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chemosensitivity in epithelial ovarian cancer
cells by suppressing intracellular glycine
biosynthesis
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Abstract

Background Zinc finger SWIM-type containing 4 (ZSWIM4) induces drug resistance in breast cancer cells. However,
its role in epithelial ovarian cancer (EOC) remains unknown. In this study, we aimed to investigate the clinical signifi-
cance of ZSWIM4 expression in EOC and develop new clinical therapeutic strategies for EOC.

Methods ZSWIM4 expression in control and EOC tumor tissues was examined using immunohistochemistry. Lentivi-
ral transduction, Cell Counting Kit-8 assay, tumorsphere formation assay, flow cytometry, western blotting, and animal
xenograft model were used to assess the role of ZSWIM4 in chemotherapy. Cleavage Under Targets and Tagmenta-
tion (CUT&Tag) assays, chromatin immunoprecipitation assays, and luciferase reporter assays were used to confirm
FOXK1-mediated upregulation of ZSWIM4 expression. The mechanism by which ZSWIM4 inhibition improves che-
mosensitivity was evaluated using RNA-sequencing. A ZSWIM4-targeting inhibitor was explored by virtual screening
and surface plasmon resonance analysis. Patient-derived organoid (PDO) models were constructed from EOC tumor
tissues with ZSWIM4 expression.

Results ZSWIM4 was overexpressed in EOC tumor tissues and impaired patient prognoses. Its expression correlated
positively with EOC recurrence. ZSWIM4 expression was upregulated following carboplatin treatment, which, in turn,
contributed to chemoresistance. Silencing ZSWIM4 expression sensitized EOC cells to carboplatin treatment in vitro
and in vivo. FOXK1 could bind to the GTAAACA sequence of the ZSWIM4 promoter region to upregulate ZSWIM4 tran-
scriptional activity and FOXK1 expression increased following carboplatin treatment, leading to an increase in ZSWIM4
expression. Mechanistically, ZSWIM4 knockdown downregulated the expression of several rate-limiting enzymes
involved in glycine synthesis, causing a decrease in intracellular glycine levels, thus enhancing intracellular reactive
oxygen species production induced by carboplatin treatment. Compound IPN60090 directly bound to ZSWIM4 pro-
tein and exerted a significant chemosensitizing effect in both EOC cells and PDO models.

Conclusions ZSWIM4 inhibition enhanced EOC cell chemosensitivity by ameliorating intracellular glycine metabo-
lism reprogramming, thus providing a new potential therapeutic strategy for EOC.

*Kunxiang Gong and Yinger Huang have contributed equally to this work.

*Correspondence:

Wenbo Hao

haowa@126.com

Kun Shi

shikun28@hotmail.com

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-024-04980-8&domain=pdf
http://orcid.org/0000-0002-9183-1306

Gong et al. Journal of Translational Medicine (2024) 22:192

Page 2 of 21

Keywords Epithelial ovarian cancer, Carboplatin, ZSWIM4, Chemosensitivity, FOXK1, Glycine biosynthesis

Introduction

Among all gynecological malignancies, ovarian cancer
(OC) has the highest mortality rate [1]. Among all OC
types, epithelial ovarian cancer (EOC) is the most com-
mon, accounting for over 90% of all cases [2]. Over the
past three decades, platinum-based therapy has repre-
sented the most administered treatment for patients with
EOC [3]. However, owing to disease heterogeneity, many
patients experience recurrence, portending an extremely
low survival rate [4]. The mechanisms of EOC chem-
oresistance are diverse, including increased intracellular
drug pumping [5], deactivation of tumor suppressor gene
(retinoblastoma and phosphatase and tensin homolog)
transcription [6], and reverse mutations in breast cancer
(BRCA)I and BRCA2 [7]. However, the benefits of cur-
rent treatment strategies for patients with EOC remain
limited, with a poor overall prognosis. Therefore, an
urgent need exists for the identification of molecular
markers affecting recurrence in patients with EOC and
the development of novel therapeutic targets to improve
their clinical prognosis.

Zinc finger switching (SWI)2/Sucrose NonFermenting
(SNF)2 and MuDR (SWIM) type-containing (ZSWIM)
family members are named due to the uniqueness of their
structural domains [8]. Reports suggest that ZSWIM pro-
teins have strong regulatory functions in cells, whether
they bind to deoxyribonucleic acid (DNA) to regulate
gene transcription [9] or play a role in ubiquitination
to affect target protein expression [10, 11]. Increased
ZSWIM4 expression is correlated with the high clinical
stage of colon adenocarcinoma [12], and activated trans-
forming growth factor beta (TGF-p) signaling results in
the upregulation of ZSWIM4 in breast cancer cells [13].
Our previous study showed that ZSWIM4 could medi-
ate resistance to apoptosis induced by a non-receptor-
type tyrosine-protein Janus kinase 2 (JAK2) inhibitor by
upregulating vitamin D receptor levels in breast cancer
cells. Furthermore, ZSWIM4 knockdown could coun-
teract resistance to JAK2 inhibitors [14]. These find-
ings indicate that high ZSWIM4 expression in tumor
cells could contribute to drug resistance. However, its
function in ovarian malignancy has rarely been studied.
Hence, clarifying the specific role of ZSWIM4 in EOC is
imperative for the clinical treatment of this disease.

The process by which cells promote growth and
proliferation regulating their metabolism is known
as metabolic reprogramming [15]. Tumor cells adap-
tively change their metabolic processes to meet their
required proliferation capacity; therefore, metabolic

reprogramming is considered a new tumor marker [16].
Recently, increasing evidence has shown that repression
of aberrant metabolism within tumor cells enhances
EOC cell chemosensitivity. For example, inhibiting
fatty acid oxidation enhances the therapeutic efficacy
of platinum drugs in EOC [17]. Moreover, active amino
acid metabolism in EOC cells is crucial for maintaining
stem cell-like characteristics [18] and drug resistance
[19]. Meanwhile, one-carbon unit pathway metabolism
reportedly plays an important role in cancer treatment
[20]. Targeting the key enzymes involved in serine and
glycine biosynthesis elicits a synergistic effect with
Olaparib in EOC cells [21]. However, the abnormal
metabolism of reduced glutathione (GSH) in EOC cells
is a vital driver of platinum resistance [22], and GSH
inhibition enhances EOC cell sensitivity to platinum
drugs [23]. Although several studies have shown that
metabolic reprogramming contributes to the therapeu-
tic resistance of EOC, the specific drivers and mecha-
nisms underlying its regulation remain unknown.
Uncovering the molecular mechanisms by which tumor
cells regulate metabolic reprogramming to exhibit
chemoresistance could provide a more definitive theo-
retical basis for overcoming EOC chemoresistance.

In this study, we report that ZSWIM4 is highly
expressed in EOC tumor tissues and is responsible for
chemoresistance in EOC cells. Moreover, ZSWIM4
inhibition improves EOC cell chemosensitivity by reg-
ulating intracellular glycine metabolism. Collectively,
our study provides a novel target for overcoming chem-
otherapy resistance in EOC cells.

Materials and methods

Ethics statement

The acquisition and use of human specimens were in
concordance with the International Ethical Guidelines
for Research Involving Human Subjects, as stated in
the Helsinki Declaration, and were approved by the
Medical Ethics Committee of Guangzhou Women and
Children’s Medical Center (2022416B01). All the tissue
samples were collected after obtaining signed informed
consent from the participants. The use of ovarian can-
cer tissue microarray (TMA) was approved by the Eth-
ics Committee of Shanghai Outdo Biotech Company
(SHYJS-CP-1804010). All experiments involving ani-
mals were conducted according to the ethical policies
and procedures approved by the Southern Medical Uni-
versity Animal Care and Use Committee (L-2020163).
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Cell culture and sample collection

Three human EOC cell lines (OVCARS, SKOV3 and
ES-2) were obtained from Procell Life Science & Tech-
nology (Wuhan, China). Normal human ovarian surface
epithelial cells (IOSE-80) were obtained from iCell Bio-
science Inc. (Shanghai, China). The cells were tested and
confirmed to be free of Mycoplasma. The cell passage
number was no more than 20. OVCARS cells were cul-
tured in Roswell Park Memorial Institute 1640 medium
(Gibco, Grand Island, NY, USA) supplemented with 10%
fetal bovine serum (FBS) (Gibco). SKOV3 cells were cul-
tured in McCoy’s 5A (Gibco) plus 10% FBS. Carboplatin
(CBP)-resistant SKOV3 cells (SKOV3/CBP) were gener-
ated from parental SKOV3 cells by treating them with
gradually ascended concentrations of CBP. All cells were
cultured at 37 °C with 5% CO.,,.

