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Abstract

MLN4924 is a specific small-molecule inhibitor of NEDD8-activating enzyme (NAE) that blocks the neddylation modification
cascade. Several l/lI/ll clinical trials suggested that MLN4924 exerts an antitumor effect against various malignancies. However,
recent studies have also found that MLN4924 activates the PI3K/AKT and MAPK/ERK signal pathways, important regulators
of tumorigenesis, and drug resistance in human urothelial carcinoma (UC). This study examined the synergistic effect of
celecoxib, a cyclooxygenase-2 (COX-2) selective inhibitor, on MLN4924-induced cytotoxicity and epithelial-mesenchymal
transition (EMT) inhibition via AKT and ERK pathways in human UC. We performed both in vitro and in vivo experiments.
Briefly, a combination of MLN4924 and celecoxib reduced the protein expression of p-AKT(5473) and p-ERK in UC cell
lines. Moreover, celecoxib shifted the half-maximal inhibitory concentration (IC50) curve of MLN4924 to the left, and
the combinational effect of MLN4924 and celecoxib showed significant synergism in T24 and 5637 cells. Also, celecoxib
enhanced the MLN4924 antitumor effects of inhibiting UC cell growth, colony formation, migration, invasion, and inducing
apoptosis. In addition, celecoxib potentiated the MLN4924-induced EMT, decreased the expression of N-cadherin and
vimentin, and activated the expression of E-cadherin. Celecoxib also increased the expression of pro-apoptosis proteins
PARP and BAX and reduced the expression of antiapoptosis protein Bcl2. In vivo study indicated that the combination of
MLN4924 and celecoxib synergistically suppressed the tumor growth in a UC xenograft nude-mice model, which was further
supported by immunohistochemistry of tumor tissues. To sum up, our study revealed that celecoxib synergistically enhanced
MLN4924-induced cytotoxicity and EMT inhibition in UC. It also inhibited the activation of AKT and ERK pathways, which
were activated by MLN4924. These discoveries provide a new drug combination strategy for UC treatment.
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process may lead to drug resistance, cancer progression, and
metastasis*; therefore, targeting abnormal protein degrada-
tion is a valuable way for cancer treatment.

Introduction

Human urothelial carcinoma (UC) is the most common
histologic type of bladder carcinoma and the fourth most
common cancer among men in the United States. It has been
estimated that more than 83,000 adults (64,280 men and
19,450 women) will be diagnosed with UC in 2021'.
Chemotherapy followed by radical cystectomy is the most
common treatment for UC2. Nevertheless, more than 30% of
patients with advanced-stage metastatic UC develop chemo-
resistance. Thus, novel strategies to overcome drug resis-
tance are urgently required.

The ubiquitin-proteasome system (UPS) has a key regula-
tory role in maintaining cell homeostasis by controlling

" Department of Urology, The First Affiliated Hospital of Nanchang
University, Nanchang, P.R. China

2 Department of Urology, Yichun Second People’s Hospital, Yichun,
P.R. China

* These authors contributed to the work equally and should be regarded
as co-first authors.

Submitted: December 9, 2021. Revised: January 6, 2022. Accepted:
January |1, 2022.

Corresponding Author:

numerous protein degradation, which regulates cell apopto-
sis, gene transcription, and cell cycle and is also critical for
almost all cellular signaling pathways’. Alteration in this
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The UPS system is regulated (activated) by a three-step
enzymatic process, which includes a ubiquitin-activating
enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubiq-
uitin ligase (E3). The cullin ring ligases (CRLs) are the larg-
est family of target proteins transferred, recognized, and
recruited by E3 ligase®. Neddylation is the process of trans-
ferring a small ubiquitin-like molecule, NEDDS, to cullins.
The reaction involves a three-step enzymatic process of
NEDD8-activating enzyme E1 (NAE), NEDD8-conjugating
enzyme E2 (Ubc12), and NEDDS-E3 ligase, just like ubiqui-
tination®’. MLN4924, which is the first-in-class inhibitor of
NAES?, binds to the active site of NAE to form a covalent
NEDDS. MLN4924-adduct inhibits NAE activities, there-
fore blocking the cullin neddylation®. As a result, MLN4924
causes the accumulation of CRL E3 substrates and sup-
presses cancer cell proliferation by inducing cell autophagy,
apoptosis, and senescence!®!". MLN4924 is currently under-
going phase I/II/III clinical trials investigating its treatment
either alone or in conjunction with chemotherapeutic drugs
for human solid or hematologic malignancy'>!3. Yet, antitu-
mor activity of MLN4924 in UC has been reported by only
two preclinical studies'®!*,

