OncoTargets and Therapy

3

Dove

ORIGINAL RESEARCH

A small compound spindlactone A sensitizes
human endometrial cancer cells to TRAIL-
induced apoptosis via the inhibition of NAD(P)H
dehydrogenase quinone |

Xiang-Zhai Zhao'
Xiao-Hua Wu??

'Department of Gynecology and
Obstetrics, The Third Hospital of
Hebei Medical University, Hebei
050051, People’s Republic of China;
’Department of Gynecology and
Obstetrics, Hebei Medical University,
Hebei 050000, People’s Republic of
China; *Department of Gynecology
and Obstetrics, Shijiazhuang
Obstetrics and Gynecology Hospital,
Hebei Medical University, Hebei
050000, People’s Republic of China

Correspondence: Xiao-Hua Wu
Shijiazhuang Obstetrics and Gynecology
Hospital, 212 Zhongshan E Road,
Changan Qu, Hebei 050000, People’s
Republic of China

Tellfax +86 311 8799 8114

Email 1466974429@qq.com

This article was published in the following Dove Press journal:
OncoTargets and Therapy

Introduction: Spindlactone A (SPL-A) is a novel small molecule inhibitor of TACC3 that
selectively inhibits the nucleation of centrosome microtubules and induces mitotic arrest in
ovarian cancer cells. SPL-A is derived from dicoumarol which inhibits the activity of NAD(P)H
dehydrogenase quinone oxidoreductase 1 (NQO1). This study aimed to investigate the mecha-
nism by which SPL-A enhances TRAIL-induced apoptosis in endometrial carcinoma cells.
Materials and methods: Endometrial carcinoma cells were treated with SPL-A and/or TRAIL,
and the apoptosis and protein expression in the treated cells were examined.

Results: Combined treatment with SPL-A and TRAIL significantly induced apoptosis in vari-
ous human endometrial carcinoma cells, but not in normal human endometrial stromal cells and
endometrial epithelial cells. Notably, both NQO1 inhibitor ES936 and NQO1 siRNA enhanced
TRAIL-induced apoptosis of endometrial carcinoma cells. Furthermore, SPL-A downregulated
the expression of c-FLIP, Bcl-2, Bel-x1, and Mcl-1, while increasing p53 expression.
Conclusion: In particular, luciferase assay showed that SPL-A inhibited Bcl-2 promoter activity,
and p53 inhibitor PFT-o could reverse the effect of SPL-A on Bcel-2 expression. Moreover, Bel-2
overexpression inhibited the apoptosis induced by SPL-A and TRAIL. Taken together, our
results suggest that SPL-A sensitizes endometrial cancer cells to TRAIL-induced apoptosis via
the regulation of apoptosis-related proteins and the inhibition of NQO1 activity.

Keywords: dicoumarol derivative, SPL-A, endometrial carcinoma, TRAIL, Bcl-2, apop-
tosis, NQO1

Introduction
Endometrial carcinoma is the fourth most common type of uterine cancer among
women. Although most endometrial carcinomas are diagnosed in an early stage and
have favorable prognosis, women diagnosed with advanced and recurrent endometrial
carcinoma have poor prognosis.' At present, the initiation and progression of endome-
trial carcinoma remain poorly understood. Thus, there is a great need to investigate
molecular mechanism of endometrial carcinoma and develop novel targeted therapies
against endometrial carcinomas.>

TRAIL could promote apoptosis in various cancer cells but not in normal cells.?
However, TRAIL resistance occurs in many carcinomas, including endometrial
carcinoma. TRAIL resistance is proposed to be due to the action of decoy receptors
such as mutation in DR4 (TRAIL-RI) or DR5 (TRAIL-RII), and the dysfunction of
DISC components, such as FADD, caspase-8 or 10, and c-FLIP.*> Overexpression of
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c-FLIP, Bcl-2, or survivin or the inactivation of Bax, Bak,
or Bid could block TRAIL-induced apoptosis and contribute
to TRAIL resistance in numerous cancers.*

