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Activation of RSK2 upregulates SOX8 to promote methotrexate
resistance in gestational trophoblastic neoplasia

Shaobin Wu', Mingjie Shao', Yi Zhang? and Dazun Shi?™
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Resistance to chemotherapy is frequently driven by aberrantly activated kinases in cancer. Herein, we characterized the global
phosphoproteomic alterations associated with methotrexate (MTX) resistance in gestational trophoblastic neoplastic (GTN) cells. A
total of 1111 phosphosites on 713 proteins were significantly changed, with highly elevated Ribosomal S6 Kinase 2 (RSK2)
phosphorylation (pS227) observed in MTX-resistant GTN cells. Activation of RSK2 promoted cell proliferation and survival after MTX
treatment in GTN cell models. Interestingly, RSK2 might play an important role in the regulation of reactive oxygen species (ROS)
homeostasis, as manipulation of RSK2 activation affected ROS accumulation and SOX8 expression in GTN cells. In addition,
overexpression of SOX8 partly rescued cell proliferation and survival in RSK2-depleted MTX-resistant GTN cells, suggesting that
SOX8 might serve as a downstream effector of RSK2 to promote MTX resistance in GTN cells. Highly activated RSK2/SOX8 signaling
was observed in MTX-resistant GTN specimens. Further, the RSK2 inhibitor BIX02565 effectively reduced SOX8 expression, induced
ROS accumulation, and enhanced MTX-induced cytotoxicity in vitro and in vivo. Collectively, our findings suggested that RSK2
activation could promote MTX resistance via upregulating SOX8 and attenuating MTX-induced ROS in GTN cells, which may help to

develop experimental therapeutics to treat MTX-resistant GTN.
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INTRODUCTION

Gestational trophoblastic neoplasia (GTN) is one of the most
successfully treated cancers due to its high sensitivity to
chemotherapy'. Methotrexate (MTX) has been successfully used
for the treatment of GTN for decades'? However, chemoresis-
tance to MTX still represents a major challenge for GTN treatment.
A considerable fraction (20-30%) of low-risk GTN patients fail to
achieve complete remission after single-agent MTX treatment®. In
addition, about 10-20% of patients with high-risk GTN experience
incomplete remission with MTX-containing regimens®. Although
chemoresistance to MTX in GTN is well recognized, its regulatory
mechanisms are not fully understood.

A number of molecular mechanisms responsible for MTX
resistance have been documented, including drug efflux via
ATP-binding-cassette (ABC) transporters®, upregulation of dihy-
drofolate reductase (DHFR)®, involvement of interferon signaling’,
and redox/reactive oxygen species (ROS) homeostasis®. ROS
production has been implicated in mediating MTX responses via
its effects on downstream cell survival or death signaling cascades.
In human ovarian cancer, MTX-induced ROS activated bax/bcl-2-
cyt-c release cascading and promoted apoptosis®. Recently,
accumulating evidence suggested that the reduced ROS level
could be the primary reason for MTX resistance in cancer cells.
Shen et al. showed that ROS-related mechanisms were involved in
cell survival of MTX-resistant choriocarcinoma cells®'°. Our recent
proteomics study identified SRY-Box Transcription Factor 8 (SOX8)
as a potential regulator of MTX resistance in GTN cells''. SOX8

could reduce drug-induced ROS accumulation through upregulat-
ing the expression of antioxidant enzymes Glutathione Peroxidase
1 (GPX1) and Heme Oxygenase 1 (HMOX1) in GTN cells'".
However, the molecular mechanisms leading to the upregulation
of SOX8 in GTN cells are unclear.

Chemoresistance is frequently driven by aberrantly activated
kinase signaling pathways'2 A number of studies indicate that the
activation of key protein kinases is intrinsically associated with
resistance to anticancer drugs. In leukemia and colorectal cancer,
the mitogen-activated protein kinase (MAPK) p38 signaling path-
way is closely associated with acquired resistance to cisplatin,
irinotecan, and 5-fluorouracil'*'*, In gastric cancer, Aurora Kinase
B (AURKB) has also been identified as a potential regulator of
chemoresistance to cisplatin'®. In addition, over-expression of
p21-activated kinase 1 (PAK1) could promote resistance to
gemcitabine in pancreatic cancer'®. Therefore, exploring the
mechanisms of dysregulated kinase signaling pathways might
help identify potential targets to treat drug-resistant cancers.

