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The development of drug resistance remains one of the major challenges to current
chemotherapeutic regimens in gestational trophoblastic neoplasia (GTN). Further
understanding on the mechanisms of drug resistance would help to develop more
effective therapy to treat GTN. Herein, tandem mass tag-based (TMT) quantitative
proteomic technique was used to establish drug resistance-related proteomic profiles
in chemoresistant GTN cell models (JEG3/MTX, JEG3/VP16, JEG3/5-Fu). In total, we
identified 5,704 protein groups, among which 4,997 proteins were quantified in JEG3
and its chemoresistant sublines. Bioinformatics analysis revealed that multiple biological
processes/molecular pathways/signaling networks were involved in the regulation of
drug resistance in chemoresistant JEG3 sublines. SOX8 was upregulated in all the
three chemoresistant sublines, and its function was further investigated. Knockdown of
SOX8 significantly reduced cell viability, impaired soft agar clonogenesis, and increased
caspase-3 activities after drug treatment in JEG3 chemoresistant sublines. In addition,
over-expression of SOX8 promoted cell survival, enhanced soft agar clonogenesis,
and attenuated caspase-3 activities after drug treatment in GTN cells. Importantly,
SOX8 might be a potential regulator of reactive oxygen species (ROS) homeostasis,
as SOX8 regulated the expression of antioxidant enzymes (GPX1, HMOX1) and
reduced drug-induced ROS accumulation in GTN cell models. Collectively, SOX8 might
promote drug resistance through attenuating the accumulation of ROS induced by
chemotherapeutic drugs in GTN cells. Targeting SOX8 might be useful to sensitize GTN
cells to chemotherapy.

Keywords: gestational trophoblastic neoplasia, drug resistance, quantitative proteomics, SOX8, reactive
oxygen species

INTRODUCTION

Gestational trophoblastic neoplasia (GTN, including invasive mole, placental site trophoblastic
tumor, choriocarcinoma, and epithelioid trophoblastic tumor) is one of the most successfully
treated cancers due to its intrinsic sensitivity to chemotherapy (1). Low-risk GTNs could be
treated with single-agent methotrexate (MTX) or actinomycin D (ACT-D); while high-risk GTNs
are routinely treated with multi-agent regimens such as EMA/CO (etoposide, methotrexate,
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actinomycin D, cyclophosphamide, vincristine) (2, 3). However,
resistance to chemotherapy represents a major problem to the
successful management of high-risk GTN. About 20~30% of
low-risk GTN fails to achieve complete remission after treatment
with single-agent MTX or ACT-D (4, 5). Nevertheless, about
10~20% of high-risk GTN patients fails to render a complete
response to routinely used EMA/CO regimen, which always
results in cancer recurrence and distant metastasis (6, 7).
Therefore, further understanding on the mechanisms of drug
resistance would help to develop more effective therapy for GTN.

The phenomenon of drug resistance in GTN is well-
recognized but yet not fully understood. Some earlier studies
showed that membrane ATP-binding-cassette (ABC) transporter
including MRP1 and ABCG2 contributed to drug efflux in
GTN cell lines (8-10). However, extended lists of mechanisms
responsible for drug resistance were also elucidated in GTN,
including upregulation of drug target gene (11), inhibition of
cell death/apoptosis (12), activation of interferon signaling (13),
involvement of cancer stem cells (14), and dysregulation of Long
non-coding RNAs (15). Recently, we showed that STAT3/NFIL3
signaling axis might regulate drug resistance to 5-Fu, MTX, and
VP16 in GTN cells (16). Therefore, multiple genes/pathways
might be involved in regulating drug resistance in GTN, which
needs to be comprehensively characterized and functionally
validated in future study.

Quantitative proteomic techniques have been developed to
precisely determine the global protein expression in body fluids,
cells, and tissues (17). New generations of quantitative proteomic
techniques such as tandem mass tag (TMT) based tandem mass
spectrometry have been utilized to quantify proteins in different
biological samples (18). Recently, TMT labeling and liquid
chromatography-tandem mass spectrometry (LC-MS/MS) was
used to search for potential proteins involved in drug resistance
in cancer cells. Zhao et al. (19) identified potential signaling
determinants of acquired resistance to nanoparticle Abraxane
in lung cancer cells. Wang et al. (20) established functional
proteomic profiles associated with resistance to cisplatin in
ovarian cancer cells. Our recent study obtained the proteomic
profiles associated with radioresistance in nasopharyngeal cancer
cells (21). In this study, TMT-based quantitative proteomic
technique was used to establish drug resistance related proteomic
profiles, and to identify novel regulators of drug resistance in
chemoresistant GTN cell models.

MATERIALS AND METHODS

Reagents and Cell Lines

Primary antibodies against SLAMF1, TTN, GRIA2, UBIADI,
SOX8, and P-actin were obtained from Abcam (Cambridge,
MA, USA). Five-Fu, MTX, VP16, N-Acetyl-L-cysteine (NAC),
and 2,7-Dichlorodi-hydrofluorescein diacetate (DCFDA) were

Abbreviations: GTN, Gestational trophoblastic neoplasia; TMT, Tandem mass
tag; MTX, Methotrexate; 5-Fu, Fluorouracil; VP16, Etoposide; ROS, Reactive
oxygen species; LC-MS/MS, Liquid chromatography-tandem mass spectrometry;
DCFDA: 2,7-Dichlorodi-hydrofluorescein diacetate; NAC, N-Acetyl-L-cysteine;
SOX8, SRY-Box Transcription Factor 8; GPX1, Glutathione Peroxidase 1; HMOX1,
Heme Oxygenase 1.

obtained from Sigma-Aldrich. Human GTN cell line JAR and
JEG3 were provided by ATCC culture collection (Manassas, VA,
USA). JEG3 chemoresistant sublines (JEG3/MTX, JEG3/5-Fu,
and JEG3/VP16) were established as we described previously
(16). All the GTN cell lines were grown in DMEM media
supplemented with 10% fetal bovine serum. Lentiviral plasmids
expressing non-targeting scramble and shSOX8 (shRNA
sequences are provided in Supplementary File) were purchased
from Genecopoeia Inc. (Rockville, MD, USA). Lentiviral
plasmids LV105 expressing empty vector and SOX8 open
reading frames (ORFs) were also provided by Genecopoeia Inc.
The production of lentiviral particles was performed as described
previously (22).

