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Abstract

Background. Resistance to cisplatin (DDP) in ovarian cancer therapy has been a major clinical barrier.
Drug-resistant cancers have been shown to downregulate the proapoptotic protein B-cell lymphoma-2
(Bcl-2) to inhibit apoptosis. Therefore, we explored whether tasquinimod could modulate resistance to DDP
through apoptotic pathways.

Objectives. We aimed to explore the relationship between tasquinimod, Nur77-Bcl-2 apoptosis pathway
and sensitivity of the ovarian carcinoma cell line SKOV3 and the DDP-resistant strain SKOV3/DDP cells to DDP.

Materials and methods. First, SKOV3 and SKOV3/DDP cells were treated with 2 ug/mL DDP or 40 uM
tasquinimod. Western blot and quantitative real-time polymerase chain reaction (qPCR) were then used
to analyze the expression of histone deacetylase 4 (HDAC4), Nur77, Bcl-2 (BH3 domain-specific), and caspase-3.
Flow cytometry, scratch-wound assay and immunofluorescence were used to detect apoptosis, migration rate,
and related expression of Nur77 and Bcl-2 (BH3 domain-specific). Subsequently, 510" SKOV3 or SKOV3/DDP
cells cultured with 2 g/mL DDP were injected into 4-week-old female BALB/c nude mice. Then, the mice
were administered 4 mg/kg DDP and 50 mg/kg tasquinimod every 3 days. Finally, the changes in tumor
diameter and weight were measured.

Results. After treatment of SKOV3 and SKOV3/DDP cells with tasquinimad, cell migration and HDAC4
expression levels were significantly reduced, while Nur77 expression was increased. Tasquinimod treatment
enhanced the expression of Nur77 and caspase-3, and cells transfected with si-Nur77 showed the opposite
result. Transfection of si-Nur77 reduced the expression of caspase-3 and Nur77 in the SKOV3/DDP cells that
were treated with both DDP and tasquinimod. After injection of SKOV3/DDP cells into the mice, the tumor
diameter, mass and in vivo HDAC4 level were significantly decreased by tasquinimod. Meanwhile, the levels
of Nur77 and Bcl-2 (BH3 domain-specific) were increased.

Conclusions. Tasquinimod uprequlated the Nur77/Bcl-2 pathway to induce apoptosis in SKOV3/DDP cells and
enhanced the anti-tumor effect of DDP in SKOV3/DDP xenografts. Therefore, tasquinimod can be expected
to find clinical applications in enhancing DDP resistance.
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Background

Ovarian cancer is considered one of the deadliest gy-
necological malignancies worldwide,! with most patients
presenting at an advanced stage due to a lack of formal
screening and early detection methods.? Currently,
the standard treatment for ovarian cancer is chemother-
apy and cytoreductive surgery,>* with the initial adjuvant
treatment being platinum-based drugs such as cisplatin
(DDP) or carboplatin.! Cisplatin interferes with DNA
repair mechanisms by cross-linking DNA purine bases,
thus inducing apoptosis in cancer cell.> Although DDP has
been for decades a key chemotherapeutic drug for treating
patients with different forms of tumors, drug resistance
is a major clinical barrier.®

Cancer cells often evade apoptosis by upregulating
the anti-apoptotic protein B-cell lymphoma 2 (Bcl-2), while
drug-resistant cancers downregulate or inactivate pro-
apoptotic proteins to inhibit apoptosis.” The level of Bcl-2
increases in DDP-resistant ovarian cancer cell lines com-
pared with non-resistant cells,® and the overexpression
of Bcl-2 increases the cell growth and apoptosis inhibition
of DDP-induced SKOV3 cells.”

It is widely known that Bcl-2 exposes its Bcl-2 (BH3 do-
main-specific) after binding to orphan nuclear receptor
4A1 (Nur77),!° resulting in the conversion of the original
anti-apoptotic effect to a proapoptotic effect.!! This in-
teraction with Nur77 is mediated by the N-terminal ring
region of Bcl-2, and this action is required for the apoptosis
of cancer cells that is induced by many anti-tumor drugs.'
In ovarian cancer tissue microarrays, the expression
of Nur77 was significantly reduced in platinum-resistant
tumors.'> While Nur77 binds Bcl-2 to induce its confor-
mational change and exposes its BH3 domain, resulting
in the proapoptotic effect of Bcl-2,° this effect has not been
investigated in DDP-resistant ovarian cancer.

