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Am'd_e history: Background: Resistance to platinum-based chemotherapy is a major cause of therapeutic failure dur-
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mechanisms by which ZNF711 down regulation promotes CISPLATIN resistance in EOC.
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Methods: ZNF711 expression in 150 EOC specimens was examined using immunohistochemistry. ZNF711
expression and the survival of EOC patients were assessed with a Kaplan-Meier analysis. The effects of

Keywords: ZNF711 expression on CDDP resistance were studied by IC50, Annexin V, and colony formation in vitro,
Epithelial ovarian cancer and in an in vivo intra-peritoneal tumor model. The molecular mechanism was determined using a lu-
Chemo resistance ciferase reporter assay, ChIP assay, CAPTURE approach, and co-IP assay.

lZ-ll:IsFtZ:e methvlation Findings: ZNF711 down-regulation exerts a great impact on CDDP resistance for EOC patients by sup-
BIX-01294 v pressing SLC31A1 and inhibiting CDDP influx. ZNF711 down-regulation promoted, while ZNF711 over-

expression drastically inhibited CDDP resistance, both in vivo and in vitro. Mechanistically, the histone
demethylase JHDM2A was recruited to the SLC31A1 promoter by ZNF711 and decreased the H3K9me2
level, resulting in the activation of SLC31A1 transcription and enhancement of CDDP uptake. Impor-
tantly, co-treatment with the histone methylation inhibitor, BIX-01294, increased the therapeutic efficacy
of CDDP treatment in ZNF711-suppressed EOC cells.
Interpretation: These findings both verified the clinical importance of ZNF711 in CDDP resistance and
provide novel therapeutic regimens for EOC treatment.
Funding: This work was supported by the Natural Science Foundation of China; Guangzhou Science and
Technology Plan Projects; Natural Science Foundation of Guangdong Province; The Fundamental Research
Funds for the Central Universities; and China Postdoctoral Science Foundation.
© 2021 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Research in context

in ovarian cancer and triple-negative breast cancer. However,
the inhibitory modulation of SLC31A1 in EOC remains largely
Evidence before this study unknown.

The negative relationship between the level of SLC31A1 Added value of this study
expression and platinum resistance has been demonstrated

Here-in, we found that ZNF711 was down regulated in
EOC patients with CDDP resistance, which was negatively
correlated with the overall and relapse-free survival of EOC
patients following CDDP treatment. ZNF711 down regulation
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promoted, while up-regulation of ZNF711 weakened CDDP re-
sistance in EOC patients, both in vivo and in vitro. Mecha-
nistically, histone demethylase JHDM2A was recruited to the
SLC31A1 promoter via ZNF711 and decreased the level of
H3K9me?2, resulting in activation of SLC31A1 transcription
and enhanced CDDP influx. Importantly, co- treatment with
the histone methylation inhibitor, BIX-01294, greatly aug-
mented CDDP sensitivity in ZNF711-downregulated EOC cells.

Implications of all the available evidence
Implications of all available evidence these findings

demonstrate that ZNF711 may serve as a pivotal bio-marker
and therapeutic target of CDDP resistance in EOC patients.

1. Introduction

Epithelial ovarian cancer (EOC) represents one of the most com-
mon gynecological malignancies and fifth leading cause of cancer-
associated death in women throughout the world [1]. Globally,
it is estimated that the number of new cases of ovarian cancer
will reach 300,000 cases per year, which causes approximately
180,000 deaths [1-3]. At present, the gold standard therapy for
EOC patients is cyto-reductive surgery followed by platinum-based
chemotherapy [4,5]. Although most patients with ovarian cancer
are sensitive to the initial chemotherapy drugs, about 80% EOC pa-
tients suffer a relapse and become resistant to chemotherapy, lead-
ing to a poor five-year survival rate of EOC patients of only 30%
[6,7]. Thus, the identification of the molecular mechanism and cru-
cial targets of platinum resistance in EOC is of great clinical value.

Platinum resistance is attributed to a variety of factors, includ-
ing changes to the tumor microenvironment, epigenetic abnormali-
ties, and drug accumulation disorders, among which the inhibition
of drug uptake is closely related to CISPLATIN (CDDP) resistance
in EOC [8-10]. Abundant evidence demonstrates that solute car-
rier family 31 member 1 (SLC31A1; also known as copper trans-
porter 1, CTR1) contributes to the substantial role of CDDP in-
flux [11,12]. SLC31A1 is a member of the copper transporter family
that regulates copper homeostasis, impacting the intracellular con-
centration of platinum drugs by an influx of 60% — 70% cisplatin
and 30% — 40% carboplatin into the cells [13,14]. Deletion of both
SLC31A1 alleles drastically dampens the uptake of CDDP in both
yeast and mammalian cells, resulting in the occurrence of drug re-
sistance [15,16]. Additionally, previous studies have shown that the
inhibition of SLC31A1 degradation sensitizes patients to CDDP ther-
apy in osteosarcoma [17]. The negative relationship between the
level of SLC31A1 expression and platinum resistance has also been
demonstrated in ovarian cancer and triple-negative breast cancer
[18,19]; however, the inhibition of SLC31A1 expression in EOC re-
mains largely obscure.

Histone modifications modulate gene regulation through alter-
ing the chromatin structure, exerting a vital role in the devel-
opment of cancer, including carcinogenesis, cell proliferation, and
chemo resistance [20-22]. Histone methylation is currently rec-
ognized to be a vital histone modification linked to both tran-
scriptional activation and repression, depending on which lysine or
arginine residues of the methyl groups has been added [23,24]. Nu-
merous histone methylation modifiers have been reported in can-
cer proliferation, migration, and chemo-resistance, including lysine
methyl transferases (KMTs), protein arginine methyl transferases
(PRMTs), and lysine demethylases (KDMs) [23,25]. For instance,
methyl transferases zeste homolog 2 (EZH2) overexpression has
been found to lead to increased H3K27me3 and the suppression
of tumor suppressor genes (e.g., RUNX3 and CDH1), which pro-
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motes the development of digestive cancer [26]. Moreover, JmjC-
domain-containing histone demethylase 2A (JHDM2A, also known
as JMJD1A) promotes spermatogenesis by removing the repressive
histone modification, H3K9me1/2 from the promoter of transition
nuclear protein 1 (Tnp1) and protamine 1 (Prm1) gene, which are
required for the packaging and condensation of sperm chromatin
[27]. These studies demonstrated that aberrant histone modifica-
tion contributes to development and progression of cancer. Addi-
tionally, it has been suggested that histone modification plays a
crucial role in chemo-resistance in hepatocellular carcinoma and
ovarian cancer [28,29]. Thus, to investigate the regulatory role of
histone modification in CDDP resistance might be beneficial for im-
proving the prognosis of EOC patients.

Zinc-finger proteins are transcription factors characterized by
the presence of a “fingerlike” domain, and are widely involved in
the tumorigenesis and progression of multiple cancer types, which
have been validated to function as co-factors and recruiters of hi-
stone modifiers [30-32]. A newly discovered zinc-finger protein,
ZNF711, has been shown to be decreased in breast cancer and
serves as a predictor of patient prognosis, whereas the associated
biological function and molecular mechanism remains largely un-
known [33,34]. Herein, we found that ZNF711 was down regulated
in EOC patients with CDDP resistance, which was negatively cor-
related with the overall and relapse-free survival of EOC patients
following CDDP treatment. Moreover, ZNF711 down regulation has
been shown to promote, whereas up-regulation of ZNF711 weak-
ens CDDP resistance in EOC patients, both in vivo and in vitro.
Mechanistically, histone demethylase JHDM2A was recruited to the
SLC31A1 promoter by ZNF711 and decreased the level of H3K9me2,
resulting in the activation of SLC31A1 transcription and enhance-
ment of the CDDP influx.