Spindlactone A (SPL-A) is a novel small molecule inhibitor
of TACC3 that selectively inhibits the nucleation of centrosome
microtubules and induces mitotic arrest in ovarian cancer cells.”
SPL-A is derived from dicoumarol, which is widely applied
as an anticoagulant to inhibit vitamin K-dependent blood
coagulation.®® Furthermore, dicoumarol and its derivative
SPL-A can compete with NAD(P)H for binding to NAD(P)H
quinone oxidoreductase 1 (NQO1), leading to the inhibition
of NQO1 enzymatic activity.'” Dicoumarol has been shown to
enhance proapoptotic effect of chemotherapy agents in various
carcinoma cells.!'* Nevertheless, the efficacy of SPL-A on
TRAIL-induced apoptosis remains unclear. In this study, we
aimed to evaluate the efficacy of SPL-A to enhance TRAIL-
mediated apoptosis in human endometrial cancer cells.

Materials and methods

Cell culture and reagents

Ishikawa, HEC-1A, and RL-952, and human endometrial
epithelial cells were purchased from ATCC (Manassas,
VA, USA), and cultured in Dulbecco’s Modified Eagle’s
Medium/F12 supplemented with 10% fetal bovine serum
(Life Technologies Gibico, Grand Island, NE, USA),
20 mM HEPES buffer, 100 U/mL penicillin, 100 pg/mL
streptomycin, and 2 mM glutamine at 37°C in a 5% CO,
humidified incubator. SPL-A was prepared as described
previously.” Recombinant human TRAIL was purchased from
Sigma-Aldrich (St Louis, MO, USA). 6-Hydroxy-2,5,7,8-
tetramethychroman-2-carboxylic acid (Trolox) and N-acetyl-
L-cysteine were obtained from Beyotime Biotechnology
(Suzhou, People’s Republic of China). Other reagents such
as propidium iodide and radio immunoprecipitation assay
(RIPA) lysis buffer were purchased from Sigma-Aldrich.

Western blot analysis

The cells were washed twice with PBS at 4°C and lysed on ice
in RIPA lysis buffer containing 50 mM tris(hydroxymethyl)
aminomethane (Tris)-HCI, pH 7.4, 1% NP-40, 150 mM
NaCl, 0.25% Na-deoxycholate, 1 mM Na,VO,, and 1 mM
NaF and 2 mM phenylmethylsulfonyl fluoride, 2 mM EDTA,
10 pug/mL pepstatin, and 10 pg/mL leupeptin. The lysates
were centrifuged at 12,000 rpm for 20 min at 4°C, and then
the supernatants were collected for bicinchoninic acid protein
assay. Total proteins (30 Lg) were separated by 12% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis and then
transferred to polyvinylidene fluoride membrane. The mem-
branes were incubated with primary antibodies for cleaved

PARP, Bcl-2, Mcl-1, Bel-xl, ¢c-FLIP, CIAP1, XIAP, p53,
NQOI, and B-actin, which were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA), at 4°C overnight,
washed, and then incubated with horseradish peroxidase-
conjugated secondary antibodies (Santa Cruz Biotechnology)
at 37°C for 1 h. The membranes were washed and detected
using enhanced chemiluminescence detection system accord-
ing to the manufacturer’s protocols.

Flow cytometry analysis

The cells were washed twice with PBS at 4°C, centrifuged at
1,500 rpm for 5 min at 4°C, and the precipitated cells were
resuspended in 500 uL of PBS with 85% ethanol and fixed
at —20°C overnight. Next, the cells were washed with PBS
twice and resuspended in 500 uL PBS with RNase (0.05 g/L),
incubated for 30 min at 37°C. The DNA was then stained by
propidium iodide (25 pg/mL) for 30 min in the dark at room
temperature. Apoptotic cells were subsequently analyzed by
flow cytometer FC500 (Beckman Coulter, Brea, CA, USA).