Interestingly, histone deacetylase 4 (HDAC4) binds
to the transcriptional regulatory region of the Nur77 gene.!®
Deacetylation of histones occurs through HDAC, which
is abnormal in many types of cancer,'*1> and histone acety-
lation significantly affects the transcription of target genes.!®
Moreover, HDAC4 can regulate tumorigenesis by remodel-
ing the chromatin structure and controlling protein en-
try onto DNA." Additionally, HDAC inhibitors enhance
radiation-induced cell death and reduce DNA double-strand
breaks, leading to increased apoptosis,'* which suggests that
HDAC may play a role in the disease process.!*1°

Tasquinimod is an analog of the HDAC inhibitor BML-
210.1° It prevents HDAC4-dependent recruitment of MEF2
to DNA, thereby increasing the expression of the target gene
Nur7718 Tasquinimod, a quinoline 3-carboxamide de-
rivative, has shown structural similarity to kynurenic acid
(KYNA), an endogenous tryptophan metabolite,'>?° and
is primarily considered an anti-cancer drug.!® Therefore,
it is reasonable to speculate that the lack of Nur77 can con-
vert the anti-apoptotic function of Bcl-2 to proapoptotic.
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Objectives

There is currently no research regarding the effect of tas-
quinimod on the DDP sensitivity of ovarian cancer cell
lines. Therefore, this study aims to explore the relationship
between tasquinimod, the Nur77-Bcl-2 apoptosis pathway
and the DDP sensitivity of ovarian cancer cell lines.

Materials and methods
Cell culture and treatment

First, the normal human ovarian epithelial cell IOSE80
was obtained from Shanghai Huiying Biotech (Shanghai,
China), and the ovarian carcinoma cell line SKOV3 and
the DDP-resistant strain SKOV3/DDP cells were produced
by American Type Culture Collection (ATCC; Manassas,
USA). The IOSE80, SKOV3%2 and SKOV3/DDP2 cells
were cultured in Roswell Park Memorial Institute (RPMI)-
1640 medium containing 10% fetal bovine serum (FBS)
at 37°C with 5% CO,.* The cells were passaged at a ratio
of 1:3 to 1:4, and they were in the log phase for subsequent
experiments.

The cells were divided into 11 groups and then treated
as follows: 1) SKOV3 group — SKOV3 cells without
treatment; 2) SKOV3+tasquinimod group — SKOV3
cells treated with 40 uM tasquinimod??; 3) SKOV3/
DDP group — SKOV3/DDP cells without any treatment;
4) SKOV3/DDP+tasquinimod group — SKOV3/DDP cells
treated with 40 pM tasquinimod; 5) SKOV3+DDP group
— SKOV3 cells treated with 2 pg/mL DDP?3; 6) SKOV3/
DDP+DDP group — SKOV3/DDP cells treated with
2 pg/mL DDP; 7) SKOV3/DDP+DDP+tasquinimod
group — SKOV3/DDP cells treated with 2 ug/mL DDP
and 40 pM tasquinimod.

The last 4 groups were treated with tasquinimod
or DDP after being transfected with expression vectors
according to the manufacturer’s protocol. The negative
siRNA (si-NC) or Nur77 siRNA (si-Nur77) (Shanghai Ge-
nePharma Co., Ltd., Shanghai, China) was transfected
into SKOV3/DDP cells using Lipofectamine® 2000 (In-
vitrogen, Thermo Fisher Scientific, Waltham, USA).82
The transfected cell groups were as follows: 8) SKOV3/
DDP+DDP+si-NC group — SKOV3/DDP cells cultured with
2 ug/mL DDP after being transfected with si-NC; 9) SKOV3/
DDP+DDP+tasquinimod+si-NC group — SKOV3/DDP cells
cultured with 40 pM tasquinimod and 2 pg/mL DDP af-
ter being transfected by si-NC; 10) SKOV3/DDP+DDP+si-
Nur77 group — SKOV3/DDP cells cultured with 2 pg/mL
DDP after transfection with si-Nur77; and 11) SKOV3/
DDP+DDP+tasquinimod+si-Nur77 group — SKOV3/DDP
cells cultured with 2 pg/mL DDP and 40 uM tasquinimod
after being transfected with si-Nur77. All groups cultured
with 40 uM tasquinimod or 2 pg/mL DDP were treated
for 24 h.
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Animals

