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Abstract

The tumor microenvironment (TME) consists of cancer cells surrounded by stromal
components including tumor vessels. Transforming growth factor-g (TGF-B) promotes
tumor progression by inducing epithelial-mesenchymal transition (EMT) in cancer
cells and stimulating tumor angiogenesis in the tumor stroma. We previously devel-
oped an Fc chimeric TGF-B receptor containing both TGF-f type | (TBRI) and type Il
(TBRII) receptors (TBRI-TBRII-Fc), which trapped all TGF-f isoforms and suppressed
tumor growth. However, the precise mechanisms underlying this action have not yet
been elucidated. In the present study, we showed that the recombinant TBRI-TBRII-Fc
protein effectively suppressed in vitro EMT of oral cancer cells and in vivo tumor
growth in a human oral cancer cell xenograft mouse model. Tumor cell proliferation
and angiogenesis were suppressed in tumors treated with TBRI-TBRII-Fc. Molecular
profiling of human cancer cells and mouse stroma revealed that K-Ras signaling and

angiogenesis were suppressed. Administration of TPRI-TBRII-Fc protein decreased

Abbreviations: DEG, differentially expressed gene; ECD, extracellular domain; EndoMT, endothelial-mesenchymal transition; EMT, epithelial-mesenchymal transition; EREG, epiregulin;

GO, Gene Ontology; HB-EGF, heparin-binding epidermal growth factor-like growth factor; HNSCC, head and neck squamous cell carcinoma; IL-1p, interleukin-1p8; MET, mesenchymal-

epithelial transition; OSCC, oral squamous cell carcinoma; PAI-1, plasminogen activator inhibitor-1; PECAM-1, platelet endothelial cell adhesion molecule-1; qRT-PCR, quantitative

RT-PCR; RNA-seq, RNA sequencing; SM22a, smooth muscle 22a; TGF-p, transforming growth factor-g; TME, tumor microenvironment; TBRI, TGF-p type | receptor; TBRII, TGF-p type Il
receptor; VEGF, vascular endothelial growth factor.
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the TME networks.
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1 | INTRODUCTION

Tumors develop in a complex and dynamic microenvironment (tumor
microenvironment: TME), which consists of cancer cells and tumor
stromal components. Communication between these components
of the TME activates various growth factor-related signaling path-
ways leading to the enhanced migration and proliferation of cancer
cells and thus cancer progression.?

Transforming growth factor-g (TGF-f) present in the TME plays
important roles during various stages of cancer formation and pro-
gression.® There are three TGF-p isoforms, TGF-p1, TGF-p2, and
TGF-p3, which activate and transduce TGF-f signals through mem-
brane-bound receptor complexes, including type | (TBRI) and type
11 (TBRI) receptors.4 Activation of TGF-p signaling results in various
cellular responses such as induction of epithelial-mesenchymal tran-
sition (EMT) in epithelial cancer cells or stimulation of cancer cell
motility.” TGF-p also regulates the interactions between various
components of the TME. TGF-§ secreted by cancer cells promotes
the formation of tumor blood vessels.® It also induces endotheli-
al-mesenchymal transition (EndoMT), a process similar to EMT, in
endothelial cells’® and triggers the formation of cancer-associated
fibroblasts.

Playing a pivotal role in cancer progression and mediating
the interaction between TME constituents, TGF-p signaling has
become an important target for the development of anticancer
drugs. At present, various approaches to inhibit TGF-p signaling
are based on low molecular weight compounds that target TpRI
kinase activity“o and direct targeting of either TGF-p mRNAs
by antisense oligonucleotides11 or TGF-p protein by neutralizing
monoclonal antiodies.*? Although all approaches have been exam-
ined or are under investigation in clinical trials with various types
of cancers, significant clinical outcomes have not been achieved
thus far.3¥ The concept of interfering with the binding of TGF-§
with its receptors by the use of ligand traps [extracellular domains

the expression of heparin-binding epidermal growth factor-like growth factor (HB-
EGF), interleukin-1p (IL-1p) and epiregulin (EREG) in the TME of oral cancer tumor
xenografts. HB-EGF increased proliferation of human oral cancer cells and mouse
endothelial cells by activating ERK1/2 phosphorylation. HB-EGF also promoted oral
cancer cell-derived tumor formation by enhancing cancer cell proliferation and tumor
angiogenesis. In addition, increased expressions of IL-1p and EREG in oral cancer cells
significantly enhanced tumor formation. These results suggest that TGF-f signaling
in the TME controls cancer cell proliferation and angiogenesis by activating HB-EGF/
IL-1B/EREG pathways and that TRRI-TBRII-Fc protein is a promising tool for targeting

epithelial-mesenchymal transition, heparin-binding epidermal growth factor-like growth
factor, interleukin-1beta, transforming growth factor-beta, tumor microenvironment