We collected 15 paraffin-embedded human EOC tis-
sue sections and 15 paraffin-embedded corresponding
normal sections, including 10 paired samples and two
fresh human EOC tumor tissue samples, for this study.
All samples were obtained from September 2021 to June
2023 from patients from Guangzhou Women and Chil-
dren’s Medical Center, Guangzhou, China diagnosed with
EOC who had not received chemotherapy before surgery.
The ovarian cancer tissue microarray (TMA) (Cat. HOv-
aC151Su01) was provided by Outdo Biotech (Shanghai,
China). Excluding the exfoliated samples and necrotic
tissues, we included 117 cases of primary lesions in our
analysis, including 114 cases of EOC and three cases of
tumors from germ cells. Our analysis was based on the
ZSWIM4 immunohistochemical score in the 114 cases.

Reagents

Antibodies against cysteine-aspartic protease (caspase)-3
(Cat. #14,220), cleaved caspase-3 (Cat. #9664), phospho-
glycerate dehydrogenase (PHGDH) (Cat. #66,350), serine
hydroxymethyltransferase 2 (SHMT2) (Cat. #33,443),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Cat. #5568), and PB-Tubulin (Cat. #5568) were pur-
chased from Cell Signaling Technology (Danvers, MA,
USA). Antibodies against DDDDK tag (Cat. Ab205606),
Ki67 (Cat. Ab15580), and forkhead box K1 (FOXK1)
(Cat. Ab309510) were purchased from Abcam (Cam-
bridge, UK). The abovementioned antibodies were used
at a 1:1000 dilution for western blotting. Additionally,
the anti-ZSWIM4 antibody (Cat. PA5-59,861, Thermo
Fisher Scientific, Waltham, M A, USA) was used at a 1:50
dilution for immunohistochemistry (IHC), and the anti-
ZSWIM4/ cyanine3 (Cy3) antibody (Cat. Orb973969,
Cambridge, UK) was used at a 1:200 dilution for flow
cytometry and immunofluorescence. Chemical com-
pounds (CBP, glycine, hypoxanthine, GSH, mirabegron,
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nelociguat, and olaparib) were purchased from Med-
ChemExpression (Shanghai, China) and IPN60090 was
obtained from TargetMol (Shanghai, China). Short
hairpin (sh) ribonucleic acid (RNA) (shRNA) against
ZSWIM4 and lentivirus plasmids expressing FOXK1 were
purchased from Genecopoeia (Guangzhou, China). Wild-
type and mutant ZSWIM4 promoter-luciferase reporter
plasmids were constructed from Genecopoeia by clon-
ing the 1500 bp fragment before the ZSWIM4 gene tran-
scriptional start site into the pEZX-PLO1 plasmid. Small
interfering RNA against ZSWIM4 and SHMT2 and lenti-
virus plasmids expressing ZSWIM4 were purchased from
IGE Biotechnology (Guangzhou, China). Single guide
RNA against FOXK1 was packaged as lentiviruses (Gene-
chem, Shanghai, China). The sequences mentioned above
are presented in Additional file 1: Table S1.

Cell viability assay

For the cell viability assay, EOC cells were cultured at a
density of 5,000 cells/well in 96-well plates and treated
with test compounds for the indicated time points. In
the experiment using CBP, physiological saline was used
as the control treatment. The cell viability was evaluated
using a Cell Counting Kit-8 (CCK-8) (Cat. KGA317, Key-
Gen, Nanjing, China). Construction and statistical analy-
sis of the drug 50% maximal inhibitory concentration
(ICs,) curves were carried out using GraphPad Prism
ver. 6.0. as previously described [14]. Statistical analy-
ses (mean +standard deviation (SD)) of triplicates are
presented.

Western blot analysis

Cells were lysed in RIPA Lysis Buffer (Cat. KGP703, Key-
Gen) plus 1% phenylmethanesulfonyl fluoride (PMSF;
Cat. KGP610, KeyGen). Protein concentration was
detected using a BCA kit (Cat. KGP902, KeyGen). The
proteins were separated by SDS-PAGE and then trans-
ferred onto a polyvinylidene fluoride membrane (Cat.
ISEQ00010, Millipore, Bedford, MA, USA). The mem-
branes were blocked and incubated with primary anti-
bodies overnight at 4 °C and subsequently incubated with
an appropriate secondary antibody (1:10,000) for 1 h.
Protein bands were detected using ECL reagents (Cat.
KGP1121, KeyGen).

IHC, hematoxylin-eosin (H&E) staining,

and immunofluorescence analysis

IHC analysis was performed using an IHC kit (Cat.
IHCO001, Bioss, Beijing, China). Briefly, after deparaffini-
zation and rehydration, the slides were boiled in 0.01 M,
pH 8.0 ethylenediaminetetraacetic acid for antigen
retrieval. Subsequently, the slides were incubated in 3%
H,0, for 30 min to block endogenous peroxidase activity.
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Next, the slides were incubated with primary antibodies
for 2 h at 37 °C, followed by treatment with a secondary
antibody and diaminobenzidine. Published standards
were referred to establish cutoffs for “low” and “high”
ZSWIM4 expression and Ki67 scores [24]. For H&E
staining, the sections were stained in hematoxylin for
5 min and eosin for 5 min. For the immunofluorescence
assay, cells were fixed, permeabilized, and blocked, fol-
lowed by incubation with primary antibodies overnight
at 4 °C. Cells were then washed, incubated with second-
ary antibodies, and stained with DAPI (Cat. D-9106,
Bioss).

Quantitative reverse transcription polymerase chain
reaction (qRT-PCR) assay

AG RNAex Pro RNA reagent (Cat. AG21101), Evo
M-MLV RT Kit with gDNA Clean for qPCR (Cat.
AG11705), and SYBR Green Premix Pro Taqg HS qPCR
(Cat. AG11701) were obtained from Accurate Biotech-
nology (ChangSha, China). RNA extraction and cDNA
synthesis were performed following the manufacturer’s
protocol. The resulting cDNA was then amplified on the
Biosystems 7500 Real-time PCR system. The primers are
listed in Additional file 1: Table S2.

Flow cytometry

The Annexin V-FITC reagent (Cat. KGF001, KeyGen)
and the Annexin V-APC apoptosis detection kit (Cat.
KGA1021, KeyGen) were used to detect apoptosis. A
reactive oxygen species (ROS) detection kit (Cat. S0033S,
Beyotime, Shanghai, China) was used to evaluate ROS
levels according to the manufacturer’s protocol. The anti-
ZSWIM4/Cy3 antibody was used to detect ZSWIM4
protein expression levels in ZSWIM4-knockdown clones.
All flow cytometry results were analyzed using the
Flow]Jo software (Tree Star Inc., USA).

Tumorsphere assay

Briefly, 1x10* EOC cells were resuspended and plated
on the ultra-low attachment six-well plates. The tum-
orspheres were cultured in Dulbecco’s Modified Eagle
Medium (DMEM)/F-12 (Gibco) with epidermal growth
factor, insulin, hydrocortisone, and B27 supplement.
Cells were treated with 50 uM CBP for 5 days, and tum-
orspheres with a diameter > 100 pm were counted.

RNA-sequencing (RNA-seq) data analysis

Total RNA was isolated from ZSWIM4-knockdown and
vector control OVCARS cells. A minimum of 5 pg total
RNA was used for RNA-seq. RNA-seq and raw data
analysis were performed by Novogene (Beijing, China).
Gene Set Enrichment Analysis (GSEA) was performed
for gene functional annotation and pathway analysis and
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the detailed results are presented in Additional file 1:
Table S3.

Luciferase reporter assay

Briefly, cells were transfected with the reporter plasmids
using Lipofectamine” 3000 (Cat. 13000015, Thermo
Fisher Scientific). Luciferase activity was determined
using a Microplate Reader (BioTek, Vermont, USA).
ZSWIM4 gene luciferase reporter activities were normal-
ized to that of the renilla luciferase.

CUT&Tag

For the CUT&Tag assay, a CUT&Tag-IT" Assay Kit,
Anti-Rabbit (Cat. 53,160, Active Motif, Shanghai, China)
was used following the manufacturer’s instructions.
Briefly, OVCARS8 and SKOV3 cells were harvested and
washed with pre-chilled PBS. FOXK1 antibody mix-
ture was added to the cell lysate and incubated for 2 h
at 25 °C. Subsequently, the cell lysate was further pro-
cessed for 30 min incubation with a secondary antibody.
After centrifugation, the Dig Buffer and CUT&Tag-
Tn5 enzyme mixture was added and incubated at 25 °C
for 1 h. Next, the products were purified, and the PCR
cycle number was determined. To perform CUT&Tag
sequencing, the Illumina NovaSeq 6000 sequencing plat-
form was employed in the PE150 sequencing mode. The
recommended sequencing volume gene was 6G, and
additional sequencing volume was performed according
to the actual requirements. CUT&Tag sequencing data
processing was performed by 10 K Genomics, Shanghai,
China. The IGV tool was used to visualize the read count
data.

