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Abstract

Aim: JQI1, a BET bromodomain inhibitor, is a promising therapeutic approach for
bladder cancer (BC). Our study aimed to determine whether autophagy is induced by
JQ1 and its potential role toward proliferation in BC.

Methods: Cell proliferation was determined by methylthiazolyldiphenyl-tetra-
zolium bromide (MTT) assay, cell counting assay, and colony formation assay.
Autophagosomes and autolysosomes were observed by transmission electron mi-
croscopy and mRFP-EGFP-LC3 fluorescence assay. 3-MA, BAFA1, NH,CI, and
siATG5 were used to inhibit autophagy. AMPK siRNA was used to knock down
AMPK. T24 xenograft model in mice was chosen to perform in vivo studies.
Autophagy markers LC-3B and p62, p-AMPKa, p-ACC, p-ULK1, p-mTOR and p-
LKBI1 were determined by western blot in vitro studies and by immunohistochemis-
try (IHC) in vivo specimens.

Results: We found that BC cell proliferation was suppressed by JQ1; moreover, JQ1
induced the accumulation of autophagosomes and autolysosomes, and autophagy
flux, and the growth suppression capacity of JQ1 was attenuated by autophagy inhib-
itors. Furthermore, we found that JQ1 induced the phosphorylation of AMPKa, and
AMPKa knockdown attenuated autophagy induction and anti-proliferation effect
induced by JQ1 in BC cells, indicating that autophagy induced by JQ1 is dependent
on AMPKa. Through endogenous immunoprecipitation analysis, we found that JQ1
dramatically increased the interaction between LKB1 and AMPKa, which may lead
to more AMPK activation. Proliferation inhibition, autophagy induction, and LKB1/
AMPK activation capacities of JQ1 were further confirmed in vivo.

Conclusions: Taken together, our results demonstrate that autophagy is induced by
JQI through activation of LKB1/AMPK pathway, and the autophagy induced by
JQ1 positively contributes to the inhibition of BC cell proliferation. These findings

provide a novel point of view to understand the mechanism of how targeting BET
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bromodomain suppress cancer cell growth and suggest that targeting BET bromodo-

LIET AL.
main might be a potential approach to treat BC in the future.
KEYWORDS
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1 | INTRODUCTION

Bladder cancer (BC) is estimated to be the ninth most fre-
quent cancer all over the world, and about 400 000 new cases
are diagnosed each year.]’2 Since the majority of BC diag-
nosed is as nonmuscle invasive bladder cancer (NMIBC), its
mortality rates are generally lower compared to other cancers
because of its favorable prognosis. However, NMIBC often
recurs and progresses to muscle-invasive bladder cancer
(MIBC). With MIBC, the advanced-stage of BC, the prog-
nosis is quite poor mainly due to metastatic disease.” Thus,
there is an urgent need to identify potential therapeutic targets
and develop their specific inhibitors or agonists to combat
with BC as well as to prolong patients’ survival.

Abundant evidence indicates that BET bromodomain, a
family consists of BRD2, BRD3, BRD4, and BRDT, plays
vital roles in the pathogenesis of specific leukemia as well
as solid tumors, such as cervical cancer and bladder can-
cer.*® These proteins have been identified in several cellu-
lar programs contributing to neoplasia, including producing
oncogenic fusion proteins and regulating the expression of
tumor-associated proteins, such as c-Myc.’ Therefore, target-
ing BET proteins has emerged as a promising cancer thera-
peutic strategy. JQ1 is a novel small molecule that selectively
targets and inhibits BET bromodomain, thereby suppressing
the tumor through c-Myc-dependent and c-Myc-independent
mechanisms.®® Recent studies demonstrate that J Q1 inhibits
BC cell proliferation via triggering apoptosis and inducing
cell cycle arrest both in vitro and in vivo, which confirmed
its anticancer potential toward BC.' However, the underlying
mechanism is not fully understood yet.

Autophagy plays a complicated role in cancers. On one
hand, it prevents the accumulation of damaged proteins and
organelles to suppress tumor activity; on the other hand, the
process of autophagy provides tumor cells with materials like
nutrition, which promotes tumor cell survival and enhances
tumor growth.11 Recent research showed that ubenimex en-
hanced the anti-glioma efficiency of JQI through suppress-
ing :alutophagy.12 However, whether autophagy is induced by
JQ1 in BC cells and whether autophagy modulates prolifera-
tion of BC cells is still unknown.

In the present study, we determined the autophagy induc-
tion capacity of JQ1 in BC and explored the effects of JQ1
on BC cell proliferation both in vitro and in vivo, moreover,
we further identified whether autophagy induced by JQI

modulates BC cell proliferation and the mechanism of how
JQ1 induced autophagy, mainly focusing on LKB1/AMPK
signal pathway.