(ECDs) of TGF-B receptors fused with the Fc domain of IgG)] has
drawn much attention in recent years.' It is speculated that such
molecules can trap TGF-§ secreted by various components of the
TME and thus should effectively reduce ligand concentration in
the extracellular environment. We have previously developed the
chimeric Fc receptor, TBRI-TBRII-Fc, comprising the ECDs of TBRI
and TBRII fused with the human 1gG Fc domain.*® This chimeric
receptor interacted with all TGF-f isoforms, suggesting that it was
more effective than the previously developed TBRII-Fc, compris-
ing only the ECD of TBRIl and Fc region of human IgG, which could
trap only TGF-p1 and -p3.Y” We also showed that the expression
of TPRI-TPRII-Fc significantly reduced primary tumor growth in
subcutaneous murine xenograft models of oral squamous cell car-
cinoma (OSCC)*® and melanoma.’® In the present study, we eluci-
dated the mechanisms underlying these phenomena and examined
the changes in the TME following administration of recombinant
TBRI-TBRII-Fc protein.

2 | MATERIALS AND METHODS
2.1 | Cell culture and reagents

Human oral squamous carcinoma cell lines SAS and HSC-4 were ob-
tained from the RIKEN BioResource Center Cell Bank and cultured
as described previously.'**’ HEK-Blue TGF-B reporter cells (TGF-p
responsive reporter cells derived from HEK293 cells) were pur-
chased from InvivoGen. Expi293F and 293FT cells were obtained
from Thermo Fisher Scientific. Mouse endothelial cell line MS1 was
purchased from the ATCC. HEK-Blue cells were cultured in DMEM
(Nacalai Tesque) supplemented with 10% FBS (Sigma-Aldrich),
100pug/mL streptomycin, and 100units/mL penicillin (Nacalai
Tesque) in a humidified incubator at 37°C, 5% CO,. Expi293F cells
were propagated in Expi293 Expression Medium (Thermo Fisher
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Scientific). MS1 cells were cultured in a-MEM (Fujifilm Wako) sup-
plemented with 10% FBS, 100units/mL penicillin, and 100 pg/mL
streptomycin.

TGF-p1, -p2 and -p3 were purchased from PeproTech or R&D
Systems and used at concentrations of 1 or 2ng/mL depending on
the experiment. All TGF-p isoforms were dissolved in 4mM HCI
containing 0.1% BSA. SB431542 (Fujifilm Wako) was prepared
in DMSO and used at concentration of 10 uM. When TGF-$ and/
or SB431542 was used, the same concentrations of each vehicle
(0.1% BSA in 4 mM HCI or DMSO) were maintained in all samples.
Treatment with TGF-p or TGF-p/recombinant Fc protein com-
plexes was carried out as described previously.!® HB-EGF, IL-1p,
and EREG were obtained from R&D Systems and used at concen-

trations of 1 ng/mL.

2.2 | Xenograft mouse model

SAS cells (1x10° cells/100pL of Matrigel; Corning) were inocu-
lated s.c. into the left inguinal region of BALB/c 6-week-old male
immunodeficient nude mice. When tumor volume reached 50 mm3,
mice were randomly divided into two groups: Control-Fc group
(n=15) and TPRI-TPRII-Fc group (n=15). Recombinant Fc pro-
teins, Control-Fc and TBRI-TBRII-Fc (100pug/50uL of PBS), were
given twice a week by i.v. injection through the tail vein. Tumor
growth was assessed by caliper measurement of minor and major
axes and calculated using the following formula: tumor volume
(mm®) =tumor length diameter (mm)xsquare of tumor width
(mm)x0.5. Harvested tumors were subjected to quantitative RT-
PCR (gRT-PCR) analysis, immunohistochemistry and RNA sequenc-
ing (RNA-seq) as described in other sections. The experiment was

repeated twice.