The SKOV3 or SKOV3/DDP cells (5x107) were subcu-
taneously injected into 4-week-old female BALB/c nude
mice.2®?” To explore the role of tasquinimod, we divided
the nude mice into 3 groups, namely SKOV3+DDP,
SKOV3/DDP+DDP and SKOV3/DDP+DDP+tasquinimod.
The SKOV3+DDP group was subcutaneously injected
with 5x107 SKOV3 cells after being treated with 2 ug/mL
DDP for 48 h, and then 4 mg/kg DDP was injected ev-
ery 3 days. The SKOV3/DDP+DDP group was subcu-
taneously injected with 5x107 SKOV3/DDP cells after
being cultured with 2 pug/mL DDP for 48 h, and then
4 mg/kg DDP was injected every 3 days. The SKOV3/
DDP+DDP+tasquinimod group was subcutaneously
injected with 5x107 SKOV3/DDP cells after being cul-
tured with 2 ug/mL DDP for 48 h, then 4 mg/kg DDP
and 50 mg/kg tasquinimod were injected every 3 days.
All mice were sacrificed, and tumor lesions were excised
after 5weeks. Next, images of mice and tumors were
obtained from Shanghai Laboratory Animal Research
Center (Shanghai, China), which was approved by China
Medical University Animal Care and Use Committee,
and complied with national criteria on experimental pro-
cedures on animals.

Cell Counting Kit-8 (CCK-8)

The cells (logarithmic phase) were seeded at a den-
sity of 2.5x10% into a well for 24h. The CCK-8 reagent
(NU679; Dojindo Laboratories, Rockville, USA) was added
to the wells and then incubated for 1h at 37°C.28 The ab-
sorbance of the sample at 450 nm was detected using a mi-
croplate reader, and each group was tested 3 times.

Scratch-wound assay?®

Cells were seeded at a density of 1x10° cells/well on 1%
gelatin-coated six-well plates (Corning, Cambridge, USA).
The linear wounds were scratched using a sterile pipette
tip. The monolayers were then washed with phosphate-
buffered saline (PBS) to clear away floating cells. After
24 h or 48 h of incubation with RPMI-1640 media, cell mi-
gration was assessed using inverted biological microscope
(model DSZ2000X; Cnmicro, Beijing, China). All experi-
ments were performed independently in triplicate. Each
group was tested 3 times.

Detection of cell apoptosis by flow
cytometry

Collected cells were washed once with PBS and treated
with Annexin V-FITC Apoptosis Detection Kit (KGA108;
Nanjing KeyGen Biotech, Nanjing, China).3° Briefly,
the binding buffer was used to suspend cells; then, An-
nexin V-FITC and propidium iodide were added for 10 min
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in the dark. A flow cytometer (A00-1-1102; Beckman Coul-
ter, Brea, USA) was used to analyze apoptosis.3! Each group
was tested 3 times.

Immunofluorescence

The distribution and level of Nur773? and Bcl-2 (BH3
domain-specific)? were detected with immunofluores-
cence (IF) staining. Cells were fixed in 4% paraformalde-
hyde for 15 min, washed with PBS and permeabilized with
0.1% Triton X-100. Next, bovine serum albumin (BSA)
was used to block the non-specific antigens at room tem-
perature, and an anti-Nur77 antibody (#3960s; Cell Signal-
ing Technology, Danvers, USA) or an anti-Bcl-2 antibody
(ab32445; Abcam, Waltham, USA) was applied overnight
at4°C. After washing with PBS, secondary anti-rabbit IgG
(H+L) antibodies were applied. Finally, the nucleus was
visualized with 4’,6-diamidino-2-phenylindole (DAPI),
and cells were observed under a fluorescence microscope
(model BA210T; Motic, Xiamen, China). Each group was
tested 3 times.

Quantitative real-time polymerase chain
reaction (qPCR)

Total RNA (cells or tissues) was separated using
the TRIzol method. RevertAid™ First Strand cDNA Syn-
thesis Kit (CW2569; Beijing Comwin Biotech, Beijing,
China) was used to transcribe cDNA.3* Primer sequences
of B-actin, HDAC4 and Nur77 were purchased from San-
gon Biotech (Shanghai, China) (Table 1).3° Next, a fluores-
cent quantitative PCR instrument (PikoReal™; Thermo
Fisher Scientific) was used to measure gene expression.
The 2-24CT method was applied to assess the relative mRNA
level® concerning 3-actin. Each group was tested 4 times.