RSK2 (ribosomal protein S6 kinase, RPS6KA3) is a member of the
p90 ribosomal S6 kinase family. RSK2 is regulated under the
control of MAPK activities and is positioned upstream of
transcription and epigenetic factors involved in cell proliferation,
cell transformation, stress-tolerance, and cancer development'’.
Although RSK2 has been shown to modulate the sensitivity of
ovarian cancer cells to cisplatin'®, its role in the regulation of drug
resistance in GTN still remains unknown. In the present study, we
identified RSK2 as a potential regulator of MTX resistance in GTN
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cells through a quantitative phosphoproteomics approach. Our
findings suggested that RSK2/SOX8 signaling might mechanisti-
cally contribute to the development of chemoresistance to MTX in
GTN cells, which may improve our understanding of the molecular
mechanisms of drug resistance in GTN.

MATERIAL AND METHODS

Reagents and cell lines

Primary antibodies were provided by following sources: p-RSK2 (5227) and
B-actin (Affinity Biosciences, Cambridge, MA, USA); RSK2 and SOX8 (Abcam,
Danvers, MA, USA). Chemical reagents were provided by following sources:
MTX and 2,7-Dichlorodi -hydrofluorescein diacetate (DCFDA) (Sigma-
Aldrich, St. Louis, MO, USA); RSK2 inhibitor BIX02565 (Selleckchem,
Houston, TX, USA). Human GTN cell lines JEG3 and JAR were provided
by American Type Culture Collection (Manassas, VA, USA). The MTX-
resistant sublines JEG3/MTX and JAR/MTX was established as we described
previously'®. These GTN cell lines were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum (Hyclone,
Logan, UT), 4mM glutamine, 100U/mL penicillin, and 100 ug/mL
streptomycin. Plasmid pCMV3 encoding SOX8 was obtained from
Sinobiological Inc (Beijing, China). Lentiviral sShRNA plasmids (non-targeting
scramble or shRSK2) and Lentiviral plasmids LV242 (empty vector (EV) or
FLAG-tagged RSK2 mutants Y707A or S227A) were provided by Geneco-
poeia (Rockville, MD, USA).

Tandem mass tagging (TMT) labeling and affinity enrichment
of phosphopeptides

JAR and its MTX-resistant subline JAR/MTX were used for quantitative
phosphoproteomic analysis. Protein extraction, trypsin digestion, and TMT
labeling of the peptides were conducted as we described previously''. For
affinity enrichment, TMT-labeled peptide mixtures were first incubated
with immobilized metal ion affinity chromatography (IMAC) microspheres
suspension with vibration in loading buffer (50% acetonitrile/6%
trifluoroacetic acid). The IMAC microspheres with enriched phosphopep-
tides were collected by centrifugation, and the supernatant was removed.
To remove nonspecifically adsorbed peptides, the IMAC microspheres
were washed with 50% acetonitrile/6% trifluoroacetic acid and 30%
acetonitrile/0.1% trifluoroacetic acid, sequentially. To elute the enriched
phosphopeptides from the IMAC microspheres, elution buffer containing
10% NH4OH was added and the enriched phosphopeptides were eluted
with vibration. The supernatant containing phosphopeptides was collected
and lyophilized for LC-MS/MS analysis.

LC-MS/MS analysis and database search

The phosphopeptides were dissolved in 0.1% formic acid, directly loaded
onto a reversed-phase analytical column. phosphopeptides were sepa-
rated with a gradient from 3 to 17% solvent B (0.1% formic acid in 90%
acetonitrile) over 40 min, 17 to 28% solvent B over 12 min, and climbing to
80% in 4 min then holding at 80% for the last 4 min, all at a constant flow
rate of 500 nL/min on an EASY-nLC 1000 UPLC system (Thermo Fisher
Scientific). The separated phosphopeptides were analyzed in Q Exactive™
Plus (Thermo Fisher Scientific) with a nano-electrospray ion source. The
resulting MS/MS data were processed using MaxQuant search engine
(v.1.5.2.8). Tandem mass spectra were searched against the human
SwissProt database (20366 entries) concatenated with reverse decoy
database. Trypsin/P was specified as cleavage enzyme allowing up to two
missing cleavages. The mass tolerance for precursor ions was set as 20
ppm in First search and 5 ppm in Main search, and the mass tolerance for
fragment ions was set as 0.02 Da. Phosphorylation on serine, threonine,
and tyrosine residues was specified as variable modifications. TMT-6plex
quantification was performed. The false discovery rate was adjusted to
<1% and minimum score for peptides was set >40.