2 | MATERIALS AND METHODS

2.1 |

DMEM culture medium, RMPI-1640 culture medium, fetal
bovine serum (FBS), and 100 X penicillin/streptomycin were
purchased from HyClone Laboratories (Logan, UT). Detailed
information of primary and secondary antibodies including
names, manufacture, applications and dilutions are listed in
Table 1. siAMPKa, siATGS, and control siRNA were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA).
MTT, proteinase/phosphatase inhibitors cocktail, crystal vio-
let, cyclohexane, and NH,Cl were purchased from Sigma-
Aldrich (St. Louis, MO). PVDF membrane and ECL reagents
were purchased from Bio-Rad Laboratories (Hercules, CA).
Bafilomycin Al (BAFA1) and 3-Methyladenine (3-MA)
were purchased from EMD Millipore (Billerica, MA).
DharmaFECT 1 transfection reagent was purchased from GE
Healthcare Life Science (Marlborough, MA). The mRFP-
EGFP-LC3 reporter plasmid (ptfLC3) was a gift from Dr
Tamotsu Yoshimori (Addgene plasmid # 21074).12

Reagents, antibodies and plasmids

2.2 | Cell culture

T24, 5637, and UMUC-3 cell lines were purchased from
American Type Culture Collection (ATCC, Manassas, VA).
T24 and UMUC-3 were cultured in DMEM culture medium
supplemented with 10% FBS, and 5637 was cultured in
RMPI-1640 culture medium supplemented with 10% FBS.
Cells were incubated at 37°C with the humidity set to 95%.

23 |

Cells (3000/well) were seeded into a 96-well plate. After
overnight incubation, culture medium was replaced with
fresh medium supplemented with designated reagents (vehi-
cle control, JQ1, 3-MA and etc). After 48 hours, 200 pL 3-(4,
5-dimethylthiazol-2-y1)-2, 5-diphenyltetrazolium bromide
(MTT) was added to each well to make a final concentra-
tion 0.5 mg/mL 2-4 hours before harvesting. The medium

MTT assay
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TABLE 1 Antibodies used for western blotting analysis, IHC, and endogenous immunoprecipitation assays
Application,
Antibody Source Clone, Cat.# Description dilution
p62 Cell Signaling Technology 88588 Mouse monoclonal WB, 1:1000
IHC, 1:200
LC3-B Cell Signaling Technology 3868 Rabbit monoclonal WB, 1:1000
IHC, 1:200
GAPDH Santa Cruz sc-0411 Mouse monoclonal WB, 1:10000
p-LKB1 (Ser428) Cell Signaling Technology 3482 Rabbit monoclonal WB, 1:1000
p-LKB1 (Ser428) abcam ab138386 Rabbit polyclonal THC, 1:300
LKBI Cell Signaling Technology 3050 Mouse monoclonal WB, 1:1000
IP, 1:100
p-AMPKa (Thr172) Cell Signaling Technology 50081 Rabbit monoclonal WB, 1:1000
IHC, 1:200
AMPKa Cell Signaling Technology 5832 Rabbit monoclonal WB, 1:1000
IP, 1:100
p-ACC (Ser79) Cell Signaling Technology 11818 Rabbit monoclonal WB, 1:1000
ACC Cell Signaling Technology 3676 Rabbit monoclonal WB, 1:1000
p-mTOR (Ser2448) Cell Signaling Technology 5536 Rabbit monoclonal WB, 1:1000
p-mTOR (Ser2448) Cell Signaling Technology 2976 Rabbit monoclonal IHC, 1:200
mTOR Cell Signaling Technology 2983 rabbit monoclonal WB, 1:1000
p-ULKI1 (Ser555) Cell Signaling Technology 5869 Rabbit monoclonal WB, 1:1000
IHC, 1:100
ULK1 Cell Signaling Technology 6439 Rabbit monoclonal WB, 1:1000

aspirated carefully and then 150 pL. DMSO was added to
each well to dissolve the violet sediment. Afterward, the plate
was gently vortexed for 5 minutes or until all the precipita-
tion was dissolved. A Bio-tek mirco-plate reader (Winooski,
VT) was utilized to read the optical density (OD) value with
the wavelength set to 490 nm.

24 | Cell counting assay

Cells (100 000/well) were seeded to the wells of a 6-well
plate. After overnight incubation, culture medium was re-
placed with fresh medium supplemented with designated rea-
gents (vehicle control, JQ1, 3-MA and etc). After 48 hours of
treatment, cells were scraped and suspended, PBS was then
added to make a final volume of 5 mL. The Beckman Coulter
72 cell and particle counter (Indianapolis, IN, United States)
was then used to determine the cell number.

