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Abstract

Uterine carcinosarcoma (UCS) represents a true example of cancer associated with epithelial-mesenchymal transition
(EMT), which exhibits cancer stem cell (CSC)-like traits. Although S100A4 is an inducer of EMT, little is known about its
involvement in UCS tumorigenesis. Herein, we focused on the functional role of S100A4 during development of UCS.
Expression of S100A4 and molecules associated with its function were also examined in 35 UCS cases. In endometrial
carcinoma cell lines, S7/00A4 promoter activity and mRNA levels were significantly increased by the transfection of NF-xB/
p65, independent of a putative kB-binding site in the promoter. Cells stably overexpressing S100A4 showed enhancement of
CSC properties, along with decreased cell proliferation and acceleration of cell migration. These phenotypes were abrogated
in S100A4-knockdown cells. A combination of S100A4 antibody-mediated co-immunoprecipitation and shotgun proteomics
analysis revealed that S100A4 strongly interacted with non-muscle myosin II (NMII) heavy chains, including myosin 9 and
myosin 14. Specific inhibition of NMII by blebbistatin phenocopied S100A4 overexpression and induced a fibroblast-like
morphology. In clinical samples, SI00A4 score was significantly higher in sarcomatous as compared with carcinomatous
components of UCS, and was positively correlated with ALDHI, Slug, and vimentin scores, and inversely with Ki-67
labeling indices. These findings suggest that an S100A4/NMll-related signaling cascade may contribute to the establishment
and maintenance of EMT/CSC properties, along with changes in cell proliferation and migration capability. These events
may be initiated in carcinomatous components in UCS and lead to divergent sarcomatous differentiation.

Introduction

Uterine carcinosarcomas (UCS) are highly aggressive neo-
plasms with a biphasic histological appearance featuring both
carcinomatous and sarcomatous components [1, 2]. The most
common carcinomatous components are serous, followed by
endometrioid type, while the sarcomatous elements are
subdivided into two subcategories: homologous containing
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tissues normally found in the uterus and heterologous with
non-normal components [1, 3]. Recent studies revealed that
most, but not all, UCS are monoclonal, suggesting a com-
mon origin for both carcinomatous and sarcomatous ele-
ments [4].

Epithelial-mesenchymal transition (EMT), which allows
epithelial cells to acquire a mesenchymal phenotype, plays a
central role in inducing tumor invasion and metastasis [5].
A hallmark of EMT is lost E-cadherin expression through
Snail, Slug, Twist, and ZEB1, which are all repressors of
the E-cadherin genes [6—10]. Although evidence of full
EMT in human malignancies is very rare, breast carcino-
sarcomas are now considered to represent a true example of
complete EMT [11, 12]. In addition, an association between
transcriptional repressors of E-cadherin and microRNA is
closely linked to EMT activation and maintenance of cell
stemness in UCS [13].

A growing body of evidence demonstrates that a very
small subpopulation of cancer stem cells (CSCs) or tumor-
initiating cells is observed in tumors [14]. CSCs, similar
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to normal stem cells, are defined as tumor cells that retain
the capacity to self-renew and to differentiate into the
heterogeneous lineages of cancer cells that comprise
tumors [15]. EMT also promotes stem cell properties and
further generates cells with CSC-like features [15]. This
suggests the presence of sarcomatous stem-like cells that
were derived from carcinoma cells; such stem-like cells
may act as progenitors for divergent sarcomatous differ-
entiation in UCS.

S100A4 belongs to the S100 family of Ca>"-binding
proteins and possesses no enzymatic activity; instead it
exerts its effects by interacting with and modulating the
activity of other proteins, such as p53, non-muscle myosin
ITA (NMIIA), and Annexin 2 [16-18]. In addition to its
reported role as a novel marker and regulator of the glioma
stem cell phenotype, SI00A4 has recently been implicated
as the molecular link that couples the mesenchymal tran-
sition and stemness in glioblastoma [19]. We therefore
hypothesize that S100A4 may also contribute to UCS
genesis through determination of the phenotypic char-
acteristics mediated by EMT/CSC properties. To test this,
we investigated the relationship between the expression of
S100A4 and other molecules related to S100A4 biological
function using endometrial carcinoma (Em Ca) cell lines
and clinical UCS samples. To identify interacting partners
of S100A4, we applied a combination of SI00A4 antibody-
mediated co-immunoprecipitation and shotgun proteomics
analysis.

Methods
Plasmids and cell lines

Full-length ¢cDNA for human S/00A4 (GenBank accession
number NMO019554) was amplified by polymerase chain
reaction (PCR) and was cloned into pcDNA3.1 vector (Invi-
trogen, Carlsbad, CA, USA). The human S/00A4 promoter
(UCSC genome browser, https:/genome.ucsc.edu/) between
—1976 and 41012 (where +1 represents the transcription start
site) was generated by PCR and was cloned into the pGL-3B
vector (Promega, Madison, WT, USA). A series of 5'-trun-
cated promoter constructs and site-directed mutagenesis in a
putative kB-binding site at a first intron of the S/00A4 gene
were also generated by PCR-based methods. S100A4-specific
short hairpin RNA (shRNA) oligonucleotides were designed
as described previously [20]. Single-stranded S100A4 oligo-
nucleotides were annealed and then cloned into the BamH1-
EcoRV sites of the RNAi-Ready pSIREN-RetroQ vector
(Takara, Shiga, Japan), according to the manufacturer’s
instructions. The primer sequences for the PCR reaction used
in this study are listed in Table 1. CMV-GFP-NMHC II-A
(non-muscle, heavy chain, class II, isoform A)(myosin 9,

heavy chain; MYH9) was a gift from Dr Robert Adelstein
(Addgene plasmid #11347; https:/n2t.net/addgene:11347;
RRID:Addgene_11347). pcDNA3.1-p65 and pcDNA3.1-
Smad2 were used as described previously [20, 21].

