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Phosphorylation of STAT1 serine 727 enhances platinum
resistance in uterine serous carcinoma
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Uterine serous carcinoma (USC) is a highly aggressive histological subtype of endometrial cancers harboring highly metastatic
and chemoresistant features. Our previous study showed that STAT1 is highly expressed in USC and acts as a key molecule
that is positively correlated with tumor progression, but it remains unclear whether STAT1 is relevant to the malicious
chemorefractory nature of USC. In the present study, we investigated the regulatory role of STAT1 toward platinum-cytotoxicity
in USC. STAT1 suppression sensitized USC cells to increase cisplatin-mediated apoptosis (p ¢ 0.001). Furthermore,
phosphorylation of STAT1 was prominently observed on serine-727 (pSTAT1-Ser727), but not on tyrosine-701, in the nucleus
of USC cells treated with cisplatin. Mechanistically, the inhibition of pSTAT1-Ser727 by dominant-negative plasmid elevated
cisplatin-mediated apoptosis by increasing intracellular accumulation of cisplatin through upregulation of CTR1 expression.
TBB has an inhibitory effect on casein kinase 2 (CK2), which phosphorylate STAT1 at serine residues. Sequential treatment
with TBB and cisplatin on USC cells greatly reduced nuclear pSTAT1-Ser727, enhanced intracellular accumulation of cisplatin,
and subsequently increased apoptosis. Tumor load was significantly reduced by combination therapy of TBB and cisplatin in
in vivo xenograft models (p < 0.001). Our results collectively suggest that pSTAT1-Ser727 may play a key role in platinum
resistance as well as tumor progression in USC. Thus, targeting the STAT1 pathway via CK2 inhibitor can be a novel method for
attenuating the chemorefractory nature of USC.
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Introduction resistance to platinum-based chemotherapy is a major issue for

Uterine serous carcinoma (USC) is characterized as a rare but
aggressive subtype of endometrial cancer (EC). Most ECs are
localized to the uterus at an early stage are well differentiated, and
have a low histological grade. In contrast, USC accounts for a dis-
proportionate 40% of total EC-related deaths, although it repre-
sents <10% of all EC." Recently, due to its high recurrence rate,
USC patients are usually treated with platinum-based adjuvant
chemotherapy after surgical staging; however, many patients
develop systemic recurrence, which is often life-ending.”> Conse-
quently, 72% of USC patients that develop recurrence die.” Thus,

USC treatment, and it is urgent to reveal the associated underly-
ing molecular mechanisms and to develop new treatment strate-
gies to manage this complication.

Integrated genome-wide analysis revealed that USC has a
characteristic molecular profile, completely distinct from that of
endometrioid carcinomas, such as frequent p53 and pI16 muta-
tions, HER2 overexpression, and PIK3CA amplification.*® How-
ever, these genetic changes are also observed in intraepithelial
carcinoma, and genuine driver genes that determine the aggres-
sive nature and the poor prognostic outcome of USC are not well
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What’s new?

pSTAT1 enhances chemoresistance in uterine serous carcinoma

The molecular mechanisms underlying chemoresistance in uterine serous carcinoma (USC), a rare but highly aggressive
subtype of endometrial cancer, remain unclear. This study shows that the prognostic outcome for USC patients with high
STAT1 expression is poor and STAT1 is involved in platinum resistance. Mechanistically, cisplatin-induced STAT1 Ser727
phosphorylation alters cellular platinum accumulation to promote resistance and CK2 inhibitors can suppress STAT1 Ser727
phosphorylation. The results suggest that STAT1 could serve as a biomarker to predict tumor chemoresponse, and
premedication with a CK2 inhibitor may represent a potent strategy to increase the efficacy of platinum-based

chemotherapeutics in STAT1-high USC patients.

understood. Through genome-wide analysis and additional func-
tional assays, we previously identified signal transducer and acti-
vator of transcription 1 (STAT1) as a multipotent molecule
associated with several malignant characteristics of USC, such as
proliferation, anchorage-independent growth, invasion, and
tumorigenicity.” However, these traits are common of malignant
tumors, and it remains unclear whether STATI1 directly deter-
mines the prognostic outcome of USC. The overall response rate
(RR) of recurrent USC after platinum-based chemotherapy is
50%,” which indicates that USC could be classified as platinum-
resistant or sensitive, and thus it is necessary to identify key mole-
cules that modulate platinum-resistance. It is further presumed
that STAT1 expression in USC enhances platinum resistance and
that targeting this molecule could represent a new strategy to mit-
igate chemoresistance such as platinum resistance and improve
disease outcome.

Cisplatin is among the most common chemotherapeutic
drugs used for various cancers and EC. Its cytotoxic mechanism
consists of the formation of DNA-damaging adducts and the sub-
sequent induction of apoptosis and cell cycle arrest via multiple
signaling pathways.® Cisplatin sensitivity in cancer cells is mainly
attenuated by decreased DNA damage, enhanced DNA repair,
reduced cellular accumulation of platinum and platinum inacti-
vation.”'° It was reported that STAT1 suppression increases renal
cell carcinoma sensitivity to cisplatin by regulating cell cycle
arrest''; however, the molecular mechanism underlying the effect
of STAT1 on platinum-resistance in USC remains unclear.

Thus, our aim was to determine whether and how high
STAT1 expression functions in cisplatin-resistance in USC
and to potentially uncover a new strategy to induce cisplatin
susceptibility in USC.

Materials and Methods

Cell lines and culture

Human serous endometrial cancer cell lines included SpaclL
(The Cancer Institute of the Japanese Foundation for Cancer
Research, Japan), ARK1 and ARK2. ARKI and ARK2 were gen-
erously provided in 2016 by Dr. A. Santin (Yale University, New
Haven, CT) and were characterized in a previous report.'>'* The
human breast cancer cell lines, MCF7 and MD-MB-231 were
kindly provided by the Department of Breast Surgery of Kyoto
University. All cancer cell lines were grown in RPMI-1640
medium containing 10% fetal bovine serum (FBS) plus antibiotics
at 37°C and 5% CO.,.