Caspase activity assay

Cell lysates were prepared and incubated in 96-well plates
in reaction buffer (100 uL) containing NaCl (137 mM),
NP-40 (1%), Tris—HCI (20 mM pH 7.5), glycerol (10%),
and Asp—Glu—Val-Asp—chromophore p-nitroanilide (5 uM)
(caspase substrate) for 2 h at 37°C. After that, the absorbance
at 405 nm was detected to measure caspase activity.

DNA fragmentation assay

Apoptosis of the cells was detected by the analysis of DNA
fragments released to the cytoplasm. Briefly, the cells were
centrifuged at 1,500 rpm for 10 min, and the pellet was lysed
for 30 min. The lysates were centrifuged at 1,500 rpm for
10 min, and the supernatants containing cytoplasmic DNA
fragments were harvested and analyzed by using Cellular
DNA Fragmentation enzyme linked immunosorbent assay kit
(Sigma-Aldrich) following the manufacturer’s protocols.

Reverse-transcription PCR

Total RNA was extracted from the cells using TRIZOL reagent
(Life Technologies, Gaithersburg, MD, USA). cDNA was
synthesized from RNA using reverse transcriptase. The cDNA
was amplified by PCR on Perkin-Elmer 9600 PCR machine
(Applied Biosystems, Foster, CA, USA) using specific prim-
ers: Bel-2 (sense) 5-GTCCTCAGCCCTCGCTCT-3" and
(antisense) 5-CACCTAATTGGGCTCCATCT-3"; B-actin
(sense) 5'-GGCATCGTCACCAACTGGGAC-3’; and (anti-
sense) 5-CGATTTCCCGCTCGGCCGTGG-3'. The ampli-
fication conditions were as follows: 95°C for 5 min followed
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by 20 cycles (B-actin) or 26 cycles (Bcl-2) of 95°C for 30 s,
57°C for 30 s, 72°C for 1 min, and final extension at 72°C for
10 min. Results are shown as the ratio of the mean threshold
cycle (C) values of experimental groups to that of the control
group after normalization to B-actin.

Luciferase assay

Ishikawa cells were grown to 70%—-80% confluence. Bcl-2
promoter luciferase construct was transfected into Ishikawa
cells using Lipofectamine™ 2000 (Thermo Fisher Scientific,
Waltham, MA, USA). After 48 h, cells were collected, and
cell lysates were analyzed using Dual-Luciferase Reporter
Assay System (Promega, Madison, WI, USA) following the
manufacturer’s instructions.

Transfection

Ishikawa cells were transfected with pEGFP-N1-Bcl-2 plas-
mid or pEGFP-NI1 as control using Lipofectamine™ 2000
according to the manufacturer’s instructions. Ishikawa cells
were transfected with control or NQO1 siRNAs (Santa Cruz
Biotechnology) using transfection reagent according to the
manufacturer’s protocols.

Reactive oxygen species (ROS)
measurement

Ishikawa cells were seeded into 6-well plates at 1x10° cells/well.
Cells were treated with SPL-A, then incubated with H2DCF-DA
(10 uM) probe at 37°C for 30 min, and then observed using a
fluorescence microscope (Leica, Wetzlar, Germany).

NQOI activity assay

Ishikawa cells were seeded into 96-well plates. Cell were
treated with SPL-A, and then lysed with 2 mM EDTA (50 uL)
with 0.8% digitonin at room temperature for 10 min. The
lysates were incubated with 3-(4,5-dmethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide as the substrate and measured
at 620 nm in a microplate reader (Model 550, Bio-Rad,
Hercules, CA, USA).

Statistical analysis
All data were analyzed with a 1-way analysis of variance
and Student—Newman—Keuls test using the SPSS 16.0 (SPSS
Inc., Chicago, IL, USA).