Importantly, co-treatment with the histone methylation in-
hibitor, BIX-01294, substantially augmented CDDP sensitivity in
ZNF711-suppressed EOC cells. The findings of this study demon-
strate that ZNF711 serves as a pivotal biomarker and therapeutic
target of CDDP resistance in EOC patients.

2. Methods
2.1. Ethics

Prior donor consent was obtained from all patients. Approval
from the Sun Yat- sen University Cancer Center Institutional Re-
search Ethics Committee was obtained for this study. The animal
experiment in this study strictly adhered to principles to minimize
the use, pain and suffering of the experimental animals (approval
no. 2020- 062).

2.2. EOC patients, cancer tissue samples, and cells

A total of 150 paraffin-embedded, archived EOC specimens and
10 freshly collected EOC tissues were collected from Sun Yet-
sen University Cancer Center (Guangdong, China), which have
been histo-pathologically and clinically diagnosed as EOC between
2006-2016. The clinical pathological characteristics of EOC sam-
ples used in this study have been shown in Supplementary Ta-
ble S1-2. All EOC patients received standardized platinum-based
chemotherapy. We defined chemo-resistance or chemo-sensitivity
as a relapse/progression within six months or after six months
from the ending day of last platinum-based chemotherapy, respec-
tively. Human Ovarian Surface Epithelial Cell (HOSEpiC) and nor-
mal ovarian epithelial IOSE80 cells were purchased from Scien-
Cell Research Laboratories and cultured in ovarian epithelial cell
medium according to the manufacturer’s instructions. The ovar-
ian cancer cells lines, including COV362.4, SKOV3, HEY, A2780,
TOV-112D, OV90, EFO-21 and COV644 were grown in the DMEM
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medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum (HyClone, Logan, UT). All of the cell lines used in
the current study were tested for mycoplasma contamination and
authenticated by short tandem repeat (STR) fingerprinting at the
Medicine Lab of Forensic Medicine Department of Sun Yat-Sen Uni-
versity (Guangzhou, China).

2.3. Immunoblotting (IB) assays

Immunoblotting assays were performed in accordance with
standard procedures. Briefly, cell lysates were separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride membranes (Millipore).
The membranes were probed with antibodies against ZNF711
(1:100, LifeSpan BioSciences, LS-C109806), SLC31A1 (1:200, Ab-
cam, ab129067), JHDM2A (1:100, Abcam, ab191389) and EHMT2
(1:1000, Abcam, ab185050), overnight at 4°C, and then incubated
with indicated horseradish peroxidase-conjugated secondary an-
tibodies (PIERCE, 31430) for 1 h at room temperature. The blot-
ting membranes were stripped and re-probed with an anti-o-
Tubulin antibody (1:1000, Abcam, ab7291) or anti-GAPDH antibody
(1:1000, Abcam, ab8245).

2.4. Vectors, retroviral infection and transfection

The retroviral vector pMSCV-puro was used to generate
PMSCV-puro/ZNF711 recombinant plasmid by sub-cloning the PCR-
amplified human ZNF711 coding sequence into pMSCV vector.
To silence endogenous ZNF711, two shRNA oligonucleotides were
cloned into the pSuper-retro-puro vector to generate pSuper- retro-
ZNF711-sh#1 and pSuper-retro-ZNF711-sh#2, respectively. All the
detailed sequences of siRNA oligonucleotides are shown in Sup-
plementary Table S3. Stable cell lines were selected for 10 days
with puromycin (0.5xg/mL) 48 hrs after infection. The ZNF711 pro-
tein level was detected by SDS-PAGE gel after ten-day selection to
confirm stable expression of ZNF711 in indicated cell lines. The re-
porter plasmids containing the promoter region of human SLC31A1
were subcloned into the pGL3- Control vector luciferase reporter
(E1751, Promega), respectively. The plasmid phRL- tk was used as
the internal control for transfection efficiency and cytotoxicity of
test chemicals (E6241, Promega). Recombinant plasmids or siRNA
transfections in this study were performed using Lipofectamine
3000 (Life Technologies) in accordance with the manufacturer’s in-
structions.

2.5. Reverse transcription (RT) and real-time PCR

In this study, total RNA from cultured cells or EOC tissue sam-
ples was extracted using TRIzol (Life Technologies) according to the
manufacturer’s instructions.

Reverse transcription (RT) of total mRNA was performed us-
ing a PrimeScript RT Reagent kit (TaKaRa). cDNAs were amplified
and quantified in Bio-Rad CFX gRT- PCR detection system (Ap-
plied Biosystems Inc., Foster City, CA, USA) via using FastStart Uni-
versal SYBR Green Master kit (ROX; Roche, Toronto, ON, Canada)
and quantified by using the ABI Prism 7500 Sequence Detection
System (Applied Biosystems, Foster City, CA). The expression data
were normalized to housekeeping gene GAPDH to control the vari-
ability in expression levels and calculated as 2-1(C  of gene)-(C
t of GAPDH)], where Ct represents the threshold cycle for each
transcript. The primer sequences were obtained from the Genome
database was shown in Primers and Oligonucleotides table in Sup-
plementary Table S3.
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2.6. Immunohistochemistry (IHC) assay

[HC assay was performed to study altered protein expres-
sion in 150 human paraffin-embedded EOC samples with anti-
ZNF711 (1:200, Abcam, ab254776), anti- SLC31A1 (1:200, Abcam,
ab133385) and anti-PCNA (1:500, Abcam, ab92552). The degree
of immuno-staining of formalin-fixed, paraffin-embedded sections
were reviewed and scored separately by two independent pathol-
ogists uninformed of the histo-pathological features and patient
data of the samples. The immunohistochemistry images were cap-
tured by Axio Imager.Z2 system (Carl Zeiss Co. Ltd., Jena, Germany).
Degrees of immuno-staining were reviewed and scored indepen-
dently by two pathologists who were uninformed of the clinical in-
formation of the EOC samples. The IHC scores were given based on
both the proportion of positively stained tumor cells and the inten-
sity of staining. The proportion of positive-stained tumor cells were
graded according to the following standard: 0 (no positive tumor
cells); 1 (<10% positive tumor cells); 2 (10%-35% positive tumor
cells); 3 (35%-75% positive tumor cells); 4 (>75% positive tumor
cells). Staining intensity was scored as follows: 1 (no staining); 2
(weak staining, light yellow); 3 (moderate staining, yellow brown);
4 (strong staining, brown). The staining index (SI) was calculated
as follows: = staining intensity x proportion of positively stained
tumor cells (with possible scores of 0, 2, 3, 4, 6, 8, 9, 12, and 16).
Samples with a SI > 8 were determined as high expression and
samples with a SI < 8 were determined as low expression. Cutoff
values were determined on the basis of a measure of heterogene-
ity using the log-rank test with respect to overall and relapse-free
survival.

2.7. Colony formation Assay

The colony formation Assay in this study was carried out in
accordance with the previously published paper [35]. Briefly, in-
dicated EOC Cells with different expression level of ZNF711 were
cultured in 6-well plates (2 x 103 cells per plate) for 10 days with
or without CDDP treatment (5 wM). The colonies were then fixed
with 10% formaldehyde for 5 min and subsequently stained with
1% crystal violet for 30 min. The number of colonies (defined as
cell clusters consisting of more than 50 cells) was quantified by
Analysis software (Olympus Biosystems).