Western blot analysis

Whole cell and nuclear lysates were prepared with RIPA lysis
buffer (Thermo Scientific, Waltham, MA, #89900). Protein con-
centrations were determined using the BIO-RAD Quick Start
Bradford protein assay (#500-0206) as standards. Cell-free
extracts were frozen at —80°C. Cell lysates were denatured in 2x
Laemmli Sample Buffer (BIO-RAD, #161-0737), heated to 95°C
for 5 min, and loaded onto 8-12% SDS-gels. Separated proteins
were transferred to Immobilon-P membranes (Millipore,
#ISEQ10100) via semidry transfer. The membrane was then
blocked with Blocking One Buffer (Nacalai Tesque, Kyoto, Japan,
#03953-95) for 1 hr at room temperature, then washed three
times with TBS-T, and incubated with primary antibodies at 4°C
overnight as follows. STAT1 (D1K9Y) rabbit monoclonal anti-
body (mAb; CST, #14994), Phospho-STAT1 (Ser727) rabbit
mAb (CST, #8826), phospho-Statl (Tyr701) rabbit mAb (CST,
#9167), cleaved caspase-3 (Aspl75) polyclonal antibody (pAb;
CST, #9661), LC3A/B rabbit mAb (CST, #12741) and anti-
GAPDH loading control rabbit mAb (CST, #2118) were obtained
from Cell Signaling Technology (Danvers, MA). Anti-HDAC1
[ERR460] rabbit mAb (#ab109411), anti-DNA Ligase IV rabbit
mAb (#ab193353), anti-Ku 70 rabbit pAb (#ab83501), anti-Ku
80 rabbit pAb (#ab87860) were from Abcam (Cambridge, MA).
Anti-Rad51 (H-92) rabbit pAb (#sc-8,349), anti-FANCD2 (FI17)
mouse mAb (#sc-20,022) and anti-MLH1 (C-20) rabbit pAb
(#sc-582) were purchased from Santa Cruz Biotechnology
(Dallas, TX). Anti-MSH2 mouse mAb (#NA27) was from Merck
Millipore (Burlington, MA). GAPDH and HDAC1 were used as
an endogenous loading control for whole cell lysis and nuclear
lysis, respectively. All primary antibodies were used at 1:1,000
dilution and then incubated with appropriate horseradish
peroxidase-conjugated secondary antibodies at 1:3,000 dilution at
room temperature for 1 hr. Antirabbit IgG, HRP-linked antibody
(CST, #7074) and antimouse IgG, HRP-linked (CST, #7076) anti-
bodies were from Cell Signaling Technology. The signal was visu-
alized using Chemi-Lumi One L Buffer (Nacalai Tesque, San
Diego, CA, #07880-70).

STAT1 knockdown

STAT1 stably suppressed SpaclL cells were established by intro-
ducing STAT1I-specific short hairpin RNA (shRNA) in the previ-
ous report.” Among the established nine clones, 89-C2 with least
STATI expression was selected as shSTAT1 cells. By reconfir-
ming the results of STAT1 suppression and functional assays with
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dominant-negative STATI DNA plasmid introduced cells, off-
target effects were ruled out.”

Establishment of STAT1-phosphorylation mutants

The STATI1 tyrosine (#12302, eGFP STAT1 Y701F; STATI,
human Host: DH5alpha) and serine (#12303 eGFP STATI1
S727A; STAT1, human Host: DH5alpha) mutant-encoding plas-
mids were purchased from Addgene (Tokyo, Japan). These plas-
mids were confirmed as previously described.'* Ser727- and
Tyr701-mutant plasmids were transfected with Lipofectamine
3000 (Thermo Fisher Scientific, Waltham, MA, #1.3000-D15) to
obtain pSTAT1 mutant cells. Stable transfectants were isolated by
selection using 1 mg/ml G418 (Nacalai Tesque, #16513-84).

Xenograft models

Female nonobese diabetic/severe combined immunodeficient
(NOD/SCID) mice and BALB/c nude mice were purchased from
Nihon Clea (Tokyo, Japan). Xenograft models were initiated by the
subcutaneous injection of SpaclL (5 X 10% and ARK2 (2 x 10%)
cells suspended in approximately 200 pl of a 1:1 medium:Matrigel
solution into the right flank of each mouse (NOD/SCID mice with
SpaclL, BALB/c nude mice with ARK2). Tumor volumes were
measured twice weekly. Tumor volumes were calculated using the
formula: tumor volume (mm®) = (W? x L)/2, where W is width
and L is length in mm. Given ethical considerations, mice inocu-
lated with SpaclL cells or ARK2 cells were sacrificed 6 or 4 weeks
after inoculation, respectively; thus tentative survival rates were
determined by designating the mice with tumor burdens in excess
of 150mm?’ as near death from disease.

Immunohistochemistry staining of STAT1 and
pSTAT1-Ser727 in human tissues

Immunohistochemistry (IHC) was performed to detect of
STAT1 and pSTATI Ser727 expression in patient samples, as
previously described.” Tissue sections were incubated with pri-
mary antibody including, STAT1 (D1K9Y) rabbit mAb (CST,
#14994) diluted at 1:3,000 or phospho-STAT1 (Ser727) rabbit
mAb (CST, #8826) diluted 1:800 for overnight at 4°C, and then
stained with HRP-conjugated secondary antibodies (NICHIREI
Biosciences Inc., Tokyo, Japan, Histofine SAB-Po kit, #424032).
DAB (Sigma, St. Louis, MO, #D4418) was used to visualize per-
oxidase activity. Hematoxylin staining used as a counterstain.
Human tonsil tissue was used as a STAT1-positive control,
whereas human breast cancer tissue was a positive control for
pSTAT1-Ser727.