Results
SPL-A sensitizes human endometrial

cancer cells to TRAIL-induced apoptosis
Because SPL-A has demonstrated anticancer effect on various
types of carcinoma cells, we examined whether SPL-A could

sensitize human endometrial cancer cells resistant to TRAIL-
induced apoptosis. Our results showed that cotreatment with
SPL-A and TRAIL increased the percentage of sub-G1 cell
population (apoptotic cells) in Ishikawa cells (Figure 1A).
In contrast, SPL-A and TRAIL did not affect the percentage
of sub-G1 population in normal human endometrial stromal
cells and human endometrial epithelial cells (Figure 1B).
In addition, combined treatment with SPL-A and TRAIL
increased PARP cleavage in Ishikawa cells (Figure 1C).
Moreover, combined treatment with SPL-A and TRAIL
enhanced the activity of caspases (Figure 1D) and increased
DNA fragmentation in Ishikawa cells (Figure 1E).

We further detected whether SPL-A plus TRAIL affected
other types of endometrial cancer cells, including HEC-1A and
RL-952 cells. Results showed that combined treatment with
SPL-A plus TRAIL effectively increased TRAIL-mediated
apoptosis and PARP cleavage in HEC-1A and RL-952 cells
(Figure 2A and B). Western blot analysis showed that SPL-A
reduced the levels of ¢c-FLIP, Bcl-2, Bcl-xL, and Mcl-1, but
not clAP1 and XIAP, in a dose-dependent manner in Ishikawa
cells (Figure 2C). These data indicate that downregulation of
the expression of c-FLIP, Bcl-2, Bel-xL, and Mcl-1 may sensi-
tize Ishikawa cells to TRAIL-mediated apoptosis by SPL-A.

SPL-A upregulates p53 expression and
downregulates Bcl-2 expression

To further understand how SPL-A sensitizes endometrial
cancer cells to apoptosis, we focused on Bcl-2. SPL-A
decreased Bcl-2 mRNA expression in a dose-dependent
manner and reduced Bcl-2 mRNA expression in a time-
dependent manner (Figure 3A). Furthermore, luciferase assay
showed that SPL-A inhibited Bcl-2 promoter activity in a
dose-dependent manner (Figure 3B).

Previous studies showed that p53 downregulates Bcl-2
expression.'* ! Thus, we investigated whether SPL-A modu-
lates Bcl-2 expression by p53. SPL-A increased p53 expression
in a dose-dependent manner, and p53 inhibitor PFT-a could
reverse the effect of SPL-A on Bcl-2 expression in Ishikawa
cells (Figure 3C). Overexpression of Bcl-2 in Ishikawa cells
decreased the percentage of sub-G1 cell population induced by
SPL-A (Figure 3D), and inhibited PARP cleavage induced by
SPL-A (Figure 3E). These results demonstrated that enhance-
ment of TRAIL-induced apoptosis by SPL-A is associated
with upregulation of p53 and downregulation of Bcl-2.

SPL-A enhances TRAIL-induced apoptosis
via the inhibition of NQO|

Dicoumarol is a well-known inhibitor of NQO1 and increases
ROS levels to induce apoptosis. Since SPL-A is derived from
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Figure | SPL-A sensitizes Ishikawa cells but not normal cells to TRAIL-mediated apoptosis.

Notes: (A) Ishikawa cells were treated with SPL-A alone, TRAIL alone, or SPL-A plus TRAIL for 24 h. Apoptosis was analyzed via the sub-G| fraction by FCM detection.
(B) HESC and HEEC cells were treated with SPL-A alone, TRAIL alone, or SPL-A plus TRAIL for 24 h. The apoptosis was analyzed as the sub-G| fraction by FCM detection.
(C) Western blot analysis of cleaved PARP. B-actin was loading control. (D) Ishikawa cells were treated with 40 LM SPL-A or/and 40 ng/mL TRAIL for 24 h. Caspase activities
were detected by incubation of total protein (20 pg) with chromogenic substrate (DEVD-pNA, 200 uM) at 37°C for 2 h. The release of chromophore p-nitroanilide was
detected at 405 nm. (E) DNA fragmentation in Ishikawa cells was monitored by using DNA fragmentation detection kit. The values are shown as mean £ SD (n=5). ¥p<<0.05

compared to SPL-A alone and TRAIL alone.

