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Abstract: HOXC10 has been reported to be upregulated in ovarian cancer (OC) tissues, attributing to the metas-
tasis of OC. However, the specific functions of HOXC10 in OC, especially its role in chemoresistance, remain to
be determined. Therefore, in this study, we explored the function and the underlying mechanisms of HOXC10 in
carboplatin resistance of OC. A variety of approaches were utilized to analyze the expression of HOXC10 and its
related genes. The effect of HOXC10 in cell growth and chemoresistance was investigated in carboplatin-resistant
OC subline TOV21G-R and the parental TOV21G-P cells. ROC curve and survival analysis were conducted to deter-
mine the predictive value of HOXC10 and ABCC3 combination in carboplatin resistance and the prognosis of OC.
Luciferase reporter assay and Chromatin immunoprecipitation (ChlP) assay were used to explore the direct regula-
tion of B-catenin by HOXC10. Our results demonstrated that the expression of HOXC10 was upregulated both in
the carboplatin-resistant OC tissues and TOV21G-R cells. Furthermore, the upregulation of HOXC10 could promote
the expression of ABCC3 by transcriptionally upregulating B-catenin. Moreover, overexpression of HOXC10 could
decrease the sensitivity of cells to carboplatin, while knocking down HOXC10 had the opposite effect both in vitro
and in vivo. Therefore, the expression of HOXC10/ABCC3 could be a novel biomarker for predicting the carboplatin
resistance and the prognosis of OC patients.
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Introduction

Ovarian cancer (OC) is one of the most common
malignant tumors in the female reproductive
system and ranks the fourth among all the
tumor-related deaths in women. The current
standard therapy is ovarian tumor reduction +
platinum-based combination chemotherapy;
however, most patients relapse within 12-24
months and die from resistance to chemother-
apy [1], reflecting the clinical challenge of treat-
ing drug-resistant OC. Therefore, exploring the
molecular mechanisms underlying the plati-
num resistance in OC is of great significance to
improve the survival of OC patients.

The human HOX gene family can be divided into
four clusters: A, B, C, and D [2]. HOXC10, one of
HOX gene family members, is located on the

human chromosome 12 of 2,017 bps [3].
Abnormal expression of HOXC10 is reported to
be closely associated with the initiation and
development of tumors [3]. Our previous stud-
ies have shown that HOXC10 is upregulated in
OC, as a result of the dysfunction of the
upstream regulatory miR-222-3p [4]. Subse-
quently, the upregulation of HOXC10 promotes
the metastasis of OC by transcriptionally regu-
lating the EMT-related gene Slug. We further
revealed that Slug could repress miR-222-3p
transcription [5], thereby forming a regulatory
loop among HOXC10, Slug and miR-222-3p.
However, other functions of HOXC10 in OC,
especially its involvement in chemoresistance
are unclear.

ABCC3 is a member of the ABC transporter fam-
ily, which pumps small-molecule drugs outside
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the cells dependent of ATP hydrolysis [6].
ABCC3 has been shown to be upregulated in
many malignant tumors [7, 8] and is associated
with poor prognosis; however, the involvement
of ABCC3 in the carboplatin resistance of OC
patients is largely unknown. In this study, we
found that the expression of HOXC10 and
ABCC3 was both upregulated in the carboplat-
in-resistant OC tissues, which was associated
with the poor prognosis of OC patients. Hence,
our study was the first to indicate that the
expression of HOXC10/ABCC3 might be a
novel predictive biomarker for the diagnosis,
the chemoresistance, and the prognosis of
OC. Mechanistically, we revealed that HOXC10
could directly upregulate the transcription of
B-catenin and that the HOXC10/B-catenin/
ABCC3 axis might serve as a potential thera-
peutic target for overcoming the carboplatin
resistance of OC in clinical treatment.

Materials and methods
Patient samples

A total of 60 OC patients were enrolled from
the Xiangya hospital from year 2015 to 2018
for this study. The platinum free interval (PFI)
was defined as the duration of the last date of
carboplatin dose until the progression of the
patients documented. The OC patients were
clinically diagnosed as carboplatin-sensitive
and carboplatin-resistant based on the PFls
of the patients (> 12 months and < 12 months,
respectively). The survival curve was depicted
by the clinical follow-up of 59 patients as one
patient was lost to follow-up.

Cell culture

The 293T and human normal ovarian epithe-
lial I0SE-29 cells were maintained by the
laboratory of Professor Gang Yin (Changsha,
China). The OC cell lines TOV21G-P (parental
cells) and TOV21G-R (carboplatin-resistant ce-
lls) were kind gifts from Professor Jing Tan
(Guangzhou, China). The cell lines (293T, IOSE-
29 and TOV21G-P) were cultured in RPMI-1640
(Biological Industries, Kibbutz Beit Haemek,
Israel) supplemented with 10% FBS (Biological
Industries, Kibbutz Beit Haemek, Israel), while
TOV21G-R cells were cultured in RPMI-1640
containing 10% FBS and 500 nM carboplatin
(5121512, Selleck, Houston, Texas, USA). All
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cells were maintained in a 37°C humidified
incubator with 5% CO,,.

CCK-8 assay

A total of 5,000 cells were seeded into 96-well
plates and cultured overnight before being
treated for 48 h with different concentrations
of carboplatin: O, 10, 20, 50, 100, 150, 200,
250, 300 uM. Cell viability was determined
by CCK-8 assay following the manufacturer’s
instruction (7sea biotech, Shanghai, China).
The optical density (OD) absorbance at 450 nm
were measured by a microplate reader.