Table 1. The primer sequence

Primer ID | 5-3
B-actin-F ACCCTGAAGTACCCCATCGAG
B-actin-R AGCACAGCCTGGATAGCAAC
HDAC4-F CTTGTGGGTTACCTGGCTCA
HDAC4-R TCCAACGAGCTCCAAACTCC
Nur77-F CCTGGTGTAAGCTTTGGTATGGA
Nur77-R GCCTTGGCCAACCACATTAT

Western blot

Total protein was obtained by centrifuging each sample
at 10,000 g for 10 min at 4°C. Then, a bicinchoninic acid
(BCA) protein kit was used to measure the protein level.?®
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (12%) was used to separate total proteins with
100 mV power. Proteins were then transferred to a polyvi-
nylidene difluoride (PVDF) membrane at 300 mA power.
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Then, a 5% nonfat skim milk powder-Tween 0.1% solu-
tion was applied to block membranes. Antibodies against
HDAC4 (668381-Ig, 1:3000; Proteintech, San Diego, USA),
Nur77 (12235-1-AP, 1:1000; Proteintech), caspase-3 (#9661,
1:1000; Cell Signaling Technology, Danvers, USA), Bcl-2
(BH3 domain-specific) (AP1303a, 1:1000; Abcepta Bio-
tech Ltd. Co., Suzhou, China), PCNA (10205-2-AP, 1:5000;
Proteintech), and B-actin (66009-1-Ig, 1:5000; Proteintech)
were added. Samples were washed, and the secondary an-
tibody HRP goat anti-mouse IgG (SA00001-1, 1:5000; Pro-
teintech) or HRP goat anti-rabbit IgG (SA00001-2, 1:6000;
Proteintech) was applied to the membrane. The protein
samples were assessed using chemiluminescence imaging
system.?? The internal reference was PCNA or B-actin.®
Each group was tested 4 times.

Statistical analyses

GraphPad Prism 9 (GraphPad Software, San Diego,
USA) was used for statistical analysis.*' The data were
presented as the mean + standard deviation (M +SD), and
the data normality distribution was assessed with the Sha-
piro—Wilk test.*> The homogeneity of variance was tested
with the F test of Student’s t-test between the 2 groups.*?
The Brown—Forsythe test was utilized to evaluate the ho-
mogeneity of variance between multiple groups.*® Follow-
ing data normality and homogeneity testing, the differ-
ences between the 2 groups were analyzed using unpaired
Student’s t-test.*> When the hypothesis of normality was
satisfied, but the homogeneity of variance was unsatisfied,
the differences between the 2 groups were analyzed us-
ing the Mann—Whitney U-test.*#*> When the hypothesis
of normality was satisfied, the difference between multiple
groups was analyzed with one-way analysis of variance
(ANOVA).# The Tukey—Kramer post hoc test compari-
sons were completed if the main effects of ANOVA were
statistically significant.*

In the Shapiro—Wilk test, p > 0.1 demonstrated that
the data conform to a normal distribution. In the F-test
of Student’s t-test and Brown—Forsythe test, p > 0.05
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illustrated that the variance was uniform. In the Mann—
Whitney U test, unpaired Student’s t-test or one-way
ANOVA test, p < 0.05 illustrated significant differences
between the groups. No outlying data were excluded, and
data were analyzed blindly. The statistical methods, results
and sample size related to the figures are shown in Supple-
mentary Tables 1-7.

Results
Expression of HDAC4 in ovarian cancer cells

To determine whether there is a difference in HDAC4
expression in different ovarian cancer cells, we examined
IOSE80, SKOV3 and SKOV3/DDP cell lines. We found
that HDAC4 expression in SKOV3 cells was higher than
that in IOSE80 cells, and the HDAC4 level was higher
in the SKOV3/DDP cells than in SKOV3 cells (Fig. 1A,B).
These results illustrated that ovarian cancer resistance
to DDP may be regulated by HDAC4.