2.8. Annexin V Assay

For the evaluation of apoptosis, Annexin-V assay was performed
by using the PE Annexin V Apoptosis Detection Kit I (KeyGEN,
KGA108). According to the manufacturer’s instructions, indicated
treated cells were collected and washed with PBS and suspended
in the Annexin-V binding solution, and 150 L Annexin-V anti-
body,1.5 uL of PI at 1 mg/mL in binding buffer was added and
incubated for 15 min at room temperature in the dark. After wash-
ing with the Annexin-V Binding Buffer, positive Annexin-V staining
was visualized under a fluorescence microscope equipped with a
filter for fluorescein isothiocyanate (excitation: 490 nm, emission:
525 nm), and PI staining was assessed with the filter for Texas red
(excitation: 570 nm, emission: 610 nm).

2.9. MTT cell viability assay

Indicated HEY or SKOV3 cells (2 x 103 cells per plate) in
48-well plates were transfected appropriate siRNAs. After 48 h,
cells were further treated for 24 h with CDDP (5 uM) or
BIX-01294 (5 ©M), then stained with 100 uL sterile 3-(4, 5-
Dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide (MTT)
dye (0.5 mg/mL, Sigma) for 4 h at 37 °C. The culture medium
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was removed and 150 L of dimethyl sulphoxide (DMSO, Sigma-
Aldrich, D8418) was added. The absorbance was measured at
570 nm, with 655 nm as the reference wavelength. Dose-response
curves were plotted on a semilog scale as the percentage of the
control cell number, which was obtained from the sample with no
drug exposure. The IC50 values were calculated using the Graph-
Pad Prism® 5 (Version 5.01, GraphPad Software, Inc., USA).

2.10. Determination of intercellular, DNA-bound and tumor platinum

The assays used to determine the intercellular platinum was
conducted in accordance with our previous published paper [35].
Briefly, indicated cells were at 37°C in the presence of CISPLATIN
(5 wM) for 4 h. Cells were centrifuged and then digested overnight
at 60°C with 1 M benzethonium hydroxide (Sigma-Aldrich, 498-
77-1). The platinum amount was determined by flame atomic ab-
sorption spectroscopy (Varian) and protein concentrations were
determined using a BCA Protein Assay Reagent Kit (Pierce Biotech-
nology, #23225).

For DNA-bound and tumor platinum, high-molecular-weight
DNA of indicated cells incubated with CISPLATIN (5 uM) was iso-
lated from cell pellets according to standard procedures. Briefly,
the pellets were lysed and treated with proteinase K (1 mg/ml)
at 37°C for 1 h and then at 50°C for 2 h. The DNA content was
extracted and were assessed by spectrophotometry at 260 and
280 nm, and the amount of platinum in the sample was deter-
mined by flame atomic absorption spectroscopy.

For tumor platinum, tumors were harvested and digested and
the amount of platinum in the sample was determined directly by
flame atomic absorption spectroscopy.

2.11. Xenografted tumor models

Female BALB/c nude mice were purchased from Vitalriver (Bei-
jing, China) and housed under SPF level conditions. In the intra-
peritoneal tumor model, the indicated cells stably expressing lu-
ciferase (1 x 10% cells) were intra-peritoneally injected into fe-
male nude mice. When the luminescence signal monitored by liv-
ing image software reached 2 x 107 p/sec/cm?/sr, the mice were
intra-peritoneally treated with either a vehicle (control), CDDP
(5 mg/kg), or combination of CDDP (5 mg/kg) and BIX- 01294
(5 mg/kg) twice times per week (as per cycle) for up to six weeks.
Six weeks after the drug administration, mice were sacrificed and
xenograft tumors were harvest when moribund as determined by
an observer who was blinded to the treatment. The tumors were
excised and embedded in paraffin for subsequent experiments. All
the in vivo experiments in this study were approved by the Insti-
tutional Animal Care and Use Committee of Sun Yat-sen Univer-
sity. Serial 4.0 um sections were cut and subjected to immuno-
histochemical (IHC) and hemotoxylin and eosin (H&E) staining.
After deparaffinization, sections were H&E-stained with Mayer's
hematoxylin solution, or IHC-stained using antibodies of ZNF711
(1:200; abcam, ab254776), PCNA (1:500, BD, 610665), or stained
with TUNEL (KeyGEN, KGA700) according to manufacturer’s proto-
cols. The images were captured by the AxioVision Rel.4.6 comput-
erized image analysis system (Carl Zeiss). All of the animal proce-
dures were approved by the Sun Yat-sen University Animal Care
Committee.

2.12. Chromatin immunoprecipitation (ChIP) assay

In accordance with the manufacturer’s instructions, ChIP assay
was performed by using a ChIP assay kit (Upstate/Millipore, Bil-
lerica, MA). Briefly, the indicated HEY cells were grown to 70%-
80% confluence on a 100 mm culture dish and treated with 1%
formaldehyde for 10 min, which were collected and sonicated to
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shear the DNA into small, uniform fragments. Equal aliquots of
chromatin supernatants were immuno-precipitated overnight at
4°C using ZNF711 (ab254776, Abcam), or anti-JHDM2A (ab191389,
Abcam), anti-Flag (F3165, Sigma), anti-Pol II (Millipore, 07-1802),
anti-EHMT2 (ab185050, Abcam), anti-H3K9me2 (ab1220, Abcam),
anti- H3K9me1 (ab176880, Abcam), anti-H3K27me3 (ab6002, Ab-
cam), anti-H4R17me1 (PTM-697, PTM biolabs, Chicago, IL, USA), an-
tibodies, or an anti-anti-IgG antibody (a negative control, Millipore,
Billerica, MA) respectively, with protein G magnetic beads (10003D,
Invitrogen). A total of 2 ug of each antibody was used per 107
cells for each ChIP assay. The cross-linked protein/DNA complexes
were collected by magnetic pull down, and subsequently eluted
from beads using elution buffer. After reverse cross-linking the
protein/DNA complexes to free DNA, the enriched DNA fragments
was conducted by PCR assays by specific primers. All ChIP primers
used in this study are listed in Supplementary Table S3.

2.13. Streptavidin affinity purification of dCas9-captured DNA and
proteins

Streptavidin affinity purification of dCas9-Captured DNA and
proteins was performed following the published protocol [36].
Briefly, ZNF711-overexpressing and vector control HEY cells
(5 x 107) were transfected with an FB-dCas9 plasmid and SLC31A1
promoter sgRNA was harvested following treatment with 1%
formaldehyde to cross-link the proteins to DNA. The cells were
centrifuged to isolate the nuclei. Nuclei cell lysates were lysed and
sonicated to shear the chromatin fragments. Streptavidin T1 Dyna-
beads (Thermo-Fisher Scientific) was used for incubating the cell
lysates. The ChIP DNA was purified by QIA quick Spin columns
(QIAGEN) and proteins were separated by SDS-PAGE gel by im-
munoblotting assays, which were subsequently analyzed by IP-MS
analysis (Shanghai Applied Protein Technology Co.Ltd.).

2.14. Luciferase reporter assay

Briefly, the reporter plasmids containing the promoter region of
human SLC31A1 were sub-cloned into the pGL3-Control vector lu-
ciferase reporter (Promega, USA), respectively. Twenty-four hours
after EOC cells being seeded in 48-well plates (3 x 103 cells/well),
Luciferase reporter plasmids (100 ng) with 1 ng of pRL-TK Renilla
plasmid (E6241, Promega) were transfected into EOC cells using
Lipofectamine 3000 (L3000001, Life Technologies) in accordance
with the manufacturer’s instructions.

The luciferase and Renilla signals in indicated cells were deter-
mined 48 h after transfection using a Dual Luciferase Reporter As-
say Kit (E1910, Promega).