Colony formation assay

Briefly, a total of 300 cells were seeded into the
12-well plates and cultured overnight before
treated with 5 pM carboplatin or vehicle
(DNase/RNase-free ddH,0). The cells were
continuously cultured for 14 days and then
fixed with 4% paraformaldehyde for 20 min
followed by staining with crystal violet for 20
min. Individual colonies were counted and
photographed.

Flow cytometry apoptosis assay

Cell apoptosis assay was performed by using
the Annexin V-FITC/PI apoptosis kit (70-AP101-
100, Multi sciences, Hangzhou, China). Briefly,
the cells were seeded into the 6-well plates at
about 60-70% and were treated with different
concentrations of carboplatin for 48 h. The
cells were then harvested to analyze the ratio
of apoptotic cells according to the manufactur-
er’'s instructions.

IHC staining

Briefly, all tissue specimens were embedded in
paraffin and sectioned onto glass microscope
slides (0.5 um). For IHC staining, sections were
dewaxed, rehydrated, and pre-treated with the
universal two-step kit (pv-9000, ZSGB-bio,
Beijing, China) before incubated with the indi-
cated antibodies, as shown in Supplementary
Table 1. The staining density score was calcu-
lated as previously described [9].

gRT-PCR analysis
Total RNA was isolated with TRizol (Vazyme,

Nanjing, China). qRT-PCR was performed fol-
lowing the protocol previously described [4].
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GAPDH was used as the internal reference, and
284¢t method was used for data analysis. The
primers used in this study were listed in

Supplementary Table 2.

Western blot analysis

Western blot analysis was performed following
the protocol previously described [4]. Primary
antibodies used in this study were summarized
in Supplementary Table 1. The images from
western blot analysis were detected using a
chemiluminescence imaging system (Bio-rad).

Plasmids, inhibitors, and agonists

TpcDNA3.1-HOXC10 and pcDNAG-CTNNB1 ma-
mmalian expression plasmids were construct-
ed by PCR amplification. For specific gene
knockout, the sgRNA sequences with minimal
off-target scores were chosen (http://guides.
sanjanalab.org/#/) and subcloned into the len-
tiCRISPR V2 retroviral vector. For luciferase
reporter assay, the human B-catenin gene pro-
moter region containing the HOXC10-binding
sites was generated by PCR amplification from
HO-8910 cells and cloned into pGL3-basic
luciferase reporter plasmid (Promega, Madi-
son, WI, USA). For specific gene knockdown,
siRNAs were designed, synthesized by RiboBio
(Guangzhou, China), and used at a final concen-
tration of 5 nM. Cell transfection was conduct-
ed by using jetPRIME kit (Polyplus Transfection,
llikirch, France) according to the manufactur-
er’s instruction. The primer sequences were

listed in Supplementary Table 2.

Wnt pathway inhibitor IWR-1-endo (1127442-
82-3) and Wnt pathway agonists SKL2001
(909089-13-0) were purchased from Selleck,
Houston, Texas, USA. Two concentrations (10
UM and 20 pM) of IWR-1-endo or SKL2001
were used to treat the cells for 24 h before the
cell lysates were collected for further analysis.

Dual-luciferase reporter assay and TOP/FOP
activity

The 293T cells were seeded into 24-well plates
and cultured overnight to reach 50-60% conflu-
ence for transfection. Briefly, the cells were
transfected with either HOXC10-expressing
OE-HOXC10 (or its negative control plasmid,
named VECTOR) or si-HOXC10 (or its negative
control plasmid, named si-NC) and TOP flash/
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FOP flash plasmids. At 48 h after transfection,
the cell lysates were collected, and the Dual-
Luciferase® reporter assay system (Promega,
Madison, WI, USA) was used to detect the lucif-
erase activities of TOP/FOP plasmid.

ChIP-qPCR assay

The public database JASPAR was used to
identify the HOXC10-binding sites in B-catenin
promoter. Chromatin was immunoprecipitated
with an anti-HOXC10 antibody (ab153904;
Abcam) or an 1gG control antibody (ab2410;
Abcam), and DNA was extracted and analyzed
following the manufacturer’s instructions. The
primers used in this study were shown in the

Supplementary Table 2.

Xenograft tumor model

To investigate the role of HOXC10 on the
Carboplatin resistance of OC cells in vivo, we
generated a xenograft tumor model using 4
weeks old, female, immunodeficient BALB/c
nude mice. TOV21G-R cells stably transfected
with sg-HOXC10 (for HOXC10 depletion) or with
the sg-NC-expressing lentivirus (negative con-
trol) were used in the mouse experiments.
Briefly, a total of 3 x 10° cells were suspended
in 0.1 ml of serum-free culture medium and
subcutaneously injected into the anterior arm-
pits of mice. A week later, mice were subcuta-
neously injected with either PBS or carboplatin
(30 mg/kg/w) with or without SKL2001 (Wnt
signaling agonist, 6 mg/kg/w) for a period of 4
weeks. The animals were grouped as follows:
(1) sgNC + PBS; (2) sgNC + carboplatin; (3)
sgHOXC10 + PBS; (4) sgHOXC10 + carboplatin;
(5) sgHOXC10 + carboplatin + SKL2001. The
tumor size (L: length; W: width) was measured
every 3 days. Tumor volume was calculated by
using the following formula: 1/2 x L x W2, All
the treatment of animals was in strict accor-
dance with the guidelines of the Animal Center
of Central South University, and all the animal
experimental procedures were approved by
the Experimental Animal Ethical Committee of
Central South University.