Abbreviations: FCM, flow cytometry; HEEC, human endometrial epithelial cell; HESC, human endometrial stromal cell; SPL-A, spindlactone A.

dicoumarol, the inhibition of NQO1 by SPL-A may also
generate intracellular ROS and enhance TRAIL-induced apop-
tosis. SPL-A effectively increased intracellular ROS levels in
Ishikawa cells (Figure 4A). Furthermore, pretreatment with anti-
oxidants 6-hydroxy-2,5,7,8-tetramethychroman-2-carboxylic
acid (Trolox) and N-acetyl-I-cysteine markedly decreased the
apoptosis and reduced PARP cleavage in SPL-A and TRAIL
treated Ishikawa cells (Figure 4B and C). These results sug-
gest that the enhancement of ROS production contributes to
the enhancement of TRAIL-induced apoptosis by SPL-A.

To confirm the role of NQOI1 in TRAIL-induced
apoptosis, we employed NQO1 inhibitor ES936. SPL-A
and ES936 markedly inhibited NQO1 activity in Ishikawa
cells (Figure 5A). Meanwhile, treatment with ES936
enhanced TRAIL-induced apoptosis similar to SPL-A treat-
ment (Figure 5B). Furthermore, NQO1 siRNA and control
siRNA were transfected into Ishikawa cells and then the
cells were treated with TRAIL. NQO1 knockdown increased
TRAIL-induced apoptosis and enhanced PARP cleavage in
Ishikawa cells (Figure 5C and D). These results indicate that
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Figure 2 SPL-A sensitizes human endometrial carcinoma cells to TRAIL-mediated apoptosis.

Notes: Human endometrial carcinoma cell lines HEC-1A and RL-952 were treated with SPL-A alone, TRAIL alone, or SPL-A plus TRAIL for 24 h. (A) The sub-GI fraction
was analyzed by FCM analysis. (B) Western blot analysis of cleaved PARP. B-actin was loading control. (C) Ishikawa cells were treated with different concentrations of SPL-A.
Western blot analysis of c-FLIP, Bcl-2, Bcl-xL, Mcl-1, clAPI, and XIAP. B-actin was loading control. The results are shown as mean * SD (n=5). ¥p<<0.05 compared to SPL-A

alone or TRAIL alone.
Abbreviations: FCM, flow cytometry; SPL-A, spindlactone A.

TRAIL-induced apoptosis mediated by SPL-A is dependent
on the inhibition of NQO1.

Discussion

In this study, we demonstrated that SPL-A promoted TRAIL-
induced apoptosis via the downregulation of Bcl-2, Bel-x1,
Mcl-1, and c-FLIP expression. Overexpression of Bcl-2
inhibited TRAIL-induced apoptosis. Inhibition of Bcl-2
expression by SPL-A is probably associated with upregula-
tion of p53 expression in Ishikawa cells. Furthermore, SPL-A
enhanced the generation of ROS, and ROS scavengers could
reverse the effect of SPL-A on TRAIL-mediated apoptosis.

These findings suggest that SPL-A promotes TRAIL-induced
apoptosis through inducing oxidative stress in cancer cells.

The generation of intracellular ROS plays an important
role in the apoptosis of various cancer cells. In the clinic,
several chemotherapy drugs sensitize cancer cells to TRAIL-
induced apoptosis by inducing intracellular ROS generation.
It has been reported that dicoumarol can bind to albumin and
induce oxidative stress through the inhibition of mitochondria
electron transport. In this study, we found that dicoumarol
derivative SPL-A enhanced oxidative stress and increased
ROS levels in Ishikawa cells. In addition, we found that
dicoumarol derivative SPL-A decreased Bcl-2 mRNA and
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Figure 3 SPL-A enhances p53 expression and inhibits Bcl-2 expression in Ishikawa cells.