Cell viability analysis

CCK-8 viability assay was conducted as we described previously'". 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 MTX
treatment. The optical density (OD) (absorbance) was measured at 450 nm
using a Multiskan MK3 microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA). ICso values were calculated in SPSS software as
described previously'".
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Soft agar clonogenesis assay

Soft agar assay was used to examine the in vitro clonogenesis of GTN cells
after drug treatment'". Briefly, the 2 mL culture medium with 0.5% agar
was first plated into each well of a 6 cm 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 and counted.

Bromodeoxyuridine (BrdU) incorporation assay

BrdU incorporation assay was conducted using the Cell Proliferation Assay
Kit (Cell Signaling, Boston, MA) as we described previously”. Briefly, GTN
cells were plated (4 x 10% cells/well) into 96-well plate and incubated for
16 h before addition of MTX. At 48 h after MTX incubation, cells were
labeled with 10 uM BrdU for 2 h. Cells were then fixed and the DNA was
denatured with fixing/denaturing solution. BrdU mouse antibody was
added to detect the incorporated BrdU. The absorbance (OD,so) was
measured using a Multiskan MK3 microplate reader (Thermo Fisher
Scientific, Waltham, MA, USA).

Caspase-3 activity assay

Apoptosis of cells after exposure to MTX was detected using the Caspase-3
Colorimetric Assay kit (Abcam) as we described previously''. Briefly, GTN
cells (5x10° cells) were lysed on ice for 10min and centrifuged at
10,000 x g for 1 min. Enzyme reactions were carried out on the resulting
supernatants in 96-well flat-bottom microplates, using 50 pl of cell lysate
(100 ug of total protein) for each reaction mixture. The OD (absorbance)
was measured at 405nm using a Multiskan MK3 microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA).

Western blotting

Western blot was conducted as we described previously'". Protein lysates
(25 pg) was separated by 10% SDS-PAGE and transferred to Hybond-P
PVDF membranes (Amersham Biosciences). Blots were blocked with 5%
non-fat dry milk in Tris-buffered saline buffer for 1 h at room temperature
and then incubated with diluted antibodies against various proteins for 2 h
at room temperature, followed by incubation with horseradish peroxidase-
conjugated goat-anti-mouse antibody (Abcam, Cambridge, MA) for 1 h at
room temperature. The signal was visualized with an enhanced
chemiluminescence detection reagent (Abcam, Cambridge, MA).

KEGG pathway analysis

Kyoto Encyclopedia of Gene and Genome (KEGG) pathway analysis on
enriched phosphoproteins was carried out in Metascape (http://metascape.
org/gp/index.html)?°. All genes in the genome were used as the enrichment
background. More specifically, P values are calculated based on accumu-
lative hypergeometric distribution. The most statistically significant term
within a cluster is chosen as the one representing the cluster.

Real-time polymerase chain reaction (PCR)

The mRNA level of GPX1 and HMOX1 was measured by Real-time PCR as
we described previously”. Briefly, total RNA (1 pg) was converted to cDNA
and then used for SYBR Green PCR. Relative gene expression was
determined based on Ct values of GPX1/HMOX1 with reference to B-Actin.

Reactive oxygen species (ROS) measurement

The level of Intracellular ROS was detected by DCFDA fluorescence assay'".
GTN cells were incubated with 25 uM DCFDA for 30 min before ROS
measurement. An F97Pro fluorospectrometer (Lengguang Technology,
Shanghai, China) was used to measure the DCFDA fluorescence.

Immunohistochemistry (IHC)

Archival paraffin-embedded tissues of patients diagnosed with GTN
between 2010 and 2020 were used for IHC analysis. MTX-sensitive GTN
(n =15, chemonaive patients underwent abdominal surgery/hysterectomy
and diagnosed with GTN; these patients achieved complete remission after
treated with single-agent MTX or EMACO). MTX-resistant GTN tissues (n =
23) were obtained by surgery from patients who developed resistance to
single-agent or combined MTX regimens. The research protocols were
approved by the research ethics committee in Xiangya Hospital, Central
South University (keshen20203665) with informed consent having been
obtained from all patients. IHC procedure was conducted as we described
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Fig. 1 Quantitative phosphoproteomic analysis on JAR/MTX and JAR cell models. A Experimental scheme for the quantitative

phosphoproteomic analysis on JAR and JAR/MTX cell models. B Differentially expressed phosphosites and phosphoproteins identified by TMT
labeling, IMAC enrichment of phosphopeptides, and LC-MS/MS in JAR and JAR/MTX cell models. C Altered expression of phosphosites in
protein kinases and phosphatases in JAR/MTX cells. D Western blotting analysis on p-RSK expression in MTX-resistant GTN sublines.