Six Em Ca cell lines, Ishikawa and Hec6 cells, as well as
Hec50, Hecl116, Hec251, and Hec265 cells, were used as
described previously [22, 23]. S100A4 expression plasmid
or empty vector was transfected into Hec6 cells (which
lack endogenous S100A4 expression) and stable over-
expressing clones were established. We also established
S100A4-knockdown Ishikawa cells (which have relatively
high S100A4 expression) using an shRNA targeting the
S100A4 gene (Supplementary Fig. S1), as described pre-
viously [20, 21].

Antibodies and reagents

Anti-Rb, anti-N-cadherin, anti-aldehyde dehydrogenase
(ALDH)1, anti-nuclear factor (NF)-kB subunit p65 (p65),
and anti-p27"%! antibodies were purchased from BD
Biosciences (San Jose, CA, USA). Anti-S100A4, anti-
Smad?2, anti-phospho-Smad?2 at Serine 255 (pSmad?2), anti-
Sox2, anti-Histone HI1, anti-phospho-p65 at Serine 536
(pp65), and anti-Twistl antibodies were obtained from
Abcam (Cambridge, MA, USA). Anti-phospho-Serine
807/811 Rb (pRb), anti-vimentin, and anti-Slug anti-
bodies were from Cell Signaling (Danvers, MA, USA).
Anti-p21%4! anti-cyclin D1, and anti-p53 antibodies were
purchased from Dako (Copenhagen, Denmark). Anti-
ZEB1 and anti-f-actin antibodies were obtained from
Sigma-Aldrich Chemicals (St. Louis, MO, USA). Anti-
cyclin A2, anti-p16lNK4A, and anti-NMIIA (MYH9) were
from Novocastra (Newcastle, UK), SantaCruz Bio-
technology (Santa Cruz, CA, USA), and Proteintech
(Rosemont, IL, USA), respectively. Anti-E-cadherin, anti-
CD133, and anti-NMIIC (myosin 14, heavy chain:
MYH14) were from Takara (Shiga, Japan), Miltenyi Bio-
technology (Bergisch Gladbach, Germany), and MyBio-
source com (San Diego, CA, USA), respectively.

Recombinant tumor necrosis factor (TNF)-o and trans-
forming growth factor (TGF)-f1 were purchased from R&D
Systems (Minneapolis, MN, USA). Rapamycin, aphidico-
lin, and nocodazole for the synchronization of cells at the
Gl, early S, and G2/M phases, respectively, were obtained
from Calbiochem (Cambridge, MA, USA). Blebbistatin was
from Toronto Research Chemicals (North York, ON,
Canada).

Transfection
Transfection was carried out using LipofectAMINE PLUS
(Invitrogen, Carlsbad, CA, USA), and luciferase activity

was assayed as described previously [22, 24].
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Table 1 Primer sequences for functional analysis of S/00A4 gene used in this study.

Assay Sequence
Promoter (—1976/+1012) Forward 5'-AGGTGGACTTTGTGGAGTATGTGCG-3’
Reverse 5'-GACAGCAGTCAGGATCTGGGAGCAGGAG-3’
Promoter (—1512/+1012) Forward 5'-TTGGTTCTTCTCTGAGGACGCGT-3’
Reverse 5’-GACAGCAGTCAGGATCTGGGAGCAGGAG-3’
Promoter (—1164/+1012) Forward 5'-GGTGTCTGAGGTGTTTCTCCCA-3’
Reverse 5'-GACAGCAGTCAGGATCTGGGAGCAGGAG-3’
Promoter (—447/4+1012) Forward 5'-TAGGCTGGTCTTGAACTCCTGGC-3’
Reverse 5'-GACAGCAGTCAGGATCTGGGAGCAGGAG-3’
Promoter (site-direct mutagenesis) Forward 5'-GATAGTCTGCtgcccgaatctccagagcettgeg-3'
Reverse 5’-agggccteccaggecttgectcaacaacag-3’
cDNA/mRNA Forward 5’-GCCACCATGGCGTGCCCTCTGGAGAA-3’
Reverse 5'-TCATTTCTTCCTGGGCTGCTTATCTG-3’
shRNA (position 69-87) Forward 5'-gatccgGGGTGACAAGTTCAAGCTCttcaagagaGAGCTTGAACTTGTCACCC ttttttg-3’
Reverse 5'-aattcaaaaaaGGGTGACAAGTTCAAGCTCtctcttgaaGAGCTTGAACTTGTCACCCcg-3’

Reverse transcription PCR (RT-PCR)

cDNA was synthesized from 2 pg of total RNA. Amplifi-
cation by RT-PCR was carried out in the exponential phase
to allow comparison among cDNA synthesized from iden-
tical reaction using specific primers (Table 1). Primers for
the GAPDH gene were also applied, as described previously
[22, 24].

Western blot assay and immunoprecipitation

Total cellular proteins were isolated using RIPA buffer
[20 mM Tris-HCI (pH 7.2), 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate]. Aliquots of
the proteins were resolved by SDS-PAGE, transferred to
membranes, and probed with primary antibodies, coupled
with the ECL detection system (Amersham Pharmacia
Biotechnology, Tokyo, Japan).