Statistics analysis

The experimental results were analyzed by
SPSS 20.0 and GraphPad Prism 8.0 software.
Comparison between two groups was analy-
zed by students’ test, while comparison among
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more than two samples was analyzed by
ANOVA. The least significant difference (LSD)
test was used to estimate multiple compari-
sons. A p-value < 0.05 was considered statisti-
cally significant.

Results

HOXC10 was upregulated in the carboplatin-
resistant cells and OC tissues

To study the function of HOXC10 in carboplatin
resistance, we first generated carboplatin re-
sistant TOV21G-R cells by growing the paren-
tal TOV21G-P cells in carboplatin-containing
medium. After continuous culture in a concen-
tration gradient every 48 h, carboplatin resis-
tant TOV21G-R cells were selected. TOV21G-R
cells exhibited an IC50 value of 134.4 uM,
while the IC50 value of TOV21G-P cells was
35.28 uM (Figure 1A), indicating the carboplat-
in-resistant index of 3.81. Interestingly, the
colony formation assay showed that the prolif-
eration capacity of TOV21G-R cells was higher
than that of the parental TOV21G-P cells with or
without carboplatin treatment (P < 0.05, Figure
1B).

Furthermore, when treated with carboplatin at
the concentration of 30 uM, TOV21G-P cells
exhibited an increased apoptosis rate when
compared to TOV21G-R cells (P < 0.001, Figure
1C). Consistently, cleaved Caspase-3 level, the
major mediator of apoptosis, was higher in
TOV21G-P cells than in TOV21G-R cells. In con-
trast, the expression of BCL-2, a major anti-
apoptosis gene, was significantly higher in
TOV21G-R cells than in TOV21G-P cells (Figure
1D).

Moreover, IHC staining assay was performed
to analyze the expression level of HOXC10 in
OC tissues. Both the percentage of positive
cells and the staining intensity were increased
in the carboplatin-resistant tissues (P < 0.001,
Figure 1E). In line with this observation, com-
pared with TOV21G-P cells, both the mRNA and
protein levels of HOXC10 were increased in
TOV21G-R cells (P < 0.001, Figure 1F).

Taken together, we found that the expression
of HOXC10 was upregulated both in the carbo-
platin-resistant cells and tissues when com-
pared with the carboplatin-sensitive cells and
tissues.
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HOXC10 controlled the sensitivity of the OC
cells to carboplatin

To directly determine the role of HOXC10 in car-
boplatin resistance, we altered HOXC10 expres-
sion by either overexpressing or knocking down
HOXC10 in cells. The transfection efficiency
of the overexpression (OE) plasmids and siR-
NAs was confirmed by qRT-PCR and western
blot analyses (Figure 2A). The colony formation
assay showed that the over-expression of
HOXC10 in TOV21G-P cells reduced the sensi-
tivity of parental cells to carboplatin, whereas
knocking down HOXC10 in TOV21G-R increased
the sensitivity of carboplatin-resistant cells to
carboplatin, leading to decreased colony for-
mation (P < 0.05, Figure 2B). The similar results
were obtained from flow cytometry analysis
(Figure 2C). Furthermore, the overexpression of
HOXC10 in TOV21G-P decreased the expres-
sion of cleaved Caspase-3 and enhanced the
expression of BCL-2, compared with control
VECTOR expression (Figure 2D). Similarly, the
downregulation of HOXC10 by siHOXC10 signifi-
cantly reversed the resistance of TOV21G-R
cells to carboplatin by increasing the expres-
sion of cleaved caspase-3 and decreasing the
expression of BCL-2 (Figure 2E). Collectively,
these data suggested that the sensitivity of OC
cells to carboplatin was regulated by the expres-
sion level of HOXC10.