Chromatin immunoprecipitation (ChIP)

Approximately 5x10° OVCARS and SKOV3 cells
were fixed with cross-link solution and collected. ChIP
assays were performed using a ChIP Kit (Cat. abs50034,
Absin, Shanghai, China) according to the manufacturer’s
instructions. Antibody-immunoprecipitated DNA was
analyzed via real time PCR and normalized to the input.

Assessment of intracellular glycine content

A Glycine Assay Kit (Fluorometric; Cat. ab211100,
Abcam) was used to detect cellular glycine concentra-
tions. Briefly, the collected cells were counted and further
lysed. After being deproteinized using 10 kDa spin col-
umns, the filtrate was collected to determine intracellular
glycine content.

Surface plasmon resonance (SPR) analysis

SPR analysis was used to detect the binding between the
recombinant ZSWIM4 protein (Cat. TSTG2502, Tar-
getMol) and IPN60090, with the ZSWIM4 protein and
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anti-ZSWIM4 antibody combination used as the positive
control. The anti-ZSWIM4 antibody and IPN60090 were
diluted to different concentrations using the running
buffer (5% DMSO). The ZSWIM4 protein was coupled to
the CMS5 sensor chip (GE Healthcare, Marlborough, MA,
USA) and served as the ligand. SPR experiments were
performed using a BIAcore T200 instrument (GE Health-
care) at 25 °C following the manufacturer’s instruction.
The BIAcore T200 Control software (v. 2.0, GE Health-
care) was used to analyze the binding model.

Bioinformatics analysis

Differential expression analysis for ZSWIM4 in ovarian
tumors and control samples was performed using the
Gene Expression Profiling Interactive Analysis (GEPIA)
database [25]. The survival analysis based on ZSWIM4
expression in OC was implemented using the GEPIA
database and Kaplan—Meier plotter [26]. The gene
expression levels of ZSWIM4 and FOXKI in The Cancer
Genome Atlas database (TCGA) and Etemadmoghadam
2009 were obtained from the UCSC Xena project [27],
and the expression of ZSWIM4 and FOXK1 in platinum-
resistant OVCARS cells were obtained from GSE45553
[28]. Virtual screening of ZSWIM4 targeted inhibitors
was performed using Schrodinger Maestro ver. 11.4, and
molecular docking between ZSWIM4 and IPN60090 was
conducted using PyMol.

Patient-derived organoid (PDO) model construction

and culture

Fresh tumor tissues obtained from EOC patients were
immersed in Advanced DMEM/F12 (Cat. 12634028,
Thermo Fisher Scientific) containing 1% penicillin—
streptomycin (PS). The necrotic tissues were removed,
and the remaining tissue was cut into pieces of approx-
imately 1-2 mm?® volume. After washing twice with
PBS containing 1% PS, the tissue fragments were
digested at 37 °C for 1 h using the Advanced DMEM/
F12 solution containing type IV Collagenase (Cat.
17104019, Thermo Fisher Scientific). The above solu-
tion was filtered using a 100 pm filter (Cat. 352360,
Corning, New York, USA). Next, the fragments were
centrifuged at 300xg for 5 min. The erythrocytes were
lysed. The precipitated cells were resuspended in the
Advanced DMEM/F12 mixed with growth factor-
reduced Matrigel (Cat. CB-40230, Corning, USA). The
cell suspension was adjusted to a final concentration of
10,000-20,000 cells/50 pl. PDOs were transferred to
24-well plates when the Matrigel solidified, and 500 pl
of the general culture medium was added. PDOs were
grown in a cell incubator at 37 °C with 5% CO,. The
culture medium was changed every 2—3 days. The cell
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viability of PDOs was determined by the Cell Count-
ing-Lite 3D Luminescent Cell Viability Assay (Cat.
DD1102-01, Vazyme, Nanjing, China).

Animal experiments

Female BALB/c nude mice (4—6 weeks) were purchased
from Guangdong Weitong Lihua Experimental Animal
Technology. To evaluate the CBP sensitization effect
of ZSWIM4 knockdown in EOC cells in vivo, 1x10’
SKOV3 shCTR cells or ZSWIM4-knockdown cells were
injected into the armpit of nude mice (n=8/group). Once
the tumor volume grew to 100 mm?, mice were admin-
istered CBP (20 mg/kg, i.p.) thrice weekly. After 2 weeks
of treatment, the mice were sacrificed. To determine the
efficacy of CBP combined with IPN60090 in vivo, 1x 107
SKOV3 cells were injected subcutaneously. When tumor
volume reached 100 mm?, mice were treated with vehi-
cle control, CBP (15 mg/kg, i.p.) thrice weekly, IPN60090
(30 mg/kg/day, p.o.), and CBP (15 mg/kg, i.p.) 3 weekly
plus IPN60090 (30 mg/kg/day, p.o.) (n=4/group). After
10 days of treatment, the mice were euthanized.

Statistical analysis

Excluding the ZSWIM4 IHC results, which were
expressed as median with interquartile range, all other
data were expressed as mean+SD and were analyzed
using GraphPad Prism (6.0) software. The two groups
were compared to obtain significant differences using
Student’s ¢-test (two-tailed) or Welch’s test for data
with unequal variance. A one-way analysis of variance
(ANOVA) was used to compare multiple groups, and a
Mann—-Whitney U-test was performed for IHC score
data. A two-way ANOVA was performed to assess sig-
nificant differences in tumor volume growth curves. The
Fisher’s exact test was adopted to evaluate differences in
relative ZSWIM4 expression. The Gehan-Reslow-Wil-
coxon test was used to determine the significance of sur-
vival data. Pearson’s correlation was used to determine
the correlation between ZSWIM4 and FOXKI expres-
sion. P values<0.05 (*P<0.05, **P<0.01, ***P<0.001)
were considered significant, otherwise non-significant
(ns).

Results

ZSWIM4 is highly expressed in EOC and is an indicator

of poor prognosis in patients

First, by analyzing the data from the GEPIA database,
we found that ZSWIM4 was overexpressed in OC tumor
tissues (Additional file 1: Fig. S1A), and that poor prog-
nosis was associated with high ZSWIM4 expression
(Additional file 1: Fig. S1B).We consistently confirmed
poorer prognosis in patients with OC showing ZSWIM4
overexpression using the Kaplan—Meier plotter website
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(Additional file 1: Fig. S1C, D). Subsequently, we per-
formed IHC to verify the overexpression of ZSWIM4
protein using EOC tumor tissues (n=15) and control
tissue samples (n=15), including 10 paired samples.
Interestingly, 11 of the 15 cancer tissues showed high
ZSWIM4 expression, whereas only four of the 15 nor-
mal control tissues showed ZSWIM4 expression, indi-
cating the upregulation of ZSWIM4 protein levels in
EOC (Fig. 1A, B). Subsequently, we performed an IHC
analysis for ZSWIM4 using an OC TMA. Based on the
staining intensity and pattern, 114 valid ZSWIM4 expres-
sion scores were collected. In those 114 EOC tumors,
the expression of ZSWIM4 among different EOC tis-
sue types showed no significant difference (Additional
file 1: Fig. S1E). Notably, we found a significant increase
of ZSWIM4 expression in relapsed primary cancers
(Fig. 1C, D) and a positive correlation between high
ZSWIM4 expression and primary tumor recurrence
based on the clinical information (Fig. 1E). Survival anal-
ysis results based on the TMA also revealed that high
expression of ZSWIM4 could predict poorer overall sur-
vival rates (Fig. 1F) and higher postoperative relapse rates
(Fig. 1G) in patients with EOC. Furthermore, to investi-
gate the factors contributing to the effects of ZSWIM4
on EOC recurrence, we evaluated its prognostic role in
patients with this disease treated with platinum-based
chemotherapy using the Kaplan—Meier plotter database.
Notably, high ZSWIM4 expression in OC indicated a
poor prognosis for the patients administered platinum-
based treatment (Fig. 1H), suggesting that high ZSWIM4
expression in EOC tumor tissues might counter the effect
of platinum drugs.