previously'". Antigen-antibody reactions (Antibody dilution for p-RSK:
1:250; dilution for SOX8: 1:100) were visualized by exposure to 3,3-
diaminobenzidine and hydrogen peroxide chromogen substrate (DAKO,
Denmark). The scoring criteria for IHC results are as follows: for staining
intensity (Qi), 0 = no staining, 1 = weak staining, 2 = moderate staining, 3
= strong staining; for cell numbers (Qn), 0 =no tumor cells stained, 1=
5-25% tumor cells stained, 2 = up to 60% tumor cells stained, 3 = 60% cells
stained. The IHC score is defined as Qi x Qn®'.

Animal studies

For xenograft study, JAR/MTX cells (1 x 10°) were subcutaneously injected
into the left flank of each nude mice (n=6). Inoculated tumors were
allowed to establish for 11 days (tumor volume ~50 mm?) before initiating
drug treatments. Phosphate buffered saline (PBS) was used as no
treatment control. BIX02565 was orally administered for 7 days (100 mg/
kg/day). MTX was administered via intraperitoneal injection for 7 days (2
mg/kg/day). Tumor volume based on caliper measurements was calculated
by the modified ellipsoidal formula: tumor volume (mm?3) = a x b%/2. Mice
were sacrificed 19 days after cell inoculation, and the subcutaneous
xenografts were removed, washed by PBS, and weighted. The expression
of SOX8, Ki-67, and cleaved caspase-3 in xenograft tissues was evaluated
by immunohistochemistry. The immunopositivity of cleaved caspase-3 and
Ki-67 in each group was calculated in six random, high-power fields.

Statistical analysis

Statistical analysis was conducted using SPSS 16.0 (SPSS Inc, Chicago, IL, USA).
Means of two groups were compared by two-tailed unpaired student’s t test.
Differences among more than two groups were analyzed using one-way
ANOVA or two-way ANOVA followed by Dunn’s multiple comparisons test or
Tukey's multiple comparisons test. Spearman rank correlation was used to
evaluate the correlation between p-RSK and SOX8 expression. For all the
statistical analysis, test with P < 0.05 (two-tailed) was considered significant.
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RESULTS

Phosphoproteomic profiling of JAR and its MTX-resistant
subline JAR/MTX

Quantitative phosphoproteomic analysis was conducted on JAR
and JAR/MTX as illustrated in Fig. 1A. Collectively, we detected
9601 unique phosphosites on 3236 proteins, among which 4229
phosphosites were quantifiable in JAR/MTX vs. JAR across all three
biological replicates. As shown in Supplementary Fig. 1A, 1B,
quantitative phosphoproteomic analysis showed good peptide
sequence coverage and peptide distribution. The distribution of
phosphosites showed similar pSer:pThr:pTyr ratios (8417:967:217,
~90:10:2) as previously reported??. Furthermore, according to our
criteria (P < 0.05, fold change = 1.5 or fold change < 0.67), a total of
1111 phosphosites on 713 proteins were significantly changed in
JAR/MTX cells, with 362 upregulated and 749 downregulated
(Fig. 1B; Table S1). Upregulated and downregulated phosphosites
co-occurred on 37 phosphoproteins (Fig. 1B). KEGG pathway
analysis of 713 differentially expressed phosphoproteins was also
conducted. KEGG pathways including the Ribosome, Proteoglycans
in cancer, and Arrhythmogenic right ventricular cardiomyopathy
were highly enriched in the upregulated phosphoproteins
(Supplementary Fig. S2). In addition, KEGG pathways including
the Spliceosome, RNA transport, and mRNA surveillance pathway
were shown to be highly enriched in the downregulated
phosphoproteins (Supplementary Fig. S2).