To analyze IHC results, semiquantitative methods were
employed. In detail, STAT1 and pSTAT1 IHC scores were calcu-
lated by combining staining intensity with percent positive areas.
Staining intensity ranged from 0 to 3 (0: negative; 1, weak; 2, mod-
erate; 3, strong). The percent-positive staining areas in tumors
were calculated using a scale of 04 (0, <5%; 1, 5-25%; 2, 25-50%;
3, 50-75%; 4, >75%).

For each tumor, the percentage of DAB-positive staining
was evaluated in four different areas.
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Statistical analysis
For all experiments, quantitative data are presented as
mean + SEM from three independent experiments. All statis-
tical analyses were performed using GraphPad Prism 7.0
(GraphPad Software, San Diego, CA). Data were analyzed by
Student’s t-test and two-way ANOVA analysis. Statistical sig-
nificance was defined as follows: *p < 0.05; **p < 0.005;
#*%p < 0.001 (as compared to controls).

Precise experimental procedures were described in the file
of Supporting Information Materials and Methods.

Results

High STAT1 expression is associated with poor prognostic
outcome for USC patients

To assess the relationship between STAT1 expression and USC
prognosis, we investigated STAT1 expression by immunohisto-
chemistry (n = 40). According to our previous study,” STAT1 IHC
scores are presented as 0—4. Tumor with high STAT1 expression
(scores of 2-4) were associated with significantly reduced overall
survival (p < 0.01) and progression-free survival (p < 0.01) com-
pared to those with low STAT1 expression (scores of 0 and 1;
Figs. 1a and 1b). Clinicopathological analysis based on STAT1
expression is summarized in Table 1. Individuals with high STAT1
expression exhibited a higher relapse rate (p < 0.005), although
almost 90% of patients underwent adjuvant chemotherapy. Simi-
larly, survival outcomes of USC patients with high STAT1 mRNA
expression were lower in a TCGA cohort (p = 0.1372; Supporting
Information Fig. S1a). As USC is highly resistant to chemotherapy,”
and especially resistant to cisplatin, we hypothesized that high
STAT1 expression might be related to cisplatin-resistance.

STAT1 may confer resistance to cisplatin in USC cells

To clarify the chemoresistant role of STATI in USC, the
chemosensitivity of SpaclL cells was assessed with or without
STATI1 knockdown. In STATI1 knockdown (shSTAT1) cells,
STATI protein and mRNA expression were suppressed com-
pared to that in Mock cells (Fig. 2a and Supporting Information
Fig. S1b). ICs, assays indicated that loss of STAT1 leads to
increased cisplatin sensitivity (Fig. 2b). Increased sensitivity to
two additional DNA-damaging agents, irinotecan and doxorubi-
cin, but not to paclitaxel, was also observed (Supporting Informa-
tion Fig. S1c).

To confirm these observations, we compared STAT1 expres-
sion and cisplatin sensitivity among three USC cell lines: SpaclL,
ARKI1 and ARK2. STAT1 was highly expressed in ARK2 and
SpaclL cells (Fig. 2¢, Supporting Information Fig. S1d), and high
STAT1-expressing cells were more resistant to cisplatin (Fig. 2d,
Supporting Information Fig. Sle). Apoptosis was increased in
shSTAT] cells even with low-dose cisplatin treatment (Supporting
Information Fig. S1f). This was confirmed by cleaved-caspase
3 assays in Mock/shSTAT1 cells and Spac1L/ARK1/ARK2 cells,
respectively (Fig. 2e, Supporting Information Fig. S1g). Together,
these data suggest that STAT1 might play an important role in cis-
platin chemosensitivity in USC cells.
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Figure 1. High STAT1 expression is associated with poor prognostic outcome of patients bearing uterine serous carcinoma. (a) Representative
micrographs of STAT1 IHC staining in uterine serous carcinoma (USC). The expression of STAT1 in USC (n = 40) was assessed with stained intensity
(0-4) and stained area (%) as previously reported.” Based on STAT1 expression score, USC patients were divided into two groups: STAT1-high, score
22 (n = 21); STAT1-low, score <2 (n = 19). Representative three groups of micrographs captured under (Left panel) low magnification (20x) and
(Right panel) high magnification (40x) were exhibited respectively. Scale bars indicate 100 um. (b) Kaplan—Meier analysis of overall survival

(0S) curves and progression free survival (PFS) curves in 40 USC patients. Comparison of OS and PFS between STAT1-high patients and STAT1-low
patients was performed the log-rank test (+*0.001 < p < 0.01). [Color figure can be viewed at wileyonlinelibrary.com]

Sensitivity of shSTAT1 cells to cisplatin is correlated with phosphorylation (y-H2AX) is an early response to DNA damage
DNA damage in mammals.'® Immunofluorescent staining for y-H2AX enhanced
DNA-damaging agents have been readily used for cancer chemo-  H2AX focus formation (green) in shSTAT1 cells compared to that
therapy. Chemotherapeutics target rapidly dividing cancer cells by  in Mock cells under the treatment with 1 pM cisplatin (Fig. 2f).
directly or indirectly inducing DNA damage. H2AX histone  Flow cytometric (FACS) analysis further confirmed the significant
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Table 1. Clinical characteristics of 40 uterine serous carcinoma
patients in STAT1 IHC analysis

STAT1-low STAT1-high p-value
Characteristic Low (<2) High (=2)
Number 19 21
IHC score 2 22
Age (years) 67 + 3.6 63 + 1.8 0.3742
Median survival 4,851 1,601 0.0044
(days)
FIGO Stage
land Il 10 6 0.1965
Il and IV 9 15
Chemotherapy 72.2% (13/18) 88.2% (15/17) 0.4018
Relapse 21.1% (4/19) 75% (12/16) 0.0022

increase in cisplatin-induced DNA damage in shSTAT1 cells
(Supporting Information Fig. S1h). These results suggested that
STAT1 modulates cisplatin-induced DNA damage.