2.3 | Quantitative RT-PCR analysis

The gRT-PCR analysis was undertaken using SYBR Green (Roche)
in a StepOne Plus Real-Time PCR System (Applied Biosystems) or
QuantStudio 3 (Applied Biosystems). Expression data were normal-
ized for the expression of B-actin (human/mouse), GAPDH (human),
or Gapdh (mouse). The genes and the corresponding gene-specific
primer sequences are listed in Table S1.

2.4 | Statistical analysis

Values are presented as mean +SD. Significant differences between
means were determined using the unpaired Student's t-test and
one-way or two-way ANOVA using Prism 9 software version 9.5.1
(GraphPad). A difference between means was considered statisti-
cally significant for p value <0.05.

Other procedures are described in Supporting Information.

3 | RESULTS

3.1 | TBRI-TBRII-Fc recombinant protein
suppresses TGF-f signaling activated by all TGF-p
isoforms and induction of EMT in oral cancer cells
in vitro

Our previous study using cells expressing TBRI-TBRII-Fc indicated
the potential application of Fc chimeric receptors in targeting TGF-§
during pathological conditions.!® Inspired by these results, we per-
formed large-scale purification of recombinant Fc proteins from
the conditioned media of Expi293F cells expressing human IgG-Fc
(hereafter, Control-Fc), TBRII-Fc, and TBRI-TRRII-Fc. The quality of
purified recombinant Fc proteins was confirmed by immunoblot-
ting with anti-human IgG-Fc antibody (Figure S1A) and the HEK-
Blue TGF-p reporter system. Treatment of HEK-Blue cells with each
TGF-p isoform upregulated TGF-f signaling (Figure S1B), which was
not affected by the recombinant Control-Fc protein. Recombinant
TBRII-Fc protein inhibited TGF-p signaling induced by TGF-1 and
TGF-B3 isoforms. In contrast, TPRI-TBRII-Fc protein suppressed
TGF-p signaling induced by all TGF- isoforms (Figure S1B).

Next, we confirmed the biological activity of recombinant TBRI-
TBRII-Fc protein in vitro using the OSCC cell line, SAS. SAS cells show
an intermediate state of EMT, so-called partial EMT, characterized
by hybrid epithelial-mesenchymal phenotype,?° and can respond to
TGF-p as well as to the inhibitors of TGF-p signaling.’®?* We have
previously reported that SAS cells treated with TGF-p undergo EMT,
defined by increased expression of mesenchymal markers, vimentin
and smooth muscle 22a (SM22a), and decreased expression of ep-
ithelial cell markers, claudin-1 and E-cadherin.’® The TBRI-TBRII-Fc
protein and SB431542, a kinase inhibitor of TBRI, significantly sup-
pressed the induction of EMT by all TGF-p isoforms, as revealed by
the upregulation of claudin-1 (Figure 1A) and E-cadherin (Figures 1C
and S2A) and downregulation of vimentin (Figure 1B,C) and SM22«
(Figure S2B) at RNA and protein levels. In contrast, the TBRII-Fc
protein failed to suppress the EMT induced by TGF-f2, which was
consistent with our previous report.'® These results were confirmed
with another OSCC cell line, HSC-4 (Figure S3). During EMT, cancer
cells acquire motility. SAS cells treated with TGF-f2 in the presence
of Control-Fc increased their motility, which was significantly sup-
pressed by TBRI-TARII-Fc (Figure 1D). These results indicate that
recombinant TBRI-TPRII-Fc protein can effectively inhibit the induc-
tion of EMT by suppressing TGF-f signaling.

3.2 | Recombinant TBRI-TBRII-Fc protein
suppresses primary tumor growth in vivo

Next, we examined the efficacy of recombinant TBRI-TBRII-Fc
protein in vivo in a subcutaneous murine xenograft model of SAS
oral cancer cells. The mice bearing palpable tumors were intrave-