2.5 | Clone formation assay

Cells (100/well) were seeded to the wells of a 6-well plate.
After overnight incubation, culture medium was replaced
with fresh medium supplemented with designated reagents
(vehicle control, JQ1, 3-MA and etc). After 2 weeks treat-
ment, the medium was aspirated, the cells were rinsed with

iced cold PBS for three times, and the cells were fixed within
each well by adding 2 mL 4% paraformaldehyde. After
10 minutes fixation, cells were washed by ice-cold PBS for
three times. About 0.5% crystal violet staining (10 minutes)
was then performed to make those cells visible. The wells
were rinsed with PBS for three times, the solution was aspi-
rated and then air-dried in ambient temperature. The whole
image of the plate was then captured using the Bio-Rad
ChemiDoc system (Hercules, CA).

2.6 | GFP-RFP-LC3 fluorescence assay

Cells were seeded onto coverslip and incubated in the cell
culture incubator overnight. Cells were then transient trans-
fected with ptfLC3 expressing plasmid using Lipofectamine
2000 (Waltham, MA, USA) transfection system according to
the manufacturer's instruction. After 24 hours, medium was
aspirated and replaced with fresh medium supplemented with/
without JQ1. After 24 hours of treatment, cells were fixed by
4% paraformaldehyde for 10 minutes and then rinsed three
times with PBS. Mounting medium containing DAPI was
dropped to the coverslip afterward followed by placing to a
glass slide upside down. The localization of LC3 puncta was
observed and captured by a fluorescence microscopy (%200,
Olympus, Tokyo, Japan).
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27 |
(TEM)

Cells (100 000/well) were seeded to the wells of a 6-well
plate. After overnight incubation, medium was aspirated and
replaced with fresh medium supplemented with/without JQ1.
After 24 hours treatment, cells were fixed in 4°C 2.5% glu-
taraldehyde in 0.01 mol/L PBS, pH 7.3 for 2 hours. Then
cells were rinsed in PBS, post-fixed in 1% osmium tetroxide
with 1% potassium ferricyanide, dehydrated through a graded
series of ethanol (30%-90% and 100%-Ethanol 200 Proof)
and embedded in EPON. Semi-thin (300 nm) sections were
cut on Reichart Ultracut, stained with 0.5% toluidine blue
and examined under a light microscope. Ultrathin sections
(65 nm) were stained with 2% uranyl acetate and Reynold's
lead citrate and examined on JEOL 1011 transmission elec-
tron microscope (JEOL, Peabody, MA).

Transmission electron microscopy

2.8 | Western blotting analysis

Cells were harvested using 1 X RIPA lysis buffer contain-
ing proteinase and phosphatase inhibitor cocktail and boiled
with SDS loading buffer for 5 minutes. BCA quantification
method was utilized to quantify protein concentration. Total
protein from each sample (20 pg) was separated by 5%-15%
SDS-PAGE. Proteins were then transferred to a PVDF mem-
brane. After 1 hours blocking at room temperature or over-
night blocking in 4°C in 5% skim milk, membranes were
incubated with primary antibodies for 2 hours at room tem-
perature or overnight at 4°C. Membranes were washed three
times with TBST and then incubated with secondary antibod-
ies for 1 hours at room temperature. After washing for three
times in TBST, membranes were immersed into ECL mix
for 5 minutes. Protein bands were detected using a Bio-Rad
ChemiDoc system (Hercules, CA) and quantified by Image J
software (NIH, Bethesda, MD).

2.9 | Reverse transcription-quantitative
polymerase chain reaction (RT-qPCR)

Protocols used for mRNA isolation, cDNA reversing and RT-
gqPCRwere describedpreviously.14The following primers were
used: p62: F 5'-GCACCCCAAT-GTGATCTGC-3’; R 5'-
CGCTACACAAGTCGTAGTCTGG-3"; GAPDH: F5'-CGA
CCACTTTGTCAAGCTCA-3";F5'-AGGGGAGATTCAGT
GTGGTG-3'.

2.10 | siRNA transfection

siRNA was transfected into cells using DharmaFECT 1 trans-
fection reagent (Lafayette, CO, USA) according to the manu-
facturer's protocol. Briefly, culture medium was replaced by
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serum-free medium 1 hours before transfection. siRNA and
transfection reagents were diluted in separately serum-free
medium and then mixed together and incubated at room tem-
perature for 10 minutes. The transfection complex mixture
was then added to the culture medium and mixed well by
shaking back and forth several times. The medium was re-
placed by complete medium after 24 hours of incubation.