For immunoprecipitation, cells were lysed with IP buffer
[10 mM Tris-HCI (pH 7.6), 100 mM NaCl, 10% NP-40] in
the presence of 1 mM CaCl,. Cell lysates were cleared and
incubated with anti-S100A4 or anti-NMIIA antibodies,
followed by incubation with Protein G-Sepharose (Amer-
sham Pharmacia Biotechnology). Western blot assay was
subsequently performed with anti-S100A4 and anti-NMIIA
antibodies.

Flow cytometry and Aldefluor assay

Cells were fixed using 70% alcohol and stained with pro-
pidium iodide (Sigma) for cell cycle analysis. ALDHI
enzyme activity in viable cells was determined using a
fluorogenic dye-based Aldefluor assay (Stem Cell Tech-
nologies, Grenoble, France) according to the manufacturer’s
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instructions. The prepared cells were analyzed by flow
cytometry using BD FACS Calibur (BD Biosciences) and
CellQuest Pro software version 3.3 (BD Biosciences).

Immunofluorescence

After co-transfection of pcDNA3.1-S100A4 and CMV-
GFP-NMHC 1II-A, cells were incubated with anti-S100A4
antibody. Rhodamine-labeled anti-rabbit IgG (Molecular
Probes, Eugene, OR, USA) was used as secondary
antibody.

Spheroid assay

Cells (x10°) were plated in low cell binding plates (Thermo
Fisher Scientific, Yokohama, Japan) in serum-free medium.
Uniform spheroids of at least 50 um in diameter were
counted ~2 weeks after plating.

Cell Counting Kit-8 assay

The quantitation of viable cell number in proliferation after
blebbistatin treatment was carried out using a Cell Counting
Kit-8 (CCK-8; Dojindo Lab, Kumamoto, Japan), according
to the manufacturer’s instructions.

Senescence-associated B-galactosidase (SA-B-gal)
and senescence-like cell assay

After treatment with blebbistatin, cells were stained for SA-
B-gal activity as described previously [25]. The number of
positive cells was analyzed by counting the mean number of
SA-B-positive cells per five high-power fields (HPF).
Senescence-like cells, which demonstrate more spread and
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flattened features, as described previously [25], were also
counted in a similar manner.

Wound-healing assay

Cells were seeded equivalently into 24-well tissue culture
plates, and grown to reach almost total confluence. After a
cell monolayer formed, a wound was scratched with a
sterile 200-pul tip. The area of the wound was analyzed using
ImagelJ software version 1.41 (NIH, Bethesda, MD, USA).
Cell migration parameters were calculated in pixels as
wound closure.

Migration assay

Cell migration was determined using 24-well transwell
chambers with an 8-um pore size (Corning, NY, USA). The
lower chamber was filled with medium containing 10%
serum. Cell were suspended in serum-free upper medium
with or without blebbistatin and placed into the upper
chamber. After 24h, the number of cells stained by
hematoxylin—eosin (HE) on the bottom surface of the
polycarbonate membranes was counted visually using a
light microscope.

Co-immunoprecipitation and shotgun proteomics
analysis

For co-immunoprecipitation, anti-S100A4 antibody was
bound and crosslinked to Protein G Dynabeads (Invitrogen)
according to the manufacturers’ instructions. Cells were
lysed with IP buffer with either 1 mM CaCl, or 1 mM
EGTA (or their absence) and the resulting supernatant was
incubated with S100A4 antibody-conjugated Protein G
Dynabeads in lysate solution. The beads were washed and
co-immunoprecipitated materials were then recovered.
Shotgun proteomics using the S100A4-mediated co-
immunoprecipitated proteins was then performed. Briefly,
samples were alkylated using 55 mM iodoacetamide for
0.5h and enzymatically digested overnight using trypsin
(Promega, Madison, WI, USA) and lysyl endopeptidase
(Wako Pure Chemical Industries Ltd, Osaka, Japan). The
digested samples were acidified with 0.5% trifluoroacetic
acid to precipitate surfactants and were desalted with C18-
StageTips, followed by lyophilization. The lyophilized
samples were dissolved in 3% acetonitrile and 0.1% formic
acid. The peptides were injected into an analytical column:
C18 0.075x120mm (Nano HPLC Capillary Column;
Nikkyo Technos, Tokyo, Japan), which was attached to an
EASY-nLC 1000 liquid chromatograph (Thermo Fisher
Scientific). The flow rate of the mobile phases was 300 nL/
min, which consisted of (A) 0.1% formic acid, and (B) 0.1%
formic acid and 90% acetonitrile. Peptides separated by

HPLC with 26 min gradient (5-50% B) were introduced
to the Q-Exactive mass spectrometer (Thermo Fisher
Scientific).

The Q-Exactive instrument was operated in a data-
dependent mode to automatically switch between full-scan
MS and MS/MS acquisition. Full-scan MS spectra (m/z 350
—900) were acquired in the Orbitrap with a 70,000 reso-
lution at m/z 200 after the accumulation of ions to a 1 x 10°
target value. Tandem mass spectra were acquired in the
Orbitrap mass analyzer with a mass resolution of 17,500 at
m/z 200 after accumulation of ions to a 2 x 10° target value.

Mass spectral data and database search parameters were
processed using a previous method [26, 27]. The quantita-
tive analysis of shotgun proteomics data was achieved by
spectral counting. Cluster and volcano plot analyses of the
data were conducted by the Ward method using R version
3.3.1 software (R Foundation for Statistical Computing,
Vienna, Austria).

TCGA data analysis

The Cancer Genome Atlas (TCGA) UCS annotated gene
alteration and mRNA expression data (RNA Seq V2 PSEM)
for S100A4 and MYH9 genes were extracted from cBio-
portal for Cancer Genomics (http://www.cbioportal.org/) for
56 UCS cases.