Mechanistically, it is believed that MLN4924 induces the
dimerization of epidermal growth factor receptor (EGFR) and
triggers EGFR activation and its downstream signals, includ-
ing PI3K/AKT1/mTOR and RAS/RAF/MEK/ERK signal
pathways'®. Moreover, MLN4924 stimulates the proliferation
of stem cells by activating the RAS/MAPK pathway and
cooperating with EGF promoting skin wounding healing'®.
AKT and REK pathways have a crucial part in cancer pro-
gression and metastasis'®!’, and their overexpression has
been linked with the progression, antiapoptosis, migration,
and invasion of UC!81920,

Celecoxib is a nonsteroidal anti-inflammatory drug
(NSAID), selective, noncompetitive inhibitor of cyclo-
oxygenase-2 (COX-2) enzyme, which has been used as an
anti-inflammatory and antipyretic drug for over 20 years.
However, over recent years, numerous studies have reported
the antitumor effects of celecoxib in various cancer?!",
Some studies have reported that celecoxib can depress UC
cell growth and metastasis by inducing apoptosis, inhibiting
cell cycle and epithelial-mesenchymal transition (EMT)>23,
Moreover, it can depress the AKT and ERK signal pathways
in other cancer cells**?’. In this study, we hypothesized that
the downregulation of AKT and ERK pathways might
enhance the antitumor effects of MLN4924. Thus, in this
study, we examined a combination of antitumor effect of
celecoxib and MLN4924 on UC in vitro and in vivo.

Materials and Methods

Cell Lines and Chemicals

Two high-grade UC cell lines, T24 and 5637, were purchased
from the Cell Bank of Chinese Academy of Sciences

(Shanghai, China). T24 and 5637 were maintained in dul-
becco’s modified eagle medium (DMEM, Gibco, Grand
Island, NY, USA) and RPMI-1640 (Gibco) medium, respec-
tively, supplemented with 10% fetal bovine serum (FBS;
Gibco) and 1% penicillin/streptomycin in a humidified
atmosphere containing 5%CO,/95% air at 37°C. MLN4924
(BlpBio, USA) and celecoxib (MCE, Wuhan, Hubei, China)
were dissolved in dimethyl sulfoxide (DMSO, MCE); the
volume of DMSO < 0.1% of the volume of culture medium.

Cell Viability Survival Assays and Combination
Index

T24 (3,000 cells/well) and 5637 (6,000 cells/well) cells were
plated in triplicate in 96-well plates and treated with various
concentrations of celecoxib (1, 3, 10, 30, 80, 100, 300 uM),
MLN4924 (0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30, 100 uM), or the
combination of MLN4924 and celecoxib (50 uM) for 48 h.
Cell viability was evaluated by the Cell Counting Kit-8
(CCK-8; Abcam, USA). We used Compusyn software (http://
www.combosyn.com/index.html) to analyze the combined
effect and calculate the combination index (CI)?. The drug
combination was considered as synergistic if CI < 1, and the
additive effect was considered if CI = 1, and antagonistic if
CI > 1%,

Cell Clonogenic Assays

T24 (300 cells/well) and 5637 (600 cells/well) cells were
plated in triplicate in six-well plates. T24 cells were exposed
to MLN4924 (0, 0.1, 0.3 uM) alone or in combination with
celecoxib (40 uM) for 7 days; 5637 cells were exposed to
MLN4924 (0, 0.3, 0.5 uM) alone or combined with cele-
coxib (40 uM) for 12 days; the nontreated control group
received the same volume of DMSO. Next, the cells were
fixed with 5% glutaraldehyde and stained with 10% Giemsa
staining (Solarbio, Beijing, China) for 15 min. The colonies
were photographed and counted by Imagel.

Analysis of Apoptosis by Flow Cytometry

Cells were exposed to increasing concentrations of MLN4924
alone or in combination with celecoxib for 48 h. Then, the
cells were stained with PI and Annexin V for 30 min (Trans
Gen, Beijing, China). Samples were subjected to flow cytom-
etry using a FACSCanto II (Bio-Rad, SanJose, CA, USA) to
assess FITC-Annexin V/PI fluorescence intensity. The apop-
tosis cell rate was analyzed by FlowJoV10 Software.