Phosphorylation and dephosphorylation on key phosphosites of
protein kinases/phosphatases are crucial for their catalytic
activity>>**, Upregulated phosphosites (fold change = 2) including
RPS6KA3/RSK2 (pS227), MAPK14/p38 (pT180), CDK12 (pS332),

Laboratory Investigation (2021) 101:1494 - 1504
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Fig. 2 Knockdown of RSK2 attenuates MTX resistance in MTX-resistant GTN cell lines. A RSK2 expression was effectively attenuated by
shRNA lentiviruses in JAR/MTX and JEG3/MTX cells. B Knockdown of RSK2 increased the chemosensitivity to MTX in JEG3/MTX and JAR/MTX
cells. The cell viability in Scr and shRSK2 without MTX treatment was regarded as 100%, respectively. n = 4, ***P < 0.001. C Knockdown of RSK2
impaired clonogenesis after MTX treatment (10 pM) in JEG3/MTX and JAR/MTX cells. Representative micrographs showed the result of soft
agar clonogenesis after MTX treatment (10 pM) in JEG3/MTX and JAR/MTX cells. Bars: 100 pm. The colony formation in Scr group without MTX
treatment was regarded as 100%, respectively. n =4, ***P < 0.001. D Knockdown of RSK2 attenuated the proliferative potential of JEG3/MTX
and JAR/MTX cells after MTX treatment (10 pM) for 48 h. The BrdU incorporation in Scr without MTX treatment was regarded as 100%. n =4,
***¥P < 0.001. E Knockdown of RSK2 increased caspase-3 activity following MTX treatment (10 pM) for 48 h in JEG3/MTX and JAR/MTX cells. The
caspase-3 activity in Scr group without MTX treatment was regarded as 100%, respectively. n =4, ***P < 0.001.

AURKB (pS227), and PAK1 (pS144) and downregulated phospho-
sites (fold change <0.5) including EEF2K (pS462, pS464), PAK6
(pS104), CDK11B (pS113), CDC25A (pS107), and PRKAAT/AMPK
(pS508) were observed in JAR/MTX cells (Fig. 1C). RPS6KA3/RSK2
(pS227) was identified as the top upregulated kinase phosphosite

imply a function for highly activated RSK2 with MTX resistance in
GTN cell lines.

KNOCKDOWN OF RSK2 SENSITIZES MTX-RESISTANT GTN

in JAR/MTX cells (Fig. 1C, Supplementary Fig. S3). The highly
elevated expression of p-RSK in MTX-resistant GTN sublines was
confirmed by western blotting (Fig. 1D). Since RSK2 Ser227
phosphorylation is crucial for its kinase activity?>, our findings

Laboratory Investigation (2021) 101:1494 - 1504

SUBLINES TO MTX TREATMENT

The protein expression of RSK2 and p-RSK was remarkably
reduced by RSK2-specific shRNAs, suggesting RSK2 activity was
mostly abolished in JAR/MTX and JEG3/MTX cells (Fig. 2A). The
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cytotoxic effect of MTX on RSK2-depleted JAR/MTX and JEG3/MTX
cells was evaluated by CCK8 assay. RSK2 knockdown increased
chemosensitivity to MTX in JAR/MTX and JEG3/MTX cells (Fig. 2B).
Soft agar clonogenesis of RSK2-depleted GTN cells was decreased
compared to Scr control (Fig. 2C). In addition, RSK2 knockdown
further reduced soft agar clonogenesis after MTX treatment

SPRINGER NATURE

(Fig. 2C). Knockdown of RSK2 also considerably attenuated BrdU
incorporation (Fig. 2D). Compared with the Scr group, reduced
BrdU incorporation was observed in the shRSK2 group after MTX
treatment (Fig. 2D). Further, knockdown of RSK2 also markedly
increased caspase-3 activity (Fig. 2E). Compared with the Scr
group, increased caspase-3 activity was shown in the shRSK2

Laboratory Investigation (2021) 101:1494 - 1504
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group after MTX treatment (Fig. 2E). Therefore, RSK2 plays a critical
role in regulating MTX resistance in GTN cells.