The expression of HOXC10 was positively cor-
related with ABCC3 and B-catenin

To understand how HOXC10 regulates carbopl-
atin resistance, we performed gene expression
correlation analysis by using information from
public database. The GEO dataset GSE4122,
containing OC and normal control tissues, was
downloaded from https://www.ncbi.nlm.nih.
gov/gds. The GSEA pathway enrichment analy-
sis showed that the expression of HOXC10
was significantly positively correlated with the
expression of ABC transporters and WNT path-
way (Figure 3A). Importantly, the positive cor-
relation between HOXC10 and ABCC3 expres-
sion was experimentally validated by gRT-PCR
analysis (Figure 3B). Furthermore, we exam-
ined the transcriptional activity of WNT pathway
in 293T cells either overexpressing HOXC10 or
with HOXC10 knockdown by using TOP/FOP
luciferase reporter assay. As predicted, the
TOP/FOP activity had a positive correlation with
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Figure 1. HOXC10 was upregulated in the carboplatin-resistant cells and OC tissues. A. CCK-8 assay to measure the carboplatin IC50 value of the TOV21G-P and
TOV21G-R. B. Colonies formation assay to analyze the proliferation ability of the cell lines with or without the treatment of carboplatin. C. Flow cytometry assay to
detect the apoptosis rate of the cell lines with or without the treatment of carboplatin. D. Western blot to analyze the expression of cleaved-caspase 3 and BCL-2
with or without the treatment of carboplatin. E. IHC staining to analyze the expression of HOXC10 in the OC tissues. F. qRT-PCR (top) and western blot (bottom) to
analyze the expression of HOXC10 in OC cell lines. Carbo is short for carboplatin, ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2. HOXC10 controlled the sensitivity of the OC cells to carboplatin. (A) gRT-PCR and Western blot to check the transfection efficiency of OE-HOXC10 plasmids
and siRNAs. (B) Colonies formation assay to detect the proliferation ability of the cells treated with or without carboplatin. (C) Flow cytometry to identify the apoptosis
rate of the cells treated with or without carboplatin. Western blot to analyze the cleaved Caspase-3 (D) and BCL-2 (E) expression level in the cells. Carbo is short for
carboplatin, ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3. The expression of HOXC10 was positively correlated with ABCC3 and B-catenin. A. Pathway enrichment analysis using GEO dataset and GSEA software. B.
gRT-PCR assay was performed to analyze the expression of ABC transporters after up- and down-regulating HOXC10. C. TOP/FOP activity of 293T cells after regulat-
ing HOXC10 expression. D, F. qRT-PCR and western blot assay were performed to analyze the B-catenin expression after regulating HOXC10. E. gRT-PCR assay was
to analyze the expression of the target genes of WNT signaling pathway after the regulation of HOXC10. G. IHC staining to analyze the expression of HOXC10, ABCC3
and B-catenin in the OC tissues. ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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the expression of HOXC10 (Figure 3C). Since
[-catenin is one of the most important regula-
tors of WNT pathway, we explored whether
HOXC10 could regulate the expression of
B-catenin. Our results showed that the mRNA
and protein levels of B-catenin had a positive
correlation with HOXC10 (P < 0.05, Figure 3D,
3F). Moreover, the effect of manipulating
HOXC10 expression on the expression of the
downstream target genes of WNT pathway was
also analyzed by qRT-PCR, and a positive cor-
relation between them was observed (Figure
3E). Lastly, the IHC staining of the OC tissues
also demonstrated a positive correlation
between HOXC10 and ABCC3/B-catenin (Figure
3G), consistent with the results from dataset
GSE49577 analysis (Supplementary Figure 1).
Hence, we concluded that the expression of
HOXC10 was positively related with the expres-
sion of ABCC3 and (-catenin.

HOXC10/ABCC3 in the diagnosis, prediction
of carboplatin resistance, and prognosis of OC
patients

At present, the expression and function of
ABCC3 in OC development and chemoresis-
tance remain unclear. Therefore, we used IHC
staining to examine the expression of ABCC3 in
carboplatin-resistant tissues and found that
the protein expression of ABCC3 was signifi-
cantly upregulated (Figure 4A). In addition, the
survival analysis showed that high expression
of ABCC3 predicted poor prognosis of OC
patients (Figure 4B, 4C). The association
between the ABCC3 expression and the clinico-
pathological features of the patients was dis-
played in Table 1. Our results showed that the
expression of ABCC3 had a strong negative cor-
relation with the carboplatin sensitivity and the
survival state. Since our previously published
data indicated that the abnormal upregulation
of HOXC10 in OC was associated with the poor
prognosis of the patients [4], we further per-
formed the ROC curve analysis to determine
the predictive value of using HOXC10 and
ABCC3 combination for the diagnosis of OC
patients. As shown in the Figure 4D, HOXC10
combined with ABCC3 was more effective than
them alone in predicting the prognosis of OC
patients (P < 0.001). Furthermore, our data
also showed that the combination of HOXC10
and ABCC3 performed better in predicting the
carboplatin resistance in OC than the single
indicator did (Figure 4E). Moreover, the survival

4612

analysis result of the combination of HOXC10
and ABCC3 was consistent with the ROC curve
analysis (Figure 4F). The OC patients with high
expression of both HOXC10 and ABCC3 tended
to have the worst prognosis, whereas the prog-
nosis was significantly better if the expression
of both HOXC10 and ABCC3 was low. Together,
our data suggested that both HOXC10 and
ABCC3 played important roles in oncogenesis
and carboplatin resistance, and their expres-
sion was associated with the poor prognosis of
OC patients.

HOXC10 induced the carboplatin resistance by
transcriptionally upregulating [-catenin

To further reveal the molecular mechanisms
underlying the association of HOXC10 with
B-catenin, we explored if HOXC10 as transcrip-
tion factor could directly regulate the expres-
sion of B-catenin. The potential HOXC10 bind-
ing sites on the promoter of [-catenin were
predicted using the online dataset JASPAR
(https://jaspar.genereg.net/, Figure 5A top).
The dual-luciferase reporter assay was
employed to verify the transcriptional activa-
tion of B-catenin by HOXC10 (P < 0.05, Figure
5A bottom). Furthermore, by using ChIP assay,
we confirmed the biding sites of HOXC10 on the
promoter of B-catenin. The results showed that
HOXC10 was mainly bound to the B-catenin
promoter at the #2 (position -1385~-1376) and
#3 (position -932~-923) regions (Figure 5B).
The ChIP assays also demonstrated that an
enhanced enrichment of HOXC10 was found in
the different regions of the B-catenin promoter
when HOXC10 was overexpressed, while the
enrichment of HOXC10 was attenuated when
HOXC10 was knocked down (P < 0.05, Figure
5C). Moreover, point mutations in the binding
sites were generated to further prove the spe-
cific binding of HOXC10 to the B-catenin pro-
moter (Figure 5D, mutations in the region #2
and region #3 were named as “site 2 MUT” and
“site 3 MUT”, respectively; and the double
mutation of both region #2 and #3 was named
as “site 2&3 MUT”). In sum, HOXC10 could reg-
ulate the transcription of B-catenin by directly
binding to the promoter of B-catenin.