nously administered with recombinant Fc proteins, Control-Fc or
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FIGURE 1 Recombinant transforming growth factor-p (TGF-B) type | and Il receptor (TBRI-TBRII)-Fc protein inhibits TGF-p-induced
epithelial-mesenchymal transition (EMT) and migration of SAS oral cancer cells. (A, B) Relative expression of (A) epithelial cell marker
claudin-1 and (B) mesenchymal marker vimentin in SAS cells treated without (=) or with TGF-B1 (Tp1), TGF-B2 (Tp2), or TGF-3 (TB3) (2ng/
mL) in the absence (-) or presence of TGF-f signal inhibitor SB431542 (10 uM) or recombinant Fc proteins (Control-Fc, TBRII-Fc, or TBRI-
TBRII-Fc) for 72h. Induction of TGF-p-mediated EMT was defined by 50% decrease in claudin-1 and 200% increase in vimentin expression.
All data are normalized to the B-actin expression. n=3. (C) Inmunocytochemical analysis of cells treated without (Control) or with TGF-f1,
TGF-B2, or TGF-3 (2ng/mL) in the presence of recombinant Fc proteins (Control-Fc, TRII-Fc, or TBRI-TBRII-Fc). Staining for E-cadherin
(green), vimentin (red), and nuclei (blue). Representative images of cells cultured under the designated conditions. n=_3. (D) Migration of SAS
cells treated without (Control) or with TGF-B2 (2ng/mL) in the presence of Control-Fc or TBRI-TBRII-Fc proteins. Representative images
and quantification of migrated cells. n=3. All data are shown as mean +SD. Scale bars: (C) 50 um; (D) 100 um. Statistical analyses: two-way
ANOVA; *p<0.05; **p<0.01; ***p <0.001; ****p <0.0001. ns, not significant.

TBRI-TBRII-Fc. The volume of primary tumors developed in the TpRI- activator inhibitor-1 (PAI-1) encoded by SERPINE1, significantly de-
TBRII-Fc-treated mice was significantly smaller than that in the con- creased in primary tumors from TBRI-TBRII-Fc-treated mice when
trol group (Figure 2A). Importantly, there was no visible difference in compared to that in the Control-Fc group (Figure S4A), suggesting

the body weight between the two experimental groups (Figure 2B), effective inhibition of TGF-p signaling by the TBRI-TBRII-Fc protein

suggesting that recombinant TPRI-TBRII-Fc proteins did not induce in human oral cancer cells.

apparent severe side-effects. TGF-p is a potent inducer of EMT, thus, inhibition of TGF-f sig-
naling in the TME would suppress induction of EMT or eventually
reverse it, leading to MET. We showed effective inhibition of EMT

3.3 | Treatment with TBRI-TBRII-Fc protein (induction of MET) in vitro, in SAS cells cultured with TBRI-TBRII-Fc
inhibits TGF-p signaling in the TME and induces (Figure 1A-C). Therefore, we questioned whether the accumula-
mesenchymal-epithelial transition (MET) in tion of recombinant TBRI-TBRII-Fc protein could also induce MET
primary tumors in primary tumors. A qRT-PCR analysis of TBRI-TBRII-Fc-treated tu-

mors revealed higher levels of E-cadherin (Figure 2C) and claudin-1
To determine the mechanism underlying the growth-suppressive (Figure 2D), and reduced expression of vimentin (Figure 2E) and fi-
effects of the TBRI-TBRII-Fc protein, we examined TPRI-TPRII-Fc- bronectin (Figure 2F) than the Control-Fc-treated group, suggest-
mediated changes in the TME of primary tumors. The expression of ing an effective induction of MET in primary tumors developed by
the gene activated in the presence of TGF-f, that is, plasminogen SAS cells. These results were also confirmed at the protein level.
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FIGURE 2 Treatment with recombinant transforming growth factor-p (TGF-) type | and Il receptor (TBRI-TBRII)-Fc protein inhibits
growth of primary tumors and induces mesenchymal-epithelial transition. SAS cells were injected into the left inguinal region of BALB/c
nude mice. The mice were treated i.v. twice a week with recombinant Fc proteins: Control-Fc or TBRI-TBRII-Fc (100 pg/mouse) starting
from day 25 postinjection (arrows). (A) Tumor growth curves. n=15. (B) Changes in body weight of mice with SAS cell xenotransplants.
n=15. (C-H) Analysis of primary tumors excised on day 39 by quantitative RT-PCR (C-F) and immunohistochemistry (G, H). (C-F) Relative
expression of (C) E-cadherin, (D) claudin-1, (E) vimentin, and (F) fibronectin in primary tumors. All data are normalized to B-actin expression.
n=12. (G) Representative immunohistochemical images of staining for E-cadherin (red) and nuclei (blue) and quantitative analysis. Values
represent E-cadherin-positive area (%) in each primary tumor. n=12. (H) Representative immunohistochemical images of staining for
vimentin (red) and nuclei (blue) and quantitative analysis. Values represent vimentin-positive area (%) in each primary tumor. n=12. All data
are shown as mean +SD. Scale bar, 100 um. Statistical analyses: one-tailed unpaired Student's t-test; ****p <0.0001. ns, not significant.
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There was a significant increase and decrease in E-cadherin-positive
(Figure 2G) and vimentin-positive areas (Figure 2H), respectively, in
primary tumors following treatment with TPRI-TBRII-Fc, further in-
dicating its effectiveness in the induction of MET.