TMT Labeling, LC-MS/MS Analysis, and

Database Search

JEG3 and its chemoresistant sublines (JEG3/MTX, JEG3/5-
Fu, and JEG3/VP16) were used for quantitative proteomic
analysis with two biological replicates for each cell line. Protein
extraction, trypsin digestion, and TMT labeling of the peptides
were conducted as we described previously (21). The resulting
peptides were analyzed by tandem mass spectrometry (MS/MS)
coupled with high performance liquid chromatography (HPLC).
Tandem mass spectra were searched against the reference Human
Swissprot database.

Pathway and Process Enrichment Analysis
Pathway and process enrichment analysis was conducted
in Metascape (http://metascape.org/gp/index.html) with the
following ontology sources: gene ontology (GO) biological
processes, kyoto encyclopedia of genes and genomes (KEGG)
pathway, canonical pathways and CORUM, and reactome gene
sets (21).

Soft Agar Assay

Soft agar assay was used to examine the in vitro clonogenesis of
GTN cells after drug treatment (23). Briefly, the 2mL culture
medium with 0.5% agar was first plated into each well of a
6cm culture dish. After the agar solidified, each well-received
another 2mL of 0.35% agar in culture medium containing 1 x
10° cells with or without drugs. After 10~12 days, colonies were
fixed by 4% paraformaldehyde, stained with 0.1% crystal violet
and counted.

Cell Viability Analysis

Cell viability was evaluated with CCK-8 assay as we described
previously (16). Briefly, GTN cells were seeded in a 24-well-
culture plates in triplicate (2 x 10%/well). Cell viability was
monitored by CCK-8 viability assay at 48 h after drug treatment.
ICsp-values (the concentration of a drug that is required to
suppress 50% of the cell viability) were calculated in SPSS
software as described previously (16).

Western Blotting

Western blotting was conducted as we described previously
(21). Protein lysates (15 jug) was separated by Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
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transferred to polyvinylidene fluoride (PVDF) membranes. Blots
were blocked and incubated with diluted antibodies, followed
by incubation with horseradish peroxidase (HRP)-conjugated
secondary antibody for 1h at room temperature. The signal was
visualized by enhanced chemiluminescence (ECL).

Caspase-3 Activity Assay

Cell apoptosis was determined by Caspase-3 Colorimetric Assay
(21). Briefly, GTN cells (5 x 10 cells) were lysed and centrifuged,
followed by enzyme reactions with chromogen. The absorbance
was measured at 405 nm wavelength.

Real-Time PCR

The mRNA levels of antioxidant enzymes (GPX1, HMOXI)
were analyzed using real-time PCR (22). Briefly, total RNA was
extracted from GTN cells using TRIzol reagent and further
purified using the RNeasy kit (QIAGEN, USA). Total RNA
(1 pg) was used to generate cDNA, which was then used for
the quantitative PCR using SYBR Green PCR expression assays
(Invitrogen, USA). Relative gene expression was determined
based on the threshold cycles (Ct-values) of GPX1/HMOX1 and
of the internal reference gene B-Actin. PCR Primers for GPX1,
HMOX1, and p-Actin genes are listed (in Supplementary File).

ROS Measurement

Intracellular ROS levels were evaluated by DCFDA fluorescence
as we described previously (21). Briefly, GTN cells were
incubated with 25 wM DCFDA for 30 min after drug treatment
for 48h. Florescence DCF was measured using F97Pro
fluorospectrometer (Lengguang Technology, Shanghai, China).

Statistical Analysis

Statistical analysis was conducted with SPSS 16.0 (SPSS Inc.,
Chicago, IL, USA). Error bars throughout the figures indicate
standard deviation. The means of two groups were compared
by Student’s t-test. The means of three or more groups were
compared by One-way ANOVA analysis. The difference was
considered statistically significant when P < 0.05 in all the tests.

RESULTS

Drug Resistance-Associated Proteomic

Profiles in Chemoresistant JEG3 Sublines

In our previous study, we established three chemoresistant
JEG3 sublines JEG3/MTX (JEG3M), JEG3/5-Fu (JEG3F), and
JEG3/VP16 (JEG3V) (16). These chemoresistant sublines
exhibited cross-resistance to chemotherapeutic drugs MTX,
5-Fu, and VP16, respectively (FigurelA). TMT-based
quantitative proteomic analysis was conducted on JEG3
and its chemoresistant sublines as illustrated in (Figure 1B). In
total, we identified 5,704 protein groups, among which 4,997
proteins were quantified (Table S1). The distribution of mass
error is near zero and most of them are <10 ppm, suggesting the
mass accuracy of the MS data fit the requirement (Figure S1A).
The detection and quantification of proteins showed good

distribution of peptide length and peptide sequence coverage
(Figures S1B,C).

Among the 4,997 quantifiable proteins, criteria were set for
up-regulation (JEG3 sublines vs. JEG3, fold change > 1.5)
and down-regulation (JEG3 sublines vs. JEG3, fold change
< 0.67). The number of proteins up- or down-regulated
in JEG3/MTX, JEG3/5-Fu, and JEG3/VP16 was 126/131,
109/114, and 105/143, respectively (Figure 1C, Table S2). KEGG
pathway analysis revealed differential patterns of pathway
activation in three chemoresistant JEG3 sublines (Figures 1D-F).
Our proteomic analysis also revealed differential patterns of
expression of some known drug resistance-related proteins in
these chemoresistant sublines compared to JEG3. As shown
in (Figure2A), ABC transporter MRP1/ABCCI expression
increased in both JEG3/VP16 and JEG3/MTX, while ABCG2
were up-regulated in all the three chemoresistant JEG3 sublines.
Dihydrofolate reductase (DHFR), a well-known regulator of
MTX resistance (24), was only up-regulated in JEG3/MTX.
Consistent with our previous study (16), increased NFIL3
expression was observed in all the three chemoresistant
JEGS3 sublines.