2.11 | Endogenous immuno-
precipitation assay

Cells were harvested using lysis buffer (50 mm HEPES,
pH 7.4, 100 mm NaCl, 1 mm EDTA, 1% Triton X-100 and
1 mm PMSF) containing proteinase and phosphatase inhibi-
tor cocktail. After 10 minutes centrifugation at 10 000 g,
the supernatant was transferred to new EP tubes, incubated
with antibodies overnight at 4°C with continuous low speed
rotation, and incubated with Protein A conjugated agarose
beads (Santa Cruz, Dallas, TX) for additional 1.5 hours with
agitation. Then the beads were washed four times with lysis
1 X buffer, once with 20 mmol/L Tris-HCI (pH 7.4), and fi-
nally boiled in 60 pL of 2 X SDS sample loading buffer for
5 minutes.

2.12 | Invivo Xenografts

All animal studies were performed under the supervision
and guidelines of the Institutional Animal Care and Use
Committee of the Medical School, Xi'an Jiaotong University
(Permission Number: SCXK2017-0155, 5 March 2017).
About 1 x 10° T24 cells were injected subcutaneously into
20 4-week-old female nude mice. The animals were ran-
domized into two groups (10 per group, vehicle control
vs JQ1) 10 days after injection (tumors’ volume was ap-
proximately 70 mm®), these animals were treated with JQ1
(50 mg/kg) or vehicle control once a day by intraperitoneal
injection. A Vernier calipers was used to measure the two di-
mensions of the tumor every 3 days. The tumor volume was
calculated as: volume = length X width? x 0.5. After 2 weeks
of treatment, animals were sacrificed. The tumors were
weighted, fixed in 4% paraformaldehyde, and embedded in
paraffin. Proteins expression of interest was determined by
Immunohistochemistry (IHC).

2.13 | Immunohistochemistry (IHC) assay

IHC was performed using rabbit ABC staining system ac-
cording to the manufacturer's manual (Santa Cruz, Dallas,
TX). Formalin-fixed paraffin-embedded (PFPE) sample
slides were deparaffined and dewatered first. Tris-based an-
tigen unmasking solution (Vector laboratories, Burlingame,
CA) was utilized to perform antigen retrieval. Endogenous
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peroxidase activity was quenched by 3% hydrogen perox-
ide diluted in PBS for 30 minutes at room temperature.
Sections were incubated with 1.5% blocking serum diluted
in PBS for 1 hours at room temperature, incubated with
primary antibody overnight at 4°C and secondary antibody
at room temperature for 30 minutes. Primary antibodies are
listed in Table 1. Subsequently, sections were incubated
with AB enzyme mix for 30 minutes and then DAB peroxi-
dase substrate for 3 minutes at room temperature (Vector
laboratories, Burlingame, CA). Counterstained sections in
Gill's formulation hematoxylin for 15 seconds and dehy-
drated sections afterward. One to two drops of permanent
mounting medium were added to sections and were cov-
ered with glass coverslips.

2.14 | Statistical analysis

All statistical graphs were generated by GraphPad Prism 7
software (GraphPad Software, Inc La Jolla, CA). All experi-
ments were performed at least three times. Student's ¢ test or
post hoc test used with ANOVA was utilized to make sta-
tistical analysis between or among groups. A P < 0.05 was
considered to be statistically significant.

3 | RESULTS

3.1 | JQ1 inhibits proliferation of BC cells

JQ1, a BET bromodomain inhibitor, has been reported to
inhibit the proliferation of BC cells.'” To further confirm
these results, we determined the effect of JQ1 on T24,
UMUC-3 and 5637 BC cell lines. As shown in Figure 1,
after 48 hours of treatment, proliferations of these cells
were suppressed by JQI1 in a dose-dependent manner in
MTT assay (Figure 1A) and cell counting assay (Figure
1B). To determine the long-term influence of JQ1 on BC
cell proliferation, clone formation assay was performed. As
shown in Figure 1C, JQ1 treatment significantly decreased
the numbers of clones formed in a dose-dependent manner.
These results demonstrate the anti-proliferation ability of
JQ1 toward BC cells.

3.2 | JQI1 induces autophagy phenotypes in
BC cells

In BC, cell proliferation was inhibited by JQl.10 However,

whether autophagy, which also plays a pivotal role in pro-
liferation modulation, is induced by JQI1 is unknown. As
shown in Figure 2A, JQI treatment significant increased
the red dots and yellow dots in GFP-RFP-LC3 fluorescence
assay compared to vehicle control, indicating the induction
of cell autophagy. To further confirm this finding, transmis-
sion electron microscopy (TEM), which is a gold standard of

autophagy evaluation, was utilized to observe the ultrastruc-
ture of cells treated with/without JQ1. As presented in Figure
2B, JQI treatment induced significant more autophagic dou-
ble-membrane compartments containing lamellar structures
compared to vehicle control. These results indicate the induc-
tion of autophagy by JQ1 in BC cells.