Elevated ZSWIM4 expression reduces EOC cell sensitivity
to CBP

To investigate the effect of ZSWIM4 in driving chemo-
therapy resistance, we selected two cell lines with low
expression of this protein, IOSE-80 (human normal
ovarian epithelial cells) and ES-2 (human ovarian clear
cell carcinoma cells) cells (Additional file 1: Fig. S2A), to
establish the ZSWIM4 overexpression models (Fig. 2A,
Additional file 1: Fig. S2B). Subsequently, we treated both
vector control and ZSWIM4-overexpressing clones with
50 uM CBP for 72 h, and observed that overexpression
of ZSWIM4 conferred resistance to CBP in IOSE-80 and
ES-2 cell lines (Additional file 1: Fig. S2C). In addition,
exogenous ZSWIM4 expression increased the ICy, val-
ues of CBP in both IOSE-80 and ES-2 cell lines (Fig. 2B).
In our previous study, we found that ZSWIM4 was an
inducible drug resistance gene in breast cancer cells
[14]. Notably, the messenger RNA (mRNA) (Additional
file 1: Fig. S2D) and protein expression levels (Fig. 2C)
of ZSWIM4 were significantly induced upon 75 pM
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CBP treatment in OVCARS8 and SKOV3 cells. To dis-
cern the pathological significance of inducible ZSWIM4
in EOC cells upon CBP treatment, stable clones of
ZSWIM4-overexpressing OVCAR8 and SKOV3 cells
were generated to mimic the above situations (Fig. 2D,
Additional file 1: Fig. S2E). Then, both vector control
and ZSWIM4-overexpressing EOC cells were incubated
with 100 uM CBP for 72 h. We found that the up-regu-
lation of ZSWIM4 compromised the cytotoxic effect of
CBD, as indicated by the CCK-8 assay results (Additional
file 1: Fig. S2F). Furthermore, we generated IC;, curves
and found that ZSWIM4 overexpression increased the
IC;, values of CBP (Fig. 2E). Moreover, the overexpres-
sion of ZSWIM4 weakened CBP-mediated suppression
of tumorsphere formation in OVCARS and SKOV3 cells
(Additional file 1: Fig. S2G). Subsequently, we character-
ized CBP-induced cell apoptosis in vector control and
ZSWIM4-overexpressing OVCAR8 and SKOV3 cells
incubated with 50 pM CBP for 72 h. Overexpression of
ZSWIM4 significantly ameliorated CBP-induced apop-
tosis, as evidenced by the reduced Annexin V-positive
cell proportions (Fig. 2F, Additional file 1: Fig. S2H) and
the downregulation of cleaved caspase-3 (Fig. 2G). These
data suggest that high ZSWIM4 expression in EOC cells
could reduce their sensitivity to CBP by inhibiting CBP-
mediated apoptosis.

Silencing ZSWIM4 enhances EOC cell sensitivity to CBP

To better clarify the impact of ZSWIM4 on chemosen-
sitivity, we knocked down ZSWIM4 in OVCARS and
SKOV3 cells (Fig. 3A, Additional file 1: Fig. S3A). Subse-
quently, we treated ZSWIM4-knockdown OVCARS cells
and control cells with 100 pM CBP and ZSWIM4-knock-
down SKOV3 cells and control cells with 50 uM CBP for
72 h. Cell viability assays unveiled that ZSWIM4-knock-
down EOC cells were more sensitive to CBP treatment
(Fig. 3B). Furthermore, after incubation with a gradient
concentration of CBP for 72 h, the IC;, values declined
in both ZSWIM4-knockdown EOC cells (Fig. 3C), indi-
cating that ZSWIM4 knockdown enhances EOC cell sen-
sitivity to chemotherapy. ZSWIM4 silencing facilitated
the CBP-mediated inhibition of tumorsphere forma-
tion (Fig. 3D, Additional file 1: Fig. S3B) and enhanced
CBP-mediated apoptosis (Fig. 3E, Additional file 1: Fig.
S3C). Consistently, the increased expression of cleaved
caspase-3 in the CBP-treated ZSWIM4-knockdown
EOC clones validated the above results (Fig. 3F). Fur-
thermore, we analyzed the response of vector control
cells and ZSWIM4-knockdown cells to CBP in vivo. For
this, we injected the ZSWIM4-knockdown or control
SKOV3 cells into nude mice. Then, CBP treatment at a
dose of 20 mg/kg three times per week was initiated
when xenograft tumor volume reached approximately



Gong et al. Journal of Translational Medicine (2024) 22:192 Page 7 of 21

A Patient #1 Patient #2 B
NormaI' - VTumo.rr ‘ Normal - qur

== ZSWIM4-high
= ZSWIM4-low

P=0.027
100
o 80
2 g
= o 60
< o
= s 40
% = 20
N 0
> &
o‘é\ /\06‘
C D
P=0.031
o 9 oo OU000000
2 2 °]
i z
= S 3
g ; 00000
[2] %) 000000
N N -
Nore Re
n=23 n=91
100 pm
E == ZSWIM4-high F —— ZSWIM4-low (n=56) G ——  ZSWIM4-low (n = 56)
= ZSWIMd-low  450_, —— ZSWIM4-high (n = 58) $1009 —— ZSWIM4-high (n = 58)
P=0.036 T i AL . E R
0 = 80+ \ 5 801 .
o 80 S0 s o 60-
8 I .... CUURLILLY 9
S 60 E 404 E) 404 :
‘5 40 2 5ol 2 20- R
X 20 © P=0.006 < P=0.006 L
0 T T T T 1 (e 0 T T T T 1
Oee 0 24 48 72 96 12 0 24 48 72 96 12
eo* <& Time (months) Time (months)
H Chemotherapy: contains platin
GSE30161 GSE26193 GSE9891
ZSWIM4 (231915 _at) ZSWIM4 (231915_at) ZSWIM4 (231915 _at)

1.0

HR = 1.66 (1.14 - 2.44)

HR = 2.79 (1.39 - 5.59)
logrank P = 0.0082

] 1’1 HR = 2.17 (1.15 - 4.06)
Y logrank P = 0.0026

&L logrank P = 0.014
\ \j
N\

“\_

06 08
~
06 08
06 08

~ "
S | Expression "y

S | Expression
— low -

— low — low
high high = high
0 20 40 60 80 100 140 0 50 100 150 200 250 0 50 100 150 200

Time (months) Time (months) Time (months)
Number at rsk Number a risk Number a risk
a2 32 2 1. w05 3 1 ow 22 13 s 0 o 0 149 2 3 2 1
% 10 4 2 o o o o hgh 71 2 7 1 1 ° 93 1 1 0 0

0.0

0.0

Overall Survival
0.2 0.4
Overall Survival
0.4
Overall Survival
4
¥

Fig. 1 ZSWIM4 is highly expressed in epithelial ovarian cancer (EOC) and indicates poor prognosis. A IHC staining for ZSWIM4 in EOC tumor

tissues and adjacent tissues; representative graphs are presented. B Statistical analysis of ZSWIM4 IHC score in EOC tumor tissues (n=15)

and adjacent tissues (n=15). C IHC staining of ZSWIM4 in primary tumor tissues from patients with recurrent and non-recurrent EOC; representative
graphs are presented. D IHC scores of ZSWIM4 in the recurrent and non-recurrent groups. Re, recurrence. E Statistical analysis of ZSWIM4 protein
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Fig. 2 Elevated ZSWIM4 resists chemotherapy in epithelial ovarian cancer (EOC) cells. A ZSWIM4 protein expression levels in the vector

control and ZSWIM4-overexpressing IOSE-80 and ES-2 cells. B ICs, curves for vector control and ZSWIM4-overexpressing IOSE-80 and ES-2 cells

following incubation with a gradient concentration CBP for 72 h. C Immunofluorescence detection of ZSWIM4 protein expression in OVCAR8

and SKOV3 cells after CBP (75 puM) treatment for 48 or 72 h. D ZSWIM4 protein expression in the vector control and ZSWIM4-overexpressing OVCARS
and SKOV3 cells. E ICq curves for vector control and ZSWIM4-overexpressing OVCAR8 and SKOV3 cells following incubation with CBP for 72 h. F
Statistical data (mean £ SD) of the apoptosis rate in ZSWIM4-overexpressing and vector control OVCAR8 and SKOV3 cells treated with the vehicle
control or CBP (50 uM) treatment for 72 h. G Cleaved caspase-3 protein levels in ZSWIM4-overexpressing OVCAR8 and SKOV3 cells treated with CBP