Importantly, since WNT pathway has been prov-
en to be involved in the drug resistance in can-
cer [10], we carried out a rescue experiment to
verify whether HOXC10 promoted the carbopla-
tin resistance of OC cells through regulating the

Am J Cancer Res 2022;12(10):4602-4621



>

ABCC3 IHC

HOXC10/B-catenin/ABCC3 axis in ovarian cancer chemo-resistance

Carbo-sensitive

-
c
©
-
R4}
(]
[J]
I
o
Q2
[
©
(& I
D GTEx vs TCGA
Normal vs OC
100
80~ Auc=06798
AUC = 0.6854
X
£ 60-
2
=
% 40
(%2} SEEEETES |dentity%
- HOXC10
20 —— ABCC3
»“P<0.001 —— HOXC10 + ABCC3
0 T T T T 1
0 20 40 60 80 100

100%-Specificity%

Sensitivity%

P.fisher < 0.05

«©
4]
g 3 19 5
<3 (0.53) (0.21)
b
=
o
H
g'g, 17
T (0.47)
w
1
Sensitive Resistant

59 OC patients
Sensitive vs Resistant to Carbo

100+
80— .
AUC =0.8207 -
60 AUC = o.ss?,a"
40—
————— Identity%
20— HOXC10
—— ABCC3
0 /“P<0001 —— HOXC10+ABCC3
T T

1 1 1
0 20 40 60 80 100
100%-Specificity%

Percent survival

Percent survival

1.0

0.8

0.6

04

02

0.0
1

100

50—

C
GEPIA

Overall Survival

— Low ABCC3 TPM
—— High ABCG3 TPM
Logrank p=0.036
HR(high)=1.4
p(HR)=0.035
n(high)=106
n(low)=105

50—

Percent survival

OC patients (n = 59)

HR (low/high) = 0.4113
(0.1698 - 0.9964)
Log-rank P = 0.0491

== ABCC3-low n=24
—— ABCC3-high n=36

50 100 150
Months

OC patients (n =59)

== HOXC10-high + ABCC3-high n =247,

—— HOXC10-low+ ABCC3-low

] HOXC10-high + ABCC3-low n=6

—— HOXC10-low+ ABCC3-high

T 1
4000 5000

Days after diagnosis

T T T
1000 2000 3000

HR (low/high) = 0.2541
(0.0401-1.574)
Log-rank P = 0.0057

n=21J1%

n=8

0

T
1000

T T T
2000 3000 4000

Days after diagnosis

1
5000

Figure 4. HOXC10/ABCC3 in the diagnosis, prediction of carboplatin resistance, and prognosis of OC patients. (A) IHC staing shows the protein expression of ABCC3
in carboplatin-sensitive and -resistant tissues. The surivial analysis was performed to identify the expression of ABCC3 in the prognosis of OC patients by using on-
line dataset (B) and the collected data in this study (C). The ROC curve analysis was performed to identify the HOXC10 and (or) ABCC3 in the diagnosis of OC by using

online dataset (D) and the collected data in this study (E). (F) The survival analysis was performed to identify the HOXC10 combined with ABCC3 in the prognosis of
OC. Carbo is short for carboplatin, **P < 0.01.

4613

Am J Cancer Res 2022;12(10):4602-4621



HOXC10/B-catenin/ABCC3 axis in ovarian cancer chemo-resistance

Table 1. The relationship between ABCC3 protein expression

and the clinic pathological features in OC

HOXC10 was not affected, indicat-
ing that B-catenin signaling medi-

ABCC3 expression

ated the regulation of ABCC3 by

Variable

Low (n = 24) High (n = 36)

P value HOXC10 (Figure 6C).

Age at diagnosis, N (%)

<50 5(20.83) 11 (30.56)
=250 19 (79.17)  25(69.44)

Histologic type, N (%)
Serous Cancer

Nonserous 5(20.83)
Distant metastasis, N (%)
Absent 2(8.33) 7 (19.44)
Present 22 (91.67) 29 (80.56)
Sensitivity to carboplatin, N (%)
Sensitive 19 (79.17) 17 (47.22)
Resistant 5(20.83) 19 (52.78)
Survival state, N (%)
Dead 12 (50.00) 28 (77.78)
Alive 12 (50.00) 8 (22.22)

19 (79.17) 26 (72.22)
10 (27.78)

0.55 HOXC10 knockout sensitized
TOV21G-R cells to carboplatin in
Vivo

0.76

We also used specific sgRNAs to
knockout the expression of HO-
XC10. The stable knockout of
HOXC10 in TOV21G-R cells led
to a similar phenotype as the
TOV21G-R cells with HOXC10 kn-
0.0168 ockdown by siRNA. When HOXC10
was stably knocked out by sgRNAs
in TOV21G-R cells, as indicated
0.0489 by the significantly lower expres-
sion of HOXC10 (Figure 7A), the
decreased colony formation (Fig-

0.29

WNT pathway by overexpressing or knocking
down B-catenin. The overexpression of B-ca-
tenin by OE-B-catenin transfection and the
knockdown of -catenin by siRNA transfection
were confirmed by qRT-PCR and western blot
(Figure 5E). The results showed that the
increased sensitivity of OC to carboplatin
caused by HOXC10 knockdown could be par-
tially attenuated by B-catenin overexpression
(Figure 5F). Taken together, we determined
that HOXC10 could promote carboplatin resis-
tance of OC cells by directly upregulating
B-catenin expression, and the downregulation
of HOXC10 or B-catenin could sensitize the car-
boplatin-resistant TOV21G-R cell to carboplatin
treatment.