Clinical cases

We reviewed cases of comprehensively staged high-grade
endometrial adenocarcinomas from the patient records of
Kitasato University Hospital in the period from 1997 to
2018. According to the criteria of the 2014 World Health
Organization classification [28], tumors were designated as
UCS if they had evidence of both malignant epithelial
(endometrioid, serous, or clear cell) components and
mesenchymal (homologous or heterologous) elements.
Endometrioid adenocarcinomas with spindle elements and
hyalinized stroma were specifically excluded. In total, 35
UCS were investigated (Supplementary Table S1). All tis-
sues were routinely fixed in 10% formalin and processed for
embedding in paraffin wax. Approval for this study was
given by the Ethics Committee of the Kitasato University
School of Medicine (B19-144).

Immunohistochemistry (IHC)

IHC was performed using a combination of the microwave-
oven heating and polymer immunocomplex (Envision,
Dako) methods, as described previously [22, 24]. For the
evaluation of IHC findings, scoring of nuclear/cytoplasmic
immunoreactivity was performed, on the basis of the per-
centage of immunopositive cells and the immunointensity,
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Fig. 1 Regulation of S100A4 expression in Em Ca cells. a Western
blot analysis for the indicated proteins in total and nuclear lysates from
Ishikawa cells treated with 20 ng/ml TNF-a and 2ng/ml TGF-p1,
respectively. b Left: Ishikawa cells were transfected with S100A4
reporter constructs, together with p65 and Smad2, respectively.
Relative activity was determined based on arbitrary light units of
luciferase activity normalized to pRL-TK activity. The activities of the
reporter plus the effector relative to that of the reporter plus empty
vector are shown as means + SDs. The experiment was performed in
duplicate. Right: RT-PCR analysis of S100A4 mRNA levels in total
RNA extracted from Ishikawa cells after transfection of p65. ¢ The
S$100A4 promoter with the first intron sequence containing four puta-
tive kB-binding elements (BE). d Promoter constructs with various
alterations in the first intron were used for evaluating transcriptional

with multiplication of values of the two parameters, as
described previously [22, 24]. Nuclear immunopositivity for
Ki-67 was also counted in at least 1000 cells in five ran-
domly selected fields. Labeling indices (LIs) were then
calculated as a percentage.

Statistics

Comparative data were analyzed using the Mann—Whitney
U-test, and Spearman’s correlation coefficient. The cutoff
for statistical significance was set as p <0.05.

Results

Regulation of S100A4 expression in Em Ca cells
Since S100A4 is a potent pro-inflammatory regulator [29],
we first examined whether S100A4 expression is affected by
two inflammation-related cytokines including TNF-o and
TGF-p1 in Em Ca cells. The treatment of Ishikawa cells

caused an increase in S100A4 expression, along with
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regulation of the S100A4 promoter by p65. The experiment was per-
formed in triplicate. e Left: Ishikawa cells were synchronized in the G1
phase by treatment with 50 nM rapamycin, in early S phase by 2 ug/ml
aphidicolin, or in the G2/M phase by 0.25 pug/ml nocodazole for 24 h.
Western blot assay for proteins in the cytoplasmic and nuclear frac-
tions. Right: after treatment of Ishikawa cells with 50 nM rapamycin,
2 pg/ml aphidicolin, or 0.25 ug/ml nocodazole for 24 h, the cells were
stained for S100A4. Note the increased cytoplasmic S100A4 immu-
noreactivity in the G2/M phase as compared with those of G1 and
early S phases. f RT-PCR analysis of endogenous S/00A4 mRNA
expression in Ishikawa cells after treatment with 50 nM rapamycin,
2 pg/ml aphidicolin, or 0.25 ug/ml nocodazole for 24 h. Con control,
Nu nuclear, asyn asynchronized, Rap rapamycin, Aph aphidicolin,
Noc nocodazole.

stabilization of nuclear p65 and/or pSmad2 (Fig. 1a). Tran-
sient transfection of the longer S/00A4 promoter constructs
revealed that co-transfection of p65, but not Smad2, acti-
vated the S/00A4 promoter in a dose-dependent manner,
along with increased S/00A4 mRNA expression (Fig. 1b).
Analysis of an ~3000 bp of fragment upstream and down-
stream of the transcription start site in the S/00A4 gene
revealed four potential NF-kB/p65 (kB)-binding elements
(Fig. 1c). Using a series of 5’-truncated promoters with first
intron constructs (Fig. 1c), we found that deletion from
—1976 to —447 bp had little effect on induction of promoter
activity by p65, and the shortest construct (—447/4-1012 bp),
which had one putative p65-binding site, was still respon-
sive. By insertion of three nucleotide alterations in the xB-
binding site within the shortest construct, the S/00A4 pro-
moter activity in response to p65 was reduced ~20% com-
pared with that of the wild type (Fig. 1d). As shown in
Fig. le, S100A4 protein expression in both the cytoplasmic
and nuclear compartments, as well as the mRNA expression
levels (Fig. 1f), were substantially increased in G2/M-
arrested cells compared with G1- and early S-arrested cells.
These findings suggest that S100A4 is transcriptionally
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Fig. 2 Relationship of S100A4 expression with cell proliferation
and migration in Em Ca cells. a Upper: two independent Hec6 cell
lines stably overexpressing S100A4 (H6S#18 and S#33) and empty
vector controls, were seeded at low density. The cell numbers are
presented as means + SDs. PO, P3, P6, and P9 are 0, 3, 6, and 9 days
after cell passage, respectively. Lower: flow cytometric analysis of the
cell cycle analysis for H6-S100A4#18 and #33 cells and control cells
at P3. b Western blot analysis of the indicated proteins in H6-S100A4
overexpressing cells and controls following re-stimulation of serum-
starved (6 h) cells with 10% serum for the indicated times. ¢ Upper:
two independent Ishikawa cells with knockdown of endogenous
S100A4 expression (Ish-shS100A4#15 and #20) and scrambled con-
trols, were seeded at low density. The cell numbers are presented as
means + SDs. PO, P3, P6, and P9 are O, 3, 6, and 9 days after cell
passage, respectively. Lower: cell cycle analysis for Ish-shS100A4#15
and #20 cells and control at P3. d Western blot analysis for the
indicated proteins in Ish-shS100A4 cells and control cells following
re-stimulation of serum-starved (6 h) cells with 10% serum for the
indicated times. e Left: wound-healing assay with H6-S100A4#18 and
#33 cells and mock cells (mo). Phase-contrast images were taken 24 h