Overexpression of constitutively active RSK2 promotes MTX
resistance in GTN cells

In order to address the function of activated RSK2 in the
regulation of MTX resistance in GTN cells, RSK2 mutants
(constitutively active mutant Y707A or kinase inactive mutant
$227A%%) were expressed in JAR and JEG3 cells. The level of p-RSK
was greatly increased only in the Y707A group compared to EV or
the S227A mutant (Fig. 3A). The cytotoxic effect of MTX on RSK2
mutant-expressing GTN cells was evaluated by CCK8 assay. A
higher ICso value was seen in the Y707A group than in the EV or
S227A groups after MTX treatment in JAR and JEG3 cells (Fig. 3B).
Although the expression of RSK2 Y707A mutant exhibited a mild
effect on soft agar clonogenesis and BrdU incorporation
compared with EV or the S227A mutant in JAR and JEG3 cells, it
greatly promoted soft agar clonogenesis and enhanced BrdU
incorporation after MTX treatment in these cell lines (Fig. 3C, 3D).
In addition, less caspase-3 activity was seen in the Y707 mutant
group than in the EV or S227A groups after MTX treatment
(Fig. 3E). These results suggested that RSK2 activation could
promote chemoresistance to MTX in GTN cells.
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RSK2 activation reduces ROS generation and induces SOX8
expression in GTN cells

Reduction of MTX-induced ROS contributes to MTX resistance in
GTN cells"". However, the role of RSK2 in ROS homeostasis still
remains unknown. As shown in Fig. 4A, knockdown of RSK2
induced ROS accumulation in JAR/MTX and JEG3/MTX cells. In
addition, a higher ROS level was also observed in the shRSK2 +
MTX group compared to the MTX group (Fig. 4A). Further, the
RSK2 Y707A mutant greatly attenuated ROS levels compared to EV
or the S227A mutant after MTX treatment in GTN cells (Fig. 4B).
These findings suggested that RSK2 might promote MTX
resistance through reducing MTX-induced ROS accumulation in
GTN cells.

Recently, we identified SOX8 as a potential modulator of ROS
and drug resistance in GTN cells'. However, whether SOX8
expression is regulated by RSK2 still remains unclear. Our present
findings showed that RSK2 knockdown reduced the expression of
SOX8 and its downstream antioxidant enzymes GPX1/HMOX1 in
JAR/MTX and JEG3/MTX cells (Fig. 4C, 4D). In addition, expression
of the RSK2 Y707A mutant increased the expression of SOX8 and
its downstream GPX1/HMOX1 compared to EV or the S227A
mutant in GTN cells (Fig. 4E, 4F). Therefore, RSK2 might promote
MTX resistance through upregulating SOX8 in GTN cells.
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Overexpression of SOX8 partly reverses the effect of RSK2
knockdown on MTX-resistant GTN cells

Rescue experiments were conducted in order to confirm the role
of SOX8 as a downstream effector of RSK2. SOX8 expression was
markedly increased following transfection of a SOX8-expressing
plasmid in RSK2-depleted JAR/MTX and JEG3/MTX cells (Fig. 5A).
ROS level was effectively attenuated by SOX8 expression in RSK2-
depleted JAR/MTX and JEG3/MTX cells (Supplementary Fig. S4A).
A higher MTX IC5o was seen in the SOX8 group compared to the
EV group in RSK2-depleted JAR/MTX and JEG3/MTX cells (Fig. 5B).
Soft agar clonogenesis and BrdU incorporation in the SOX8 group
was markedly increased compared with that in the EV group
with or without MTX treatment in RSK2-depleted JAR/MTX and
JEG3/MTX cells (Fig. 5C, 5D). In addition, Caspase-3 activity
induced by RSK2 knockdown was significantly reduced by SOX8
overexpression with or without MTX treatment in RSK2-depleted
JAR/MTX and JEG3/MTX cells (Fig. 5E). Therefore, SOX8 might

SPRINGER NATURE

serve as an important downstream effector of RSK2 in MTX-
resistant GTN cells.

RSK2/SOXS8 signaling is highly enriched in MTX-resistant GTN
tissues

The expression of p-RSK and SOX8 in GTN specimens was
evaluated by IHC. The levels of p-RSK and SOX8 were much higher
in MTX-resistant GTNs (MTX-R) than in those exhibiting MTX
sensitivity (MTX-S) (Fig. 6A, 6B). Highly correlated expression of
p-RSK and SOX8 was also observed in these GTN specimens
(Fig. 6C). These results highlighted the clinical relevancy of RSK2/
SOX8 signaling in MTX-resistant GTNs.