STAT1 is not engaged in the DNA damage repair process
during cisplatin-induced cell death

There are many factors that modulate the efficacy of cisplatin
therapy such as DNA repair, drug uptake and efflux and drug
inactivation.'® To identify the factors involved in platinum resis-
tance, Mock and shSTATT1 cells treated with cisplatin were used
to assess DNA repair pathways such as the homologous recombi-
nation (HR) pathway,”’18 nonhomologous end joining (NHE])
pathway,'” FANCD2 crosslink pathway,*® mismatch pathway,”"
and nucleotide excision repair (NER) pathway.”> For the HR
pathway, nuclear Rad51 foci in Mock and shSTAT1 cells were
assessed with or without 1 uM cisplatin treatment for 24 hr by
immunostaining and western blotting. Nuclear Rad51 foci num-
bers did not change between Mock and shSTAT1 cells upon cis-
platin treatment, and no significant difference in nuclear Rad51
expression was found by western blotting after cisplatin
(Supporting Information Fig. S2a).

Regarding the NHE] pathway, no significant differences in
protein levels of DNA ligase IV, Ku70 and Ku80 were found com-
pared between Mock and shSTAT1 USC cells, with or without
cisplatin treatment (Supporting Information Fig. S2b).

Next, we analyzed the correlation between the FANCD2
crosslink pathway status and STAT1 expression. Upon assessing
the mono-ubiquitination status of FANCD2 (Ub-FANCD2)
after cisplatin treatment, a slightly higher level of ubiquitination
FANCD2 was observed in shSTAT1 cells by western blotting,
although this was not prominent (Supporting Information
Fig. S2¢).

Regarding the mismatch pathway, remarkable differences
in MSH2, MLHI1 and PolB levels between Mock and shSTAT1
cells were not found (Supporting Information Fig. S2d).

Finally, we determined whether the NER pathway was
involved in STAT1-mediated cisplatin resistance. The expression

Int. ). Cancer: 00, 00-00 (2019) © 2019 UICC

of ERCC1, ERCC2, ERCC3, XPA and XPF were evaluated in
USC cells, but none were activated in Mock and shSTAT1 cells
upon cisplatin treatment (Supporting Information Fig. S2e).

Furthermore, H2AX expression in shSTAT1 and Mock cells
was assessed by flow cytometry after irradiation (IR),” but there
were no significant changes between in Mock and shSTAT1 cells
in response to irradiation exposure (Fig. 2g). Together, DNA
repair pathways do not seem to be involved in STAT1-related cis-
platin resistance in USC cells.

Intracellular cisplatin accumulation increases in shSTAT1
cells
To identify the mechanism related to cisplatin resistance, other
than DNA repair, we next investigated cellular accumulation of
cisplatin in USC cells using an anticisplatin modified DNA com-
plex antibody (anti Pt-DNA) followed by dot-blot assays and flow
cytometry. After 20 pM cisplatin treatment for 24 hr, an increased
number of Pt-DNA-positive cells was observed in the shSTAT1
group (16.9%), compared to that in the Mock (7.9%; p < 0.001;
Fig. 2h). Dot blot assays also showed a significant increase in the
Pt-DNA complex in shSTATI1 cells (Supporting Information
Fig. S3a). Similarly, intracellular Pt-DNA accumulation was sig-
nificantly enhanced in ARK1 cells along with increasing cisplatin
concentration (10-86.4%), while this enhancement was weaker in
SpaclL cells (1.3-10.4%) and almost not observed in ARK2 cells
(0.2-0.56%, Supporting Information Fig. S3b). These data suggest
that cisplatin cellular accumulation is inhibited by STAT1.
Copper transporter 1 (CTR1) is a mediator of cisplatin
influx*** and functions in its mature form.** CTRI mRNA
expression was significantly lower in Mock cells (p < 0.05;
Supporting Information Fig. S3c). Western blot analysis demon-
strated that mature CTRI is expressed at low levels in Mock cells,
with higher levels confirmed in shSTATI cells after cisplatin
exposure (Supporting Information Fig. S3d). This CTR1 suppres-
sion was observed by FACS in Mock cells treated with cisplatin,
while not in shSTAT1 cells (p < 0.005; Supporting Information
Fig. S3¢). Moreover, ATP7B, an exporter of cisplatin,”’ and
MT?2A, a cisplatin inactivator,”® were upregulated in Mock cells
(Supporting Information Figs. S3fand S3g).

Cisplatin prompts USC cells to phosphorylate at serine, but
not tyrosine of STAT1