regulated by the NF-xB/p65 pathway and that its expression
is altered during cell cycle progression.

Relationship of S100A4 expression with cell
proliferation and migration in Em Ca cells

To examine whether S100A4 expression is associated with
cell proliferation in Em Ca cells, we established two inde-
pendent Hec6 cell line clones stably overexpressing
S100A4 (H6-S100A4#18 and #33) and two independent
Ishikawa cell line clones in which S100A4 expression was
blocked by a S100A4-specific shRNA (Ish-shS#15 and Ish-
shS#20). The stable Hec6-S100A4 cells showed a tendency
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after making a scratch in the middle of a confluent cell monolayer
(upper panel). The values of wound areas were calculated using NIH
Image] software, with the area at 0 h post-wounding set as 1. The fold
wound areas are presented as means + SDs (lower). Right: migration
rate measured using a transwell assay. The H6-S100A4#18 and #33
cells and control cell lines were seeded in a 24-well transwell plate and
incubated for 24 h in medium without serum (upper panel). Cells were
stained with HE and counted using a light microscope. The cell
numbers are presented as means = SDs (lower panel). f Left: wound-
healing assay with Ish-shS100A4#15 and #20 cells and mock cells
(mo). Phase-contrast images were taken 24 h after making a scratch in
the middle of a confluent cell monolayer (upper panel). The values of
wound areas were calculated using NIH ImagelJ software, with the area
at 0 h post-wounding set as 1. The fold wound areas are presented as
means = SDs (lower panel). Right: migration rate measured using a
transwell assay. The Ish-shS100A4#15 and #20 and control cells were
seeded in a 24-well transwell plate and incubate for 24 h in medium
without serum (upper panel). Cells were stained with HE and counted
using a light microscope. The cell numbers are presented as means *
SDs (lower panel).

towards a low proliferative rate, particularly in the expo-
nential growth phase, along with an increased frequency of
cells in the G2/M phase of the cell cycle (Fig. 2a). To
further examine alterations in the expression of several cell
cycle-related molecules during cell growth, the cell lines
were rendered quiescent by serum starvation and were
subsequently stimulated with serum. At 12 and 24 h after
release into the cell cycle, we observed an increased
expression of pRb, cyclin A2, and p21™*! and decreased
cyclin D1 expression in Hec6-S100A4 cells relative to the
control cells (Fig. 2b). In contrast, Ishikawa-S100A4-
knockdown cells proliferated more rapidly and had fewer
cells in the S and G2/M phases, along with decreased

SPRINGER NATURE



688

M. Tochimoto et al.

A H6-S100A4 B
mock #18 #33
st00ad [ E
\ =
CDI133
ALDHI oo 5500
- W
<t
o - g o
S
% |
)
D Ish-shS100A4 E
mock #15 #20 X1000.-
S100A4 ®
g

CD133

N-cadherin

x1000 -
250 25 g x10
¥ y . 2500

. 200 R1: 6

ALDHI

Sox2

B-actin |

Ish-shS100A4#20

¢ ad i 0

Fig. 3 Relationship between S100A4 expression and CSC prop-
erties in Em Ca cells. a Western blot analysis for the indicated pro-
teins in lysates from H6-S100A4#18 and #33 cells and controls.
b Aldefluor analysis in H6-S100A4#18 cells and controls. ¢ Left:
phase-contrast photographs of spheroids by H6-S100A4#18 cells and
controls following 2 weeks of growth. Right: the numbers of spheroids

expression of cyclin A2 and p21™*! and increased cyclin
D1 expression (Fig. 2d).

To examine whether S100A4 contributes to cell migra-
tion, we carried out both scratch and migration assays.
Hec6-S100A4 cells refilled wounded empty spaces more
rapidly, in line with the significantly increased migration
rates as compared with the mock cells (Fig. 2e); this was in
contrast to the lower values in the Ishikawa-S100A4-
knockdown cells (Fig. 2f).

Collectively, these findings suggest that S100A4
expression contributes to modulation of cell proliferation
and migration in Em Ca cells.

Relationship between S100A4 expression and CSC
properties in Em Ca cells

Since S100A4 is a normal stemness marker [30] we
examined the association between S100A4 and CSC
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phase-contrast photographs of spheroids by Ish-shS100A4#20 cells
and controls following 2 weeks of growth. Right: the numbers of
spheroids are presented as means + SDs.

properties in Em Ca cells. Hec6-S100A4 cells showed
increased expression of several stem cell markers including
CD133, N-cadherin, ALDHI, and Sox2 when compared
with mock cells (Fig. 3a). The Aldefluor assay also revealed
a significant ALDHI™" population in the S100A4-
overexpressing cells compared with the mock cells
(Fig. 3b), in line with the significantly increased number of
well-defined, round spheroids that were over 50 um in
diameter (Fig. 3c). In contrast, CSC properties were absent
in Ishikawa-S100A4-knockdown cells (Fig. 3d—f). These
findings suggest that SI00A4 expression is closely asso-
ciated with induction of CSC properties in Em Ca cells.