Notes: (A) Ishikawa cells were treated with SPL-A at different concentrations or different periods. Bcl-2 mRNA expression was detected by PCR. (B) Ishikawa cells were
transfected with luciferase reporter harboring Bcl-2/-3254 promoter and treated with different concentrations of SPL-A for 24 h. Then, luciferase activity was detected.
(C) Ishikawa cells were treated with different concentrations of SPL-A for 24 h or pretreated with 20 UM PFT-o. for | h, and then treated with 40 UM SPL-A for 24 h. p53 and
Bcl-2 were detected by Western blot analysis. B-actin was loading control. (D) The empty vector- and Bcl-2 plasmid-transfected Ishikawa cells were treated with 40 ng/mL
TRAIL with or without 40 UM SPL-A for 24 h. The sub-G| fraction was detected by FCM. (E) Cleaved PARP and Bcl-2 were detected by Western blot analysis. -actin was
loading control. The results are shown as mean + SD (n=5). ¥p<<0.05 compared to control group.
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protein expression while increasing pS3 expression, and p53
inhibitor PFT-o could reverse the effect on Bel-2 expression
in SPL-A-treated Ishikawa cells. Additionally, SPL-A treat-
ment led to downregulation of Mcl-1 and c-FLIP. Although
SPL-A obviously inhibits the expression of Bcl-2 family
members at a transcriptional level, further investigations
are needed to elucidate the detailed mechanism responsible
for the inhibition of Bcl-2 family members expression
by SPL-A.

Numerous studies have shown that dicoumarol could
disrupt pyrimidine biosynthesis and inhibit the activities of

several enzymes such as glutathione transferase and UDP
glucuronosyltransferase.!”'* NQO1 has been shown to regu-
late many biological processes.'**! However, a study reported
that dicoumarol sensitized renal cell carcinoma Caki cells
to TRAIL-induced apoptosis through the downregulation of
Bcl-2, Mcl-1, and ¢-FLIP in an NQO1-independent manner.?
In this study, we found that ES936 (NQO1 inhibitor) and
NQOI siRNA could enhance TRAIL-induced apoptosis in
endometrial carcinoma Ishikawa cells, demonstrating that the
effect of SPL-A on TRAIL-induced apoptosis is dependent
on the inhibition of NQO1 activity. The exact role of NQO1
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Figure 5 SPL-A inhibits NQO| activity in Ishikawa cells.

Control siRNA NQO1 siRNA

Notes: (A) Ishikawa cells were treated with 40 UM SPL-A or 50 nM ES936 for 24 h, and then the activity of NQO | was detected. (B) Ishikawa cells were treated with 40 ng/mL
TRAIL with or without 50 nM ES936. The sub-G| fraction was measured by FCM. Ishikawa cells were transfected with control siRNA or NQO| siRNA. After transfection for
24 h, Ishikawa cells were treated with 40 ng/mL TRAIL for 24 h. (C) The sub-GlI fraction was analyzed by FCM. (D) Cleaved PARP and NQO| were detected by Western
blot analysis. B-actin was loading control. The results are shown as mean + SD (n=5). *p<<0.05 compared to untreated group. *p<<0.05 compared to control siRNA group.
Abbreviations: FCM, flow cytometry; NQOI, NAD(P)H quinone oxidoreductase |; SPL-A, spindlactone A.

in the sensitization of cancer cells to TRAIL-induced apop-
tosis by SPL-A needs to be further dissected. We speculate
that the function of NQO1 may be different depending on
the cancer type.

In summary, our results demonstrate that dicoumarol
derivative SPL-A sensitized endometrial carcinoma cells to
TRAIL-mediated apoptosis through the downregulation of
Bcl-2 family members Mcl-1 and c-FLIP. Also, ROS scav-
engers reversed, while NQO/ inhibitor or siRNA promoted,
TRAIL-induced apoptosis in endometrial carcinoma cells.
These findings suggest that SPL-A might be a potential

adjuvant that can be used in combination with TRAIL for
endometrial carcinoma treatment.
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