Cell Migration Assays

We measured the cell migration ability by performing a
wound-healing assay. T24 and 5637 cells were cultured in
triplicate in six-well plates and grown up to 90% confluence.
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Then, a line was drawn using a marker on the bottom of the
dish, and a sterile 200-pl pipette tip was used to scratch three
separate wounds through the cells, moving perpendicular
to the line. The cells were then exposed to MLN4924 (0,
0.5 uM) alone or combined with celecoxib (50 uM) for 24
and 48 h. Images of the scratches were taken using an
inverted microscope at 10X magnification.

Cell Invasion Assay

A transwell invasion assay was performed to measure cell
invasion ability. T24 and 5637 cells were exposed to
MLN4924 (0, 0.3 uM) alone or in combination with cele-
coxib (50 uM) for 24 h, and then, T24 (2 X 10°) cells and
5637 (5 X 10°) cells were harvested and seeded in the upper
chamber with serum-free medium for 24 and 48 h; the bot-
tom chamber contained a medium with 10% FBS. After each
time point, cells were fixed with 5% paraformaldehyde for
15 min, and then stained with 0.1% crystal violet (Solarbio)
for 15 min, followed by washing three times with phosphate-
buffered saline (PBS). Cells were photographed and counted
in five random visions.

Western Blotting

T24 and 5637 cells were cultured in six-well plates and
exposed to various concentrations of MLN4924 (0, 0.1, 0.3,
1 uM), with or without celecoxib (60 uM) for 24 h. Then, the
cells were harvested at 80% confluency with a cell scraper
and lysed in RIPA lysis buffer (Solarbio) with 1-mM phenyl-
methylsulfonyl fluoride (PMSF) and 1%-mM phosphatase
inhibitors (Solarbio) on ice for 30 min. After measuring
protein concentration by the Pierce BCA protein Assay kit
(Thermo, USA), the samples were subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to a polyvinylidene fluoride (PVDF)
membrane (Bio-Rad). After blocking with 5% skim milk for
1 h (Solarbio), the membranes were incubated with primary
antibodies AKT, phospho-AKT (S473), p44/42MAPK
(ERK1/2), phospho-p44/42MAPK (ERK1/2), PARP, Bcl2,
BAX, N-cadherin, E-cadherin, vimentin, and B-actin (CST,
Danvers, MA, USA) at 4°C overnight. Then, the membranes
were washed with tris buffered saline tween (TBST, Solarbio)
three times (10 min each) and incubated with horseradish
peroxidase-conjugated secondary antibodies to IgG (CST)
for 1 h at room temperature. The PVDF membrane was
quantified using LAS-4000 Mini (Fuji Film, Japan).

Xenograft Assay

Twenty-four male 4-week old BALB/c-nu mice were pro-
cured from the SJA laboratory (Hunan, China). All the ani-
mals were housed in an environment with a temperature of
22 = 1°C, relative humidity of 50 = 1%, and a light/dark
cycle of 12/12 h.

Xenografts were built by subcutaneously injecting 5 X 10°
T24 cells into the dorsal flanks; the T24 cells were suspended
in 200 mL of a 1:1 mixture of Matrigel (Bio-Rad) and serum-
free media. When the tumors had grown to approximately
200 mm’, the 48 mice were randomly divided into four
groups (n = 6 for each group): MLN4924 group, celecoxib
group, MLN4924+celecoxib group, and DMSO (control)
group. The drug solutions of MLN4924 and celecoxib were
prepared in 10% DMSO, 40% PEG300, 5% Tween-80, and
45% saline. The MLN4924-treated groups received intra-
peritoneal injections of 25-mg/kg MLN4924 three times
weekly, and celecoxib groups received 50-mg/kg celecoxib
orally once a day. All the treatments were given for 4 weeks.
The nontreated control group was treated with the same vol-
ume of DMSO and drug solution, and the combined group
received the same doses of both drugs at the same frequency
and duration. Tumor size was measured with a standard cali-
per every 4 days; the size was calculated using the following
formula: length X width2 X 0.5. After 4 weeks of treatment,
tumors were excised and photographed.