HOXC10 regulated the expression of ABCC3
through p-catenin

It has been known that the B-catenin/WNT
pathway is functionally associated with the
activity of ATP binding cassette (ABC) transport-
ers [11, 12]. In this study, we also found that
HOXC10 promoted the expression of ABCC3,
and that B-catenin was involved in this regula-
tion, as determined by using the inhibitor or
agonist of B-catenin signaling pathway (Figure
6). When the cells were treated with different
concentrations of the inhibitor or agonist, the
expression of B-catenin and ABCC3 changed
simultaneously; however, the expression of
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ure 7B) and survival (Figure 7C) of
TOV21G-R cells caused by carbo-
platin treatment were reversed. In vivo xeno-
graft tumor model further verified these re-
sults. Figure 7D, 7E showed that carboplatin
decreased the tumor size and weight, and the
depletion of HOXC10 could enhance the effect
of carboplatin. Furthermore, B-catenin agonist
SKL2001 could partially reverse the increased
sensitivity to carboplatin caused by HOXC10
knockdown. The IHC staining of tumor samples
in Figure 7F were consistent with the previous
results.

Based on the results above, we proposed a
working model in which HOXC10 was upregu-
lated in the carboplatin-resistant OC tissues
and cells and could increase the expression of
ABCC3 by directly transcriptionally upregulating
[-catenin (Figure 7G).

Discussion

Tumor size reduction and paclitaxel platinum-
based combined chemotherapy are the stan-
dard treatment regimen for patients with ad-
vanced OC [13]. Although Platinum and pacli-
taxel have been widely used in treating OC in
clinical application [14], most patients with
advanced OC still die of chemo-resistance,
tumor recurrence, and metastasis [15]. After
the initial chemotherapy, the sensitivity of OC to
single drug or combined drugs is reduced by
20-30% [16], which significantly reduces the
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efficacy of chemotherapy. Therefore, overcom-
ing drug resistance is an urgent clinical need.

Our previous study has revealed that the
expression of HOXC10 is significantly upregu-
lated in OC tissues and has a positive correla-
tion with the tumor metastasis [4]. During the
process of analyzing the previous IHC data, we
found that the IHC score of HOXC10 seemed to
increase in the platinum-resistant ovarian tis-
sues. This prompted us to collect another 60
OC tissues including carboplatin-sensitive and
-resistant OC tissues, together with the carbo-
platin-resistant subline of OC TOV21G cell line
named TOV21G-R and the parental line named
TOV21G-P. We confirmed that HOXC10 was
upregulated in both carboplatin-resistant tis-
sues and cell line, and the sensitivity of the OC
cell lines to carboplatin was related to the
expression level of HOXC10.

The effectiveness of chemotherapeutic drugs
is affected by the ABC transmembrane trans-
porter superfamily which is associated with
multidrug resistance (MDR) [17]. According to
their sequence homology, 48 ABC transporters
are divided into seven subfamilies (A to G) in
humans [18, 19]. This study was the first to
demonstrate that ABCC3 was upregulated in
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the carboplatin-resistant OC tissues and that
the high expression of ABCC3 predicted the
poor outcome of OC patients. Furthermore, our
data also indicated that the combination of
HOXC10 and ABCC3 played important role in
the prediction of carboplatin resistance and
the prognosis of OC.

Wnt/B-catenin pathway is a canonical Wnt-
signaling pathway that regulates a variety of
cellular processes involved in cell growth
and differentiation. The abnormal activation of
Wnt/B-catenin signaling pathway occurs in
many malignant tumors including OC and has
an important role in drug resistance [20, 21].
Inhibition of Wnt/B-catenin signaling pathway
can effectively inhibit cancer cell growth and
chemotherapeutic drug resistance [22], which
is considered a potential therapeutic target for
malignant tumors. In this study, we found that
HOXC10 could promote carboplatin resistance
of OC cells by directly upregulating -catenin,
and the downregulation of HOXC10 or (3-catenin
could partly restore the drug sensitivity of the
cells.

Several studies have demonstrated that HO-
XC10 plays an important role in chemothera-
py resistance through different mechanisms.

Am J Cancer Res 2022;12(10):4602-4621
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Figure 7. HOXC10 knockout sensitized TOV21G-
R cells to carboplatin in vivo. A. Western blot as-
say was to analyze the transfection efficiency of
sgRNAs. B. Colonies formation assay was to test
the proliferation ability of the cells with or without
the treatment of carboplatin. C. Flow cytometry
was to analyze the apoptosis rate of cells with
or without the treatment of carboplatin. D. The
tumor size was measured by using the formula
(mm?3):V=1/2 x L x W2, E. Tumor weight of dif-
ferent groups. F. IHC staining of the tissues from
different groups. G. Working model of HOXC10
functions. ns P > 0.05, *P < 0.05, **P < 0.01,
***P < (0.001.
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For example, HOXC10 can accelerate the DNA
repair mechanism by regulating both the
homologous recombination (HR) and check-
point recovery in breast cancer [23], while
HOXC10 can regulate the nonhomologous end-
joining (NHEJ) pathway in esophageal squa-
mous cell carcinoma (ESCC) [24]. In this study,
we revealed a novel mechanism of HOXC10
in regulating drug resistance. We found that
HOXC10 could regulate the expression of
ABCC3 through transcriptionally upregulating
B-catenin. Furthermore, ABCC3 could be a
potential prognostic predictor of OC patients.
Therefore, HOXC10/B-catenin/ABCC3 axis mig-
ht serve as a potential therapy target to over-
come the carboplatin resistance of OC.