S100A4 strongly interacts with NMIl in Em Ca cells
S100A4 has no known enzymatic activity and interactions

with both intracellular and extracellular proteins are
therefore undoubtedly required for its biological functions
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gun proteomics assay in Ishikawa cells, Ish-shS100A4 cells, and H6-
S100A4 cells in the presence of either 1| mM CaCl, (Ca2+) or 1 mM
EGTA (Eg) or their absence. The values of peptide spectrum matches
(PSMs) are color coded as follows; red, black, and green indicated
high (>4), neutral [1-4], and low (<1), respectively. Major clusters are
shown as groups I to VI. Moc mock cells. b Volcano plots generated to
compare the relative PSM values obtained from Ca**-treated relative

[31, 32]. To identify proteins associated with S100A4, we
carried out shotgun proteomics and found a total of 480
and 549 proteoforms in Ishikawa/Ishikawa-S100A4-
knockdown cells and Hec6-S100A4 cells, respectively.
As shown in Fig. 4a, hierachical clustering revealed that
these proteins could be readily categorized into six
groups. Of these, groups I and V demonstrated high
peptide spectrum matches (PSM) with the proteoforms
detected in the Ca’>"-treated categories; this was in con-
trast to the low values in EGTA-treated categories in both
Ishikawa and Hec6 cells (Supplementary Table S2). We
also created a volcano plot, which represents each pro-
teoform as a relative PSM calculated as the log2 fold-
change in Ca®'-relative to EGTA-categories and the
statistical confidence (in —logl0O p value). A total of 11
and 21 proteoforms identified to the right were outliers in
Ishikawa and Hec6 cells, respectively (Fig. 4b and Sup-
plementary Table S3). Based on the above data, we
focused on NMII heavy chains including NMIIA (MYH9)
and NMIIC (MYH14), which were strongly enriched in
S100A4 co-immunoprecipitates. Furthermore, the asso-
ciation of S100A4 with NMIIA was confirmed by

4

2 0 2 4

Log2: Fold change

to EGTA-treated conditions in Ishikawa cells (upper panel) and H6-
S100A4 cells (lower panel). Proteoforms with relatively high PSM
values are indicated by red-closed dots. ¢ Western blotting (WB) with
anti-NMIIA (upper panel) and anti-S100A4 antibodies (lower panel)
after immunoprecipitation (IP) with the indicated antibodies using
Ishikawa cell lysates. Input represents 5% of the total cell extract.
Normal rabbit IgG was used as a negative control. d After co-
transfection of SI00A4 and GFP-NMIIA, Ishikawa cells were stained
for S100A4. Note the co-localization of the two molecules in cyto-
plasmic components.

immunoprecipitation-western blot analysis (Fig. 4c) and
dual immunofluorescence staining (Fig. 4d).

Relationship between NMIl and EMT/CSC properties
in Em Ca cells

Since the biological activity of S100A4 depends on inter-
actions with its potential binding partners [31, 32], we
evaluated the function of NMII in Em Ca cells using
blebbistatin, a synthetic chemical compound that effectively
and reversibly blocks the ATPase activity of NMII, without
inhibiting class I, V, and X myosin superfamily members
[33]. The treatment of Hec6, but not Ishikawa, cells with
blebbistatin resulted in a dramatically altered morphology
toward a fibroblastic appearance (Fig. 5a), while there was a
significant increase in the number of senescence-like and
SA-B-gal positive cells in both cell types (Fig. 5b, ¢). The
treatment also caused a significant decrease in cell growth
rates (Fig. 5d), along with an increase in the proportion of
cells in the G2/M phases (Fig. Se), significant alterations in
the expression of pRb and p21%' (Fig. 5f), and a sig-
nificant increase in migration capacity (Fig. 5g) in both

SPRINGER NATURE
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Fig. 5 Inhibition of NMII by blebbistatin alters cell morphology,
proliferation, and migration in Em Ca cells. a Phase-contrast image
of Ishikawa and Hec6 cells for the time shown following treatment
with 10 uM blebbistatin. Note the switch towards a fibroblast-like
morphology in Hec6, but not Ishikawa, cells. Con control. b Left:
Ishikawa cells with senescence-like features (indicated by arrows) after
treatment with 10 uM blebbistatin for 72 h. Original magnification,
x100. Right: number of senescence-like cells per five high-power field
(HPF). ¢ Left: SA-B-gal positive Hec6 cells (indicated by arrows) after
treatment with 10 uM blebbistatin for 72 h. Original magnification,
x100. Right: number of SA-B-gal positive cells per five high-power
fields (HPF). d Left: Ishikawa (upper) and Hec6 cells (lower) were
seeded at low density with or without 10 uM blebbistatin. Cell num-
bers are presented as means + SDs. PO, P3, P6, and P8 are 0, 3, 6, and
8 days after cell passage, respectively. Right: Ishikawa and Hec6 cells

cells. Finally, the Aldefluor assay revealed that blebbistatin
increased the ALDHIM" population (Fig. 6a); these
observations were consistent with the increased expression
of several EMT/CSC markers including vimentin, pSmad2,
Slug, ZEB1, Twistl, and ALDHI in Hec6, but not Ishi-
kawa, cells (Fig. 6b). Taken together, these findings suggest
that suppression of NMII function by blebbistatin also
affects EMT/CSC properties and the proliferation rate of
Em Ca cells, and are consistent with the results we obtained
with Hec6 cells that overexpress S100A4.