3.4 | Recombinant TBRI-TBRII-Fc protein reduces
primary tumor growth by suppressing in vivo cancer
cell proliferation and angiogenesis

TGF-B is known to suppress proliferation of epithelial cancer cells. 1622
As previously reported, the proliferation of SAS (Figure S4B) and
HSC-4 (Figure S4C) cells was inhibited by all TGF-B isoforms, imply-
ing that inhibiting TGF-f signaling would likely enhance proliferation of
oral cancer cells. Nevertheless, treatment with TBRI-TBRII-Fc protein
inhibited primary tumor growth (Figure 2A). To elucidate the mecha-
nism underlying these effects, we examined the expression of cell
proliferation marker, Ki-67, in primary tumors. A significant decrease
in the Ki-67 expression levels was observed in the TBRI-TBRII-Fc-
administered group compared to that in the Control-Fc-treated group
(Figure 3A), indicating that the inhibition of TGF-§ signaling by TpRI-
TBRII-Fc protein suppressed the in vivo proliferation of cancer cells.
However, neither SB431542 nor recombinant Fc proteins had any
effects on in vitro SAS cell proliferation (Figure S4D), suggesting that
cancer cell growth suppression by TBRI-TBRII-Fc is observed only in
the TME. As we observed a significant downregulation in the expres-
sion of mouse PAI-1, encoded by Serpinel, in primary tumors following
treatment with TPRI-TBRII-Fc (Figure S5A), we hypothesized that its
observed inhibitory effects on tumor growth might arise from changes
in the cross-talk between the components of the TME.

As tumor vessels play important roles in the proliferation of
cancer cells in tumors,! we examined the effect of TBRI-TBRII-Fc
treatment on tumor angiogenesis using an antibody against platelet
endothelial adhesion molecule-1 (PECAM-1), a vascular endothe-
lial cell marker. Consistent with our previous findings,!® a signifi-
cant decrease in PECAM-1 expression in the TBRI-TBRII-Fc-treated
group was observed (Figure 3B), suggesting that the TBRI-TBRII-Fc
protein might suppress the in vivo proliferation of cancer cells
through its antiangiogenic effects. Notably, TBRI-TBRII-Fc protein
administration also suppressed tumor lymphangiogenesis, which
was revealed by immunostaining for the expression of lymphatic
vessel endothelial hyaluronan receptor-1 (LYVE-1), a marker of lym-
phatic endothelial cells (Figure S5B). We previously reported that
TGF-f signaling maintains the structure of lymphatic vessels and
promotes tumor lymphatic metastasis,?® which is consistent with
the present findings.

In order to examine whether TBRI-TBRII-Fc directly influences
endothelial cells, we performed in vitro proliferation (Figure S5C)
and tube formation assays (Figure S5D) using mouse endothelial
cells, MS1. However, TBRI-TBRII-Fc had no effect on either the cell
number or tube formation in vitro, suggesting that the antiangio-
genic effects of TBRI-TPRII-Fc are exerted through the regulation of
angiogenic signals in the TME.

sokkk

TBRI-TBRII-Fc

Ki-67-positive cells (%)

(B)
Control-Fc

KKKk

TBRI-TBRII-Fc

PECAM-1-positive area (%)

FIGURE 3 Treatment with recombinant transforming

growth factor-p (TGF-p) type | and Il receptor (TBRI-TBRII)-Fc
protein reduces the expression of a proliferation marker and
suppresses tumor angiogenesis in primary tumors. Primary
tumors from mice treated with Control-Fc or TBRI-TBRII-Fc
proteins were excised on day 39 postinjection and subjected to
immunohistochemistry. (A) Representative immunohistochemical
images of staining for proliferation marker Ki-67 (yellow) and
nuclei (blue) and quantitative analysis. Values represent Ki-67-
positive cells (%) in each primary tumor. n=12. (B) Representative
immunohistochemical images of staining for endothelial marker
platelet endothelial cell adhesion molecule-1 (PECAM-1; red) and
nuclei (blue) and quantitative analysis. Values represent PECAM-1-
positive area (%) in each primary tumor. n=12. All data are shown
as mean+SD. Scale bar, 100 um. Statistical analyses: one-tailed
unpaired Student's t-test; ****p <0.0001.