3.3 | JQI induces autophagic flux in
BC cells

To further confirm the autophagy induced by JQ1, autophagy
marker LC-3B and autophagy substrate p62 were determined
by western blotting analysis after 24 hours treatment with JQ1.
We found that JQI treatment significantly increased the ex-
pression of LC-3B, suggesting the induction of autophagy. To
our surprise, p62, which was expected to be downregulated,
was increased in JQ1 treatment (Figure 3A). Since p62 could
be induced in the process of autophagy,15 to test this possi-
bility, p62 mRNA expression was determined by RT-qPCR
assay. Just as expected, JQI1 treatment significantly upregu-
lated the expression of p62 mRNA (Figure 3B). To exclude
the confounding factor of p62 upregulation, we first inhibited
the expression of p62 by cyclohexane and then checked the
impacts of JQI on p62 expression. As shown in Figure 3C,
with the treatment of cyclohexane, the expression of p62 was
dramatically downregulated. To determine the long-term ef-
fects of JQ1 on these two autophagy markers, we treated cells
with JQI in a time-course manner. As shown in Figure 3D,
LC-3B accumulated over time as expected. The expression of
p62 was upregulated up to 48 hours, but in 72 hours, it was
downregulated to a level lower than the control. Moreover, to
exclude the contribution of autophagy blockage to LC-3B el-
evation, we performed LC-3 turnover assay. As presented in
Figure 3E, the expression of LC-3B was upregulated by JQ1
or BAFA1 alone and was enhanced when JQ1 and BAFA1
were combinedly used. These findings demonstrate that au-
tophagy flux is induced by JQ1 in BC.

34 | Autophagy induced by JQ1 contributes
to proliferation inhibition

Autophagy is confirmed to be induced by JQI in BC, how-
ever, whether the induced autophagy has impact on cell pro-
liferation remains to be elucidated. As determined by MTT
assay (Figure 4A) and cell counting assay (Figure 4B), cell
proliferation was inhibited by JQ1 treatment, however, the
proliferation inhibition capacity of JQI was attenuated by
autophagy inhibitors 3-MA, BAFA1 or NH,CI. Similar re-
sults were observed when autophagy was suppressed by in-
terfering critical autophagy regulator ATGS using its specific
siRNA (Figures 4C & 5D). These results indicate that au-
tophagy induced by JQ1 positively contributes to the inhibi-
tion of cell proliferation in BC.
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FIGURE 1 JQI inhibits cell proliferation in BC cells. After 48 h of treatment, cell proliferation was determined by MTT assay (A) and cell

counting assay (B). The long-term influence of JQ1 treatment on BC pr
Data represent the results of three independent experiments

3.5 | JQIl-inducing autophagy is dependent
on LKB1/AMPK/mTOR signaling pathway

To further understand the underlying mechanisms of JQ1-
inducing autophagy, the expression of key autophagy-re-
lated proteins was determined by western blotting analysis.

oliferation was studied by clone formation assay (C). *: P < 0.05 vs control.

As shown in Figure 5A, JQI treatment increased the ex-
pression of LC-3 B and p-ULK1, which further confirmed
the induction of autophagy. Moreover, p-mTOR was
downregulated while p-LKB1, p-AMPKa and its substrate
p-ACC were upregulated by JQI treatment, indicating
that LKB1/AMPK/mTOR signaling was involved in JQI
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induced autophagy. To detect the function of AMPKa in
JQI1 induced autophagy, AMPKa was knocked down by
specific AMPKa siRNA. We found that the expression of
LC-3 B as well as the number of red and yellow dots were

increased by JQI, while that increases were attenuated
by AMPKa knockdown, as detected by western blotting
analysis and GFP-RFP-LC3 fluorescence assay (Figure 5B
& 5C). In addition, the inhibition capacity of JQ1 on cell
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proliferation was also attenuated by AMPKa knockdown
(Figure 5D & 5SE). Taken together, these results indicate
that autophagy induced by JQI is dependent on LKB1/
AMPK/mTOR signaling pathway.

3.6 | JQI treatment increases the
interaction between LKB1 and AMPKa«

Since JQ1 treatment did not affect the expression of total
AMPKa and LKB1 but significantly increased p-AMPKa
and p-LKBI1 level, and LKBI is one of important upstream
activators of AMPKa, we deduce that JQ1 treatment may in-
crease the recruitment of LKB1 to bind AMPKa and then
activate it. To test this hypothesis, we performed endog-
enous immunoprecipitation in T24 and 5637 BC cells, and
found that JQ1 treatment obviously increases the interaction
between LKB1 and AMPKa (Figure 6A), and vice versa
(Figure 6B). These findings suggest that JQ1 may induce
AMPK activation by increasing the interaction between
LKB1 and AMPKa.