The RSK2 inhibitor BIX02565 potently inactivates RSK2/
SOX8 signaling and attenuates MTX resistance in GTN cells
BIX02565, a novel RSK2-specific inhibitor, has been used in a
number of cardiovascular studies®”?%, Plasma concentrations of
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BIX02565 at ~10uM have been achieved in several animal
studies?”?°. BIX02565 can potently inhibit RSK2 kinase activity
without affecting PDK1-mediated RSK2 pS$227 phosphorylation®.
As shown in Fig. 7A, BIX02565 at 5 and 10 uM mostly abolished
SOX8 expression in JAR/MTX and JEG3/MTX cells with minimal
effects on p-RSK or RSK2 expression. BIX02565 treatment also
induced ROS accumulation in a dose-dependent manner in JAR/
MTX and JEG3/MTX cells (Fig. 7B). Consistently, higher ROS level
was observed in MTX + BIX groups compared to MTX or BIX
groups in JAR/MTX and JEG3/MTX cells (Fig. 7C). The cytotoxic
effect of BIX02565 on JAR/MTX and JEG3/MTX cells was also
evaluated. Co-treatment with BIX02565 increased MTX-induced
cytotoxicity compared to MTX or BIX02565 alone in JAR/MTX and
JEG3/MTX cells (Fig. 7D). Soft agar clonogenesis of GTN cells
treated with BIX02565 was decreased compared to vehicle control
(Fig. 7E). In addition, RSK2 inhibition further reduced soft agar
clonogenesis after MTX treatment (Fig. 7E). BIX02565 also
considerably attenuated BrdU incorporation (Fig. 7F); reduced
BrdU incorporation was observed in the BIX02565 group
compared to MTX or BIX02565 alone (Fig. 7F). Further, BIX02565
markedly increased caspase-3 activity (Fig. 7G); increased caspase-
3 activity was seen in the BIX02565 group compared with MTX or
BIX02565 alone after MTX treatment (Fig. 7G). Moreover, we also
treated the RSK2-depleted JAR/MTX and JEG3/MTX cells with
BIX02565. BIX02565 exhibited minimal effect on the cell viability of
RSK2-depleted JAR/MTX and JEG3/MTX cells, suggesting the effect
of BIX02565 might be largely attributed to inhibition of RSK2
activity (Supplementary Fig. S4B). Therefore, RSK2 inhibition by
BIX02565 could effectively disrupt RSK2/SOX8 signaling and
attenuate MTX resistance of GTN cells.

The RSK2 inhibitor BIX02565 suppresses tumor growth and
attenuates MTX resistance in a murine xenograft model

The effect of BIX02565 on MTX-resistant GTN cells was evaluated
with in vivo experiments. No mice died after BIX02565 treatment
(100 mg/kg/day) for 7 days. As depicted in Fig. 8A, BIX02565 alone
or BIX02565 + MTX effectively suppressed tumor growth in vivo as
compared with PBS control or MTX. The tumor weights in the
BIX02565 + MTX group were further reduced compared to the
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BIX02565- or MTX-treated groups (Fig. 8B). Hematoxylin/eosin
staining revealed severe necrosis within the xenografts following
BIX02565 or BIX02565 + MTX treatment as compared with the PBS
control or MTX groups (Fig. 8C). BIX02565 or BIX02565 + MTX
treatment also reduced SOX8 expression in xenograft tissues
(Fig. 8Q). Ki-67 positivity was greatly decreased after BIX02565 or
BIX02565 + MTX treatment as compared with the PBS group
(Fig. 8C, 8D). The combination of BIX02565 with MTX further
reduced Ki-67 positivity in JAR/MTX tumors as compared with
BIX02565 or MTX alone (Fig. 8C, 8D). In contrast to the PBS group,
treatment with BIX02565 or BIX02565+ MTX significantly
increased the percentage of cleaved caspase-3-labeled cells in
JAR/MTX tumors (Fig. 8C, 8E). BIX02565 + MTX treatment exhib-
ited the highest level of cleaved caspase-3 among the treatment
groups (Fig. 8C, 8E). Taken together, these findings confirmed the
in vivo efficacy of BIX02565 alone or the BIX02565 + MTX
combination for the treatment of MTX-resistant GTN.