Effect of tasquinimod on growth inhibition
of SKOV3 or SKOV3/DDP cells

To further analyze the HDAC4 function in DDP resis-
tance in ovarian cancer, we treated SKOV3 and SKOV3/
DDP cells with 40 uM tasquinimod (HDAC4 inhibitor).
Cell viability was significantly decreased after the cells
were treated with tasquinimod for 24 h or 48 h (Fig. 2A,B).
Furthermore, cell mobility was negatively correlated with
the addition of tasquinimod. The relative scratch width
in the SKOV3+tasquinimod and SKOV3/DDP+tasquinimod
groups decreased when compared to both the SKOV3 and
SKOV3/DDP groups after 48 h, respectively (Fig. 3). Fur-
thermore, we found that the HDAC4 level in SKOV3/DDP
cells significantly decreased under the influence of tasquini-
mod, while the Nur77 level significantly increased 48 h later
(Fig. 2C). These results showed that tasquinimod affected
the growth inhibition rate of SKOV3 or SKOV3/DDP cells.

Fig. 1. Expression of histone deacetylase 4
(HDAC4) in IOSE80, SKOV3 and SKOV3/
DDP cells. HADAC4 level was measured
with quantitative real-time polymerase
chain reaction (QPCR) (A) and western
blot (B) (n =4 for gPCR and western blot
(both biological replicates)). Comparisons
were made using the one-way analysis

of variance (ANOVA) test. In the one-

way ANOVA test, p < 0.05 illustrated
significant differences between the data
(* p < 0.05 compared to IOSE80; * p < 0.05
compared to SKOV3). Data are presented
as mean =+ standard deviation (M £SD).
The scatter point represents the value

of a single sample. The details of statistical
methods, results and sample size are listed
in Supplementary Table 1
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Fig. 2. Tasquinimod effect on growth inhibition rate of SKOV3 or SKOV3/DDP cells. Cell Counting Kit-8 (CCK-8) was applied to assess SKOV3 cells (A) and
SKOV3/DDP cell viability (B) (n = 3 for CCK-8). Comparisons were made using the Student’s t-test. The histone deacetylase 4 (HDAC4) and Nur77 expression
was measured with western blot after cells were treated with 0.01 mmol/L tasquinimod (C) (n = 4 for quantitative real-time polymerase chain reaction
(gPCR) and western blot (both biological replicates)). Comparisons were made using the one-way analysis of variance (ANOVA) test. In the unpaired t-test
of Student’s t-test or one-way ANOVA test, p < 0.05 illustrated significant differences between the data (* p < 0.05 compared to SKOV3; # p < 0.05 compared
to SKOV3/DDP). Data are presented as mean + standard deviation (M +5D). The scatter point represents the value of a single sample. The details of statistical

methods, results and sample size are listed in Supplementary Table 2

OD - optical density.

Tasquinimod increased the sensitivity
of SKOV3/DDP cells to DDP

Taking into consideration the influence of tasquini-
mod on the growth inhibition rate of SKOV3 or SKOV3/
DDP, we treated cells with DDP to investigate whether
tasquinimod could improve cell sensitivity to DDP. Cell
viability in the SKOV3/DDP+DDP+tasquinimod group
was significantly decreased compared to the SKOV3/
DDP+DDP group (Fig. 4A). Furthermore, the relative
scratch distance of the SKOV3/DDP+DDP+tasquinimod
group was lower than that of the SKOV3/DDP+DDP group
(Fig. 4B). Moreover, the apoptosis rate in the SKOV3/
DDP+DDP+tasquinimod group was significantly increased
when compared to the SKOV3/DDP+DDP group (Fig. 4C).
After 48 h, the western blot demonstrated that the expres-
sion of capase-3 in the SKOV3/DDP+DDP+tasquinimod
group significantly increased compared with the SKOV3/
DDP+DDP group (Fig. 4D). These data demonstrate that

Fig. 3. Tasquinimod effect on growth inhibition
rate of SKOV3 or SKOV3/DDP cells. The scratch-
wound assay was utilized to measure

the scratch width (* p < 0.05 compared

to SKOV3; # p < 0.05 compared to SKOV3/DDP;
n = 3 for scratch-wound assay (both biological
replicates)). Comparisons were made using

the one-way analysis of variance (ANOVA) test,
with p < 0.05 illustrating significant differences
between the groups (* p < 0.05 compared

to SKOV3; ¥ p < 0.05 compared to SKOV3/
DDP). Data are presented as mean =+ standard
deviation (M £SD). The scatter point represents
the value of a single sample

tasquinimod increased cell sensitivity to DDP while in-
hibiting growth and promoting apoptosis.