Our study also identified 52 up-regulated and 33 down-
regulated proteins across three chemoresistant JEG3 sublines
(Figure 2B, Table S2). Pathway and process enrichment analysis
for these 85 differentially expressed proteins was carried out
in Metascape in order to identify common biological processes
and signaling pathways associated with drug resistance in
these sublines. Our findings showed that the GO biological
processes such as response to toxic substance (ASS1, CESI,
GPX1, GPX3, GSN, HMOX1, MAPK1, ABCG2, SETX, UBIADI,
SRXN1, TP53, AKRICI, C1QTNF6), myeloid cell activation
involved in immune response (ANXA3, GSN, HMOX1, CXCR2,
MAPKI, S100P, SLAMF1, MVP, METTL7A, TP53, PEN2, TTN),
cellular response to oxidative stress (GPX1, GPX3, HMOXI,
MAPK1, TP53, SETX, SRXN1), ameboidal-type cell migration
(ANXA3, ARHGDIB, DPP4, GPX1, HMOXI1, PEN2, S100P,
SOX8), and muscle organ development (ASS1, FHL1, GPXI,
MAPKI, TTN, AKAP6, SOX8) were highly enriched in the
up-regulated proteins (Figure 2C). In contrast, the down-
regulated proteins were shown to enrich reactome gene set such
as collagen formation (COL12A1, CTSV, COL21Al1, SLC7A7,
CRIM1), and GO biological processes such as lipid catabolic
process (LIPA, SMPDL3A, PLCHI1, ABHD6, GOT1, VLDLR),
cellular response to starvation (CTSV, DSC2, GABARAPL2,
GOTI1, VLDLR, ISG15, N4BP1, ACSL1), cell morphogenesis
involved in differentiation (COL12A1, VLDLR, EVL, ENAH,
COL21A1), and alpha-amino acid metabolic process (GOT1,
SLC7A7, RIDA; Figure 2C).

Drug Resistance-Associated Signaling
Networks in Chemoresistant
JEG3 Sublines

The signaling networks encoded by drug resistance-related
proteins were revealed by Protein-Protein interaction
enrichment analysis. As shown in (Figure3A), proteins
up-regulated in JEG3 chemoresistant sublines usually interacted
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FIGURE 1 | (A) ICso concentrations of JEG3 and its chemoresistant sublines treated with MTX, 5-Fu, or VP16, respectively. n = 3, *P < 0.05, JEG3 sublines vs.
JEGS. (B) Experimental scheme for the quantitative proteomic analysis on JEG3 and its chemoresistant sublines. (C) The number of differentially expressed proteins
identified by TMT labeling and LC-MS/MS in JEG3 and its chemoresistant sublines. Criteria were set for up-regulation (JEGS3 sublines vs. JEGS, fold change > 1.5)
and down-regulation (JEG3 sublines vs. JEGS, fold change < 0.67). (D) Top enriched molecular pathways/biological processes of up-regulated or down-regulated
proteins in JEG3/MTX. (E) Top enriched molecular pathways/biological processes of up-regulated or down-regulated proteins in JEG3/5-Fu. (F) Top enriched
molecular pathways/biological processes of up-regulated or down-regulated proteins in JEG3/VP16.

with each other to constitute a signaling network. These  sclerosis. In contrast, proteins down-regulated in JEG3
proteins might have important functions in exocytosis, sublines exhibited the enriched signaling networks involved
cellular response to oxidative stress, and amyotrophic lateral in protein-containing complex localization, actin filament
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organization, and regulation of cellular protein localization
(Figure 3B).

SOX8 Might Be a Candidate Regulator of
Drug Resistance in Chemoresistant
JEGS3 Sublines

Our proteomic analysis identified several proteins highly
expressed in JEG3 chemoresistant sublines compared to JEG3
(Figure 4A). Consistently, western blotting validation showed
that protein levels of SLAMF1, TTN, GRIA2, UBIADI, and
SOX8 were markedly higher in three JEG3 chemoresistant
sublines than those in JEG3 (Figure 4B). SLAMF1, TTN, GRIA2,
UBIADI genes have important physiological function in normal
tissues. SLAMF1 is involved in modulating the activation and
differentiation of immune cells (25); TTN is a key component
in the assembly and functioning of vertebrate striated muscles
(26); GRIA2 is the predominant excitatory neurotransmitter

receptors in the mammalian brain and are required for normal
neurophysiologic processes (27); UBIADI1 presents at high
concentrations in the brain, kidney, and pancreas, and is required
for vitamin K metabolism (28). SOX8 exhibits low expression in
normal adult human tissues, and has recently been proven to be
a potential oncogene in several cancers, despite its function in
the regulation of drug resistance still remains poorly understood
(29). Therefore, we further investigated the function of SOX8 in
drug resistance in GTN cells. The mass spectrum of SOX8 unique
peptide (TELQQAGAK) was shown in Figure 4C.