Immunohistochemistry

The tissues were harvested, fixed in 5% paraformaldehyde,
and embedded in paraffin. Sections that were 5-um thick
were cut for H&E staining. Then, the sections were incubated
with antibodies against Ki67 (1:200, Affinity Biosciences,
USA) and cleaved caspase-3 (1:200, Affinity Biosciences).
Antibody binding was detected with a biotinylated goat
anti-rabbit secondary antibody (1:1000, CST). Sections were
developed with 3,3’-diaminobenzidine (DAB) and counter-
stained with hematoxylin.

Statistical Analysis

All data were represented as mean = standard deviation
from at least three independent experiments, if it was not
indicated otherwise. Statistical analyses were performed
using paired or unpaired Student’s t test or one-way analysis
of variance (ANOVA). Not significant (NS): P > 0.05; *0.01
< P <0.05; **0.005 < P < 0.01; ***P < 0.005.

Results

Celecoxib Reduces the Activation of AKT and
ERK Signal Pathways in UC Cells by MLN4924

Increasing evidence has shown that the activation of the AKT
and ERK signal pathways contribute to cancer cells prolif-
eration, migration, antiapoptosis, and drug resistance!®'°. To
determine if MLN4924 in UC cells activates the AKT and
ERK pathways, we first tested the expression level of phos-
pho-AKT (S473) and phospho-ERK in two high-grade UC
cell lines, T24 and 5637, after exposing these cells to various
concentrations of MLN4924 (0, 0.1, 0.3, 1 uM) for 24 h. In
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Figure |. Celecoxib suppresses the activation of AKT and ERK signal pathways which activated by MLN4924, and enhances the
suppression of growth in UC cells by MLN4924 (A-B) T24 and 5637 cells were incubated with various concentration of MLN4924 (0,
0.1, 0.3, I pM) with or without celecoxib (60 uM) for 24 h, followed by Western blotting using antibodies against p-AKT (5473), AKT,
ERK, and p-ERK. [-actin was used as a loading control. (C—D) A total of 4000 T24 cells and 6000 5637 cells were seeded in triplicate
in 96-well plates and treated with various concentrations of celecoxib, MLN4924, or the combination of MLN4924 and celecoxib (50
M) for 48 h, followed by the CCK-8 assay (mean = SEM, n = 3). (E) Cl-fraction affected plot of the MLN4924/celecoxib combination
in T24 and 5637 cells assessed with Compusyn Software (Fa, corresponding to the fraction of cell viability, the synergistic effect was
considered if Cl < |, and additive if Cl = I, antagonistic if Cl > 1). UC: urothelial carcinoma; CCK-8: cell counting kit-8; SEM: standard
error of the mean; Cl: combination index. *¥0.005 < P < 0.01, ***P < 0.005.

T24 cells, the AKT and ERK signaling pathway was acti-
vated by MLN4924 in a dose-dependent manner, as reflected
by increased AKT phosphorylation on the S473 site and
ERK phosphorylation. In 5637 cells, MLN4924 did not acti-
vate the AKT and ERK signals; however, the expression

levels of phospho-AKT (S473) and phospho-ERK were still
high (Fig. 1A, B). After the combination of celecoxib, the
phosphorylation of AKT and ERK signaling pathways sig-
nificantly decreased in both T24 and 5637 cells. In view of
the abnormal activation of the PI3K/AKT signaling pathway
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associated with UC drug resistance?’, we speculated that

celecoxib could sensitize UC cells to MLLN4924.

Celecoxib Synergistically Enhances the
Suppression of Growth in UC Cells by MLN4924