(50 uM) for 72 h detected via western blotting

100 mm?®. After 2 weeks of treatment, we found that
the knockdown of ZSWIM4 also sensitized EOC cells to
CBP in vivo (Fig. 3G), as indicated by the slower growth
curve (Fig. 3H) and reduced tumor weights (Fig. 3I) of

subcutaneous tumors among the four groups of mice.
The decreased Ki67 proliferation score also confirmed
these results (Additional file 1: Fig. S3D). These data
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Fig. 3 Silencing ZSWIM4 enhances the sensitivity of epithelial ovarian cancer (EOC) cells to CBP. A ZSWIM4 protein expression levels in the vector
control and shRNA-mediated ZSWiM4-knockdown EOC clones. Representative flow cytometry histograms (left) and statistical data (mean+SD) are
shown (right). B Killing effects in ZSWIM4-knockdown and shRNA control OVCARS cells treated with CBP (100 uM) for 72 h and ZSWIM4-knockdown
and shRNA control SKOV3 cells treated with CBP (50 uM) for 72 h; CCK-8 assays. C CBP sensitivity of ZSWIM4-knockdown OVCAR8 and SKOV3 cells.
D The statistical data (mean + SD) of tumorspheres of control and ZSWIM4-knockdown EOC cells incubated in 50 uM CBP for 5 days. E The statistical
data (mean +SD) of apoptosis rate of ZSWIM4-knockdown and control EOC cells with or without CBP (50 uM) treatment for 72 h. F The protein
expression levels of cleaved caspase-3 in CBP-treated ZSWIM4-knockdown EOC cells. shC, shCTR. G-I The shRNA control and ZSWIM4-knockdown
SKOV3-derived xenograft mice were treated with vehicle control or CBP (20 mg/kg thrice weekly) for two weeks (n==8/group). Photographs
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revealed that ZSWIM4 inhibition improves chemosensi-
tivity in EOC cells and tumors.

FOXK1-dependent ZSWIM4 transcription reduces EOC cell
sensitivity to CBP

We explored the mechanism underlying the induction
of ZSWIM4 expression upon CBP treatment. A previ-
ous study showed that the transcription factor FOXK1
is upregulated in platinum drug-resistant cell lines [29].
Based on public database analysis, strong positive cor-
relations between FOXKI and ZSWIM4 mRNA levels
were observed in OC tumor tissues (Additional file 1: Fig.
S4A). By analyzing gene expression in OVCARS parental
cells and cisplatin-resistant cells, we observed co-upreg-
ulation of FOXKI and ZSWIM4 in cisplatin-resistant
OVCARS cells (Additional file 1: Fig. S4B). Our western
blotting results revealed that FOXK1 abundance gradu-
ally increased upon CBP (75 pM) treatment within 72h
(Fig. 4A). By searching the promoter region of ZSWIM4
in the JASPAR database, setting a filtering criterion of a
score greater than 10 and a correlation greater than 0.9,
we identified two potential FOXK1-binding sites (Addi-
tional file 1: Fig. S4C). Next, we performed CUT&Tag-
seq using an antibody against FOXK1 (Additional
file 1: Fig. S4D) and found the common binding peak of
FOXK1 in the promoter region of ZSWIM4 loci in both
OVCARS8 and SKOV3 cells (Fig. 4B). The ChIP assays
were then conducted, and the results confirmed that
FOXK1 bound directly to the ZSWIM4 promoter region
(Fig. 4C, D). Therefore, we hypothesized that ZSWIM4
upregulation might be mediated by the transcriptional
effect of FOXKI. To test our hypothesis, we constructed
a wild-type ZSWIM4 promoter-luciferase reporter vec-
tor by inserting the 1500 bp promoter fragment upstream
of the ZSWIM4 gene translation start site and three
mutated ZSWIM4 promoter-luciferase reporter vec-
tors in which the FOXK1-binding sites were mutated
(MUT #1, MUT #2, and MUT #3) (Additional file 1:
Fig. S4E). As expected, 100 uM CBP treatment for 24 h
enhanced ZSWIM4 gene transcriptional activity in both
OVCARS8 and SKOV3 cells, whereas the mutation in
the FOXK1-recognition motif eliminated CBP-induced
luciferase activity. Notably, mutations in two binding
sites had a more significant effect on reducing the CBP-
induced upregulation of ZSWIM4 transcriptional activity
than mutations in any single binding site (Fig. 4E). Fur-
thermore, we knocked down FOXKI in OVCARS and
SKOV3 cells to elucidate its role in inducing ZSWIM4
(Fig. 4F). Notably, the knockdown of FOXKI down-
regulated ZSWIM4 (Additional file 1: Fig. S4F) and its
transcriptional activity (Additional file 1: Fig. S4G).
Simultaneously, silencing FOXKI reduced the upregula-
tion of ZSWIM4 promoter-luciferase activity (Fig. 4G)
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and inhibited the upregulation of ZSWIM4 induced by
75 uM CBP treatment for 48 h (Fig. 4H). We also gen-
erated stable FOXK1-overexpressing clones in OVCARS
cells (Additional file 1: Fig. S4H). In line with our hypoth-
esis, ectopic FOXK1 expression enhanced CBP-induced
ZSWIM4 promoter-luciferase activity (Fig. 4I). Moreo-
ver, knockdown of ZSWIM4 in FOXK1-overexpressing
OVCARS cells partially alleviated drug resistance to CBP
(Additional file 1: Fig. S4I). Collectively, our results indi-
cated that FOXK1-mediated ZSWIM4 transcription was
responsible for the decreased sensitivity of EOC cells to
CBP.

ZSWIM4 knockdown enhances CBP-induced reactive
oxygen species (ROS) production

To elucidate how ZSWIM4 confers decreased sensi-
tivity to CBP in EOC cells, we performed next-gen-
eration RNA-seq using ZSWIM4-knockdown and
control OVCARS cells. Pathway enrichment analysis
demonstrated that “GLYCINE_SERINE_AND_THREO-
NINE_METABOLISM” was the most significantly down-
regulated pathway after ZSWIM4 knockdown (Fig. 5A,
Additional file 1: Fig. S5A). By investigating the members
of this pathway, we found that most of the downregu-
lated genes-encoded key enzymes participate in the syn-
thesis of serine and glycine (Additional file 1: Fig. S5B).
Among them, the expression levels of PHGDH, the gene
encoding phosphoglycerate dehydrogenase, and SHMT2,
the gene encoding serine hydroxymethyltransferase 2,
were the lowest (Fig. 5B). In addition, we confirmed that
ZSWIM4 knockdown reduced the expression of PHGDH
and SHMT2 (Fig. 5C), whereas the overexpression of
ZSWIM4 upregulated PHGDH and SHMT?2 expression
in OVCARS and SKOV3 cells (Fig. 5D). PHGDH cata-
lyzes intracellular serine biosynthesis [30]. Serine is fur-
ther converted into glycine by SHMT, and SHMT?2 is the
rate-limiting enzyme in this step [31]. A previous study
indicated that PHGDH knockdown enhances EOC cell
chemosensitivity [32]. Notably, in both EOC cell lines,
ZSWIM4 knockdown decreased the intracellular glycine
content (Fig. 5E), whereas exogenous glycine supplemen-
tation partially restored the sensitivity of OVCARS cells
to CBP induced by ZSWIM4 knockdown (Additional
file 1: Fig. S5C). Therefore, we investigated whether the
downregulation of SHMT?2 after ZSWIM4 knockdown
could also enhance the chemotherapy sensitivity in EOC
cells. For this, we knocked down SHMT2 in OVCARS
and SKOV3 cells and observed that silencing SHMT2
enhanced the sensitivity of CBP treatment in both two
EOC cell lines (Additional file 1: Fig. S5D). Consist-
ently, 50 or 100 uM CBP in combination with the SHMT
inhibitor (SHIN1) showed a stronger killing effect in both
OVCARS8 and SKOV3 cells than CBP treatment alone
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Fig. 4 FOXK1-dependent ZSWIM4 transcription contributes to epithelial ovarian cancer (EOC) cell chemotherapy resistance. A FOXK1 protein levels
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treated with CBP (75 puM) for 48 h. 1 ZSWIM4 promoter activity in OVCARS cells transfected with wild-type ZSWIM4 promoter-luciferase plasmid

with or without FOXK1 co-transfection. The cells were treated with vehicle or CBP (75 uM) for 48 h



Gong et al. Journal of Translational Medicine

(2024) 22:192

A TOP 10 KEGG gene sets enriched in shCTR (shZSW4 vs. shCTR ) B

NES
c OVCARS
A G0
QoW ¥
e‘(‘d\ 5‘\1’6 5‘(‘7’%

GLYCINE_SERINE_AND_THREONINE_METABOLISM
CARDIAC_MUSCLE_CONTRACTION
PENTOSE_PHOSPHATE_PATHWAY
NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION
HYPERTROPHIC_CARDIOMYOPATHY_HCM
CALCIUM_SIGNALING_PATHWAY
ECM_RECEPTOR_INTERACTION
DILATED_CARDIOMYOPATHY
TYPE_II_DIABETES_MELLITUS
NOTCH_SIGNALING_PATHWAY

Relative gene expression levels

Page 12 of 21

OVCARS8
shCTR
shZSW4-1
shZSW4-2

N
[¢,]

-
o

RSN SR
W) O v
D
SKOV3 A 2 OVCARS8 SKOV3
@ ol W s N\a
RO @S e

PHGDH | s v — <[ ¢

| 55

PHGDH |we w9 .