Knockdown of SOX8 Attenuated Drug
Resistance Phenotype in Chemoresistant
JEGS3 Sublines

To address the function of SOX8 in regulating drug resistance

phenotype, JEG3 chemoresistant sublines were transduced with
scramble (Scr) or specific ShRNA targeting SOX8. The SOX8
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FIGURE 3 | Signaling networks based on Protein-Protein interaction enrichment analysis on drug resistance-related proteins. (A) Signaling networks identified in
up-regulated drug resistance-related proteins in JEG3 chemoresistant sublines. (B) Signaling networks identified in down-regulated drug resistance-related proteins in

expression was significantly decreased in three JEG3 sublines
infected by SOX8 shRNA lentiviruses, as compared with Scr
control (Figure5A). The effect of SOX8 expression on the
chemosensitivity of JEG3 sublines was assessed by CCK-8
assay. As shown in (Figure 5B), knockdown of SOX8 exhibited
lower ICsp-values, as compared with Scr in three sublines. Soft
agar clonogenesis of JEG3 sublines was decreased in shSOX8
groups compared to Scr control groups (Figure 5C). Moreover,
compared with Scr, knockdown of SOX8 reduced soft agar
clonogenesis of JEG3 sublines after drug treatment (Figure 5C).
Knockdown of SOX8 increased apoptosis-related caspase-3
activities in three sublines (Figure5D). Impressively, more
caspase-3 activities were detected in JEG3 sublines transduced
with shSOX8 than in JEG3 cells transduced with Scr shRNA after
drug treatment (Figure 5D).

Over-Expression of SOX8 Promoted Drug

Resistance in GTN Cell Lines

We also constitutively expressed SOX8 in JEG3 and JAR
cells in order to evaluate the effect of SOX8 expression
on the chemosensitivity of GTN cells (Figure6A). As
shown in (Figure 6B), higher ICsy was observed 48h after

drug treatment in SOXS8 groups than in EV groups in
JEG3 and JAR cells, respectively. Further, SOX8-expressing
GTIN cells exhibited increased soft agar clonogenesis
compared with EV following drug treatment (Figure 6C).
Nevertheless, less caspase-3 activities were detected in cells
expressing SOX8 than in cells expressing EV 48h after drug
treatment (Figure 6D).

Attenuation of ROS Induced by Drugs
Might Be Associated With Drug Resistance
in GTN Cells

Most of chemotherapeutic drugs could induce the accumulation
of intracellular ROS to kill cancer cells (30). Attenuation of
drug-induced ROS generation might be one of the important
mechanisms of drug resistance in cancer cells (30). Our
KEGG pathway and protein-protein interaction analysis
indicated that signaling networks associated with cellular
response to oxidative stress were commonly enriched in
all the three chemoresistant JEG3 sublines (Figures2C,
3A). Consistently, higher levels of ROS were detected in
JEG3 than those in chemoresistant JEG3 sublines following
drug treatment for 48h (Figure7A). To confirm the role
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FIGURE 4 | (A) Relative protein levels of top 10 up-regulated drug resistance-related proteins in JEG3 and its chemoresistant sublines (JEG3 sublines vs. JEG3). (B)
Western blotting validation on protein levels of SLAMF1, TTN, GRIA2, UBIAD1, and SOX8 in JEG3 and its chemoresistant sublines. -actin was used as loading
control. (C) The mass spectrum of SOX8 unique peptide (TELQQAGAK) identified by TMT labeling and LC-MS/MS.

of ROS on drug-induced cytotoxicity, we co-incubated
drugs with ROS scavenger NAC for 48h in JEG3 and JAR
cells. The addition of NAC greatly increased cell viability
following drug treatment in both JEG3 and JAR cells
(Figures 7B,C).

SOX8 Regulated the Expression of
Antioxidant Enzymes and Reduced the
Drug-Induced ROS Accumulation in
GTN Cells

Further studies were conducted to evaluate the effect of
SOX8 on intracellular ROS accumulation in GTN cells. As

shown in (Figure 8A), knockdown of SOX8 markedly increased
intracellular ROS levels compared to Scr control in JEG3
chemoresistant sublines. Higher ROS levels were also detected
in JEG3 chemoresistant sublines expressing shSOX8 than those
in Scr after drug treatment for 48h (Figure 8A). In contrast,
lower ROS levels were detected in GTN cells (JEG3, JAR)
expressing SOX8 than those in EV after drug treatment for
48h (Figure 8B). Glutathione peroxidase (GPXs) and heme
oxygenase (HMOXs) are important antioxidant enzymes which
metabolize intracellular ROS and promote drug resistance in
cancer cells (31). Our proteomic analysis identified several
upregulated antioxidant enzymes (GPX1, HMOXI, etc.) in
chemoresistant JEG3 sublines (Figures 2C, 3A, Table S1). We
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FIGURE 5 | Knockdown of SOX8 attenuated drug resistance in JEG3 chemoresistant sublines. (A) Western blotting analysis on protein expression of SOX8 following
lentivirus-mediated shRNA knockdown in JEG3 sublines. B-actin was used as loading control. (B) ICsp-values of chemotherapeutic drugs in JEG3 chemoresistant
sublines expressing Scr or shSOX8 shRNAs. n = 3, *P < 0.05. (C) Knockdown of SOX8 impaired soft agar clonogenesis after drug treatment (MTX: 10 wg/mL; 5-Fu:
50 ng/mL; VP16: 10 pg/mL) in JEGS3 sublines. The colony formation in Scr group without drug treatment was regarded as 100%, respectively. n = 4, *P < 0.05. (D)
Knockdown of SOX8 increased caspase-3 activity following drug treatment (MTX: 10 wg/mL; 5-Fu: 50 pg/mL; VP16: 10 wg/mL) for 48 h in JEG3 sublines. The
caspase-3 activity in Scr group without drug treatment was regarded as 100%, respectively. n = 4, *P < 0.05.

further evaluated the effect of SOX8 on the expression of two  of GPX1 and HMOX1 in JEG3 chemoresistant sublines. In
antioxidant enzymes (GPX1, HMOX1) in GTN cells. As shown  contrast, over-expression of SOX8 increased GPX1 and HMOX1
in (Figure 8C), knockdown of SOX8 reduced the expression  expression in JEG3 and JAR cells (Figure 8D).
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FIGURE 6 | Over-expression of SOX8 promoted drug resistance in GTN cell lines. (A) Lentiviral transduction of SOX8 considerably increased their protein expression
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0.05. (C) Over-expression of SOX8 rescued soft agar clonogenesis after drug treatment (MTX: 1 wg/mL; 5-Fu: 5 ng/mL; VP16: 2 ng/mL) in JEG3 and JAR cells. The
colony formation in EV of each cell line without drug treatment was regarded as 100%, respectively. n = 4, *P < 0.05. (D) Over-expression of SOX8 attenuated
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DISCUSSION