Given that celecoxib could downregulate AKT and ERK
signal pathways in UC cells, we chose celecoxib to verify
our hypothesis, that is, the sensitizing effect of celecoxib to
MLN4924. We first tested the half-maximal inhibitory con-
centration (IC50) of celecoxib in T24 and 5637 cells. Cells
were exposed to various concentrations of celecoxib for 48
h, then using a CCK-8 assay to account the cell viability,
and the result shows the IC50 of celecoxib is 63.8 uM in
T24 cells and 60.3 pM in 5637 cells (Fig. 1C). To reduce
the cytotoxicity of UC cells, we chose the 40- to 60-uM
concentrations of celecoxib (which lower than IC50 of
celecoxib) for the following experiments. T24 and 5637
cells were exposed to various concentrations of MLN4924
alone or in combination with celecoxib (50 uM) for 48 h.
The CCK-8 assay showed that MLN4924 inhibited UC
cells viability in a dose-dependent manner, and the combi-
nation drugs group (MLN4924/celecoxib) significantly
decreased the cell viability (Fig. 1D); the IC50 values of
MLN4924 were significantly reduced from approximately
0.68 to 0.19 uM after being combined with celecoxib in
T24 cells, and approximately 4.67 to 1.54 pM in 5637 cells
(Fig. 1D). These results indicated that celecoxib sensitized
UC cells to the MLN4924 treatment, and the combination
of celecoxib and MLN4924 exhibited synergistic treatment
effects in T24 and 5637 cells.

To test the synergistic effect of MLN4924 combined with
celecoxib, we used CCKS8 assay and CompuSyn software to
analyze combined drug effects. MLN4924 and celecoxib
were combined at a concentration ratio of 0.7:50 and were
subjected to median drug effect and CI analyses; the CI plot
is shown in Fig. 1E. The MLN4924/celecoxib combination
was antagonistic for Fa lower than approximately 0.3 but
synergistic above this value in T24 cells, and antagonistic
lower than approximately 0.35 but synergistic above this
value in 5637 cells (CI < 1), which means that the combina-
tion of both drugs increased the inhibitory effect on UC cell
viability?s.

Celecoxib Synergistically Enhances the
Suppression of Survival in UC Cells by MLN4924

Given that AKT and ERK pathways act as critical regulators
of cell survival'’, we determined whether celecoxib could
enhance the suppression of survival in UC cells by MLN4924.
T24 cells were exposed to MLLN4924 (0, 0.1, 0.3 uM) alone
or combined with celecoxib (40 uM) for 7 days, and 5637
cells were exposed to MLLN4924 (0, 0.3, 0.5 uM) alone or
combined with celecoxib (40 uM) for 12 days. We used a

clone formation assay to evaluate cell survival. MLN4924
significantly reduced the number of colonies compared with
the control group. Furthermore, the colony formation of the
combination group (MLN4924/celecoxib) was remarkably
lower than the MLN4924-only group (P < 0.05, Fig. 2A, B).
Taken together, celecoxib synergistically suppressed T24
and 5637 cells’ survival with MLN4924.

Celecoxib Synergistically Enhances the
MLN4924-Induced Apoptosis in UC Cells

Previous studies have reported that both MLLN4924 and cele-
coxib induced apoptosis in UC cells'®?. Thus, we tested
whether celecoxib could synergistically induce cell apopto-
sis with MLLN4924. First, T24 and 5637 cells were exposed
to various concentrations of MLN4924 (0, 0.3, 0.5 uM) and
MLN4924 (0, 0.3, 0.5 uM), respectively, with or without
celecoxib (50 uM) for 48 h. The result of flow cytometry
showed the following: (1) MLLN4924 induced apoptosis both
in T24 and 5637 cell lines in a dose-dependent manner; (2)
celecoxib alone induced apoptosis in T24 and 5637 cells; and
(3) higher apoptosis was seen in the combination group than
in other groups (Fig. 3A, B).

Next, we tested the expression of apoptosis-related pro-
teins cleaved PARP, BAX, and Bcl2 by using Western blot-
ting (WB). The result showed that MLLN4924 increased the
expression of cleaved PARP in a dose-dependent manner.
Moreover, the expression of apoptosis-related proteins was
higher in the combination group than the MLN4924-only
group in both T24 and 5637 cells (P < 0.05). Celecoxib also
increased the expression of pro-apoptosis proteins BAX and
reduced the expression of antiapoptosis protein Bcl2 and in
both T24 and 5637 cells (Fig. 3C). To sum up, our results
indicated that celecoxib synergistically enhanced the
MLN4924-induced apoptosis in UC cell (Fig. 3). Celecoxib
enhances the induction of apoptosis induced by MLN4924,
(A-B) Cells were treated with MLN4924 alone or in combi-
nation with celecoxib. After 48 h, the cells were harvested
and stained using the FITC-Annexin V/PI apoptosis detec-
tion kit. Cells with Annexin V+ and PI + staining located
in the right upper and lower quadrants were considered as
apoptotic cells [mean = standard error of the mean (SEM),
n =3, *0.01 < P < 0.05, ¥*0.005 < P < 0.01, ***P <
0.005]. (C) Cells were incubated with various concentrations
of MLLN4924 (0, 0.1, 0.3, 1 uM), with or without celecoxib
(60 uM) for 24 h. Then, cells were harvested for WB using
indicated antibodies.