C188-9, a STATT1 inhibitor, was expected to be effective against
STAT1-high tumors>’; however, cellular viability or apoptosis in
SpaclL cells was not remarkably altered by C188-9 (data not
shown). STAT1 functions as a transcription factor via phosphor-
ylation at serine-727 or tyrosine-701 to translocate, which
induces translocation to the nucleus.’®*' STAT1 phosphorylation
was assessed using nucleolus extracts from Mock and shSTAT1
cells by western blotting. Although both serine (Ser727) and tyro-
sine (Tyr701) phosphorylation were observed with IFN treat-
ment, there was a significant increase in serine, but not tyrosine
phosphorylation upon cisplatin treatment (Fig. 3a). Similarly, in
ARK2 cells with prominent STAT1 expression, STAT1 serine
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Figure 2. STAT1 expression status and chemosensitivity of USC cell lines to cisplatin. (a) STAT1 expression on Spacil cells which were stably
transfected with control vector (Mock) and STAT1 shRNA. (b) Cisplatin IC5o assay of Mock cells and shSTAT1 cells treated with several does of
cisplatin for 72 hr (**0.001 ¢ p < 0.01; **#p ¢ 0.001). (c) STAT1 expressing status of three USC cell lines, SpaclL, ARK1 and ARK2, was
confirmed by western blot quantification. Error bar represent SEMs for three independent experiments (*p < 0.05). (d) Cisplatin IC5o assay of
Spac1l and ARK2 cells treated with cisplatin for 72 hr (*p < 0.05; **0.001 < p < 0.01; ***p < 0.001). (e) Apoptotic status of Mock and shSTAT1
cells were assessed after 24 hr cisplatin treatment in several does (10, 20, 30 and 50 pM). Cleaved caspase-3 expression was determined by
western blot analysis (*p ¢ 0.05; **0.001 < p < 0.01; ***p < 0.001). (f) DNA damage status of Mock and shSTAT1 cells with or without cisplatin
treatment (1 pM) for 24 hr were assessed by immunofluorescent staining of y-H2AX (green). Nuclei were visualized by DAPI (blue). Images
were captured under 200x magnification. Scale bar = 80 pm. (g) DNA damage status (y-H2AX expression) of Mock and shSTAT1 cells after
several does of IR exposures (0, 20 or 35 Gy) assessed by flow cytometry. (h) Flow cytometric analysis of cisplatin-DNA complex presentation,
% Pt-DNA of Mock and shSTAT1 cells sequentially exposed to cisplatin 20 pM for 24 hr (**#0.001 < p < 0.01). The bar graphs represents

mean + SEM for three independent experiments. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 3. Serine phosphorylated STAT1 plays a crucial role in cisplatin resistance of USC cells. (a) STAT1 phosphorylation status at serine
residue or tyrosine residue (pSTAT1-Ser727 or pSTAT1-Tyr701) of nuclear fraction of Mock and shSTAT1 cells after exposure to IFN-y or
Cisplatin for 24 hr were assessed by western blot analysis. (b) Cisplatin ICsq of SpaclL wild-type cells, Tyr701-mut and Ser727-mut cells
(***p ¢ 0.001). (c) Cisplatin induced apoptosis was assessed by expression of cleaved caspase-3 in SpaclL wild-type cells and Ser727-mut
cells using western blot analysis. Hela cells were used as a positive control (***p < 0.001). (d) Nuclear accumulation of cisplatin in Spac1L
wild-type cells and Ser727-mut cells were assessed by flow cytometry analysis (***p < 0.001). The bar graphs present the mean + SEM for

three independent experiments.

phosphorylation was observed after cisplatin treatment, decre-
ased under the pretreatment of TBB followed by cisplatin
(Supporting Information Fig. S6¢). These results indicated that
cisplatin prompts USC cells to phosphorylate at STAT1 serine,
but not tyrosine.

pSTAT1 serine-mutant promotes cisplatin-mediated
apoptosis and cisplatin cellular accumulation

Based on these results, we hypothesized that cisplatin stimulates
STAT1 phosphorylation at serine residue resulting in altered
cytotoxic activity upon platinum therapy in USC cells. To test
this hypothesis, dominant-negative assays were conducted.
First, we transfected seine-mutant (Ser727-mut) or tyrosine-
mutant (Tyr701-mut) plasmid in SpaclL cells. We then picked
the clones with the lowest expression of serine phosphorylation
(Ser727-mut-Al) and tyrosine phosphorylation (Tyr701-mut-
C2) mutants (Supporting Information Fig. S4a). Based on ICsq
assays, Ser727-mut cells were tremendously sensitive to cisplatin
compared to sensitivity with Tyr701-mut or spacll control cells
(p < 0.0001) (Fig. 3b). Moreover, Ser727-mut cells were more
apoptotic upon cisplatin treatment (Fig. 3c). With cisplatin
administration, Ser727-mut cells exhibited a nearly fourfold
increase in Pt-DNA accumulation (p < 0.001; Fig. 3d). These
results were confirmed in ARK2 USC cells (Supporting Infor-
mation Figs. S4b-S4e). In both SpaclL and ARK?2 cells, expres-
sion of serine-mutant resulted in significantly higher CTRI1
expression compared to that in wild-type cells (Supporting
Information Figs. S4f and S4g). Together, these results suggest

Int. ). Cancer: 00, 00-00 (2019) © 2019 UICC

that cisplatin induces STAT1 serine phosphorylation in USC
cells suppress cisplatin accumulation.

Phosphorylation of STAT1 at serine is not directly involved
in the autophagic process

Autophagy is another known chemoresistant process. To evalu-
ate whether cisplatin induces autophagy via STAT1 phosphory-
lation at serine, a LC3 turnover assay was conducted. Under
cisplatin treatment, a certain autophagy activity marker, LC3B
was expressed not only in SpaclL and ARK2 cells but their
Ser727-mut cells or shSTAT1 cells, and there was no definite
association between LC3B expression and cisplatin-resistance
among these cells (Supporting Information Fig. S5). Chloro-
quine (CQ) attenuated LC3B expression of USC cells with or
without pSTAT]I as an autophagy inhibitor.