3.5 | Recombinant TpRI-TBRII-Fc protein alters
gene expression in multiple components of the
TME of oral cancer cell-derived tumor tissues

Treatment with TBRI-TBRII-Fc inhibited cancer cell proliferation
and vessel formation in tumor tissues in vivo (Figure 3), indi-

cating its efficacy towards both human cancer cells and mouse
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stromal endothelial cells. However, as TBRI-TBRII-Fc protein did to determine changes in gene expression patterns in cancer cells

not affect the cancer cell growth in vitro (Figure S4D), we hy- (human component) and cells comprising the microenvironment,
pothesized that observed effects of TBRI-TBRII-Fc in vivo might endothelium, and stroma (mouse components). Volcano plots of
reflect the changes in various components of the TME. To test differentially expressed genes (DEGs) revealed 580 upregulated
this hypothesis, we performed RNA sequencing (RNA-seq) analy- and 943 downregulated human-specific genes (Figure 4A), and

sis of TBRI-TPRII-Fc-treated or Control-Fc-treated tumor tissues 228 upregulated and 336 downregulated mouse-specific genes
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FIGURE 4 Recombinant transforming growth factor-g (TGF-p) type | and Il receptor (TBRI-TBRII)-Fc protein alters gene expression in
multiple components of the tumor microenvironment. (A, B) Volcano plots showing downregulated and upregulated differentially expressed
genes (DEGs) in primary tumor tissues from mice treated with Control-Fc or TBRI-TBRII-Fc proteins (n=4; two separate parts of tumors
from two mice). (A) DEGs associated with cancer cells (human components). Dots represent 943 downregulated (blue) and 580 upregulated
(red) human-specific genes. (B) DEGs associated with stroma (mouse components). Dots represent 336 downregulated (blue) and 228
upregulated (red) mouse-specific genes. (C-F) Gene Ontology (GO) functional enrichment analysis of downregulated and upregulated DEGs
in primary tumor tissues from mice treated with Control-Fc or TBRI-TBRII-Fc proteins. (C, D) GO functional enrichment analysis of human
genes (C) downregulated and (D) upregulated in cancer cells following treatment with TBRI-TBRII-Fc protein. (E, F) GO functional enrichment
analysis of mouse genes (E) downregulated and (F) upregulated in stromal components following treatment with TBRI-TBRII-Fc protein. (G-J)
Gene Set Enrichment Analysis (GSEA) of (G, H) epithelial-mesenchymal transition and (I, J) K-Ras signaling upregulation gene signatures,
comparing RNA sequencing (RNA-seq) data from tumors isolated from mice treated with Control-Fc with RNA-seq data from tumors
obtained following treatment with TBRI-TBRII-Fc proteins. EREG, epiregulin; FDR, false discovery rate; HB-EGF, heparin-binding epidermal

growth factor-like growth factor; IL-1p, interleukin-1p; NES, normalized enrichment score; p, empirical p value from GSEA.

(Figure 4B) in tumor tissues. Gene Ontology (GO) functional en-

2425 showed that human DEGs downregulated

richment analysis
in cancer cells following treatment with TPRI-TBRII-Fc were en-
riched in GO terms related to the positive regulation of cell pro-
liferation and angiogenesis (Figure 4C; Table S2A). Concomitantly,
human DEGs upregulated in TBRI-TBRII-Fc-treated tumors were
enriched in GO terms related to the negative regulation of cell
proliferation and differentiation (Figure 4D; Table S2B). A similar
tendency was observed in the stromal components of mouse ori-
gin (Figure 4E,F; Table S2C,D), suggesting that the administration
of TBRI-TBRII-Fc protein affects various components of the TME.
An unbiased Gene Set Enrichment Analysis (GSEA)26 revealed the
inhibition of EMT (Figure 5G,H), and inhibition of K-Ras signaling
(Figure 41,J; Table S3A,B) in the TBRI-TBRII-Fc-administered group
in both human and mouse components of the TME. Since K-Ras
signaling has been implicated in the proliferation of cancer cells via
activation of Raf/MAPK/ERK kinase/ERK signaling pathway,?” the
downregulation of K-Ras signaling by TBRI-TBRII-Fc may lead to
decreased proliferation of cancer cells in primary tumors derived
from SAS cells.