2.15. Methylation-Specific PCR (MSP)

The Methylation-Specific PCR (MSP) has been conducted ac-
cording to the according to the previous published papers [37,38].
Briefly, DNA was extracted using the Genomic DNA Kit (51304,
Qiagen) and then bisulphite-modified by EZ DNA Methylation Kit
(D5001, Zymo Research) according to manufacturer’s protocol. PCR
products were generated from separate PCR reactions using three
sets of primers, and each set contains two pairs of primers specific
for methylated (M) or unmethylated (U) DNA template, respec-
tively. The PCR products were then electrophoresed on agarose gel
stained with ethidium bromide. All primer sequences were listed
in Supplementary Table S3.

2.16. 5-aza-20-deoxycytidine treatment

DNA methyltransferase inhibitor 5-aza-20-deoxycytidine (5AZA;
A3656, Sigma) was firstly dissolved in 50% acetic acid at
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100 mmol/L. Cells were treated with 5- AZA (5 mmol/L) or vehicle
control (50% acetic acid) for 72 h to achieve demethylation. RNA
was extracted and subsequently subjected to expression analysis
of SLC31A1.

2.17. Statistics

All the data analysis was conducted by using SPSS 21.0 statisti-
cal software (IBM, Armonk, NY, USA). Statistical tests for data anal-
ysis included a Fisher's exact test, log-rank test, Chi-square test,
Student’s two-tailed t-test, one-way ANOVA, Mann- Whitney test
and Kruskal-Wallis test. The data with normal distribution were
compared and analyzed using unpaired t-test or one-way ANOVA
followed by Bonferroni’s multiple comparisons test. The data with
skewed distributions were tested using Mann-Whitney or Kruskal-
Wallis tests. Pairwise comparisons among groups were done with
Bonferroni’s correction. Bivariate correlations between the study
variables were calculated by Spearman’s rank correlation coeffi-
cients. Survival curves of EOC patients or tumor-bearing mice were
plotted according to the Kaplan- Meier method and compared us-
ing a log-rank test. The significance of each of the variables on the
survival time was analyzed using uni-variate and multivariate Cox
regression analyses. Data were presented as the mean + SD. P val-
ues of 0.05 or less were considered to be statistically significant.

2.18. Role of funding source

The Funders didn’t have any role in study design, data collec-
tion, data analyses, interpretation, or writing of report.

3. Results
3.1. ZNF711 is negatively correlated with CDDP resistance in EOC

Zinc-finger proteins are vital transcription factors characterized
as co-factors and recruiters of histone modifiers, which exerts great
impact in the tumorigenesis and progression of multiple cancer
types. [30-32]. To identify the essential biological role of ZNF711,
a newly discovered zinc-finger protein, in the development of EOC
progression, real-time PCR and immuno-blotting assays indicated
that both the level of ZNF711 mRNA and protein expression in
ovarian cancer cell lines and clinical tissues were lower than those
in human ovarian surface epithelial (HOSE) cells and normal ovar-
ian (IOSE80) cells (Fig. 1a and b). Additionally, the expression level
of ZNF711 mRNA and protein was positively correlated in EOC cell
lines and clinical EOC tissues (r = 0.765, p < 0.001; r = 0.952,
p < 0.001; Pearson correlation analysis) (Fig. 1c). Analysis of the
Gene Expression Profile Interactive Analysis (GEPIA) database fur-
ther indicated that the level of ZNF711 expression was significantly
down-regulated in ovarian cancer tissues compared to adjacent
normal ovarian tissues (Supplemental Fig.1a; n = 514, p < 0.001,
unpaired t-test). More importantly, the expression of ZNF711 was
correlated with a shorter overall survival of ovarian cancer patients
from GEPIA and the Cancer Genome Atlas (TCGA) database (Sup-
plemental Fig.1b and c; n = 423, p = 0.023; n = 557, p = 0.034;
Kaplan-Meier analysis).

Furthermore, the Gene Set Enrichment Analysis (GSEA) showed
that the level of ZNF711 expression was inversely correlated with
CDDP resistance (Supplemental Fig.1d, p < 0.05; permutation test).
Furthermore, the cell survival rates of EOC cell lines in response to
CDDP have been studied and we found that the expression level
of ZNF711 was positively related with CISPLATIN sensitivity in EOC
cell lines (Supplemental Fig.le; r = -490.748, p < 0.001; Pearson
correlation analysis). We also performed an immunohistochemistry
(IHC) assay in 150 paraffin-embedded, archived EOC tissues treated
with CDDP (Fig. 1d and e, Supplemental Table S1). As shown in
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Fig. 1d and e, the average staining intensity of ZNF711 in CDDP-
resistant EOC tissues was noticeably weaker than that in the CDDP-
sensitive EOC tissues, which was also positively related with the
overall and relapse-free survival time of EOC patients following
CDDP treatment (Fig. 1d and e, p = 0.042; p < 0.001; p = 0.002;
Kaplan-Meier analysis). Importantly, the uni-variate and multivari-
ate analyses verified that ZNF711 may serve as a prognostic factor
in ovarian cancer, which was positively related with the chemo-
resistance and survival of EOC patients (Supplemental Table S1).
Consistently, in the cohort of EOC patients treated with CDDP in
the TCGA dataset, the level of ZNF711 mRNA expression was sig-
nificantly higher in patients who exhibited a complete response
(CR) compared to those with a Non-CR (partial response, stable
disease, and progression) after the first course of platinum-based
treatment [39] (Fig. 1f, p = 0.015; unpaired t-test). Moreover, EOC
patients with lower ZNF711 expression exerts a shorter overall and
progression-free survival compared to those with a higher ZNF711
expression (Fig. 1g, p = 0.028; p = 0.017; Kaplan-Meier analysis).
Taken together, these results indicate that ZNF711 is down regu-
lated in EOC and negatively correlated with CDDP resistance.

3.2. ZNF711 modulates the CDDP uptake and CDDP resistance in EOC

To validate the effect on ZNF711-associated chemo-resistance in
EOC, both the HEY and SKOV3 ovarian cancer cell lines stably ex-
pressing ZNF711 or ZNF711 shRNAs were established, respectively
(Fig. 2a and Supplemental Fig.2a). We found that knockdown of
ZNF711 significantly promoted, while overexpression of ZNF711 in-
hibited, the IC50 value of CDDP in ovarian cancer cells (Fig. 2b and
Supplemental Fig.2c). Additionally, ZNF711 down regulation drasti-
cally decreased the apoptotic percentage of EOC cells and increased
the colony numbers in EOC cells. (Fig. 2c and d). In the ZNF711-
silenced EOC cell lines, much higher doses of CDDP (10 M and
50 uM) were tried and we found that the cell survival percent-
age of EOC cell lines were much higher in ZNF711-silenced cells
than that in vector control cells (Supplemental Fig.2b). In accor-
dance with this finding, ZNF711 up-regulation increased the CDDP-
induced apoptotic death and decreased colony formation in ovar-
ian cancer cells (Supplemental Fig.2d-e). Moreover, two primary
cell lines OV-1 and OV-2 have been isolated from clinical EOC pa-
tient tissues according to our previous published paper [35]. Con-
sistent with the results obtained from EOC cell lines, overexpres-
sion of ZNF711 decreased, while inhibition of ZNF711 increased the
IC50 value of CISPLATIN (CDDP) both in OV-1 and OV-2 cells (Sup-
plemental Fig.2f- g). These results confirm that the knockdown of
ZNF711 promoted, whereas ZNF711 overexpression weakened, the
CDDP resistance of ovarian cancer cells to CDDP in vitro.