3.7 | JQ1 inhibits BC growth and increases
cell autophagy in vivo

To determine the antitumor and autophagy induction ca-
pacities of JQI1 in vivo, we injected T24 BC cells subcuta-
neously into nude mice and made xenograft tumor model,
and then treated mice with JQ1 for 2 weeks. We found that
JQ1 had no effect on mice body weight comparing to vehi-
cle control (Figure 7A), however, both tumor volume (Figure
7B) and weight (Figure 7C) were significantly inhibited by
JQ1. LC3-B and p-ULK1 were upregulated while p62 was
downregulated in JQ1-treated mice comparing to the vehicle
control (Figure 7D), indicating the induction of autophagy.
Consistent with the in vitro study, JQ1 treatment increased
the expression of p-AMPKa and p-LKB1 but downregulated
p-mTOR in vivo, further confirming the regulation of LKB1/
AMPK/mTOR signal pathway by JQ1 (Figure 7D). Taken
together, these results indicate that JQ1 treatment inhibited
BC growth, increased cell autophagy, and activated LKB1/
AMPK signaling in vivo.

4 | DISCUSSION

JQ1 was shown to inhibit proliferation of bladder cancer
cellslo; however, the underlying mechanisms, such as whether
autophagy is induced by JQI1 in BC cells and whether the
autophagy modulates the proliferation of BC cells are still
unknown. Herein, in BC cells, we show for the first time that
autophagy was induced by JQI and autophagy positively
contributed to the inhibition of cell proliferation both in vitro
and in vivo; moreover, JQ1-inducing autophagy is dependent
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on the activation of LKB1/AMPK signaling. These results
indicate that autophagy induction plays an important role for
the cell proliferation inhibitory effect of JQI1 on BC cells,
which might provide a novel point of view to understand the
mechanism of how JQ1 suppresses cancer cell growth.

Autophagy is a double-edged sword, with one edge of
tumor promoter and the other edge of tumor suppressor.“’16
Autophagy induction may contribute to inhibit cell growth,
however, autophagy might also protect some cancer cells
against chemotherapy or radiotherapy.n’”’18 Thus, the exact
effect of autophagy on cancer proliferation may be context-
dependent. Firstly, we detected whether JQ1 induced auto-
phagy in BC cells. In GFP-RFP-LC3 fluorescent assay, JQI
treatment increased yellow dots and red dots, which repre-
sented autophagosomes and autophagolysosomes respec-
tively. Moreover, these autophagic vacuoles were confirmed
to be autophagic double-membrane compartments containing
lamellar structures under the TEM. Next, these phenotypes
were further confirmed in LC-3 turnover assay and p62 turn-
over assay. These results demonstrate that JQ1 induced auto-
phagy flux in BC cells. On the other hand, proliferation of BC
cells was significantly inhibited by JQ1 treatment. However,
when autophagy was suppressed pharmaceutically by 3-MA,
BAFA1 and NH,Cl, which are autophagy inhibitors, as well
as genetically by siATGS, the inhibitory ability of JQ1 on cell
proliferation was attenuated. Taken together, these results in-
dicate that autophagy induction positively contributes to cell
growth suppression by JQ1. It was noted that, with autophagy
inhibition, JQ1 could still partly inhibit the proliferation of
BC, suggesting that other cell death programs like cell apop-
tosis and/or cell cycle arrest might be involved in the cell pro-
liferation inhibition.

To further investigate the underlying mechanism of how JQ1
induced autophagy in BC cells, we detected the status of auto-
phagy-related upstream signaling, focusing on AMPK/mTOR
signal pathway. With JQI treatment, p-AMPKa and its sub-
strate p-ACC were upregulated while p-mTOR was downreg-
ulated, suggesting that AMPK/mTOR signaling was regulated
by JQ1. Total AMPKa stayed unchanged while p-AMPKa was
significantly upregulated, which indicate that JQ1 regulates
AMPKa through its phosphorylation rather than its protein
expression. We found that AMPK activation was essential for
JQ1-induced autophagy and proliferation suppression, because
both of them were attenuated when AMPKa was knocked
down by its specific siRNA. Moreover, it is notable that ex-
pression of p-LKB1, a direct upstream activator of AMPKa,
was upregulated by JQI, indicating the involvement of LKB1/
AMPK signaling. This hypothesis was further confirmed by en-
dogenous immunoprecipitation assay. We found that, with JQ1
treatment, more LKB1 was recruited to bind AMPKa and thus
lead to its activation. Nevertheless, AMPKa is regulated by a
complicated network, thus whether other factors rather than
LKBI1 are also involved is unknown. Recent studies show that
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JQI synergizes with PARP inhibitor to increase DNA damage explore the participation of PARP/SIRT1/AMPK signaling in
in epithelial ovarian cancer.”” DNA damage and metabolism JQ1 induced autophagy in the future.