Acknowledgements

Thanks are due to Prof. Jing Tan for his kind-
ness in giving us the carboplatin-resistant cell
line TOV21G-R and its parental cell line
TOV21G-P.

Disclosure of conflict of interest
None.
Abbreviations

HOXC10, homeobox C10; OC, ovarian cancer;
IHC, Immunohistochemistry; ABCC3, ATP bind-
ing cassette subfamily C member 3; Carbo,
carboplatin; FIGO, International Federation of
Obstetricians and Gynecologists.

Address correspondence to: Wenguang Yan, De-
partment of Rehabilitation Medicine, Third Xiang-
ya Hospital, Central South University, Changsha
410013, Hunan, China. Tel: +86-0731-88618591;
E-mail: ywgpmn@csu.edu.cn; Gang Yin, Depart-
ment of Pathology, Xiangya Hospital, School of
Basic Medical Sciences, Central South University,
Changsha 410013, Hunan, China; China-Africa
Research Center of Infectious Diseases, School of
Basic Medical Sciences, Central South University,
Changsha 410013, Hunan, China. Tel: +86-0731-
82650341; E-mail: gangyin@csu.edu.cn

References

[1]  Kuroki L and Guntupalli SR. Treatment of epi-
thelial ovarian cancer. BMJ 2020; 371: m3773.

[2] Mallo M. Reassessing the role of hox genes
during vertebrate development and evolution.
Trends Genet 2018; 34: 209-217.

4620

[3] Fangl, Wang J, YuLand Xu W. Role of HOXC10
in cancer. Front Oncol 2021; 11: 684021.

[4] PengY,LiY,LiY,WuA, Fan L, Huang W, Fu C,
Deng Z, Wang K, Zhang Y, Shu G and Yin G.
HOXC10 promotes tumour metastasis by regu-
lating the EMT-related gene Slug in ovarian
cancer. Aging (Albany NY) 2020; 12: 19375-
19398.

[5] Fanl, LeiH, Zhang S, Peng, Fu C, Shu G and
Yin G. Non-canonical signaling pathway of
SNAI2 induces EMT in ovarian cancer cells by
suppressing miR-222-3p transcription and up-
regulating PDCD10. Theranostics 2020; 10:
5895-5913.

[6] Robey RW, Pluchino KM, Hall MD, Fojo AT,
Bates SE and Gottesman MM. Revisiting the
role of ABC transporters in multidrug-resistant
cancer. Nat Rev Cancer 2018; 18: 452-464.

[7] Adamska A, Domenichini A, Capone E, Dami-
ani V, Akkaya BG, Linton KJ, Di Sebastiano
P, Chen X, Keeton AB, Ramirez-Alcantara V,
Maxuitenko Y, Piazza GA, De Laurenzi V, Sala G
and Falasca M. Pharmacological inhibition of
ABCC3 slows tumour progression in animal
models of pancreatic cancer. J Exp Clin Cancer
Res 2019; 38: 312.

[8] Ramirez-Cosmes A, Reyes-Jiménez E, Zer-
tuche-Martinez C, Hernandez-Hernandez CA,
Garcia-Roman R, Romero-Diaz RI, Manuel-
Martinez AE, Elizarraras-Rivas J and Vasquez-
Garzoén VR. The implications of ABCC3 in can-
cer drug resistance: can we use it as a
therapeutic target? Am J Cancer Res 2021;
11: 4127-4140.

[91 Wen J, Xiong K, Aili A, Wang H, Zhu Y, Yu Z, Yao
X, Jiang P, Xue L and Wang J. PEX5, a novel
target of microRNA-31-5p, increases radiore-
sistance in hepatocellular carcinoma by acti-
vating Wnt/B-catenin signaling and homolo-
gous recombination. Theranostics 2020; 10:
5322-5340.

[10] Bugter JM, Fenderico N and Maurice MM. Mu-
tations and mechanisms of WNT pathway tu-
mour suppressors in cancer. Nat Rev Cancer
2021; 21: 5-21.

[11] Zhang H, Wang Y, Yang H, Huang Z, Wang X
and Feng W. TCF7 knockdown inhibits the ima-
tinib resistance of chronic myeloid leukemia
K562/G01 cells by neutralizing the Wnt/(-
catenin/TCF7/ABC transporter signaling axis.
Oncol Rep 2021; 45: 557-568.

[12] Kobayashi M, Funayama R, Ohnuma S, Unno M
and Nakayama K. Wnt-B-catenin signaling reg-
ulates ABCC3 (MRP3) transporter expression
in colorectal cancer. Cancer Sci 2016; 107:
1776-1784.

[13] Menon U, Karpinskyj C and Gentry-Maharaj A.
Ovarian cancer prevention and screening. Ob-
stet Gynecol 2018; 131: 909-927.