Previous reports have demonstrated that decreased influx ve-
locity represents a major cause of CDDP resistance in cancer treat-
ment [9]. Of note, ZNF711-silenced ovarian cancer cells exerted
much lower concentrations of CDDP while ZNF711- up-regulated
cells accumulated higher concentrations of CDDP compared with
the vector control cells/tumors, respectively (Fig. 2e and Supple-
mental Fig.2h). The content of genomic DNA-bound CDDP was de-
creased in ZNF711-silenced tumors/cells, and increased in ZNF711-
overpressing tumors/cells (Fig. 2f and Supplemental Fig.2i). There-
fore, ZNF711 down regulation impairs CDDP influx and confers
CDDP chemo resistance in EOC.

3.3. Silencing ZNF711 augments the CDDP resistance of EOC cells in
vivo

Consistent with the in vitro results, the HEY/sh-vector, [ZNF711
sh#1, and /ZNF711 sh#2 cells were intra-peritoneally injected into
female nude mice and an intra-peritoneal tumor model has been
established. When the luminescence signal of the xenograft tumors
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Fig. 1. ZNF711 is negatively correlated with CDDP resistance in EOC. (a) Real- time PCR analysis revealed that the level of ZNF711 mRNA was down regulated in EOC
cells or tissues compared with the normal ovarian cells; Each bar shown in the figure represents the mean + SD of three independent experiments. *p < 0.05 (one- way
ANOVA followed by Bonferroni’s multiple comparisons test). (b) An immuno blotting (IB) assay showed that ZNF711 protein expression was down regulated in EOC cells or
tissues compared with the normal ovarian cells. (¢) The correlation analysis of the mRNA and protein expression of ZNF711 in EOC cell lines and clinical EOC tissues. (d)
An immunohistochemistry (IHC) assay was performed in CDDP-sensitive and CDDP-resistant epithelial ovarian cancer (EOC) tissues using an anti-ZNF711 antibody (200 x ,

upper; 400 x , lower, Scale bars, 50 um.). (e) Kaplan-Meier survival analysis of the

association of ZNF711 protein expression with overall and relapse-free in EOC patients

treated with CDDP. (f) The level of ZNF711 mRNA expression was down regulated in patients with non-CR (partial response, progression and stable) versus CR (complete
response) upon CDDP treatment. (g) Kaplan-Meier analysis of the overall and relapse-free survival of the indicated ovarian cancer patients, the cut-off used to define low

and high tumors was auto selection of best cut-off.

reached 2 x 107 p/sec/cm?/sr, each group of tumor-bearing mice
were separated into two groups, which were intra-peritoneally in-
jected with PBS or CDDP (5 mg/kg, twice a week for six weeks), re-
spectively. After six weeks of treatment, PBS-treated xenograft tu-
mors formed by HEY/ZNF711 sh#1, [ZNF711 sh#2 showed similar
tumor growth kinetic compared with SH-vector cells, which sug-
gests that the expression of ZNF711 did not affect tumor growth
(Supplemental Fig.3a). However, CDDP treatment significantly pro-

moted the tumor growth curve of tumors formed by HEY/ZNF711
sh#1 and HEY/ZNF711 sh#2 cells compared with that formed by
HEY/sh-vector cells (Fig. 3a). More importantly, ZNF711 suppres-
sion resulted in a shorter overall survival of tumor-bearing mice
treated with six weeks/cycles of CDDP therapy (Fig. 3b). Consis-
tently, tumors formed by the ZNF711-silenced HEY cells exhibited
stronger PCNA signals and fewer terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL)-positive cells compared
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Fig. 2. ZNF711

down regulation inhibits CDDP uptake and leads to CDDP resistance in EOC in vitro. (a) Immuno-blotting (IB) assays were performed to verify ZNF711

expression in the indicated stable HEY and SKOV3 cell lines. (b) An MTT cell viability assay (left) and half-maximal inhibitory concentration (IC50) value of CDDP (right) in
HEY and SKOV3 cells stably expressing ZNF711 sh#1 or ZNF711 sh#2 compared to the cells expressing SH-vector control. (c) FACS analysis of Annexin V staining (left) and
quantification (right) of indicated HEY and SKOV3 stable cell lines treated with vehicle or CDDP (5 uM, 24 h). (d) Representative images (left) and quantification (right) of
colony number of the indicated cells treated with vehicle or CDDP (5 wM). (e) Content of intercellular CDDP in the indicated HEY and SKOV3 cells. (f) The quantification
of DNA-bound CDDP (Pt) in the indicated HEY and SKOV3 cells. Each bar shown in the figure represents the mean + SD of three independent experiments. *p < 0.05

(Kruskal-Wallis test with Bonferroni’s correction).

with the HEY/sh-vector cells (Fig. 3c). Moreover, the content of
internal CDDP and genomic DNA-bound CDDP was decreased in
ZNF711-silenced tumors (Fig. 3d and e). Taken together, the ZNF711
knockdown inhibited the CDDP uptake and augmented the CDDP
resistance in EOC cancer cells.

The effect of ZNF711 overexpression on CDDP resistance was
further investigated in HEY cells (Fig. 3f). We found that ZNF711
restoration drastically inhibited tumor growth and prolonged
the survival time of tumor-bearing mice following CDDP treat-
ment, while PBS-treated xenograft tumors growth changed weakly
(Fig. 3g and Supplemental Fig.3b). Moreover, ZNF711 up-regulation
substantially enhanced the killing effect of CDDP in HEY cells

in mice, as indicated by decreased PCNA signals and increased
TUNEL-positive cells (Fig. 3h). Further, ZNF711 up-regulation aug-
mented the CDDP uptake in xenograft tumors (Fig. 3i and j). Thus,
ZNF711 overexpression could promote CDDP uptake restore the
CDDP sensitivity in EOC cells in vivo.

3.4. Clinical relevance of ZNF711 and CDDP resistance in EOC

Ample evidence supports the biological and clinical involve-
ment of the drug importer, SLC31A1, in CDDP resistance of can-
cer cells [15, 16]. We tested the protein expression of SLC31A1 in
EOC cell lines, which showed positive correlation with the expres-
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experiments.

sion of ZNF711 (Supplemental Fig. 4a; r = 0.750, p = 0.001). We
further examined the correlation of the mRNA expression levels of
the ZNF711 and SLC3A1 in the GSEA and TCGA data base. Statisti-
cal analysis revealed that the mRNA expression levels of ZNF711
and SLC31A1 is positively correlated in the GSE28739 (n = 50;
r = 0413, p = 0.003; Pearson correlation analysis), GSE23553
(n = 56; r = 0438, p < 0.001; Pearson correlation analysis) and
TCGA data base (n = 419; r = 0.22, p < 0.001; Pearson correlation
analysis) (Supplemental Fig.4b).

Moreover, both the mRNA and protein expression of SLC31A1
were elevated in ZNF711-upregulated EOC cell lines and primary
tumor cells, and decreased in the ZNF711-downregulated cells

compared with the corresponding control cells (Fig. 4a and b, Sup-
plemental Fig.4c and d). In addition, the mRNA and protein expres-
sion of SLC31A1 were elevated in ZNF711-overexpressing tumors,
while decreased in ZNF711-silenced tumors (Fig. 4c and d). Impor-
tantly, SLC31A1 down regulation could reverse the inhibitory effect
of CDDP resistance in ZNF711-upregulated cells, as indicated by the
decreased IC50 value and increased CDDP concentration (Supple-
mental Fig.4e and f). These results suggested that ZNF711 modulate
CDDP resistance by regulating SLC31A1 expression in EOC cells.