are connect by the crosstalk between PARP1 and SIRT]1, a po- JQ1 selectively targets and inhibits BET bromodomain,
tent activator of AMPKa.?® Therefore, it will be intriguing to and numerous studies have reported that it suppresses tumor
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FIGURE 6 JQI treatment " IP
increases the interaction between LKB 1 Input IgG a-AMPKa

and AMPKa. After 24 h of treatment
with JQ1 (0.8 pmol/L), AMPK/LKB1
complex was pulled down by anti-
AMPKa (A) or anti-LKB1 (B), the
expression of AMPKa and LKB1 was
checked by western blotting analysis

FIGURE 7 JQI inhibits BC growth
and increases cell autophagy in vivo. Tumor
bearing mice were treated with JQ1 (50 mg/
kg) or with vehicle control once a day by
intraperitoneal injection. Mice’ body weight
was checked every day (A), tumor size was
measured every 3 days (B). Tumors were
harvested after 2 weeks of treatment, then
images were taken (C) and tumors were
weighted (D). The expression of LC-3B,
p62, p-AMPKa, p-mTOR, p-LKB1 and p-
ULK1 was determined by IHC. *P < 0.05
vs control
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growth through c-Myc-dependent and c-Myc-independent
mechanisms.>’ In the present study, we found that JQI in-
duces the activity of LKBI/AMPK pathway and autoph-
agy in BC cells, which contributes to the cell proliferation
inhibition. This may be happen with downregulation of the
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c-Myc and its target genes, such as EZH2, and changes of
c-Myc-independent pathways simultaneously, which in-
dicating the complexity of how JQI inhibits cell prolifera-
tion. Considering this autophagy induction function of JQI,
the application of combination JQ1 with chemotherapy and
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radiotherapy may be limited because autophagy might result
in cell resistance to other stress.?""**

The proliferation inhibition and autophagy induction
abilities of JQ1 in BC as well as the involvement of LKB1/
AMPK/mTOR signaling were further confirmed by utiliz-
ing T24 cell xenografts in nude mice. However, consider-
ing the long-term inhibition/activation efficiency and the
cytotoxicity of autophagy inhibitors and AMPK inhibitors
on tumor cells and their side effects on tumor-bearing an-
imals, our in vivo studies did not apply these chemicals
on animals.”>** In the future, LKB1 or AMPK genetically
knockdown or knockout animals may be used to detect
whether LKB1/AMPK is essential for JQ1 to induce auto-
phagy and inhibitory BC cell proliferation in vivo, though
whether the knockdown/knockout may directly change cell
proliferation is still a concern. It is noted that the protein
level of p62 was decreased in vivo, which seems to be
conflict to what was observed in vitro. As JQ1 both acti-
vates p62 transcription and increases its posttranslational
autophagic degradation, the balance between them deter-
mines the intracellular level of p62.25 One explanation is
that, in short-term treatment in vitro, more p62 is induced
because of stress; however, in long-term exposure in vivo,
autophagic degradation takes the dominate role as cells are
adapted to this kind of stress. In vitro studies, we do see
a trend of p62 downregulation after 72 hours of treatment
with JQ1, however, more efforts are needed to fully get it
answered in the future.

Taken together, our present results demonstrate that auto-
phagy is induced by JQI in BC cells through the activation
of LKB1/AMPK pathway, and the autophagy induced by JQ1
positively contributes to the inhibition of BC cell prolifera-
tion. These findings provide a novel point of view to under-
stand the mechanism of how JQ1 suppress cancer cell growth
and suggests that JQ1 might be a potential chemotherapeutic
for BC in the future.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

DH and PG designed and supervised the study. FL, CY, IM
and JZ performed the in vitro assays. HZ and JJ managed
the animal experiment. XT contributed to IHC staining and
manuscript improvement. TC and XW analyzed the data. FL
and PG wrote the manuscript. All authors read and approved
the final manuscript.

ORCID

Peng Guo "= https://orcid.org/0000-0002-4575-8443

REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. Cancer J
Clinic. 2018;68(1):7-30.

2. Antoni S, Ferlay J, Soerjomataram I, Znaor A, Jemal A, Bray F.
Bladder cancer incidence and mortality: a global overview and re-
cent trends. Eur Urol. 2017;71:96-108.

3. Zhang X, Han C, He J. Recent advances in the diagnosis and man-
agement of bladder cancer. Cell Biochem Biophys. 2015;73:11-15.

4. Delmore JE, Issa GC, Lemieux ME, et al. BET bromodomain inhibi-
tion as a therapeutic strategy to target c-Myc. Cell. 2011;146:904-917.

5. Holscher AS, Schulz WA, Pinkerneil M, Niegisch G, Hoffmann
MIJ. Combined inhibition of BET proteins and class | HDACs syn-
ergistically induces apoptosis in urothelial carcinoma cell lines.
Clin Epigenet. 2018;10:1.