Tasquinimod affected the Nur77 apoptosis
pathway of DDP-treated SKOV3/DDP cells

To further verify the effect of tasquinimod on the Nur77-
Bcl-2 apoptotic pathway in DDP-treated SKOV3/DDP
cells, we detected related mRNA and protein expression.
We observed increased Nur77 and Bcl-2 (BH3 domain-
specific) and decreased total Bcl-2 in SKOV3/DDP cells
after the administration of tasquinimod (Fig. 5A,B).
The treatment with tasquinimod induced abundant Nur77
expression in the cytoplasm (Fig. 5C). Immunofluores-
cence and western blot detected increased Nur77 and
Bcl-2 (BH3 domain-specific), which were mainly localized
in the cytoplasm (Fig. 5D,E). These results confirmed that
tasquinimod affected the Nur77-Bcl-2 apoptotic pathway
of SKOV3/DDP cells.
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Fig. 4. Tasquinimod increased the sensitivity of SKOV3/DDP cells to cisplatin (DDP). SKOV3 and SKOV3/DDP cell viability was assessed using Cell Counting
Kit-8 (CCK-8) (A). The scratch-wound assay was applied to measure the scratch width within 24 h and 48 h (B). In SKOV3 and SKOV3/DDP cells, apoptosis was
analyzed with flow cytometry (C). The caspase-3 content was measured with western blot (D) (n = 3 for CCK-8, scratch-wound assay and flow cytometry;

n = 4 for western blot (both biological replicates)). Comparisons were made using the one-way analysis of variance (ANOVA) test. In the one-way ANOVA
test, p < 0.05 illustrated significant differences between the data (* p < 0.05 compared to SKOV3+DDP; * p < 0.05 compared to SKOV3/DDP+DDP). Data were
presented as mean =+ standard deviation (M £SD). The scatter point represented the value of a single sample. The details of statistical methods, results and

sample size are listed in Supplementary Table 4

OD - optical density.

Tasquinimod induced apoptosis

of DDP-resistant ovarian cancer strains
by upregulating the Nur77 apoptosis
pathway

Next, we determined the relationship between tas-
quinimod, Nur77 and apoptosis. After the transfection
of si-Nur77 into SKOV3/DDP cells, Nur77 expression
was significantly decreased, indicating that the transfec-
tion with si-Nur77 was successful. Furthermore, com-
pared with the SKOV3/DDP+DDP+tasquinimod+si-NC
group, caspase-3 and Nur77 expression in the SKOV3/
DDP+DDP+tasquinimod+si-Nur77 group was signifi-
cantly lower (Fig. 6A,B). Flow cytometry results also
showed that apoptosis in the SKOV3/DDP+DDP+si-
Nur77 group decreased compared to the SKOV3/
DDP+DDP+tasquinimod+si-NC group (Fig. 6C). The effect
of tasquinimod was reversed by the si-Nur77 transfection.
This indicates that tasquinimod upregulates the Nur77
apoptosis pathway to induce apoptosis in drug-resistant
ovarian cancer strains.

Tasquinimod enhanced the anti-tumor
effect of DDP in xenografts

To determine the influence of tasquinimod in vivo,
we subcutaneously injected SKOV3/DDP cells into nude
mice and performed DDP and tasquinimod treatment
once the tumor diameter reached 5 mm. The results
showed that both tumor volume and diameter gradually
increased after subcutaneous injection of SKOV3/DDP
cells. The tumor diameter and weight of the SKOV3/
DDP+DDP+tasquinimod group significantly decreased
when compared to the SKOV3/DDP+DDP group
(Fig. 7A—C). Moreover, western blot results demon-
strated that the expression of HDAC4 in the SKOV3/
DDP+DDP+tasquinimod group decreased significantly
when compared to the SKOV3/DDP+DDP group, while
the levels of Nur77 and Bcl-2 (BH3 domain-specific)
demonstrated the opposite (Fig. 7D). These data indicate
that tasquinimod enhanced the anti-tumor effect of DDP
in xenografts.
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Fig. 5. Tasquinimod affected the Nur77 apoptosis pathway of cisplatin (DDP)-treated ovarian cancer cells. Nur77 expression was detected using quantitative
real-time polymerase chain reaction (gPCR) (A) and western blot (B). Nur77, B-cell lymphoma-2 (Bcl-2) and Bcl-2 (BH3 domain-specific) content was detected
with western blot (B). Nur77 distribution in cytoplasm or nucleus was detected with western blot (C). Nur77 and Bcl-2 (BH3 domain-specific) distribution
were probed with immunofluorescence (IF) (D) (n = 3 for IF; n = 4 for western blot (both biological replicates)). Comparisons were made using the Mann-
Whitney U test or Student’s t-test. In the unpaired t-test of Student’s t-test or Mann-Whitney U test, p < 0.05 illustrated significant differences between