To determine whether the ZNF711/SLC31A1 axis was clinically
relevant in the EOC specimens, the mRNA and protein expressions
of both ZNF711 and SLC31A1 were evaluated. The mRNA and pro-
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tein expression of ZNF711 and SLC31A1 was positively correlated
in 10 freshly collected EOC tissues (Fig. 4e; r = 0.669, p = 0.001;
r = 0.754, p = 0.002; Pearson correlation analysis). Furthermore,
the GSEA assays revealed that SLC31A1 expression was negatively
correlated with CISPLATIN resistance (Supplemental Fig.4g). Ac-
cording to the KM-plotter analysis, ovarian cancer patients with
lower SLC31A1 expression were associated with a shorter over-
all and relapse- free survival time compared to those exhibiting
higher SLC31A1 expression (Supplemental Fig.4h and i; p = 0.005,
p < 0.001; p = 0.013, p < 0.001; Kaplan- Meier analysis). Consis-
tent with these findings, the IHC analysis revealed that the level
of ZNF711 expression was positively correlated with SLC31A1 in
150 clinical EOC tissues (Fig. 4f; p < 0.001; chi-square test). In
addition, the level of SLC31A1 expression was positively corre-
lated with the overall and relapse-free survival of EOC patients
(Fig. 4g, p = 0.020, p = 0.028; Kaplan-Meier analysis). These re-
sults strongly suggest that knockdown of ZNF711downregulates the
expression of SLC31A1, which promotes CDDP resistance and ulti-
mately leads to poor survival of patients with ovarian cancer.

3.5. ZNF711 up-regulates SLC31A1 promoter activity in EOC

Interestingly, according to the JASPAR and ConSite database,
three ZNF711 binding sites were predicted in the promoter re-
gion of SLC31A1 (Supplemental Fig.5a). To elucidate the regulatory
mechanism of ZNF711, luciferase reporter assays were performed
and we found that up-regulation of ZNF711 enhanced, whereas
down-regulation of ZNF711 inhibited the luciferase activity of the
SLC31A1 promoter in both HEY and SKOV3 cells, as well as in
OV-1 and OV-2 primary tumor cells (Fig. 5a and Supplemental
Fig.5b). Furthermore, six fragments of the SLC31A1 promoter were
constructed and inserted into the luciferase reporter pGL3 vec-
tor, respectively, including P1(nucleotides -2019 to +262), P2 (nu-
cleotides -1626 to +262), P3 (nucleotides -931 to +262), P4 (nu-
cleotides -480 to +262), P5 (nucleotides - 2019 to -1127) and P6
(nucleotides -1196 to -376) (Fig. 5b). As shown in Fig. 5c-f, the lu-
ciferase activity of fragments P1, P2, P3, and P6 were significantly
increased in ZNF711-upregulated ovarian cancer cells but reduced
in the ZNF711-silenced cells.

However, the activity of the luciferase reporter inserted with
fragments P4 or P5 remained largely unaffected (Fig. 5¢-f). More-
over, the mutation of nucleotides -533 to -530 abrogated the regu-
latory effect of ZNF711 on the SCL31A1 promoter, indicating a crit-
ical role of nucleotides -533 to -530 in ZNF711-mediated modula-
tion (Fig. 5c-f). Next, a chromatin immuno-precipitation (ChIP) as-
say was conducted, and showed that ZNF711 bound to region 2
within the SLC31A1 promoter sequence (Fig. 5g). We also found
that RNA polymerase II (Pol II) was recruited to the SLC31A1 pro-
moter in ZNF711-upregulated ovarian cancer cells (Fig. 5h). The
above-mentioned results indicate that ZNF711 transcriptionally up-
regulates SLC31A1 expression via binding to the SLC31A1 promoter.

3.6. Histone demethylase JHDMZ2A is recruited to the SLC31A1
promoter by ZNF711

To further investigate the molecular regulation of SLC31A1, a
CRISPR affinity purification in situ of regulatory elements (CAP-
TURE) approach was used and subsequent IP-mass data has
been conducted. As shown in Supplemental Table S4, total 15
proteins with Log2 (fold change) > 1were identified by CAP-
TURE/quantitative MS approach (Supplemental Table S4). Further,
eight proteins with more than five peptides identified by MS were
selected for further examination. We found that along with the
essential transcriptional activator POLR2A and TBP, only silencing
ZNF711 or JHDM2A resulted in significant reduction of SLC31A1 ex-
pression in HEY cells (Supplemental Fig.6a). This result suggested
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that JHDM2A might be a transcriptional co-factor that contributes
to the association of ZNF711 with promoters of SLC31A1 in EOC
cells, and showed that ZNF711 might form a complex with his-
tone demethylase JHDM2A on the SLC31A1 promoter in EOC cells,
which also interacted with Pol II and TFIID (Fig. 6a). Consistent
with this finding, JHDM2A recruitment in the SLC31A1 promoter
was significantly enhanced in ZNF711-upregulated cells but was
substantially decreased in ZNF711-silenced cells, both in EOC cell
lines and primary tumor cells (Fig. 6b and Supplemental Fig.6b).
Furthermore, a knockdown of JHDM2A by specific shRNA reversed
the promoting effect of SLC31A1 transcription induced by ZNF711
overexpression in ovarian cancer cells (Supplemental Fig.6c-h and
Fig.6¢). Moreover, a co- immuno-precipitation (co-IP) assay was
performed, which confirmed the interaction between ZNF711 and
JHDM2A in HEY and SKOV3 cells, both endogenously and exoge-
nously (Fig. 6d). To further unveil how ZNF711 modulates the tran-
scriptional activity of SCL31A1, a systematic chromatin immuno-
precipitation (ChIP) assay was performed to identify the post-
translational modifications of histone proteins. We found that a
knockdown of JHDM2A abrogated H3K9me2 enrichment on the
SLC31A1 promoter in ZNF711-transduced cells, whereas the en-
richment of H3K9me1, H3K27me3, and H4R17me1 were rarely al-
tered (Fig. 6e), H3K27me3 and H4R17mel have been reported as
inhibitory marker and active marker of histone modulation, respec-
tively [40, 41], which have been chosen for negative control for
enrichment assays. Moreover, the enrichment of Pol II and TFIID
on the SLC31A1 promoter was significantly decreased in ZNF711-
overexpressing EOC cells transfected with JHDM2A siRNA (Fig. 6f).
As shown in Supplemental Fig.6i, methylation-specific PCR (MSP)
for the SLC31A1 promoter region and electrophoresis of PCR prod-
ucts have been performed. The genomic DNA of OV-1 cells treat-
ment with SssI Methyltransferase was used as positive control and
water (H20) was used as a negative control for PCR. As shown
in Supplemental Fig.6i, the methylation level of SLC31A1 promoter
was strongly detected in positive control, while we did not see the
evidence of methylation of SLC31A1 promoter in normal ovarian
epithelial cells, cancer cell lines and primary ovarian cancer cells.

Furthermore, treatment with the DNA methyltransferase in-
hibitor 5-aza-dC (5-AZA) barely restored the expression of SLC31A1
in EOC cell lines and primary ovarian cancer cells compared with
normal ovarian cells (Supplemental Fig.6j). Thus, this result sug-
gests that the DNA methylation of SLC31A1 promoter might not be
the decisive factor which induced the down regulation of SLC31A1
in EOC cells.

Importantly, the CDDP sensitivity mediated by ZNF711-
overexpression was abrogated by suppressing the expression
of JHDM2A in EOC cells, as indicated by the increased IC50 value
of CDDP (Fig. 6g). Moreover, the concentration of intercellular
CDDP and DNA-binding Pt was reduced in JHDM2A-downregulated
cells (Fig. 6h and i). These results suggest that demethylase
JHDM2A is required for the ZNF711-induced CDDP response in
EOC cells.