6. Barbieri I, Cannizzaro E, Dawson MA. Bromodomains as thera-
peutic targets in cancer. Brief Funct Genomic. 2013;12:219-230.

7. ShiJ, Vakoc CR. The mechanisms behind the therapeutic activity
of BET bromodomain inhibition. Mol Cell. 2014;54:728-736.

8. Baker EK, Taylor S, Gupte A, et al. BET inhibitors induce apop-
tosis through a MYC independent mechanism and synergise with
CDK inhibitors to kill osteosarcoma cells. Sci Rep. 2015;5:10120.

9. Mertz JA, Conery AR, Bryant BM, et al. Targeting MYC depen-
dence in cancer by inhibiting BET bromodomains. Proc Natl Acad
Sci USA. 2011;108:16669-16674.

10. Wu X, Liu D, Tao D, et al. BRD4 regulates EZH2 transcription
through upregulation of C-MYC and represents a novel therapeutic
target in bladder cancer. Mol Cancer Ther. 2016;15:1029-1042.

11. Gewirtz DA. The four faces of autophagy: implications for cancer
therapy. Can Res. 2014;74:647-651.

12. Han L, Zhao Q, Liang X, et al. Ubenimex enhances Brd4 inhibition
by suppressing HEXIM1 autophagic degradation and suppress-
ing the Akt pathway in glioma cells. Oncotarget. 2017;8:45643-
45655.

13. Kimura S, Noda T, Yoshimori T. Dissection of the autophagosome
maturation process by a novel reporter protein, tandem fluorescent-
tagged LC3. Autophagy. 2007;3:452-460.

14. Li F, Ma Z, Guan Z, et al. Autophagy induction by silibinin posi-
tively contributes to its anti-metastatic capacity via AMPK/mTOR
pathway in renal cell carcinoma. Int J Mol Sci. 2015;16:8415-
8429.

15. Sahani MH, Itakura E, Mizushima N. Expression of the autoph-
agy substrate SQSTM1/p62 is restored during prolonged starvation
depending on transcriptional upregulation and autophagy-derived
amino acids. Autophagy. 2014;10:431-441.

16. Kimura T, Takabatake Y, Takahashi A, Isaka Y. Chloroquine in
cancer therapy: a double-edged sword of autophagy. Can Res.
2013;73:3-7.

17. LiF, Zeng J, Gao Y, et al. G9a inhibition induces autophagic cell
death via AMPK/mTOR pathway in bladder transitional cell carci-
noma. PLoS ONE. 2015;10:e0138390.

18. ZengJ, Liu W, Fan YZ, He DL, Li L. PrLZ increases prostate can-
cer docetaxel resistance by inhibiting LKB1/AMPK-mediated au-
tophagy. Theranostics. 2018;8:109-123.

19. Karakashev S, Zhu H, Yokoyama Y, et al. BET bromodomain inhi-
bition synergizes with PARP inhibitor in epithelial ovarian cancer.
Cell Rep. 2017;21:3398-3405.

20. Price N, Gomes A, Ling A, et al. SIRT1 is required for AMPK
activation and the beneficial effects of resveratrol on mitochondrial
function. Cell Metab. 2012;15:675-690.


https://orcid.org/0000-0002-4575-8443
https://orcid.org/0000-0002-4575-8443

LIET AL.

. 4805
Cancer Medicine - WI LEYJ—

21.

22.

23.

24.

Kumar A, Singh UK, Chaudhary A. Targeting autophagy to over-
come drug resistance in cancer therapy. Future medicinal chemis-
try. 2015;7:1535-1542.

Duffy A, Le J, Sausville E, Emadi A. Autophagy modulation:
a target for cancer treatment development. Cancer Chemother
Pharmacol. 2015;75:439-447.

Liu X, Chhipa RR, Nakano I, Dasgupta B. The AMPK inhibitor
compound C is a potent AMPK-independent antiglioma agent. Mol
Cancer Ther. 2014;13:596-605.

Ducommun S, Ford RJ, Bultot L, et al. Enhanced activation of
cellular AMPK by dual-small molecule treatment: AICAR and
A769662. Am J Physiol Endocrinol Metab. 2014;306:E688-E696.

25. Puissant A, Fenouille N, Auberger P. When autophagy meets can-

cer through p62/SQSTMI1. Am J Cancer Res. 2012;2:397-413.

How to cite this article: Li F, Yang C, Zhang H-B,

et al. BET inhibitor JQ1 suppresses cell proliferation via
inducing autophagy and activating LKB1/AMPK in
bladder cancer cells. Cancer Med. 2019;8:4792-4805.
https://doi.org/10.1002/cam4.2385



https://doi.org/10.1002/cam4.2385