CK2 inhibition suppresses cisplatin-induced STAT1 serine
phosphorylation in USC cells

To expand the potential clinical antitumor application of anti-
STAT1 strategies, we examined an available pharmacological
inhibitor of STAT1 serine phosphorylation. Serine/tyrosine phos-
phatases, such as p38, ERK1/2, phosphatidylinositol 30-kinase
(PI3K), Ca/calmodulin-dependent protein kinase II (CaMKII)
and protein kinase C (PKC) can induce STAT1 phosphorylation
in various tumor cells.*>>® SB203580, KN-62 and H7 were cho-
sen to inhibit p38, CaMKII and PKC to assess whether cisplatin-
induced Ser727 phosphorylation could be suppressed. As shown
in Supporting Information Figure S6a, Ser727 phosphorylation
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after cisplatin combination treatment in SpaclL cells was not
suppressed by p38, CaMKII and PKC inhibitors. In contrast, as
shown by immunostaining (Fig. 4a and Supporting Information

pSTAT1 enhances chemoresistance in uterine serous carcinoma

Fig. S6b), cisplatin-induced nuclear Ser727 phosphorylation in
SpaclL cells was significantly inhibited by TBB, a serine-
threonine kinase II casein kinase2 (CK2) inhibitor.>”® As

(a)

IFN-y
cisplatin
TBB

pSTAT1-Ser727

pSTAT1-Tyr701

HDAC1

(c)

o ..
o ..

(d)

SpaclL (nuclear) b Post treatment Pre treatment
e — — — ( ) 72 hr 8 hr 8 hr 72 hr
= = - +
~ 100 § . 100 *xk == DMSO
——— 2 S
- S < - TBB
& = *kk
— § 50+ 2 50
- -
T S A — © . o
L
41 0 1 2 3 A 0 1 2 3
cisplatin [log10 pM] cisplatin [log10 pM]
SpaclL
preDMOS(control) preTBB
DAPI Cleaved caspse3 Merge DAPI Cleaved caspse3 Merge

(e)

cisplatin O uM cisplatin 20 uM
Jokdk
DMSO(control) preTBB DMSO(control) preTBB 107 I 1
z T
o 84
» ] =
0.45% &
= %] e E 6
5 O 44
£ K
8 . . 2
I o o W W w ‘
> g r
&0 D » N
& & %@“ _\9@\
& & & &
i 3 %Ox Q,Q:X
A & &
Q S
N
cisplatin O uM cisplatin 20 uM
*kk
DMSO(control) preTBB DMSO(control) preTBB 100 4 1
I 100 ] w -
< 804
0] 0% 0.58% 5.81% Lh z
——— ] — a
L ] o £ 604
T =
E] N ¥ 2 40 4
e - : A : 20
D »
X S '\.\? @@\
Q%&% (Q‘Qs’ oxe'\S\ x“f\é\
< & é{b
&

Figure 4. Legend on next page.
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epidermal growth factor receptor (EGFR) is upstream of STAT1,
EGFR inhibitors are also expected to be effective; accordingly,
gefitinib moderately attenuated STAT1 Ser727 phosphorylation
(data not shown).

TBB pretreatment (preTBB) at 50 pM for 8 hr before cisplatin,
but not posttreatment, significantly reduced cell viability (Fig. 4b).
To verify the apoptotic effect of preTBB combination therapy,
SpaclL cells were pretreated with TBB or DMSO (as control) for
8 hr, followed by cisplatin treatment. Upregulation of cleaved-
caspase3 foci was observed in preTBB cells based on immunofluo-
rescence (Fig. 4c). Consistent with these results, the same effect of
suppressing Ser727 phosphorylation in ARK2 cells was also
reproduced by TBB pretreatment and cisplatin (Supporting Infor-
mation Fig. S6¢c-S6e). The DNA damage marker H2AX was sig-
nificantly elevated after preTBB and cisplatin combination
treatment (Fig. 4d). Importantly, TBB pretreatment with cisplatin
significantly increased Pt-DNA adducts, compared to that with
cisplatin alone (Fig. 4e). These results suggest that TBB pre-
treatment can significantly suppress cisplatin-induced Ser727
phosphorylation and attenuated STAT1-related cisplatin resis-
tance in USC. TBB was not cytotoxic, as there was no significant
reduction in cell survival with 50 pM TBB pretreatment alone
(Supporting Information Fig. S6f). The combination index was
assessed for cisplatin and TBB pretreatment using the Chou-
Talalay method.*® As CI value was below 1 (Supporting Informa-
tion Fig. S6¢), a synergistic effect was confirmed. In addition, this
synergic cytotoxic effect was observed in MB-MDA-231 and
MCEF7 breast cancer cell lines (Supporting Information Figs. S7a
and S7b). Given these findings, we conceived that pretreatment
with TBB to target CK2 kinase for suppressing STAT1 Ser727
phosphorylation could be a potential strategy to attenuate cis-
platin resistance in cancer cells.

STAT1-Ser727 phosphorylation mediation with CK2 inhibitor
followed by cisplatin is effective on in vivo tumor growth of
cisplatin-resistant USC cells

As previously described, we expected that high-STAT1 related
cisplatin resistance can be dissolved by suppressing STAT1-
Ser727 phosphorylation via combining a CK2 inhibitor. To inves-
tigate the antitumor effect of CK2 inhibitor, TBB and cisplatin
combination therapy, we used SpaclL and ARK2 xenograft
mouse models. First, as TBB was designated only for in vitro
experimental use, the highest safe dose of TBB in mouse experi-
ments was determined. The in vivo toxicity assessment was per-
formed on nude mice, which were administered various doses of

TBB (1, 2 and 3 mg), and body weight was measured daily. As
shown in Supporting Information Figure S8a, there was no
remarkable change in body weight by a 1 mg daily administration
of TBB, which was determined as the safe dose. In SpaclL xeno-
graft mice, pretreatment with TBB from Day 14 to 21 followed by
cisplatin treatment significantly inhibited SpaclL tumor growth,
and tumors became undetectable even at 40 days (p < 0.0001) as
compared to the DMSO group (Fig. 5a, Supporting Information
Fig. S8b). The 6 weeks survival rates were 100 and 67% in preTBB
and DMSO groups, and the representative SpaclL xenograft
tumors in each group were shown in Figure 5a right panel. In
ARK2 xenograft mice, the tumor growth in mice pretreated with
TBB was almost suppressed by cisplatin treatment, while not in
mice without TBB pretreatment (p < 0.0001; Fig. 5b, left panel).
Furthermore, the tumor growth in ARK2 Ser727-mut bearing
mice was significantly inhibited by cisplatin treatment compared
to wild-type ARK2 bearing mice (p < 0.0001; Fig. 5b, right panel).
The 4 weeks survival rates of ARK2 xenograft mice were 100% in
the STAT1 Ser727 phosphorylation mediated groups, while not
without mediation (Supporting Information Fig. S8b). These data
suggested that inhibition of STAT1 Ser727 phosphorylation by
TBB prior to cisplatin treatment exerts a significant antitumor
effect.