Resistance to chemotherapeutic protocols poses a significant
challenge for GTN treatment (2, 32, 33). Currently, the
mechanism of drug resistance in GTN still remains poorly
understood. Recently, the advent of label-free quantitative
proteomics has enabled robust quantification of proteomic
experiments, albeit lack of data on drug resistance in GTN
cell model. Herein, using TMT-based quantitative proteomic
technique, we identified 5,704 proteins and quantified 4,997
proteins in JEG3 and its chemoresistant sublines and established
drug resistance-related proteomic profiles, highlighting the
advantage of quantitative proteomic technique in identifying
drug resistance-related proteins. Although KEGG pathway
analysis revealed differential patterns of pathway activation
associated with drug resistance to individual drugs (MTX, 5-
Fu, VP16), some common genes/pathways/signaling networks
were indeed activated in all the three chemoresistant sublines.
Several earlier reports indicated that ABCG2 could confer

drug resistance to GTIN cells by facilitating drug efflux
(10, 34, 35). Consistently, increased ABCG2 expression was
observed in our drug resistance-related proteomic dataset.
Nevertheless, multiple molecular pathways/biological processes
(response to toxic substance, cellular response to oxidative
stress, myeloid cell activation involved in immune response,
ameboidal-type cell migration, etc.) were also identified in all the
three chemoresistant GTN cells. Therefore, multiple regulatory
mechanisms might potentially contribute to the development of
drug resistance in GTN cells. Elucidating these mechanisms may
help to develop more effective therapeutic strategies for GTN
treatment in the future.

SOX8 exerts an important biological function during
embryonic brain development, despite its expression is low in
normal adult human tissues (36, 37). Recently, SOX8 has been
shown to be highly expressed in several cancers, and has been
shown to be a potential oncogene. Zhang et al. (38) showed
that SOX8 promoted cellular proliferation and enhanced tumor
growth in hepatocellular carcinomas. SOX8 is also found to
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FIGURE 7 | Attenuation of ROS induced by drugs might be associated with drug resistance in GTN cells. (A) ROS levels of JEG3 and JEG3 chemoresistant sublines
after drug treatment. JEG3 and JEG3 sublines were treated with MTX (1 ng/mL), 5-Fu (5 ng/mL), or VP16 (2 pg/mL) for 48 h, respectively. ROS levels in JEG3 without
drug treatment were regarded as 100%. n = 4, *P < 0.05. (B) Cytotoxicity induced by drugs was associated with ROS accumulation in JEG3 cells. JEG3 cells were
treated with MTX (1 pg/mL), 5-Fu (5 ng/mL), or VP16 (2 ng/mL) alone or with NAC (5 mM) for 48 h, followed by CCK-8 assay to assess the cell viability. Cell viability in
JEGS without drug treatment was regarded as 100%. n = 4, *P < 0.05. (C) Cytotoxicity induced by drugs was associated with ROS accumulation in JAR cells. JAR
cells were treated with MTX (1 wg/mL), 5-Fu (5 pg/mL), or VP16 (2 pg/mL) alone or with NAC (5 mM) for 48 h, followed by CCK-8 assay to assess the cell viability. Cell
viability in JAR without drug treatment was regarded as 100%. n = 4, *P < 0.05.

be a signature of basal-like immune-suppressed triple-negative (43, 44) showed that chrysophanol and coumestrol could induce
breast cancer; amplification of SOXS8 significantly shortens the  apoptosis through regulation of ROS in GTN cells. Ham et al.
survival of patients with breast cancer (39, 40). Xie et al.  (45) showed that silibinin stimluated apoptosis partly by inducing
(41) indicated that SOX8 could activate Wnt/B-catenin pathway =~ ROS in GTN cells. Zhao et al. (46) showed that selenocystine
to promote cisplatin-induced EMT in tongue squamous cell  inhibits GTN cell line JEG3 growth by inducing ROS-mediated
carcinoma. However, the regulatory role of SOX8 on drug cell cycle arrest and apoptosis. Our bioinformatics analysis
resistance of cancer cells still awaits further investigation. In  indicated that ROS-related mechanisms might be associated with
this study, we showed that SOX8 might play an important  drug resistance in GTN cells. Consistently, compared with JEG3,
role in regulating drug resistance in GTN cells, as knockdown  reduced ROS generation was observed in JEG3 chemoresistant
of SOX8 could attenuate drug resistance through reducing  sublines after drug treatment. Therefore, attenuation of ROS
cell viability, impairing soft agar clonogenesis, and inducing  accumulation induced by chemotherapeutic drugs might be
apoptosis following drug treatment in JEG3 chemoresistant  crucial for the development of drug resistance and cell survival in
sublines. In contrast, over-expression of SOX8 promoted drug ~ GTN cells. Our further findings also suggested that SOX8 might
resistance through enhancing cell survival, promoting soft agar ~ be a potential regulator of ROS homeostasis, as SOX8 expression
clonogenesis, and attenuating apoptosis in JEG3 and JAR cells.  affected ROS accumulation following drug treatment in GTN cell
Therefore, targeting SOX8 could potentially sensitize GTN  models. Therefore, SOX8 might promote drug resistance through
cells to chemotherapeutic drugs, which may warrant further =~ modulating ROS homeostasis in GTN cells. Further, our findings
investigation as potential therapeutic targets for GTN. showed that SOX8 regulated the expression of antioxidant

ROS production plays an important role in mediating enzymes (GPX1, HMOX1) in GTN cell models, which might
cytotoxicity induced by chemotherapy (30, 42, 43). Lim et al.  help to attenuate drug-induced ROS accumulation and promote
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GTN cell survival after drug treatment. Future studies on SOX8
function might be valuable toward the development of novel
drugs for GTN.