Celecoxib Synergistically Enhances the
Suppression of Migration and Invasion in
UC Cells by MLN4924

AKT and ERK signal pathways are engaged in much
physiological activity, including the EMT of cancer cells®.
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Figure 2. Celecoxib enhances the suppression of survival in UC cells by MLN4924. (A-B) A total of 300 T24 cells and 600 5637 cells
were seeded in six-well plates and treated with various concentration of MLN4924 alone or in combination with celecoxib (40 puM).
T24 and 5637 cell colonies were stained and counted after 7 and 12 days, respectively (>>50 cells in a colony). Rate of colony formation
(%) = colony number/(300 or 500) X 100% (mean = SEM, n = 3, ¥0.01 < P < 0.05, *¥0.005 < P < 0.01, ***P < 0.005).

UC.: urothelial carcinoma; SEM: standard error of the mean.

We tested the synergistic effect of celecoxib with MLN4924
on UC cell migration and invasion by a wound-healing
assay and a transwell invasion assay (Fig. 4A, B). We dis-
covered the following: (1) MLN4924 and celecoxib alone
remarkably inhibited cell migration compared with a con-
trol group (P < 0.05) and (2) compared with MLN4924 and
celecoxib alone, the combination group significantly inhib-
ited UC cell migration (P < 0.05) (Fig. 4C, D). Next, we
explored the protein expression levels of EMT-associated
molecule. The expression of epithelial marker E-cadherin
was higher in the combination group than in the MLN4924-
only group. Also, the expression of mesenchymal markers
vimentin and N-cadherin was remarkably decreased in the
combination group, compared with those in the MLN4924-
only group (Fig. 4E). In summary, the combination of
MLN4924 and celecoxib synergistically inhibited cell
migration and invasion.

Celecoxib Synergistically Enhances the
MLN4924-Induced Antitumor Effect in a
Xenograft Mouse Model

We explored the antitumor effects of the combination of
MLN4924 and celecoxib in vivo. Briefly, 5 X 105 T24
cells were mixed with Matrigel and subcutaneously
injected into homozygous null (BALB/c-nu) mice flanks.
After the tumors had reached approximately 200 mm?, the
mice were divided into four groups. The tumor sizes in the
combination group (MLN4924/ celecoxib) were smaller
than those in single drug groups, and the tumor sizes in the
control group were biggest among the four groups (all P <
0.05); tumor in the combination group fully disappeared
after they received combinational drugs for 1 week. UC
xenograft tumors in the control group kept growing and
reached the largest size of approximately 900 mm?.
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Figure 3. Celecoxib enhances the induction of apoptosis induced by MLN4924. (A-B) Cells were treated with MLN4924 alone or in
combination with celecoxib. After 48 h, the cells were harvested and stained using the FITC-Annexin V/Pl apoptosis detection kit. Cells
with Annexin V+ and Pl + staining located in the right upper and lower quadrants were considered as apoptotic cells (mean = SEM,

n = 3,%0.01 <P < 0.05, ¥¥0.005 < P < 0.01, ***P < 0.005). (C) Cells were incubated with various concentrations of MLN4924

(0, 0.1, 0.3, I uM), with or without celecoxib (60 uM) for 24 h. Then cells were harvested for Western blotting using indicated
antibodies. SEM: standard error of the mean; DMSO: dimethyl sulfoxide.

