondary antibodies
were purchased from Wuhan Boster Bio-engineering
Limited Company, China.

Luciferase reporter assay

The NLRP3 promoter reporter vector was designed and
constructed by Shanghai Sangon Biotech Co., Ltd (Shang-
hai, China). The 786-O cells were transiently transfected
with luciferase reporter plasmids, Renila control luciferase
vector, and si-BRD4 or si-NC using Lipofectamine 2000
transfection reagent, following the protocols provided by
the manufacturer. For the ACHN group, cells were trans-
fected with luciferase reporter plasmids, Renila control
luciferase vector, and JQ1 or DMSO. After 48 h, cells were
collected and lysed. A Dual Luciferase Reporter Assay
System (Promega, USA) was used to measure luciferase
activity. Experiments were performed three times with six
replicates for each condition, and results were normalized
to the Renila luciferase vector.

Animal assay

Animal experiments were approved by the Animal
Ethics Committee of Wuhan University. All 4-5-week-old
BALB/C nude mice (Beijing Vital River Laboratory Ani-
mal, China) were housed under pathogen-free conditions.
ACHN cells were prepared by suspending 5 x 10° cells in
100 puL PBS and subcutaneously injected into the left flank
of nude mice. Before injection, the pyroptosis and
inflammasome in RCC cells were activated through the
methods mention above. When the tumors were of
palpable size (100 mm?®), the mice were randomized into
various groups. Each group contained five mice. JQ1 in
DMSO was diluted by dropwise addition of physiological
saline to obtain a final concentration of 5 mg/ml. For the
JQ1 treatment groups, mice were fasted for 2 h prior to
intraperitoneal treatment with diluted JQ1 (50 mg/kg/
day) at day 8. For the control group, mice were treated
with an equal volume of physiological saline containing
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5% DMSO. For the JQ1 + Ac-YVAD-CMK group, mice
were fasted for 2 h prior to administration of JQ1, then fed
by oral gavage with caspase-1 inhibitor Ac-YVAD-CMK
(0.1 mg/kg/day).

To further explore whether JQ1 could activate regulated
NLRP3 expression via the NF-kB pathway in vivo, tumor
xenografting in nude mice was performed. For the TNF-a
group, a total of 2 ug TNF-a was injected directly into
tumors each day. Subsequently, mice received intraper-
itoneal treatment with diluted JQ1. For the PBS group, an
equal volume of PBS was injected directly into tumors
each day, after which mice received intraperitoneal
treatment with diluted JQ1 or the vehicle. Tumor volume
was evaluated every 5 days with Vernier calipers and
calculated using the equation: 0.5 x length x width?
(mm?®). After 30 days, all mice were sacrificed.

Statistical analysis

Statistical analysis was conducted using SPSS 20.0 soft-
ware (SPSS Inc, USA). All experiments were performed at
least three times; data are presented as mean + SD. Stu-
dent’s ¢-test and analysis of variance was used to evaluate
statistically significant differences. The Bonferroni post
hoc test was used for multiple comparisons. Statistical
significance was set as P < 0.05.
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