DISCUSSION
RSK2 has important functions in cell proliferation, differentiation,
transformation, and stress response, despite its function in the
regulation of MTX resistance in GTN still remains unknown®’.
Herein, the identification of RSK2 activation through phospho-
proteomics study prompted us to examine the potential role of
RSK2 in the regulation of MTX resistance in GTN. Although
knockdown of RSK2 greatly attenuated cell proliferation/clono-
genesis in MTX-resistant GTN cells, the expression of active RSK2
mutant exhibited a mild effect on cell proliferation/clonogenesis
in MTX-sensitive GTN cells. This difference might reflect the
differential requirement of RSK2 signaling to maintain cell
proliferation in MTX-sensitive and MTX-resistant GTN cells. Our
findings also showed that knockdown of RSK2 attenuated MTX
resistance in MTX-resistant GTN cells, while constitutively active
RSK2 promoted cell survival after MTX treatment in GTN cells.
Therefore, RSK2 activation might play a crucial role in the
acquisition of MTX resistance in GTN cells.

ROS reduction is a key underlying mechanism of drug resistance
in cancer chemotherapy. Shen et al. showed that ROS-neutralizing
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mechanisms contribute to cell survival of MTX-resistant chorio-
carcinoma cells'®. Similarly, our recent study showed that ROS
induced by MTX is considerably neutralized in MTX-resistant GTN
cells''. However, the effect of RSK2 on ROS homeostasis still
remains unclear. In the present study, our findings revealed that
RSK2 might exert its pro-survival function by attenuating ROS
accumulation in MTX-resistant cells. Consistently, overexpression
of a constitutively active RSK2 mutant attenuated MTX-induced
ROS in GTN cells. Therefore, RSK2 might modulate MTX resistance
via attenuating ROS in MTX-resistant GTN cells.

The transcriptional factor SOX8 plays an important role in
cancer development, though its function in the regulation of drug
resistance still requires further investigation. Sun et al. showed
that SOX8/FOXK1 signaling could promote chemoresistance via
suppression of cell senescence and induction of glucose
metabolism in ovarian cancer organoids and cells®'. Similarly,
our recent findings showed that SOX8 can promote drug
resistance through upregulating antioxidant enzymes (GPXI1,
HMOX1) and attenuating MTX-induced ROS accumulation in
GTN cells'". However, whether SOX8 could serve as a downstream
effector of RSK2 to promote MTX resistance in GTN still awaits
investigation. Herein, we showed that knockdown of RSK2 or
overexpression of a constitutively active RSK2 mutant could
regulate the expression of SOX8 and its downstream antioxidant
enzymes (GPX1, HMOXT). Impressively, highly activated RSK2/
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SOX8 signaling was observed in MTX-resistant GTN samples.
Therefore, RSK2 activation might promote cell survival via
upregulating SOX8/antioxidant enzymes and attenuating MTX-
induced ROS in GTN cells. Our findings also showed that
overexpression of SOX8 partly rescued cell survival impaired by
RSK2 knockdown in MTX-resistant GTN sublines, suggesting
prosurvival signaling pathways other than SOX8 might also be
activated by RSK2 and contribute to MTX resistance in GTN cells.
Tremendous efforts have been made to develop small-molecule
inhibitors for RSK family kinases. Some RSK2-specific inhibitors,
such as BIX02565%"?° and FMK®?, have been discovered. As a
proof of concept, we treated MTX-resistant GTN cells with the
RSK2 inhibitor BIX02565 in vitro. Our data suggested that
BIX02565 potently attenuated SOX8 expression, suppressed cell
proliferation, and enhanced MTX-induced cytotoxicity in MTX-
resistant GTN cell models. The effect of BIX02565 on MTX-resistant
GTN cells was also evaluated in a murine xenograft model.
BIX02565 treatment effectively reduced SOX8 expression and
suppressed in vivo tumor growth. In addition, MTX plus BIX02565
treatment further suppressed tumor growth, decreased Ki67
positivity, and induced apoptosis in vivo. Therefore, our study
implies that RSK2 inhibitors are potential agents to treat MTX-
resistant GTN, but further investigation is needed in the future.
In conclusion, our findings suggest that RSK2 might promote
cell survival by upregulating SOX8 expression and attenuating
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ROS accumulation induced by MTX in GTN cells. Further, the RSK2
inhibitor BIX02565 effectively disrupted RSK2/SOX8 signaling and
enhanced MTX-induced cytotoxicity in MTX-resistant GTN cells
in vitro and in vivo. These findings may have potential clinical
value for the development of experimental therapeutics based on
RSK2 inhibition to treat MTX-resistant GTN.
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