Phosphorylation of STAT1 at serine is observed in USC
patients after neoadjuvant chemotherapy (NAC)

To evaluate whether cisplatin induces STAT1 phosphorylation at
serine in human disease, immunohistochemistry staining was
conducted using specimen from USC patients with or without
chemotherapy administration prior to surgery, termed NAC.
Intriguingly, serine phosphorylation of STAT1 serine was only
observed in specimens from USC patients who underwent NAC
and not in those from NAC-untreated USC patients, even when
STAT1 expression was detected. Furthermore, STAT1 serine
phosphorylation was more prominent in metastatic nodes
(Fig. 5¢, Supporting Information Fig. S9).

Discussion

USC is designated as the most aggressive subtype of EC and is
associated with poor prognostic outcomes. It is necessary to
identify key molecules that modulate platinum-resistance, and
we hypothesized that targeting STAT1 might provide a potent
strategy to overcome platinum resistance in USC, in order to
improve clinical outcomes. In our study, we demonstrated
endogenous STATI expression in USC and determined that it

Figure 4. TBB, a CK2 inhibitor, can significantly suppress STAT1 serine phosphorylation to increase sensitivity in USC cells to cisplatin. (a)
Nuclear STAT1 phosphorylation status of SpaclL cells sequentially treated with TBB (50 pM for 8 hr) and cisplatin (20 pM for 24 hr) were
assessed by western blotting. (b) Cisplatin ICso assays of SpacllL cells with posttreatment or pretreatment of TBB (50 pM for 8 hr) or DMSO. Bar
graphs above figures represent time course of treatment plan of preexperiment and postexperiment. (¢) Cisplatin induced apoptosis was
immunohistochemically assessed by expression of cleaved caspase-3 (red) in SpacllL cells, with or without TBB pretreatment (50 pM for 8 hr).
Nucleus was stained with DAPI (blue). Scale bar = 80 um. (d, e) Flow-cytometry analysis of DNA damage biomarker, y-H2AX expressing
population (d) and cisplatin-DNA complex presentation, % Pt-DNA (e) of Spac1L cells sequentially treated with TBB and cisplatin (***p < 0.001).
The bar graphs represent the mean + SEM for three independent experiments. [Color figure can be viewed at wileyonlinelibrary.com]

Int. ). Cancer: 00, 00-00 (2019) © 2019 UICC

5
p—
=]
-
==}
Yo
)
Q
=
<
©)
Ll
=
=]
3]
=
=}
=




10 pSTAT1 enhances chemoresistance in uterine serous carcinoma

plays a role in platinum sensitivity. High STAT1 expression is  radiotherapy,”*' and suppressing STAT1 leads to an increased

also a hallmark of poor outcome in breast cancer but in leuke-  cytotoxic response.'"** These findings imply that STATI is a
mia is associated with good susceptibility to chemotherapy or  master regulator of chemosusceptibility; however, how STAT1
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Figure 6. Schematic illustration showing the role of the
CK2/pSTAT1-Ser727/CTR1 axis in cisplatin resistance mechanism
in USC. [Color figure can be viewed at wileyonlinelibrary.com]

functions in the complex mechanism of platinum-resistance
were previously unclear.

Resistance to cisplatin is based on several mechanisms such as
decreased DNA damage, enhanced DNA repair, reduced cellular
accumulation of platinum and platinum inactivation. Among
these, HR is a key pathway in DNA repair for variety of cancers'’;
moreover, nuclear Rad51 foci formation is a hallmark of the HR
DNA repair pathway.'* NNHEJ and FANCD?2 crosslinking also
play important roles in regulating the signal from BRCA1 and
Rads1 to induce downstream repair pathways.”>** Further, high
expression of NER genes is associated with cisplatin resistance in
human ovarian, lung, and testicular cancer.”>**** However, these
DNA damage repair systems were not significantly induced in
STAT1-high USC cells (Supporting Information Fig. S2). More-
over, even irradiation, which can directly generate DNA double-
strand breaks in cancer cells,” did not alter H2AX expression in
USC cells with or without high STAT1 expression (Fig. 2g). Com-
pared to the high frequency of homologous recombination defi-
ciency (HRD) in high-grade serous ovarian cancer,’ such genetic
alterations are not observed as frequently in USC.***” These results

11

suggest that in USC, platinum-susceptibility is determined not by
HR status but by other mechanisms, such as STAT1-oriented resis-
tance. In support of this notion, STAT1 deficiency sensitized USC
cells to cisplatin by altering cellular cisplatin accumulation partially
through mature CTR1 (Supporting Information Figs. S3c and
S3d), CTRI delivers cisplatin into the cell via chelation by the
N-terminal domain, which is followed by endocytosis of platinum-
based drugs®®; accordingly, overexpression of CTR1 can attenuate
cisplatin resistance by increasing intracellular concentra-
tions.”**>*® Intracellular cisplatin accumulation is also maintained
by an exporter and an inactivator. ATP7B is a cisplatin exporter
and is highly expressed in cisplatin-resistant cancer cells,””***
whereas MT2A detoxifies heavy metals in tumor cells and its over-
expression confers cisplatin resistance.”**’ Significant changes in
MT2A, but not ATP7B, were observed with STAT1 knockdown
(Supporting Information Figs. S3f and S3g), suggesting that MT2A
is associated with STAT1-related cisplatin resistance. As CTR1 and
MT2A were enhanced in STAT1-suppressed USC cells exposed to
cisplatin, STAT1 might modulate cisplatin resistance by regulating
platinum influx and inactivation.