In summary, our study established drug resistance related
proteomic profiles, and revealed multiple genes/molecular
pathways/signaling networks potentially involved in regulating
drug resistance in GTN cells. We further showed that
SOX8 might be a potential regulator of drug resistance
through attenuating the accumulation of ROS induced by
chemotherapeutic drugs in GTN cells. Our findings might have
potential clinical value in targeting SOX8-regulated signaling
pathway to overcome drug resistance in GTN.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The research protocols were approved by the research Ethics
Committee in Xiangya Hospital, Central South University.

1. Berkowitz RS, Goldstein DP. Current advances in the management
of  gestational  trophoblastic  disease. ~ Gynecol ~ Oncol.  (2013)

128:3-5. doi: 10.1016/j.ygyno.2012.07.116

2. May T, Goldstein DP, Berkowitz RS. Current chemotherapeutic management
of patients with gestational trophoblastic neoplasia. Chemother Res Pract.
(2011) 2011:806256. doi: 10.1155/2011/806256

3. Bower M, Newlands ES, Holden L, Short D, Brock C, Rustin GJ, et al.
EMA/CO for high-risk gestational trophoblastic tumors: results from a cohort
of 272 patients. J Clin Oncol. (1997) 15:2636-43. doi: 10.1200/JC0O.1997.15.7.
2636

4. Matsui H, Suzuka K, Yamazawa K, Tanaka N, Mitsuhashi A, Seki K, et al.
Relapse rate of patients with low-risk gestational trophoblastic tumor initially
treated with single-agent chemotherapy. Gynecol Oncol. (2005) 96:616—
20. doi: 10.1016/j.ygyno.2004.11.011

5. Maesta I, Nitecki R, Horowitz NS, Goldstein DP, de Freitas Segalla Moreira
M, Elias KM, et al. Effectiveness and toxicity of first-line methotrexate
chemotherapy in low-risk postmolar gestational trophoblastic neoplasia: the
new England trophoblastic disease center experience. Gynecol Oncol. (2018)
148:161-7. doi: 10.1016/j.ygyno.2017.10.028

6. Ngan HY, Tam KE Lam KW, Chan KK. Relapsed gestational
trophoblastic neoplasia: a 20-year experience. ] Reprod Med. (2006)
51:829-34. doi: 10.1002/0471463736.tnmp35.pub2

7. Kim §J, Na Y], Jung SG, Kim CJ, Bae SN, Lee C. Management of high-
risk hydatidiform mole and persistent gestational trophoblastic neoplasia: the
korean experience. ] Reprod Med. (2007) 52:819-30.

8. Atkinson DE, Greenwood SL, Sibley CP, Glazier JD, Fairbairn LJ. Role
of drug resistancel and MRPI1 in trophoblast cells, elucidated using
retroviral gene transfer. Am ] Physiol Cell Physiol. (2003) 285:C584-
91. doi: 10.1152/ajpcell.00418.2002

9. Wu J, Wang D. CLIC1 induces

choriocarcinoma  through  positive

Res.  (2017)  25:863-71.  doi:

06527

Ding R, Shi ], Pabon K, Scotto KW. Xanthines down-regulate the drug

transporter aBCG2 and reverse multidrug resistance. Mol Pharmacol. (2012)

81:328-7. doi: 10.1124/mol.111.075556

drug resistance in human
regulation of MRPI1.  Oncol
10.3727/096504016X147723159

10.

AUTHOR CONTRIBUTIONS

DS designed the study: FJ performed the experiments: ZP, YZ,
and FJ analyzed the data: DS wrote the manuscript. All authors
have read and approved the final version of the manuscript.

FUNDING

This work was supported by National Nature Science Foundation
of China (81672510).

ACKNOWLEDGMENTS

The authors are indebted to all the colleagues whose names
were not included in the author list, but who joined in
our research.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2020.00557/full#supplementary-material

. Sakai K, Wake N, Fujino T, Yasuda T, Kato H, Fujimoto S, et al. Methotrexate-
resistant mechanisms in human choriocarcinoma cells. Gynecol Oncol. (1989)
34:7-11. doi: 10.1016/0090-8258(89)90095-4

Wang X, Zong L, Wang W, Yang J, Xiang Y. CD105 overexpression mediates
drug-resistance in choriocarcinoma cells through BMP9/Smad pathway. |
Cancer. (2020) 11:272-83. doi: 10.7150/jca.34965

Elias KM, Harvey RA, Hasselblatt KT, Seckl MJ, Berkowitz RS. Type I
interferons modulate methotrexate resistance in gestational trophoblastic
neoplasia. Am ] Reprod Immunol. (2017) 77:¢12666. doi: 10.1111/aji.12666
Cai ], Peng T, Wang J, Zhang J, Hu H, Tang D, et al. Isolation, culture
and identification of choriocarcinoma stem-like cells from the human
choriocarcinoma cell-line JEG-3. Cell Physiol Biochem. (2016) 39:1421-
32. doi: 10.1159/000447845

Yu S, Wu C, Tan Q, Liu H. Long noncoding RNA HI19 promotes
chemotherapy resistance in choriocarcinoma cells. J Cell Biochem. (2019)
120:15131-44. doi: 10.1002/jcb.28775

Peng Z, Zhang C, Zhou W, Wu C, Zhang Y. The STAT3/NFIL3 signaling
axis-mediated chemotherapy resistance is reversed by raddeanin a via
inducing apoptosis in choriocarcinoma cells. J Cell Physiol. (2018) 233:5370-
82. doi: 10.1002/jcp.26362

Hedl TJ, San Gil R, Cheng F, Rayner SL, Davidson JM, De Luca A, et al.
Proteomics approaches for biomarker and drug target discovery in ALS and
FTD. Front Neurosci. (2019) 13:548. doi: 10.3389/fnins.2019.00548

Zhang L, Elias JE. Relative protein quantification using tandem
mass tag mass spectrometry. Methods Mol Biol. (2017) 1550:185-
98. doi: 10.1007/978-1-4939-6747-6_14