3.7. BIX-01294 restores CDDP sensitivity in ZNF711-silenced EOC cells

Histone methyltransferase euchromatic histone lysine methyl-
transferase (EHMT2) has been identified as a pivotal histone
methyltransferase and correlated with cancer development [42,
43]. Interestingly, using a ChIP assay, we found that the enrichment
of EHMT2 was enhanced in the SLC31A1 promoter in ZNF711-
downregulated EOC cells while inhibited in ZNF711-upregulated
EOC cells (Supplemental Fig.7a). Consistent with this finding,
EHMT2 knockdown abrogated the suppression of SLC31A1 medi-
ated by ZNF711 down regulation (Supplemental Fig.7b-d).
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Moreover, silencing EHMT2 decreased the IC50 and increased
the CDDP uptake in ZNF711-downregulating EOC cells (Supplemen-
tal Fig.7e and f).

BIX-01294 is a diazepin-quinazolinamine derivative that has
been recognized as a histone methyltransferase inhibitor that
specifically reduces the level of H3K9me2 at the chromatin regions
of the target genes [43, 44]. BIX-01294 significantly up regulated
the transcriptional expression of SLC31A1 in the EOC cell lines and
primary tumor cells (Fig. 7a-b and Supplemental Fig.7g-h). In line
with the above- mentioned results, BIX-01294 decreased the IC50
value both in EOC cell lines and primary tumor cells (Fig. 7c and
Supplemental Fig.7i). In addition, co-treatment BIX- 01294 with
CDDP impaired the capability of colony formation and promoted
the percentage of apoptosis in ZNF711-downregulated EOC cells
(Fig. 7d and e).

Furthermore, BIX01294 also promoted the CDDP uptake
in ZNF711-downregulated EOC cells following CDDP treatment
(Fig. 7f-g and Supplemental Fig.7j). Two EOC cell lines TOV-112D
and A2780 with high or low level of ZNF711 respectively have been
chosen to test the therapeutic efficacy of BIX-01294 and CDDP
co- treatment. As shown in Supplemental Fig.7k-l, the expres-
sion of SLC31A1 and apoptotic index mediated by CDDP treatment
was significantly augmented by BIX- 01294 co-therapy in A2780
cells, which exhibited low expression level of ZNF711. In contrast,
BIX-01294 treatment only barely increased the expression level of
SLC31A1 and the apoptotic percentage of CDDP-treated TOV-112D
cells, which exhibited high expression level of ZNF711. Importantly,
the in vivo model further supported the finding that BIX-01294 sig-
nificantly reduced tumor growth and SLC31A1 expression following
CDDP treatment in ZNF711-silenced cells, which prolonged the sur-
vival time of tumor-bearing mice (Fig. 7h-j). The inhibitory effect of
SLC31A1 mediated by BIX-01294 in the ZNF711-downregulated tu-
mors was further confirmed, along with a decreased proliferation
rate, increasing apoptotic index, and CDDP uptake (Fig. 7k and 1).
These results reveal that BIX-01294 could restore the CDDP sensi-
tivity of ZNF711-downregulated EOC cells, both in vivo and in vitro.

4. Discussion

Chemo-resistance is a major cause of therapeutic failure when
treating EOC patients with CDDP [45,46]. The suppression of CDDP
uptake serves as an important approach to generate CDDP resis-
tance in multiple cancer types [12-14]. Unveiling the molecular
mechanism underlying CDDP uptake in EOC may shed insight into
the development of improved regimens for EOC treatment. In this
study, we confirmed that ZNF711 down regulation exerted a sub-
stantial impact on CDDP resistance for EOC patients by suppressing
SLC31A1 and inhibiting CDDP uptake. Using in vivo and in vitro as-
says, we further noticed that suppression of ZNF711 promoted the
CDDP resistance, while overexpression of ZNF711 drastically aug-
mented CDDP sensitivity in EOC cell lines, primary tumor cells
and clinical EOC tissues. More importantly, co-treatment with BIX-
01294, a histone methylation inhibitor, restored the CDDP sensitiv-
ity of ZNF711-silenced EOC cells, both in vivo and in vitro. Thus,
our study uncovered the modulatory effect of CDDP uptake in EOC
and might provide a potential target for improving the efficiency
of CDDP treatment.

Meanwhile, because SLC31A1 assisted the influx of both CDDP
and carboplatin [15], the latter is currently used as the gold-
standard chemotherapeutic regimen for EOC patients. The resis-
tance effect of ZNF711 down regulation on carboplatin therapy is
currently under investigation in our laboratory.

SLC31A1 is a trans membrane protein maintaining copper
homeostasis that has been widely recognized to promote the in-
ternalization of a significant fraction of CISPLATIN and its analogs
in tumor cells [13,15,16]. Moreover, a negative correlation between
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the level of SLC31A1 expression and DDP resistance in cancer
cells has been confirmed in various studies [37-40]. In Hela cells,
SLC31A1 overexpression resulted in a 2.2-fold increase in CDDP ac-
cumulation compared with the vector control cells [47]. Ishida et
al. also demonstrated that the level of SLC31A1 mRNA was corre-
lated with the quantification of DNA-CISPLATIN adducts in a cer-
vical cancer model [14]; however, the detailed regulatory mecha-
nism of SLC31A1 has rarely been studied. In this study, we found
that the level of SLC31A1 expression in EOC patients was primarily
modulated by ZNF711 binding at nucleotides -533 to -530 of the
SLC31A1 promoter, which recruited histone demethylase JHDM2A
and led to transcriptional activation by removal of the repressive
transcription marker, H3K9me2. Furthermore, we also found that
ZNF711 down regulation played an important role in repression
of SLC31A1 expression in CDDP resistant EOC patients. Thus, our
findings illustrate the epigenetic regulation of SLC31A1 in EOC and
provide a new regulatory layer for adjusting the level of SLC31A1
in cancer treatment.

ZNF711, a newly discovered zinc-finger protein, is located at
Xq21.1-g21.2 and has been associated with cognitive disability
[48]. Moreover, there are 12 Zn-C2H2 domains at 383 to 755 aa
of ZNF711, which may be associated with sequence-specific DNA
binding and transcriptional activation [33,48]. ZNF711 has been re-
ported to be predominantly expressed in the brain and testis and
serves as a vital co-factor in the development of X-linked men-
tal retardation (XLMR); however, its biological function and mod-
ulatory mechanisms remain largely unknown [49,50]. In the cur-
rent study, the negative association between the level of ZNF711
expression and CDDP resistance in EOC patients was confirmed
both in vivo and in vitro. Moreover, ZNF711 was found to be sig-
nificantly correlated with the overall and relapse-free survival in
EOC patients, and may serve as an independent prognostic indica-
tor for EOC patients. Previous study has demonstrated that ZNF711
binds with PHF8 and demethylates the H3K9me2 level of target
genes [50]. By using CAPTURE approach following the quantitative
mass spectrometry, we identify that demethylase JHDM2A was re-
cruited to the promoter of SLC31A1 by ZNF711, which abrogates
the H3K9me2 modification level and activates the transcription of
SLC31A1. The correlation between ZNF711 and SLC31A1 has also
been verified in clinical tissues and intraperitoneal tumor models.
Therefore, our study not only identified ZNF711 as a novel bio-
marker of CDDP resistance for EOC patients, but also explicitly un-
raveled the regulatory mechanism of ZNF711 and might provide
a new perspective for discovering molecular target for enhancing
the curing effect of CDDP treatment. Interestingly, since SLC31A1
is widely known to be the main importer of copper in mammalian
cells, whether the ectopic expression of ZNF711 can disturb cop-
per homeostasis and lead to corresponding pathologies is worthy
of further investigation.