Moreover, MLLN4924 and celecoxib treatment did not MLN4924 and celecoxib. These results suggested that
affect the weight of the mice compared with the control celecoxib enhanced the MLN4924 antitumor effect on a
group (P > 0.05), indicating the minimal toxicity of  T24 xenograft mice model (Fig. 5A, B).
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Figure 4. Celecoxib enhances the suppression of migration and invasion in UC cells by MLN4924. (A) T24 and 5637 cells were seeded
in six-well plates and treated with MLN4924 (0.5 uM) with or without celecoxib treatment (50 pM) for 24 h. After serum starvation
for 12—18 h, used a pipette tip to scratch across the well. The T24 and 5637 cells were photographed at 24 and 48 h, respectively. Data
were shown as the relative wound area normalized to the control. (B) A total 3 X 10° T24 cells and 6 X 10° 5637 cells were treated
with the indicated agents and then seeded into the upper chamber containing serum-free medium. Then, T24 and 5637 cells were

fixed and stained after 24 and 48 h, respectively, followed by photography and counting. (C) Cells were treated with the drugs for 24

h, followed by Western blotting using antibodies against N-cadherin, E-cadherin, and vimentin (mean = SEM, n = 3, ¥0.01 < P < 0.05,
*%0.005 < P < 0.01, ¥**P < 0.005). UC: urothelial carcinoma; SEM: standard error of the mean; DMSO: dimethyl sulfoxide.
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Figure 5. The xenograft model demonstrates the efficacy of the combination of MLN4924 and celecoxib in vivo. (A—B) Nude mice bearing
T24 xenograft tumors were treated with DMSO (as control), MLN4924, celecoxib, or the MLN4924/celecoxib combination for 4 weeks

(n = 6 for each group, one tumor has disappeared after given the combinational drugs for | week). Tumor volume = longest tumor
diameter X (shortest tumor diameter)/2. (C-D) Tumors were fixed in 10% formalin and embedded in paraffin. Each sample was stained for
Ki6é7 and cleaved caspase-3 with representative images shown. Positive cells were counted from three independent tumors in each group
(mean = SEM, n = 3,*0.01 < P < 0.05, ¥¥0.005 < P < 0.01, **P < 0.005). SEM: standard error of the mean; DMSO: dimethy! sulfoxide.

Next, immunohistochemistry staining was performed
using cleaved caspase-3 and Ki67 antibodies. Either
MLN4924 or celecoxib treatment decreased the proliferation
of UC cells and induced apoptosis; the maximal effect was
seen in the combinational drugs group of MLN4924 and
celecoxib (Fig. 5C, D).

Discussion

Bortezomib is the first Food and Drug Administration
(FDA)-approved proteasome inhibitor for multiple myeloma
and mantle cell lymphoma treatment. It targets intracellular
peptides that are produced by the proteasome®’. MLN4924

is a selective NAEI inhibitor identified as a novel anticancer
agent by triggering cell apoptosis, senescence, autophagy,
and chemosensitization/radiosensitization’*?, which has a
similar effect as bortezomib; it selectively blocks the protein
degradation regulated by CRL E3 ligases and produces lim-
ited cytotoxicity. However, compared with MLLN4924, bort-
ezomib blocks all the protein degradation through the 26S
proteasome and thus offers higher cytotoxicity®. Yet, it has
also been found that MLLN4924 can activate EGFR and its
downstream PI3K/AKT1/mTOR and RAS/MAPK/ERK
signals, which lead to accelerated EGF-mediated wound
healing, inhibition of ciliogenesis, and promotion of the
tumorsphere formation'>. In UC, AKT and ERK signal
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pathways have been involved in UC development and
metastasis, and the overexpression of those signals contrib-
utes to UC cells growth, migration, and antiapoptosis®>->,
So, the inhibition of these signals is an attractive way for UC
treatment™. Yet, previous studies have also suggested that
heterozygous mutations of NAE subunit in cancer cells
may lead to resistance to MLN4924%; thus, the drug combi-
nation is a feasible way to reduce the UC cell resistance
MLN4924.

Functional activation of AKT phosphorylation requires
phosphorylation at two distinct sites, namely serine 473 by
mTORC?2 and threonine 308 by PDK1?®, Herein, we tested
the expression level of phospho-Akt (Ser473) and phospho-
ERK; both signals were highly expressed in T24 and 5637
cell lines. We also found that MLLN4924 activates the expres-
sion of p-AKT (S473) and p-ERK in a dose-dependent man-
ner in T24 cells but not in 5637 cells. We assume this was
due to the concentration of MLN4924 that was not high
enough to activate those signals as the IC50 of 5637 was
higher than that of T24. However, after treating cells with

celecoxib, the levels of p-AKT (S473) and p-ERK were sig-
nificantly suppressed both in T24 and 5637 cells. This sug-
gested that celecoxib may prominently inhibit the activation
of AKT and ERK signal pathways, which could counteract
the off-target effects reduced by MLN4924 (Fig. 6). Thus,
celecoxib might be a good combinational drug for MLN4924.