-

GAPDH | == s ==l 35

l 35

GAPDH [ = | 35 |wm == | 35

sHw [ 5

55

SHMT2 [seme 55

GAPDH | == == == | 35

|—-a~“ F35

GAPDH | | 35

E mm shCTR F OVCARS
s shZSW4-1 120
2 mm ShZSW4-2 100 120
8 — B = = 100
S 109 0= ° = o g
- 0.8 2 E 2z
0] aduia © o Z £ 60
2 06 T 85 4
g 04 x > 0 .©
£ 0.2 ©
2 0.0 CBP -+ -+ - +-+ 0
5 SR SiSHMT2 - - ++ - - ++ (CBP -4t
5 & O Vecor  zswma S OMIZIZ T -
04 S Vector ZSWIM4
G OVCARS H OVCARS + CBP | OVCARS + CBP
shCTR shZSWIM4 2 3 —_
- T 200 €|E|:E§.SF\TV4—1 250 || [M|Vector
120 * 3 [@EishzSwa4-2 200 = 1 |E|zsww|4
rek T € 150 3 € \
- 100 § ] é 150 = \‘
52 80 100 ] 100 3
22 o0 7 507
&3 02 0 S
T8 40 DCF pcF T '
4 20 —» 0 2 4 — 10 10*
2 g0 S 40
0 3*%3 o — mm shCTR :E-@ 30 t
C_BP -+ -+ -+ -+ 2 g;; 40 B shZSW4-1 89;; 20 mm \ector
Hydroxypurine - - - - - + - - Q2 20 a2 10
GSH - - - - - - - . 5872 == shzswa25 8 10 —ZSWIM4
e [m]

Fig. 5 Glycine metabolism reprogramming is triggered after knocking down ZSWIM4 in EOC cells. A Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis in OVCARS cells after ZSWIM4 knockdown. B The mRNA expression levels of genes encoding key enzymes for glycine
synthesis in vector control and ZSWIM4-knockdown OVCARS cells. C, D Protein expression levels of PHGDH and SHMT2 in ZSWIM4-knockdown EOC
clones C and ZSWIM4-overexpressing EOC clones D. E Intracellular glycine content of ZSWIM4-knockdown OVCAR8 and SKOV3 cells. F Viability

of cells following SHMT2 knockdown in vector control and ZSWIM4-overexpressing EOC cells treated with vehicle or CBP (100 uM) for 72 h; CCK-8
assay. G Rescue experiments using exogenous supplementation of hypoxanthine and GSH in ZSWIM4-knockdown OVCARS cells. H ROS levels

in vector control and ZSWIM4-knockdown OVCARS cells after CBP (50 uM) treatment for 72 h. Representative histograms (upper) and statistical

data (mean £ SD) are shown (lower). | Flow cytometry detection of ROS levels in vector control and ZSWIM4-overexpressing OVCARS cells treated
with vehicle or CBP (50 uM) for 72 h. Representative histograms (upper) and statistical data (mean +SD) (lower) are shown
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(Additional file 1: Fig. S5E). Next, we knocked down
SHMT?2 in ZSWIM4-overexpressing clones and treated
control and SHMT2-knockdown cells with 100 pM CBP.
SHMT?2 silencing partially rescued the reduced sensitivity
of CBP caused by ZSWIM4 overexpression in both EOC
cell lines (Fig. 5F), indicating that SHMT2 is a down-
stream target of ZSWIM4. SHMT?2 catalyzes the syn-
thesis of glycine, which is involved in various metabolic
pathways, such as purine nucleotide and GSH synthesis
[33]. We treated control cells and ZSWIM4-knockdown
OVCARS cells with 100 pM CBP and exogenously
administered hypoxanthine (100 uM) and GSH (100 uM)
to the knockdown group. Interestingly, GSH partially res-
cued the effects of ZSWIM4 knockdown, whereas hypox-
anthine did not (Fig. 5G). GSH is an important regulator
of intracellular redox homeostasis [34]. Furthermore,
we observed a CBP-induced increase in intracellular
ROS levels following ZSWIM4 knockdown (Fig. 5H)
and decreased ROS levels in ZSWIM4-overexpressing
OVCARS cells after CBP (50 uM) treatment (Fig. 5I).
These results suggest that ZSWIM4 knockdown down-
regulates the glycine synthesis enzymes, leading to a dim-
inution in intracellular glycine content, and augments the
CBP-induced ROS levels, thereby enhancing the effect of
CBP on EOC cells.

A ZSWIM4 inhibitor enhances the sensitivity of EOC cells

to CBP

Currently, there are few reports on ZSWIM4-target-
ing inhibitors. Therefore, we attempted to identify
small-molecule inhibitors targeting this protein using
computerized virtual screening. We predicted the three-
dimensional (3D) structure of ZSWIM4 using Alpha-
Fold, and a high percentage of 3D structures scored >70
points (Fig. 6A), indicating that this prediction had high
structural reliability. Next, we found that the Sitel bind-
ing pocket in the 3D structure had a strong ability to
accept compounds (Additional file 1: Fig. S6A). There-
fore, we performed a virtual screening against this Sitel
locus using the MedChemExpress Bioactive Compound
Library Plus and yielded three small-molecule com-
pounds (mirabegron, IPN60090, and nelociguat) with
a docking score of less than -10.5 (Additional file 1:
Fig. S6B). Subsequently, we treated OVCARS cells with
25 uM CBP in combination with the three drugs (all at
a concentration of 10 pM). Notably, only IPN60090
enhanced the sensitivity of OVCARS cells to CBP (Addi-
tional file 1: Fig. S6C). IPN60090 was initially devel-
oped as an inhibitor of glutaminase-1 (GLS-1), and it
has entered clinical trials for cancer therapy, especially
for lung and ovarian cancers [35, 36]. Therefore, we fur-
ther investigated the interaction between IPN60090
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and ZSWIM4. Docking results indicated that IPN60090
(Additional file 1: Fig. S6D) binds to the ZSWIM4 pro-
tein by forming hydrogen bonds with the residues pro-
line 204 (Pro372) and glycine 411 (Gly411) in ZSWIM4
(Fig. 6B). Subsequently, using an anti-ZSWIM4 antibody
as positive control (Fig. 6C), we performed an SPR assay
to detect the affinity between the recombinant ZSWIM4
protein (Additional file 1: Fig. S6E) and IPN60090. The
results showed that IPN60090 can specifically bind to
the ZSWIM4 protein (Fig. 6D). Furthermore, IPN60090
was found to downregulate the intracellular glycine levels
(Fig. 6E) and elevate ROS levels (Fig. 6F, Additional file 1:
Fig. S6F) in OVCARS8 and SKOV3 cells. Furthermore,
cell viability assays showed that 50 pM CBP in combi-
nation with 10 pM IPN60090 exhibited a stronger cyto-
toxic effect (Additional file 1: Fig. S6G), and ICy, curve
analyses revealed that the ZSWIM4 inhibitor had a che-
mosensitizing effect (Additional file 1: Fig. 6G). In addi-
tion, the combination of IPN60090 and CBP inhibited the
formation of tumorspheres in both OVCARS8 and SKOV3
cells (Fig. 6H, Fig. S6H). To clarify whether IPN60090
exerts CBP-sensitizing effects by inhibiting ZSWIM4,
we treated both ZSWIM4-knockdown and control EOC
cells with 25 pM CBP alone or 25 uM CBP combined
with IPN60090 (10 uM) for 72 h. Interestingly, IPN60090
lost its synergistic effect with CBP in ZSWIM4-knock-
down cells (Fig. 6I). Consistently, IC;, curve analyses
suggested that IPN60090 could be used to overcome
CBP resistance caused by ZSWIM4 overexpression in
OVCARS cells (Additional file 1: Fig. S6I). Considering
that poly (ADP-ribose) polymerase (PARP) inhibitors
are also used for the clinical treatment of EOC [1] and
metabolic reprogramming can cause EOC cells to resist
PARP inhibitors [21], we attempted to clarify whether the
use of ZSWIM4 inhibitors could also enhance the sensi-
tivity to PARP inhibitors. We treated both OVCARS and
SKOV3 cells with 50 or 100 pM olaparib in combination
with IPN60090 (50 uM) for 48 h, and the results showed
that this cotreatment resulted in a stronger killing effect
than olaparib treatment alone (Additional file 1: Fig.
S6]). Furthermore, we evaluated the chemotherapeutic
sensitization effect of the ZSWIM4 inhibitor IPN60090
in vivo using SKOV3-derived xenograft mice. When the
tumor volume reached 100 mm?, the mice were admin-
istered the vehicle control, CBP (15 mg/kg, i.p.) 3 weekly,
IPN60090 (30 mg/kg/day, per os (p.o.)), and CBP com-
bined with IPN60090. After 10 days of drug treat-
ment, the mice were euthanized. IPN60090 significantly
enhanced the inhibitory effect of CBP in vivo (Fig. 6]-L).
Collectively, our data revealed that the use of a ZSWIM4
inhibitor exerts marked synergistic effects with CBP in
killing EOC cells, like those with ZSWIM4 knockdown.