TCGA data analysis in UCS
Since the MYH9 gene is frequently altered in human invasive

lobular carcinoma and the aberration results in altered gene
expression [34], we also examined the relationship between

SPRINGER NATURE

were seeded at 1x 107 cells in 96-well plates with or without 10 uM
blebbistatin (bleb) for the times shown. Viable cell numbers were
quantitated using a Cell Counting Kit-8 (CCK-8). Absorbance values
are presented as means + SDs. P5 and P7 indicate 5 and 7 days after
blebbistatin treatment, respectively. This experiment was performed in
triplicate using independent samples. Con control. e Flow cytometric
cell cycle analysis for Ishikawa (upper) and Hec6 cells (lower) after
10 uM blebbistatin treatment for the times shown. f Western blot
analysis of the indicated proteins in Ishikawa and Hec6 cell lysates
after 10 uM blebbistatin treatment for the times shown. g Migration
rate measured using a transwell assay. Ishikawa (upper) and Hec6 cells
(lower) were seeded in a 24-well transwell plates and incubated in
medium without serum after 10 uM blebbistatin treatment for 24 h.
Cells were stained by HE and counted using a light microscope. The
cell numbers are presented as means + SDs.

genetic alterations and mRNA expression for the S/00A4
and MYH9 genes in UCS using the data from TCGA. The
S100A4 and MYH9 gene abnormities including gene muta-
tions and copy-number alterations were observed in 77 and
88%, respectively, in the 56 TCGA-UCS cases (Supple-
mentary Fig. S2A). S100A4 mRNA expression was sig-
nificantly higher in UCS cases with gene amplification as
compared with those with shallow deletions (Supplementary
Fig. S2B). In contrast, the associations for MYH9 gene were
not evaluated, since the data for MYH9 mRNA expression
could not be obtained from the UCS-TCGA database.

IHC findings in UCS

Representative IHC findings for SI00A4 and functionally
related molecules in UCS are illustrated in Fig. 7a. Nuclear/



S100A4/non-muscle myosin Il signaling regulates epithelial-mesenchymal transition and stemness in...

691

A

Ishikawa
ALDEFLUOR

DEAB(+)

x1000

0% 250

200 200,

150, 150.

Control

100

50

18 16 18 18 16 18

ALDEFLUOR
X100 e :

200
150
100:

50

10 uM Blebbistatin

Hec6

ALDEFLUOR
2)(5‘8c ’ __' oy
S . RI1:T
2 200,
g i 150,
U i
100;
ERRET I 16 1;3 16
=
g T x1000 AL-DEFLUQR-
S 2 250 .
172
:__g 200
2 “| 150
m
100
21 50
— |

Fig. 6 Inhibition of NMII by blebbistatin enhances CSC properties
in Em Ca cells. a Aldefluor analysis in Ishikawa (upper) and Hec6
cells (lower) after 10 uM blebbistatin treatment for 24 h. b Western

cytoplasmic immunostaining for S100A4 and ALDHI,
cytoplasmic immunoreaction for NMIIA and vimentin, and
nuclear or membrane stainings for pp65, Sox2, Slug, Ki-67,
and E-cadherin were observed in both carcinomatous and
sarcomatous elements of UCS. Average IHC scores for
S100A4, ALDHI, Slug, and vimentin were significantly
higher in sarcomatous components than those of carcino-
matous elements. Conversely, significantly higher E-
cadherin scores and Ki-67 Lis were obtained in the latter.
There was no significant difference in NMIIA and
pp65 scores between the two components (Fig. 7b).

As shown in Table 2, the average S100A4 score was
positively correlated with ALDHI1, Slug, and vimentin
scores, and inversely with Ki-67 LIs in UCS. There were
also positive correlations between vimentin, Slug, and
ALDHI1 scores, while none of the markers were associated
with NMIIA and pp65 status. In addition, SI00A4 score
also positively correlated with ALDH1, pp65, and vimentin

B
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NMIIC | - o= o o wy o e
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blot analysis for the indicated proteins in Ishikawa and Hec6 cell
lysates after treatment with 10 uM blebbistatin for the indicated times.

scores and negatively with Ki-67 LIs in carcinomatous and

sarcomatous components, respectively (Supplementary
Table S4).

Discussion

Several observations in the present study clearly demon-
strate that SI00A4 expression is under the transcriptional
control of TNF-a/p65, but not TGF-p1/Smad?2, signaling in
Em Ca cells. First, the treatment of Ishikawa cells with both
TNF-a and TGF-p1 caused an increase in S1I00A4 expres-
sion, along with stabilization of pSmad2 and/or nuclear p65.
Second, the transfection of p65 resulted in upregulation of
S100A4 mRNA. Third, the overexpression of p65, but not
Smad2, enhanced S100A4 promoter activity in Em Ca cells,
although mutations in the putative kB-binding site in the
first intron had minor effects on p65-responsiveness. Since
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Fig. 7 IHC findings in serial sections of UCS tissues. a HE and IHC staining for the indicated proteins in UCS. Original magnification, x100.
b IHC score for the indicated molecules in carcinomatous and sarcomatous categories.

Table 2 Correlations between S100A4 and related IHC markers in uterine carcinosarcomas.