the data (* p < 0.05 compared to SKOV3/DDP+DDP). Data were presented as mean + standard deviation (M £SD). The scatter point represented the value
of a single sample. The details of statistical methods, results and sample size are listed in Supplementary Table 5

Discussion

Cisplatin resistance is an important factor in the high
mortality of ovarian cancer.*® It is currently a first-line che-
motherapy agent for platinum-sensitive ovarian cancer that
damages DNA or activates endoplasmic reticulum (ER)
stress pathways.* The upregulation of anti-apoptotic path-
ways is thought to play a crucial role in ovarian cancer drug

resistance.” Therefore, we attempted to influence the apop-
tosis pathway by regulating HDAC4 expression in order
to overcome ovarian cancer drug resistance. In this study,
we investigated the effect of tasquinimod on the DDP resis-
tance of SKOV3 and SKOV3/DDP cells, and the association
of tasquinimod with the Nur77-Bcl-2 apoptotic pathway.
Subsequently, we studied the anti-tumor effect of tas-
quinimod on DDP in xenografts. We found that HDAC4
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Fig. 6. Tasquinimod induced apoptosis of ovarian cancer drug-resistant strains by upregulating the Nur77 apoptosis pathway. Quantitative real-time
polymerase chain reaction (qPCR) was used to measure the Nur77 content (A). Nur77 and caspase-3 content were detected using western blot (B). SKOV3/DDP
cell apoptosis was analyzed with flow cytometry (C) (n = 3 for flow cytometry; n = 4 for gPCR and western blot (both biological replicates)). Comparisons were
made using the one-way analysis of variance (ANOVA) test, with p < 0.05 illustrating significant differences between the data (* p < 0.05 compared to SKOV3/
DDP+DDP-si-NG; * p < 0.05 compared to SKOV3/DDP+DDP+tasquinimod+si-NC). Data are presented as mean + standard deviation (M £SD). The scatter point
represented the value of a single sample. The details of statistical methods, results and sample size are listed in Supplementary Table 6

may play a role in regulating ovarian cancer resistance
to DDP. After tasquinimod (HDAC4 inhibitor) treatment,
ovarian cancer cells showed increased sensitivity to DDP,
inhibited growth and increased apoptosis. Tasquinimod
upregulated the Nur77-Bcl-2 pathway to induce apoptosis
in drug-resistant ovarian cancer cell strains and enhanced
the anti-tumor effect of DDP in SKOV3/DDP xenografts.

The HDAC4 is upregulated in a subset of recurrent tu-
mors, including epithelial ovarian cancer (EOC),%**! dem-
onstrating the clinical relevance of the current study.>?
In particular, HDAC4 was overexpressed in EOC and was
connected with poor overall survival of all examined ovar-
ian cancer patients.’®> The HDAC4 also formed protein
complexes with HIFla that could modulate chemoresis-
tance through protein phosphorylation, translocation and
degradation in SKOV3 cells.>* We found that HDAC4 level
was higher in SKOV3 cells than in IOSE80, and the HDAC4
level was higher in SKOV3/DDP cells than in SKOV3 cells.
These results demonstrated that HDAC4 may regulate
ovarian cancer resistance to DDP.

Therefore, we treated SKOV3 and SKOV3/DDP cells with
tasquinimod. Tasquinimod targets the tumor microenvi-
ronment to overcome tumor-associated immunosuppres-
sion while inhibiting angiogenesis, metastasis and tumor
growth.>>% The inhibitory effects of tasquinimod on tu-
mor-infiltrating immunosuppressive myeloid cells, particu-
larly M2-polarized tumor-associated macrophages (TAMs),
have also been observed.””*® Consistently, we found that

tasquinimod, an analog of the HDAC inhibitor, increased
cell sensitivity to cisplatin, inhibited growth and promoted
apoptosis. Based on this, we hypothesized that the apoptotic
pathway regulated by HDAC was related to DDP sensitivity.
Previous studies have shown that tasquinimod upregulated
the Nur77-Bcl-2 pathway*® to induce apoptosis in drug-
resistant ovarian cancer strains and enhance the anti-tumor
effect of DDP in SKOV3/DDP cell xenografts.5!:62