Celecoxib is an NSAID, an inhibitor of the COX-2
enzyme?®, Metabolism of arachidonic acid controls a mass of
physiological activities like inflammatory process, constric-
tion of blood vessels, and cell apoptosis via the COX path-
way, with the synthesis of prostaglandins®. It is well known
that inflammation is closely associated with cancer develop-
ment. In the tumor microenvironment, the inflammatory
cells participate in the oncogenesis process®’. COX-2 also
participates in cancer cell proliferation, survival, and migra-
tion®®, while COX-2 inhibitors can constrain the biological
behavior of tumor cells?*-°. Celecoxib has antineoplastic
properties and has been shown to be effective against various
cancers?, Celecoxib can inhibit UC cell growth and migra-
tion, induce apoptosis?®3!, and depress the AKT and ERK
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signal pathways in other cancer cells’®?’. But one study
reported the off-target effect of celecoxib could block che-
motherapeutic agent-induced apoptosis in hematopoietic
cancer cells*’. In our research, celecoxib suppressed the acti-
vation of AKT and ERK signals in T24 and 5637 cells, so we
chose celecoxib to combine it with MLN4924 for UC treat-
ment. Based on previous studies?**!, the IC50 of celecoxib in
T24 and 5637 cells is approximately 70 uM, which is close
to our result (approach to 60 uM). Concentration of cele-
coxib used in all experiments was lower than 60 uM.

We found that celecoxib combined with MLN4924 sig-
nificantly decreased cell viability, suppressed the colony for-
mation, increased cell apoptosis, and decreased migration
and invasion in both T24 and 5637 cells compared with cells
treated with MLN4924 or celecoxib alone. Previous study
also proved that MLN4924 or celecoxib alone induced UC
cells apoptosis'®?* and that celecoxib alone could induce UC
cell autophagy when the concentration was 80 uM'42% which
is consistent with our results. Next, by using Compusyn soft-
ware, we detected CI plots of the combinational drugs and
found that the MLN4924/celecoxib combination had a strong
synergistic effect on inhibiting the proliferation of T24 and
5637 cells.

EMT is a critical process for cancer progression, through
which epithelial lineage cancer cells lose their epithelial
traits and transform to mesenchymal cancer cells, increase
cell motility, and reduce intercellular adhesion*?. The PI3K/
AKT/mTOR signal pathway has been demonstrated to have
a key role in inducing EMT of UC cells**4. Moreover, sev-
eral studies have suggested that celecoxib inhibits EMT in
human BC cell lines?*?*, We found the combination of cele-
coxib and MLN4924 remarkably reduced the cell migration
and EMT in T24 and 5637 cells, which was observed by a
significant reduction of N-cadherin and vimentin, and upreg-
ulation of E-cadherin. These data suggest that celecoxib
combined with MLN4924 synergistically depressed the
migration and EMT of T24 and 5637 cells.

Previous studies reported that MLN4924 alone or in com-
bination with cisplatin might inhibit the growth of UC tumors
in vivo'%!*, Another study found that celecoxib can depress
the xenografted T24 tumor growth in BALB/c-nu mice*'. In
this study, we treated mice bearing UC (T24 cells) tumors
with celecoxib with MLN4924 for 4 weeks. We found that
compared with celecoxib or MLN4924 alone, celecoxib/
MLN4924 could synergistically depress the UC tumor
growth in vivo study. The immunohistochemistry staining
further confirmed these data.

The main findings of this study are as follows: (1)
MLN4924 activates AKT and ERK signal pathways in a T24
cell line, while celecoxib depresses the activation of the two
signals both in T24 and 5637; (2) celecoxib combined with
MLN4924 synergistically depresses the UC cell growth, colony
formation, migration, and invasion and induces apoptosis;
and (3) celecoxib combined with MLN4924 synergistically

depresses the tumor growth in xenograft mice model. These
results suggest that celecoxib might be an effective combina-
tional drug for enhancing antitumor effect of MLN4924 and
reducing the dose of MLN4924 used for cancer treatment,
thus reducing its toxic and side effects. Our research may
provide a new drug combination strategy for the treatment
of UC.
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