BIX-01294, diazepin-quinazolinamine derivative, has been
known as a histone methyltransferase inhibitor that specifically
reduces the generation of H3K9me2 at the promoter of the target
genes [25,26]. Previous studies have proved that BIX-01294 might
inhibit tumor growth and serve as a novel anti-tumor agent in
various cancer types, including breast cancer, colon cancer and
lung cancer [25]. However, the appliance of BIX-01294 in ovarian
cancer and the effect of BIX-01294 in CDDP response remain
largely unknown. Our study indicated that BIX-01294 could in-
crease the sensitivity of CDDP treatment in EOC cells, both in
vivo and in vitro. Further, we clarified that BIX-01294 modulates
chemo resistance via elevating the expression level of SLC31A1
and adjusting the CDDP uptake in EOC cells. Thus, this study
not only proved that co-treatment with BIX-01294 induced the
sensitization of CDDP-resistant EOC cells, but also elucidated the
molecular mechanism of BIX- 01294 in regulating CDDP resistance.



G. Wu, H. Peng, M. Tang et al.

B Vehicle
H BIX-01294
6 -

*

HEY/ SKOV3/
ZNF711 sh#1 ZNF711 sh#1

Relative expression of SLC31A1
o

Vehicle BIX-01294

-2 5

Z|o

n|c

- Q

£l s
§la T
=la X
I'o 5
® 0 'g
® o

a| Q[ S
- | L c
:0

> z
3l S
318 S
glo (&)
(7]

b
< <
o -]
o o () N
8 35 T 3
5 X 5 X
> m > o
SLC31A1| = - .- =
? |

(=23
(=]

»
o

N
o

o

SKOV3

HEY/
ZNF711 sh#1 /ZNF711 sh#1

e

HVehicle HEBIX-01294

HEY/ SKOV3/
ZNF711 sh#1 ZNF711 sh#1

Vehicle CDDP Vehicle CDDP

f g
. M Vehicle M Vehicle
S W BIX-01294 < HBIX-01294
o 4
E 4 * * Da 3 * *
& 3
23 =
5 22
a2 g
o o
© o1
£ 1 =
2 =
£ 5
s — e - — -
3 HEY/ SKOV3/ e HEY/ SKOV3/
g ZNF711 sh#1 ZNF711 sh# E ZNF711 sh#1 ZNF711 sh#1
o
j k
—e— Vehicle ] M Vehicle
—&— BIX-01294 H BIX-01294
1.0 3 *
© s
Z 0.8 <
T
g g5
g 0.6 1 :‘,: £ 2
2 £z
5 041 52
= A
c = 11
£02{ HeEw S5&
© ZNF711 sh#1 a
0 ; ; ! . ]
0 20 40 60 80 ENTRETT

Days after CDDP treatment

sh#1 tumor

EBioMedicine 71 (2021) 103558

B Vehicle
H BIX-01294

-
A O 0 ©
o o o o

CDDP/IC50 value (pM)
)
)

3

HEY/ SKOV3/
ZNF711 sh#1 ZNF711 sh#1

HVehicle EBIX-01294

* *

Cc
—o— Vehicle —o— Vehicle
—¥-BIX-01294 —¥-BIX-01294
1.0 1.0
=038 =038
> =
206 S 06
S ]
204 204
© ©
O 0.2 O 0.2
HEY/ SKov3/
0 [ZNF711 shit o |ZNF711sh#1
0 3 9 27 81 243 0 3 9 27 81 24
CDDP treatment (M) CDDP treatment (pM)
A Vehicle CDDP
__ Vehicle  BIX-01294  Vehicle . BIX-01294
Sl 0.68%] * 1.38% © 1.39%) © 1554 5507
— H % 3 ¢ % 4 o
T 6. . . = 401
8| v — %
[CRAF * @?T g * ﬁ * °
g Tl Mﬁ,m 0'119%:.: e ..mz.ri?%m 9_5_?:_ 227% £ 301
] L .0l
o %" 1.13%] 138%| 2.62%) ° 520
O <= 5 % & s -
|3 ; i 5101
o & ® ¢ 2 o
> e =%
O+ Y ‘(:fﬁ % < 0-
s 94.6% | 1.97% 16.3%)

w

W e W e e
A

Vehicle CDDP Vehicle CDDP

HEY/ SKOV3/
Annexin V-FITC ZNF711 sh#1 ZNF711 sh#1
h i
—eo— Vehicle
E i —&- BIX-01294
aj|e° £
0| x ® o HEY/
(8] 8 QO ZNF711 shi#1
< |2 25 4
3+ © O
kS L0 "
[ ]
- [ E
hy 2 E 21
oo 53
Z | =< @
NI S 2
>| =2 0 T T T T T T
% 0 1 2 3 4 5 6
Weeks after CDDP treatment
- BIX-01294
< PR H Vehicle W BIX-01294
3 S % * 80
) ﬁ 51 40 - — 807
7] g g <
- < = 30 > 60
! g g :
- e E
= = 220 § 40
Q 3 =
- — = *
= @ 810 | 2 20/
2 £ £ £
. é 9 HEY/ZNF711 i HEY/ZNF711 i HEY/ZNF711
CDDP (NUde mlce) sh#1 tumor sh#1 tumor sh#1 tumor

Fig. 7. Combined BIX-01294 sensitizes ZNF711-downregulated EOC cells to CDDP therapy. (a-b) SLC31A1 mRNA (a) and protein expression (b) in ZNF711- down regulated EOC
cells treated with BIX-01294 or vehicle control. (c) MTT analysis (left) and IC50 value (right) of CDDP in the indicated cells. (d) Representative images (left) and quantification
(right) of the number of colonies in the indicated cells treated with either the vehicle or BIX-01294. (e) FACS analysis of Annexin V staining (left) and quantification (right)
of indicated stable HEY and SKOV3 cell lines treated with a vehicle or BIX-01294. (f) Intercellular CDDP content in the indicated cells. (g) The quantification of DNA-bound
CDDP (Pt) in the indicated cells. (h) Representative images of the indicated nude mice treated with a vehicle or BIX-01294. (i) Relative change in the luminescence signals of
the indicated xenograft tumors at the indicated time points. (j) Kaplan-Meier survival analysis of the indicated tumor-bearing mice. (k) Concentration of intercellular CDDP
in indicated cells. (1) IHC staining of SLC31A1, PCNA, and TUNEL staining (left) and quantification (right) of SLC31A1 expression, apoptotic rate, and proliferation index in the
indicated xenograft tumors. Scale bars, 50 «m. Each bar shown in the figure represents the mean + SD of three independent experiments. *p < 0.05 (one-way ANOVA with

Bonferroni’s correction).

14



G. Wu, H. Peng, M. Tang et al.

In summary, the findings of our study reveal that ZNF711
down regulation enhanced CDDP resistance in EOC, which may
serve as a prognostic factor for EOC patients. ZNF711 affects the
level of SLC31A1 expression by binding to its promoter, recruiting
the demethylase JHDM2A, and transcriptionally activating SLC31A1.
This subsequently regulates the sensitivity of EOC cells to CDDP
by modulating CISPLATIN uptake. Co-treatment with BIX-01294 in-
duced the sensitization of ZNF711-silenced EOC to CDDP therapy.
Thus, our evidence provides a novel perspective for the treatment
of EOC chemo resistance.
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