S100A4 p(p) NMIIA p(p) ALDHI p(p) Sox2 p(p)  pp65 p(p)  Slug p(p) Vimentin p(p) E-cadherin p(p)
NMIIA 0.18 (0.13) * * * * * * *
ALDHI 0.58 (<0.0001)  0.16 (0.17) o * o * * *
Sox2 —0.2 (0.1) 0.19 (0.11) —0.01 (0.9) * # * * *
pp65 0.16 (0.2) 0.2 (0.1) 0.2 (0.09)  0.05(0.7) o * * *
Slug 0.43 (0.0004) 0.01 (0.8) 0.43 (0.0003) —0.01 (0.9)  0.01 (0.9) * * *
Vimentin 0.46 (0.0002)  —0.08 (0.5) 0.44 (0.0002) 0.02 (0.8)  0.02 (0.9) 0.6 (<0.0001) * *
E-cadherin  —0.15 (0.2) 0.3 (0.03) —0.16(0.19)  0.11 (0.36) 0.16 (0.17) —0.15(0.2)  —0.4 (0.001) #
Ki-67 —0.48 (<0.0001) —0.02 (0.05) —0.22 (0.07) 0.2 (0.09) —0.03 (0.8) —0.3 (0.014) —0.4 (0.002)  0.51 (<0.0001)

p Spearman's correlation coefficient, /HC immunohistochemistry

*Not examined

there was no correlation between S100A4 and pp65 THC
status in UCS, we infer that the mechanism by which p65
drives transcriptional activation S/00A4 is complex. In fact,
it has been reported that a k recognition component (KRC)
binding kB-like element co-operates with factors binding
minisatellite DNA sequences, thereby acting as an intronic
enhancer of S100A4 [35]. Since we observed increased
TGF-p1-dependent S100A4 expression via stabilization of
nuclear p65, we suggest there may be crosstalk between the
TGF-p and NF-xB signaling pathways, since TGF-
B-induced TGF-p-kinase 1 enhances NF-kB activation [36].

We also found that Hec6-S100A4 overexpressing cells
had a reduced proliferative rate and enhanced migration
capability, along with increases in both G2/M fraction and
expression of pRb, cyclin A2, and p21“*! while the

SPRINGER NATURE

opposite was observed in the Ishikawa-S100A4-knockdown
cells. Given the findings of increased S/00A4 mRNA and
protein expression in G2/M phase, it is possible that
S100A4 may be a positive activator of cell cycle inhibitors,
particularly at the G2/M checkpoint. This would be in line
with our IHC findings of an inverse correlation between
S100A4 score and Ki-67 LI values in UCS tissues. Inter-
estingly, S100A4 may be involved in guiding cyclin B1 to
spindle pole areas prior to cyclin B1-Cdk1 activation [37].
Experiments have also revealed that migratory cells have a
lower proliferation rate in comparison with cells in the
tumor core, which indicates an inverse correlation between
cell proliferation and mobility [38—40].

In our results, a combination of co-immunoprecipitation
and shotgun proteomics revealed that S100A4 strongly
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Fig. 8 Schematic representation of the role of an S100A4/NMII-driven signaling cascade as progenitor for divergent sarcomatous dif-
ferentiation in UCS. Association of the cascade engenders EMT/CSC properties, as well as changes in cell proliferation and migration capability.

bound to NMII components including MYH9 and MYH14.
Moreover, the inhibition of NMII by blebbistatin, which is
likely to affect specific NMII functions [33], phenocopied
the results we obtained in the Hec6 cells overexpressing
S100A4, supporting the idea that S100A4 could be an
effective inhibitor of NMII polymerization [17, 41-43].

Importantly, the overexpression of SI00A4 was closely
associated with the induction of CSC properties, including
an increased expression of several stemness markers,
enhancement of sphere-forming capability, and an increased
ALDH]1"&" population in Em Ca cells. In contrast, stemness
features were completely absent in the S100A4-knockdown
cells. Our results are consistent with those of others, who
have demonstrated that SI00A4 directly contributes to the
self-renewal and survival of gliomas and head and neck
cancers [19, 44].

In addition to the effects on cell proliferation and
migration, Hec6 cells (but not Ishikawa cells) treated with
blebbistatin also showed an alteration in cell morphology
toward EMT-like appearances and induction of several CSC
features, although the effects for increased numbers of
senescence-associated cells, probably due to cell cycle
arrest at G2/M phase, were observed in both cell lines.
Given the notion that EMT is associated with acquisition of
stemness in a variety of human malignancies [15], we
suggest that S100A4-mediated inhibition of NMII activity
may play an important role in the establishment and
maintenance of EMT/CSC properties in UCS, resulting in
the development of mesenchymal cell morphology. This
conclusion is supported by our IHC experiments that
revealed positive correlations between S100A4 with
ALDHI, vimentin, and Slug scores, which in turn were
closely linked to EMT/CSC features, particularly in the
sarcomatous components of UCS. With regard to our
findings showing relatively minor changes in EMT/CSC

features in Ishikawa cells treated with blebbistatin as com-
pared with Hec6 cells, it appears that SI00A4 may require
some cell type-specific factors in order to inhibit NMII
function. Further studies will be required in order to eluci-
date these factors.

Conclusion

Together, our results suggest a novel functional role of
S100A4/NMll-related signaling in UCS (Fig. 8). S100A4 is
transcriptionally upregulated through TNF-a- and/or TGF-
p1-mediated activation of NF-xB signaling, as well as other
factors. By inhibiting NMII function, the overexpression of
S100A4 induces EMT/CSC properties and changes in cell
proliferation and migration capability, which in turn results
in divergent sarcomatous differentiation from carcinoma-
tous components in UCS.
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