Gong et al. Journal of Translational Medicine

(2024) 22:192

Very high (pLDDT > 90)

high )
Confident (90 > pLDDT > 70)
Low (70 > pLDDT > 50)

M very low (pLDDT < 50)

Bas

C Positive control D IPN60090
201KD (M) = 2.18E-10 —0.0625nM 207KD (M) = 2.98E-6 — 0.625 M
15 —0.125nM 15 —;.25 pMM
—0.25nM —25p
10 10
z —05n0M 2 — 5.0 uM
5 —1nM 5 — 10 uM
0 e e 0 i M
‘5 T T T T T T 1 '5 T T T T T T 1
-100  -50 50 100 150 200 100 -50 0 50 100 150 200
Time(s) Time(s)
E mm Vehice F mm Vehice G .
| o= IPN60090 mm PN60090 5 - CBP-single —— CBP+IPN600S0
~2 40 =, 0 . £ 100 100
S 5 0.8 m= 23 i S
~ o — » 3 30 s
2© 06 S o e 50eeeeees Toageies| 50
S 04 wyg 20 S 25- 25-
O 202 Q° 10 i) p <0.05 p <0.05
O [m] < 0 T T T T 0 T T T T
0.0 . o 0 £ 14 16 1.8 2.0 14 16 1.8 2.0
0\??‘ {‘OA \?{23’ OA“" log Conc. (CBP, uM) log Conc. (CBP, uM)
v 8 & eF OVCARS SKOV3
H OVCARS ' OVCARS SKOV3
Vehicle CBP OVCARS
P 1004, @ —
e S0 E oeo %é
i - Z 60 2E
¢ < £3
5 w0 ge
IPN60090  CBP + IPN60090 £ 0
P, - A [ ShZSWIM4 - - - - ++++ - - - - ++++
. 0 - CBP -+ -+ -+-+ -+-4+ -+ -+
|PN6(%BQ|;:-;+ IPN60090 - - ++ - -++ --++ - -4+
. : : L —— Vehicle
; 000 —— IPN60090
% 8004 CBP ] i
j ~ 157 —=>— £ —— Combo
Vehicle ‘ e - ° E"’ .~ < \Vehicle g 600
1.0 = £
PNE009O ebea i-; o+ IPN60090 3 400
- + CBP z
5 05 S 200
CBP S . e = v Combo E
'- 00 '- T T T T T 1
Combo .‘.‘ 02.46810
Time (Days)

Page 14 of 21

Fig. 6 IPN60090, a ZSWIM4-targeting inhibitor, enhances the chemotherapeutic sensitivity of EOC cells. A 3D structure of human ZSWIM4.

B Structural simulation of ZSWIM4 and IPN60090. IPN60090 is depicted as a gray-white stick, with the red dashed line indicating the length

of the hydrogen bond. C-D The affinity of anti-ZSWIM4 antibody C and IPN60090 D for ZSWIM4 protein determined by SPR analyses. KD,
dissociation constant. E Detection of intracellular glycine content in OVCAR8 and SKOV3 cells treated with 10 uM IPN60090 for 48 h. F ROS

levels in EOC cells following IPN60090 (10 uM) treatment for 48 h. G ICs, curves for OVCAR8 and SKOV3 cells following treatment with CBP and/

or IPN60090 (10 uM) for 72 h. H Tumorsphere formation in OVCARS cells treated with vehicle control, CBP (50 uM), IPN60090 (10 uM), and CBP

(50 uM) combined with IPN60090 (10 uM) for 5 day. Representative images (left) and statistical data (mean =+ SD) (right) are shown. I Viability

of ZSWIM4-knockdown and vector control EOC cells following treatment with CBP (25 uM) with or without IPN60090 (10 uM) for 72 h; CCK-8 assay.
J-L SKOV3-derived xenograft mice were divided into four groups (n=4/group) and administered the vehicle control, CBP (15 mg/kg, i.p.) thrice
weekly, IPN60090 (30 mg/kg/day, p.o.), and CBP combined with IPN60090. Photographs of tumors J. Tumor weight K. Growth curves of xenograft

tumors L
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The ZSWIM4 inhibitor enhances CBP sensitivity

in CBP-resistant EOC cells

Furthermore, we established CBP-resistant SKOV3
clones (SKOV3/CBP) using parental SKOV3 cells by
increasing the concentration of CBP stepwise. The
IC;, value of CBP in SKOV3/CBP cells was more than
five-fold higher than that in the parental SKOV3 cells
(Fig. 7A). We observed higher FOXK1 protein abundance
in SKOV3/CBP cells than in the parental cells (Fig. 7B).
ZSWIM4 was consistently upregulated in the CBP-
resistant clones (Fig. 7C). Thereafter, we transfected the

A B

SKOV3
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ZSWIM4 promoter-luciferase plasmid into both parental
and CBP-resistant SKOV3 cells and obtained an elevated
luciferase reporter activity in SKOV3/CBP cells (Fig. 7D).
These data suggested that FOXK1/ZSWIM4 signaling
was highly activated in SKOV3/CBP cells. Subsequently,
we treated SKOV3/CBP cells with 200 pM CBP com-
bined with or without 50 uM IPN60090. As expected, the
co-treatment resulted in a better killing effect (Additional
file 1: Fig. S7A). Moreover, IC;, curve analyses revealed
that the addition of the ZSWIM4 inhibitor re-sensitized
SKOV3/CBP cells to CBP (Fig. 7E). Flow cytometric
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Fig. 7 ZSWIM4 inhibitor enhances chemotherapy sensitivity in CBP-resistant SKOV3 cells. A Drug sensitivity of CBP in parental SKOV3 and SKOV3/
CBP cells. B The protein expression of FOXK1 in parental SKOV3 and SKOV3/CBP cells. C Immunofluorescence detection of ZSWIM4 protein
expression in parental SKOV3 and SKOV3/CBP cells. D ZSWIM4 gene promoter-luciferase reporter activity in parental SKOV3 and SKOV3/CBP cells.

E IC5, curves of SKOV3/CBP cells with a gradient concentration of CBP with or without IPN60090 (50 pM) treatment for 72 h. (F-I) SKOV3/CBP cells
treated with vehicle, CBP (200 uM), IPN60090 (50 uM), and CBP (200 uM) combined with IPN60090 (50 uM) for 72 h. ROS levels F, and statistical data
(mean+SD) G. Flow cytometry analysis of cell apoptosis rate (mean +SD) H. Cleaved caspase-3 protein abundance |
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results further confirmed that co-treatment increased
intracellular ROS levels (Fig. 7F, G) and robustly
enhanced apoptosis in SKOV3/CBP cells (Fig. 7H, Addi-
tional file 1: Fig. S7B). Western blotting results also
revealed that CBP (200 uM) co-treated with IPN60090
(50 uM) induced markedly stronger expression of cleaved
caspase-3 (Fig. 7I). Collectively, our data support the
hypothesis that ZSWIM4 inhibition sensitizes EOC cells
to chemotherapy.