A key step in the mitochondrial apoptosis pathway
of Nur77 is the interaction of Nur77 with Bcl-2, which in-
duces a conformational change of Bcl-2 and switched Bcl-2
from pro-survival to pro-apoptosis.®® While the growth-
promoting role of Nur77 appears to depend on its nuclear
role, the death role of Nur77 involved its translocation from
the nucleus to the cytoplasm.®*% For example, the death ef-
fect of BI1071 was also dependent on the expression of Bcl-2,
and BI1071 induced the interaction of Nur77 and Bcl-2.11-66
We found increased expression of Nur77 and Bcl-2 (BH3
domain-specific), which were mainly localized in the cyto-
plasm after tasquinimod induction. Moreover, tasquinimod
enhanced the anti-tumor effect of DDP in xenografts.

As a widely used chemotherapy drug in the treatment
of breast cancer, DDP has shown good results. However,
the development of drug resistance during treatment often
leads to treatment failure. Finding new drugs that could
be used in clinical resistance is an urgent need, as it could
improve the clinical benefits to patients. We found that
tasquinimod enhanced the sensitivity of ovarian cancer
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Fig. 7. Tasquinimod enhanced the anti-tumor effect of cisplatin (DDP) in xenografts. Changes in tumor volume of mice (A), typical images of tumors (B)
and changes in tumor weight (C) were all measured. The expression changes of histone deacetylase 4 (HDAC4), Nur77 and B-cell lymphoma-2 (Bcl-2) (BH3
domain-specific) were measured using western blot (n = 4 for western blot, statistics of tumor volume/weight (both biological replicates)). Comparisons
were made using the one-way analysis of variance (ANOVA) test, with p < 0.05 illustrating significant differences between the data (* p < 0.05 compared

to SKOV3+DDP; # p < 0.05 compared to SKOV3/DDP+DDP). Data are presented as mean =+ standard deviation (M £SD). The bar chart showed the M for each
group of samples. The error bar represented SD. The scatter point represented the value of a single sample. The details of statistical methods, results and

sample size are listed in Supplementary Table 7

cells to DDP by regulating the Nur77-Bcl-2 apoptotic path-
way. In future research, it may be necessary to further
expand the study sample in order to investigate the effect
of tasquinimod (in terms of dose and time) to achieve relief
of clinical drug resistance.

Limitations

First, there was a lack of in vivo ovarian cancer staging
studies, which is important as the expression of HDAC4/
Nur77/Bcl-2 may vary at different tumor stages. Second,
we did not explore the relationship between the therapeu-
tic effect of tasquinimod on disease and its dose. We used
only a single concentration for exploration in the experi-
ments herein. Third, we did not investigate the relationship
between polymorphisms and tasquinimod due to limita-
tions of time and funds.

Conclusions

We found that HDAC4 plays a role in regulating ovar-
ian cancer resistance to DDP. After treatment with

tasquinimod, the sensitivity of ovarian cancer cells
to DDP was increased, and the apoptosis rate was de-
creased. At the molecular level, tasquinimod upregulated
the Nur77-Bcl-2 pathway to induce apoptosis in drug-resis-
tant ovarian cancer strains. In vivo mouse studies showed
that tasquinimod enhanced the anti-tumor effect of DDP
in SKOV3/DDP xenografts. In conclusion, tasquinimod
increased the sensitivity of ovarian cancer cells to DDP
by regulating the Nur77-Bcl-2 apoptotic pathway.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.8134377. The package contains
the following files:

Supplementary Table 1. The details of statistical meth-
ods, results and sample size for Fig. 1.

Supplementary Table 2. The details of statistical meth-
ods, results and sample size for Fig. 2.

Supplementary Table 3. The details of statistical meth-
ods, results and sample size for Fig. 3.

Supplementary Table 4. The details of statistical meth-
ods, results and sample size for Fig. 4.
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Supplementary Table 5. The details of statistical meth-
ods, results and sample size for Fig. 5.

Supplementary Table 6. The details of statistical meth-
ods, results and sample size for Fig. 6.

Supplementary Table 7. The details of statistical meth-
ods, results and sample size for Fig. 7.
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