In addition to the above well-known mechanism of cisplatin
resistance, it is also known that autophagy is involved in cell death
and chemoresistance processes. In ovarian cancer, autophagy was
induced by cisplatin,”® and LC3B is considered a biomarker indi-
cating autophagy. In our study, there was no definite association
between LC3B expression and STAT1-Ser727 status as well as
cisplatin-resistance in USC cell lines (Supporting Information
Fig. S5). These results suggested that autophagy may not play the
dominant role in STAT1-cisplatin resistance. However, regarding
CQ attenuated LC3B expression, it is possible that autophagy is
partially involved in platinum resistance of USC via other than
STAT1 signal.

STAT1 modulates its downstream pathways via phosphoryla-
tion at Ser727 or Tyr701. Generally, STAT1 is designated to work
as a tumor suppressor that is involved in the JAK/STAT1 death
signaling pathway, via phosphorylation at Tyr701; however, little
is known about at Ser727 phosphorylation in tumor progression.
In our study, the use of a dominant negative STAT1 phosphoryla-
tion mutant demonstrated that cisplatin treatment induces
STAT1 phosphorylation at Ser727 in USC cells to suppress plati-
num uptake and apoptosis (Fig. 3 and Supporting Information

Figure 5. Functional roles of serine-phosphorylated STAT1 in chemosensitivity to cisplatin treatment. (a) TBB pretreatment increased
antitumor effect of cisplatin in vivo. NOD-SCID mice were subcutaneously inoculated with 5 x 10° Spac1L cells. Tumor growth in mice treated
with cisplatin (3 mg/kg BW, twice a week) was compared between groups preadministrated with TBB (1 mg, once per day for 7 days) or
DMSO. DMSO was used as placebo control. Excised tumors were set in two rows of representative image (top, DMSO-pretreated; bottom,
TBB-pretreated). Statistical analysis was performed two-way ANOVA analysis (***p < 0.001). Scale bar = 5 mm. (b) BALB/c nude mice were
subcutaneously inoculated with 2 x 10° ARK2 cells (left), ARK2 wild-type and ARK2 Ser727A-mut cells (right), respectively. TBB 1 mg
pretreatment (left), was administrated daily for 5 days (DMSO as a placebo), then followed with cisplatin from Day 6 (3 mg/kg BW, for

3 weeks). In addition, mice bearing ARK2 Ser727-mut cell was treated with cisplatin only from Day 6 (3 mg/kg BW, for 3 weeks). Statistical
analysis was performed using two-way ANOVA analysis (*¥0.001 < p < 0.01; **¥p < 0.001). () Immunohistochemistry staining of serine-
phosphorylated STAT1 expression in uterine tumors and node metastasis of patients with or without NAC containing cisplatin or carboplatin.
Representative micrographs of uterine tumors and node metastasis tissues of each two patients with or without NAC were displayed,

respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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Fig. S4). A previous study suggested that C188-9, a STAT1 inhibi-
tor, induces apoptosis in lung cancer cells’'; however, there was
no remarkable change in viability or apoptosis in USC cells treated
with C188-9 (data not shown). These results indicate that it is
more efficient to target STAT1 Ser727 phosphorylation to sensi-
tize cisplatin-resistant USC than to suppress STAT1 itself. There
are several kinases that can phosphorylate STAT1 at Ser727 under
different cellular stresses or specific cellular environments. The
p38 mitogen-activated protein kinase (p38-MAPK) pathway is
generally involved in IFN-mediated Ser727 phosphorylation of
STATI to induce apoptosis under cisplatin treatment.’> Heat-
shock transcription factor-1 (HSF1) and heat-shock protein
70 (HSP70) also phosphorylate STAT1 at Ser727 to enhance
platinum-resistance in ovarian cancer,” HNSCC,” and Wilm’s
tumor."* As shown in Figure 4 and Supporting Information
Figure S6, cisplatin induces Ser727 phosphorylation in two
platinum-resistant USC cell lines, which was modulated by casein
kinase II (CK2). As EGFR is upstream of STAT signaling,
gefitinib, an EGFR inhibitor, also moderately attenuated STAT1
Ser727 phosphorylation, but its effect was not as prominent as that
of the CK2 inhibitor, possibly due to other collateral signals.

CK2 is a serine/threonine phosphorylation kinase that regu-
lates various biological processes by phosphorylating more than
200 substrates. Hence, inhibiting CK2 is an emerging strategy for
cancer therapy””>>*%; specifically, CX-4945 and TBB suppress
CK2 to enhance cell death caused by drugs or radiation. In our
study, we first showed that STAT1 is phosphorylated at Ser727 by
CK2 in USC cells in response to platinum-stress and that TBB
administration prior to cisplatin treatment induces a synergistic
synergic cytotoxic effect by increasing platinum accumulation
(Supporting Information Fig. S6¢). As this synergic effect was also
observed in MB-MDA-231 cells, which are chemorefractory,
CK2-inhibitory therapy could be used to sensitize platinum-
resistant cancer cells.

TBB was not originally synthesized for clinical use. Even
though low-dose administration is not overly toxic in vitro
and in vivo (Supporting Information Figs. S6¢ and S7a), its
clinical safety and efficacy remain unclear. CX-4945
(silmitasertib) is another CK2 small molecule inhibitor. Its
safety was previously confirmed by a phase I clinical trial, and
its clinical efficacy is currently being assessed in a phase II
clinical trial.>® Here, we could not use CX-4945 due to its high
cost, but even CX-4945 followed by cisplatin is expected to be
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