ZSWIM4 inhibition sensitizes EOC cells to chemotherapy

in PDO models

CBP in combination with paclitaxel (PTX) is the first-line
regimen for the clinical treatment of EOC [2]. We investi-
gated whether the inhibition of ZSWIM4 could enhance
the efficacy of this strategy. For this, we treated ZSWIM4-
knockdown and control OVCARS cells with CBP (25 pM)
alone or in combination with PTX (5 nM). Cell viability
assays indicated that ZSWIM4-knockdown also sensi-
tized EOC cells to this chemotherapy (Additional file 1:
Fig. S8A). In both OVCARS and SKOV3 cells, the triple
dosing regimen of CBP, PTX, and IPN60090 had an opti-
mal inhibitory effect on cell viability (Additional file 1:
Fig. S8B), and the use of ZSWIM4 inhibitors enhanced
apoptosis induced by the combination of CBP and PTX
(Additional file 1: Fig. S8C, D). PDO models are impor-
tant preclinical models for evaluating drug responses
and efficacy. To explore the potential clinical use of
ZSWIM4-targeted inhibitors, tumor tissues exhibiting
ZSWIM4 expression from two patients with EOC were
obtained to construct PDO models (Fig. 8A). We then
performed combination drug experiments using these
two PDO models with the following treatments: vehicle,
CBP (100 pM) combined with PTX (10 nM), IPN60090
(50 uM), and CBP combined with PTX plus IPN60090.
Cell viability of the PDO models was measured on days
four and seven using an adenosine triphosphate (ATP)
detection kit. Notably, IPN60090 enhanced EOC cell sen-
sitivity to chemotherapy in PDOs expressing ZSWIM4
(Fig. 8B, C). Collectively, these data suggest that thera-
peutic strategies targeting ZSWIM4 in patients with high
expression of this marker may enhance the sensitivity of
EOC cells to chemotherapy.

Discussion

Chemotherapy resistance challenges the clinical treat-
ment of EOC patients, and more than 60% of the patients
are prone to recurrence and resistance to first-line
chemotherapy drugs [37]. The development of chemore-
sistance in tumor cells is typically caused by abnormal
transcriptional regulation patterns [38]. FOXK1 is an
important transcription factor of aerobic glycolysis [39],
which is closely associated with tumorigenesis, including
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triple negative breast cancer [40], gallbladder cancer [41],
hepatocellular carcinoma [42], and ovarian malignancy
[43]. A recent study reported that the Aurora-A/sex-
determining region Y box-containing transcription factor
8 (SOX8)/FOXKI1 axis enhances chemotherapy resist-
ance in EOC cells and that inhibition of the transcription
function of FOXK1 improves the therapeutic efficacy in
platinum-resistant cells [29]. Hence, abnormal activa-
tion of FOXK1 facilitates the development or chemore-
sistance of EOC and could be regarded as a candidate
therapeutic target against EOC. Indeed, clarifying the
role of FOXK1 in EOC drug resistance will provide more
favorable conditions for reducing chemotherapy resist-
ance. Our study provided a novel mechanism of chem-
oresistance in which EOC cells survive in the presence of
CBP by inducing ZSWIM4 expression via FOXK1-medi-
ated transcription. However, the transcriptional activity
of ZSWIM4 was not fully lost after FOXK1 knockdown,
indicating that high expression of ZSWIM4 in EOC was
also regulated by other factors. Therefore, the molecular
mechanisms underlying the upregulation of ZSWIM4 in
EOC tumor tissues require further investigation.

The ZSWIM family proteins can interact with DNA or
proteins and exert powerful regulatory effects on cells
because of their unique SWIM domain [8]. Several stud-
ies have shown that ZSWIMS5 is important in regulat-
ing neuronal development [44]. Recent studies have also
reported that ZSWIMS participates in protein ubiquit-
ination as a ubiquitin ligase [10]. However, specific bio-
logical functions of ZSWIM4 have rarely been reported.
In this study, through public database analysis and clini-
cal sample validation, we observed a positive correlation
between high ZSWIM4 expression and EOC recurrence
and a restricted efficacy of platinum-based chemotherapy
in patients with ZSWIM4 overexpression. In addition,
ZSWIM4 inhibition exerts a significant chemo-sensitiza-
tion effect in vivo and in vitro, as well as in PDO mod-
els, indicating that ZSWIM4 may serve as a therapeutic
target and molecular marker for the prognosis of patients
with EOC. By integrating bulk RNA-seq, signaling path-
way analysis, and molecular and biochemical approaches,
we found that ZSWIM4 knockdown impacts glycine bio-
synthesis, increasing cellular ROS levels in EOC cells and
sensitizing them to chemotherapeutic drugs. However,
the mechanism through which ZSWIM4 regulates the
expression of these key enzymes remains obscure. Nota-
bly, ZSWIM4 inhibition showed little impact on EOC cell
proliferation, whereas the inhibition of glycine affected
the growth of tumor cells, indicating that there is a com-
pensatory mechanism in ZSWIM4-knockdown EOC
cells to overcome this damage. Hence, a compensatory
model associated with combined inhibition might have
a killing effect on cells with high ZSWIM4 expression.
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Fig. 8 Patient-derived organoid (PDO) models with ZSWIM4 expression are sensitive to combined therapy. A Immunohistochemical analysis

of ZSWIM4 protein expression in EOC tissues from two patients. B, C PDOs were treated with vehicle, CBP (100 uM) combined with PTX (10 nM),
IPN60090 (50 uM), or CBP combined with PTX plus IPN60090, and the cell viability was measured on days four and seven using an ATP detection kit.
PDO #1 B; PDO#2 C. Typical images (left) and statistical data (mean+ SD) (right). Veh, vehicle. IPN, IPN60090

Furthermore, we found that knockdown of ZSWIM4  regulating EOC cell metabolism. Hence, further explora-
impacts the pentose phosphate pathway in EOC cells, tion of potential biological functions of ZSWIM4 in EOC
further demonstrating the importance of ZSWIM4 in  will be carried out in the future.
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Considering the lack of targeted inhibitors for
ZSWIM4, we sought to identify small molecules from
existing compound libraries that bind to, and poten-
tially inhibit, ZSWIM4. The small-molecule compound
IPN60090 is an orally active inhibitor of GLS-1, with no
activity observed against GLS-2 [35]. GLS-1 inhibition
alone or in combination with immune checkpoint block-
ade represents an effective therapeutic strategy for SW1/
SNF-altered cancers such as ARIDIA-mutated ovar-
ian clear cell carcinoma [45, 46]. Here, we found that
IPN60090 binds to ZSWIM4 and simulates the chemo-
sensitization effect caused by ZSWIM4 knockdown. We
will further elucidate how IPN60090 can be used to over-
come chemotherapy resistance in EOC cells by altering
intracellular metabolic processes in the following study.
Subsequently, we also observed the activation of the
FOXK1/ZSWIM4 axis and a significant synergistic effect
between IPN60090 and CBP in SKOV3/CBP cells, sug-
gesting that the resistance of SKOV3/CBP against CBP
depends on the expression of ZSWIM4. Our study pro-
vides a compound framework for developing ZSWIM4
inhibitors. However, the ZSWIM4 inhibitor did not fully
reverse the IC;, values of EOC cells to CBP, indicating
the complexity of chemoresistance in EOC cells, which
requires further investigation.
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Due to the heterogeneity of EOC cells, the treatment
responses and outcomes vary. Unfortunately, we are
unable to fully evaluate the expression of ZSWIM4 in dif-
ferent pathological types of EOC. This implies that the
TMA results can only suggest that ZSWIM4 expression
may be higher in serous carcinoma than in clear cell car-
cinoma. Thus, to accurately predict the prognosis, we will
expand the EOC sample set to evaluate ZSWIM4 protein
expression in different EOC cell types. Overall, our study
demonstrates the aberrant expression of ZSWIM4 in
EOC and its involvement in chemosensitivity, suggesting
that targeting ZSWIM4 could overcome EOC chemo-
therapy resistance.

Conclusions

ZSWIM4 was overexpressed in EOC tumor tissues
and was relevant to a poor prognosis. Furthermore,
ZSWIM4 silencing promoted CBP-induced apoptosis
and enhanced chemotherapy sensitivity in EOC cells.
Moreover, ZSWIM4 was upregulated by FOXK1 follow-
ing CBP treatment in EOC cells. Functionally, ZSWIM4
regulated the intracellular glycine metabolism to induce
chemoresistance, and the ZSWIM4 inhibitor, IPN60090,
sensitized EOC cells to chemotherapy by increasing cel-
lular ROS levels induced by CBP (Fig. 9). These findings
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Fig. 9 Graphic model of ZSWIM4 inhibition enhancing the chemosensitivity of EOC cells Epithelial ovarian cancer (EOC) cells survive

in the presence of carboplatin by inducing ZSWIM4 expression via FOXK1-mediated transcription. Elevated ZSWIM4 levels upregulate the glycine
biosynthesis-associated rate-limiting enzymes represented by SHMT2 and PHGDH, leading to increased intracellular glycine content and decreased
levels of reactive oxygen species, further reducing the sensitivity of EOC cells to chemotherapy. IPN60090, a ZSWIM4-targeting inhibitor, enhances

the chemosensitivity of EOC cells.
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suggest that ZSWIM4 inhibition may be a promising
treatment strategy for EOC.
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