Am J Cancer Res 2022;12(10):4602-4621


mailto:ywgpmn@csu.edu.cn
mailto:gangyin@csu.edu.cn

(14]

[15]

(16]

[17]

(18]

[19]

[20]

[21]

HOXC10/B-catenin/ABCC3 axis in ovarian cancer chemo-resistance

Eisenhauer EA. Real-world evidence in the
treatment of ovarian cancer. Ann Oncol 2017;
28: viii61-viiieb.

Narod S. Can advanced-stage ovarian cancer
be cured? Nat Rev Clin oncol 2016; 13: 255-
261.

Christie EL and Bowtell DDL. Acquired chemo-
therapy resistance in ovarian cancer. Ann On-
col 2017; 28: viii13-viii15.

Rempel S, Gati C, Nijland M, Thangaratnarajah
C, Karyolaimos A, de Gier JW, Guskov A
and Slotboom DJ. A mycobacterial ABC trans-
porter mediates the uptake of hydrophilic com-
pounds. Nature 2020; 580: 409-412.

Liu X. ABC family transporters. Adv Exp Med
Biol 2019; 1141: 13-100.

Lewinson O, Orelle C and Seeger MA. Struc-
tures of ABC transporters: handle with care.
FEBS Lett 2020; 594: 3799-3814.

Zhan T, Rindtorff N and Boutros M. Wnt signal-
ing in cancer. Oncogene 2017; 36: 1461-1473.
Duchartre Y, Kim YM and Kahn M. The Wnt sig-
naling pathway in cancer. Crit Rev Oncol Hema-
tol 2016; 99: 141-149.

4621

[22]

(23]

(24]

Emons G, Spitzner M, Reineke S, Mdller J, Aus-
lander N, Kramer F, Hu Y, Beissbarth T, Wolff
HA, Rave-Frank M, Hefmann E, Gaedcke J,
Ghadimi BM, Johnsen SA, Ried T and Grade M.
Chemoradiotherapy resistance in colorectal
cancer cells is mediated by Wnt/[-catenin sig-
naling. Mol Cancer Res 2017; 15: 1481-1490.
Sadik H, Korangath P, Nguyen NK, Gyorffy B,
Kumar R, Hedayati M, Teo WW, Park S, Panday
H, Munoz TG, Menyhart O, Shah N, Pandita RK,
Chang JC, DeWeese T, Chang HY, Pandita TK
and Sukumar S. HOXC10 expression supports
the development of chemotherapy resistance
by fine tuning DNA repair in breast cancer
cells. Cancer Res 2016; 76: 4443-4456.

Suo D, Wang Z, Li L, Chen Q, Zeng T, Liu R, Yun
J, Guan XY and Li Y. HOXC10 upregulation con-
fers resistance to chemoradiotherapy in ESCC
tumor cells and predicts poor prognosis. Onco-
gene 2020; 39: 5441-5454.

Am J Cancer Res 2022;12(10):4602-4621



HOXC10/B-catenin/ABCC3 axis in ovarian cancer chemo-resistance

Supplementary Table 1. The IHC and western blot antibodies

Antibody Brand Dilution ratio
HOXC10 Abcam, ab153904 1:100 (IHC)

1:1000 (western blot)
B-catenin Proteintech, Cat# 51067-2-AP 1:1000 (IHC)

1:5000 (western blot)
ABCC3 Cell Signaling Technology [CST], Cat# 39909 1:100 (IHC)

1:1000 (western blot)
GAPDH Utibody, Cat# UM4002 1:5000 (western blot)
y-H2AX CST, Cat# 9718s 1:1000 (western blot)
caspase-3 CST, Cat# 9662s 1:1000 (western blot)

HRP-conjugated Affinipure Goat Anti-Rabbit/Mouse 1gG (H+L)

Proteintech Cat# SAO0001-1, Cat# SAO0001-2

1:5000 (western blot)

Supplementary Table 2. The sequences

Gene

Type sequences
HOXC10 gRT-PCR F: AAGCGAAAGAGGAGATAAAGGC
R: GTCTTGCTAATCTCCAGGCGG
Overexpression plasmids F: CTAGCTAGCatgacatgccctcgcaatgt
R: CCGGAATTCccgcgctctcaggtgaaatt
SiRNA#1 CGCTGGAATTGGAGAAAGA
SsiRNA#1 CATTAACCTTACAGACAGA
sgRNA#1 TGGTCTTGCTAATCTCCAGG
SgRNA#2 ATAAAGGCAGAAAACACCAC
sgRNA#3 TTTGACGCGAGAGCGCCGCC
GAPDH gRT-PCR F: GTCTCCTCTGACTTCAACAGCG
R: ACCACCCTGTTGCTGTAGCCAA
CTNNB1 gRT-PCR F: CACAAGCAGAGTGCTGAAGGTG
R: GATTCCTGAGAGTCCAAAGACAG
CTNNB1 promoter (ChIP) -1954-1945 ATCATAATTC
-1385-1376 ATAGTAAAAT
-932-923 ACCGTAAAAA
ABCC3 gRT-PCR F: GAGGAGAAAGCAGCCATTGGCA
R: TCCAATGGCAGCCGCACTTTGA
c-MYC gRT-PCR F: CCTGGTGCTCCATGAGGAGAC
R: CAGACTCTGACCTTTTGCCAGG
A GSE49577 B GSE49577 C GSE49577
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Supplementary Figure 1. A-C. Correlation analysis between HOXC10, B-catenin, and ABCC3. The dataset GSE49577
[37] was downloaded from the GEO database.