Zhao M, Li H, Bu X, Lei C, Fang Q, Hu Z. Quantitative proteomic analysis of
cellular resistance to the nanoparticle abraxane. ACS Nano. (2015) 9:10099-
112. doi: 10.1021/acsnano.5b03677

Wang E Zhu Y, Fang S, Li S, Liu S. Label free quantitative proteomics
analysis on the cisplatin resistance in ovarian cancer cells. Cell Mol Biol
(Noisy-le-grand). (2017) 63:25-8. doi: 10.14715/cmb/2017.63.5.5

Li Z, Li N, Shen L, Fu J. Quantitative proteomic analysis identifies MAPK15
as a potential regulator of radioresistance in nasopharyngeal carcinoma cells.
Front Oncol. (2018) 8:548. doi: 10.3389/fonc.2018.00548

Hu X, Chen M, Li Y, Wang Y, Wen S, Jun F. Overexpression of ID1 promotes
tumor progression in penile squamous cell carcinoma. Oncol Rep. (2019)
41:1091-100. doi: 10.3892/0r.2018.6912

20.

21.

22.

Frontiers in Oncology | www.frontiersin.org

12

April 2020 | Volume 10 | Article 557


https://www.frontiersin.org/articles/10.3389/fonc.2020.00557/full#supplementary-material
https://doi.org/10.1016/j.ygyno.2012.07.116
https://doi.org/10.1155/2011/806256
https://doi.org/10.1200/JCO.1997.15.7.2636
https://doi.org/10.1016/j.ygyno.2004.11.011
https://doi.org/10.1016/j.ygyno.2017.10.028
https://doi.org/10.1002/0471463736.tnmp35.pub2
https://doi.org/10.1152/ajpcell.00418.2002
https://doi.org/10.3727/096504016X14772315906527
https://doi.org/10.1124/mol.111.075556
https://doi.org/10.1016/0090-8258(89)90095-4
https://doi.org/10.7150/jca.34965
https://doi.org/10.1111/aji.12666
https://doi.org/10.1159/000447845
https://doi.org/10.1002/jcb.28775
https://doi.org/10.1002/jcp.26362
https://doi.org/10.3389/fnins.2019.00548
https://doi.org/10.1007/978-1-4939-6747-6_14
https://doi.org/10.1021/acsnano.5b03677
https://doi.org/10.14715/cmb/2017.63.5.5
https://doi.org/10.3389/fonc.2018.00548
https://doi.org/10.3892/or.2018.6912
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Jun et al.

SOX8 Regulates Drug Resistance

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Jun E Hong J, Liu Q, Guo Y, Liao Y, Huang J, et al. Epithelial
membrane protein 3 regulates TGF-f signaling activation in CD44-
high glioblastoma. Oncotarget. (2017) 8:14343-58. doi: 10.18632/oncotarget.
11102

Assaraf YG. Molecular basis of antifolate resistance. Cancer Metastasis Rev.
(2007) 26:153-81. doi: 10.1007/5s10555-007-9049-2

Dragovich MA, Mor A. The SLAM family receptors: potential therapeutic
targets for inflammatory and autoimmune diseases. Autoimmun Rev. (2018)
17:674-82. doi: 10.1016/j.autrev.2018.01.018

Kellermayer D, Smith JE 3rd, Granzier H. Titin mutations and muscle disease.
Pflugers Arch. (2019) 471:673-82. doi: 10.1007/s00424-019-02272-5

Van Damme P, Braeken D, Callewaert G, Robberecht W, Van Den Bosch L.
GluR2 deficiency accelerates motor neuron degeneration in a mouse model
of amyotrophic lateral sclerosis. ] Neuropathol Exp Neurol. (2005) 64:605-
12. doi: 10.1097/01.jnen.0000171647.09589.07

Shearer MJ, Okano T. Key pathways and regulators of Vitamin K
function and intermediary metabolism. Annu Rev Nutr. (2018) 38:127-
51. doi: 10.1146/annurev-nutr-082117-051741

Grimm D, Bauer J, Wise P, Kriiger M, Simonsen U, Wehland M, et al. The role
of SOX family members in solid tumours and metastasis. Semin Cancer Biol.
(2019). doi: 10.1016/j.semcancer.2019.03.004. [Epub ahead of print].

Cui Q, Wang JQ, Assaraf YG, Ren L, Gupta P, Wei L, et al. Modulating
ROS to overcome multidrug resistance in cancer. Drug Resist Updat. (2018)
41:1-25. doi: 10.1016/j.drup.2018.11.001

Dharmaraja AT. Role of reactive oxygen species (ROS) in therapeutics
and drug resistance in cancer and bacteria. ] Med Chem. (2017) 60:3221-
40. doi: 10.1021/acs.jmedchem.6b01243

Braga A, Mora P, de Melo AC, Nogueira-Rodrigues A, Amim-Junior J,
Rezende-Filho ], et al. Challenges in the diagnosis and treatment of gestational
trophoblastic neoplasia worldwide. World J Clin Oncol. (2019) 10:28-
37. doi: 10.5306/wjco.v10.i2.28

Ghorani E, Kaur B, Fisher RA, Short D, Joneborg U, Carlson JW, et al.
Pembrolizumab is effective for drug-resistant gestational trophoblastic
neoplasia. Lancet. (2017) 390:2343-5. doi: 10.1016/S0140-6736(17)
32894-5

Zhang X, Pang W, Liu H, Wang J. Lidocine potentiates the cytotoxicity
of 5-fluorouracil to choriocarcinoma cells by downregulating
ABC  transport proteins expression. ] Cell Biochem. (2019)
120:16533-42. doi: 10.1002/jcb.28913

Xie N, Mou L, Yuan J, Liu W, Deng T, Li Z, et al. Modulating drug resistance by
targeting BCRP/ABCG2 using retrovirus-mediated RNA interference. PLoS
One. (2014) 9:e103463. doi: 10.1371/journal.pone.0103463

O’Bryan MK, Takada S, Kennedy CL, Scott G, Haraa S, Ray MK, et al. Sox8
is a critical regulator of adult sertoli cell function and male fertility. Dev Biol.
(2008) 316:359-70. doi: 10.1016/j.ydbio.2008.01.042

37. Portnoi MF, Dumargne MC, Rojo S, Witchel SE, Duncan AJ, Eozenou C,
et al. Mutations involving the SRY-related gene SOX8 are associated with a
spectrum of human reproductive anomalies. Hum Mol Genet. (2018) 27:1228-
40. doi: 10.1093/hmg/ddy037

38. Zhang S, Zhu C, Zhu L, Liu H, Liu S, Zhao N, et al. Oncogenicity of the
transcription factor sOX8 in hepatocellular carcinoma. Med Oncol. (2014)
31:918. doi: 10.1007/s12032-014-0918-3

39. Tang H, Chen B, Liu P, Xie X, He R, Zhang L, et al. SOX8 acts as a prognostic
factor and mediator to regulate the progression of triple-negative breast
cancer. Carcinogenesis. (2019) 40:1278-87. doi: 10.1093/carcin/bgz034

40. Wang Y, Yang W, Liu T, Bai G, Liu M, Wang W. Over-expression of SOX8
predicts poor prognosis in colorectal cancer: a retrospective study. Medicine
(Baltimore). (2019) 98:e16237. doi: 10.1097/MD.0000000000016237

41. Xie SL, Fan S, Zhang SY, Chen WX, Li QX, Pan GK, et al. SOX8 regulates
cancer stem-like properties and cisplatin-induced EMT in tongue squamous
cell carcinoma by acting on the Wnt/B-catenin pathway. Int J Cancer. (2018)
142:1252-65. doi: 10.1002/ijc.31134

42. YangH, Villani RM, Wang H, Simpson MJ, Roberts MS, Tang M, et al. The role
of cellular reactive oxygen species in cancer chemotherapy. J Exp Clin Cancer
Res. (2018) 37:266. doi: 10.1186/s13046-018-0909-x

43. Lim W, Yang C, Bazer FW, Song G. Chrysophanol induces apoptosis of
choriocarcinoma through regulation of ROS and the AKT and ERK1/2
pathways. J Cell Physiol. (2017) 232:331-9. doi: 10.1002/jcp.25423

44. Lim W, Yang C, Jeong M, Bazer FW, Song G. Coumestrol induces
mitochondrial dysfunction by stimulating ROS production and calcium ion
influx into mitochondria in human placental choriocarcinoma cells. Mol Hum
Reprod. (2017) 23:786-802. doi: 10.1093/molehr/gax052

45. Ham ], Lim W, Bazer FW, Song G. Silibinin stimluates apoptosis by inducing
generation of RS and ER stress in human choriocarcinoma cells. J Cell Physiol.
(2018) 233:1638-49. doi: 10.1002/jcp.26069

46. Zhao M, Hou Y, Fu X, Li D, Sun J, Fu X, et al. Selenocystine inhibits
JEG-3 cell growth in vitro and in vivo by triggering oxidative damage-
mediated s-phase arrest and apoptosis. ] Cancer Res Ther. (2018) 14:1540-
8. doi: 10.4103/jcrt.JCRT_864_17

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Jun, Peng, Zhang and Shi. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

13

April 2020 | Volume 10 | Article 557


https://doi.org/10.18632/oncotarget.11102
https://doi.org/10.1007/s10555-007-9049-z
https://doi.org/10.1016/j.autrev.2018.01.018
https://doi.org/10.1007/s00424-019-02272-5
https://doi.org/10.1097/01.jnen.0000171647.09589.07
https://doi.org/10.1146/annurev-nutr-082117-051741
https://doi.org/10.1016/j.semcancer.2019.03.004
https://doi.org/10.1016/j.drup.2018.11.001
https://doi.org/10.1021/acs.jmedchem.6b01243
https://doi.org/10.5306/wjco.v10.i2.28
https://doi.org/10.1016/S0140-6736(17)32894-5
https://doi.org/10.1002/jcb.28913
https://doi.org/10.1371/journal.pone.0103463
https://doi.org/10.1016/j.ydbio.2008.01.042
https://doi.org/10.1093/hmg/ddy037
https://doi.org/10.1007/s12032-014-0918-3
https://doi.org/10.1093/carcin/bgz034
https://doi.org/10.1097/MD.0000000000016237
https://doi.org/10.1002/ijc.31134
https://doi.org/10.1186/s13046-018-0909-x
https://doi.org/10.1002/jcp.25423
https://doi.org/10.1093/molehr/gax052
https://doi.org/10.1002/jcp.26069
https://doi.org/10.4103/jcrt.JCRT_864_17~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Quantitative Proteomic Profiling Identifies SOX8 as Novel Regulator of Drug Resistance in Gestational Trophoblastic Neoplasia
	Introduction
	Materials and Methods
	Reagents and Cell Lines
	TMT Labeling, LC-MS/MS Analysis, and Database Search
	Pathway and Process Enrichment Analysis
	Soft Agar Assay
	Cell Viability Analysis
	Western Blotting
	Caspase-3 Activity Assay
	Real-Time PCR
	ROS Measurement
	Statistical Analysis

	Results
	Drug Resistance-Associated Proteomic Profiles in Chemoresistant JEG3 Sublines
	Drug Resistance-Associated Signaling Networks in Chemoresistant JEG3 Sublines
	SOX8 Might Be a Candidate Regulator of Drug Resistance in Chemoresistant JEG3 Sublines
	Knockdown of SOX8 Attenuated Drug Resistance Phenotype in Chemoresistant JEG3 Sublines
	Over-Expression of SOX8 Promoted Drug Resistance in GTN Cell Lines
	Attenuation of ROS Induced by Drugs Might Be Associated With Drug Resistance in GTN Cells
	SOX8 Regulated the Expression of Antioxidant Enzymes and Reduced the Drug-Induced ROS Accumulation in GTN Cells 

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