3.6 | Inhibition of TGF-g signals in the TME by
TPRI-TBRII-Fc suppresses expression of HB-EGF,
IL-1B, and EREG

To further determine the molecular mechanisms regulating the
cell proliferation in the tumors with suppressed TGF-p signaling

and to identify factors affecting human cancer cells and mouse
stroma, we focused on the downregulated DEGs that were shared
between human cancer cells and mouse stroma. Among 943 down-
regulated human-specific DEGs and 336 downregulated mouse-
specific DEGs, we identified 92 genes shared between human and
mouse components of the TME (Figure 5A; Table S4). We used
the STRING database?® to examine protein-protein interactions
among these shared DEGs and identified several molecules, includ-
ing growth factors, cytokines, and molecules regulating extracellu-
lar matrix or angiogenesis (Figure 5B). Moreover, GO analysis using
these 92 downregulated DEGs revealed enrichment in annotations
related to “positive regulation of cell proliferation” and “regula-
tion of cell migration” (Table S5). Detailed GO functional cross-
analysis of genes enriched in terms related to “positive regulation
of cell proliferation” identified three molecules, heparin-binding
epidermal growth factor-like growth factor (HB-EGF), interleu-
kin -1 (IL-1B) and epireguling (EREG), which overlapped with
genes enriched in K-Ras signaling upregulation hallmark gene sets
(Figure 5A,B; Tables S3A,B and Sé). Previous reports have shown
that all three candidate factors are involved in tumor progression
through regulation of both cancer cells and stroma.?’~3° To verify
our selection, we examined their expression in primary tumor tis-
sues. There was a significant decrease in the expression levels of
HB-EGF (Figure 5C,D), IL-1p (Figure 5E,F), and EREG (Figure 5G,H),
encoded by HBEGF/Hbegf, IL1B/ll1b, and EREG/Ereg genes, re-
spectively, following treatment with TBRI-TBRII-Fc protein, not
only in human cancer cells (Figure 5C,E,G) but also in mouse stroma
(Figure 5D,F,H).

FIGURE 5 Recombinant transforming growth factor-p (TGF-p) type | and Il receptor (TBRI-TPRII)-Fc protein alters the expression of
heparin-binding epidermal growth factor-like growth factor (HB-EGF), interleukin-1p (IL-1p), and epiregulin (EREG) in multiple components of
the tumor microenvironment. (A) Venn diagram showing number of differentially expressed genes (DEGs) downregulated in human cancer
cells (blue) and mouse stromal components (light red) of primary tumors following treatment with TBRI-TBRII-Fc protein. The number of
overlapping DEGs (dark red) is also shown. (B) STRING analysis of overlapped DEGs showing the interactions among 92 downregulated
genes shared between human cancer cells (left panel) and mouse stroma (right panel). Functional enrichment in components associated

with regulation of cell proliferation, cell migration, and the MAPK pathway is shown. Bold characters indicate molecules overlapping with
genes enriched in hallmark gene sets related to the K-Ras signaling upregulation. (C-H) Quantitative RT-PCR analysis of candidate molecules
involved in cross-talk between human cancer cells and mouse stroma. Relative expression of (C) human HBEGF, (D) mouse Hbegf, (E) human
IL1B, (F) mouse ll1b, (G) human EREG, and (H) mouse Ereg. All data are normalized to human GAPDH (C, E, G) or mouse Gapdh (D, F, H)
expression (n=4; two separate parts of tumors from two mice). All data are shown as mean +SD. Statistical analyses: one-tailed unpaired

Student's t-test; *p <0.05. GO, Gene Ontology.
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3.7 | TGF-g signaling in the TME regulates
HB-EGF expression, which maintains proliferation of
cancer and endothelial cells by activating ERK1/2
phosphorylation

HB-EGF is a member of the EGF family. The binding of HB-EGF to
its receptors activates the Ras/Raf/MAPK/ERK kinase/ERK signal-
ing pathway and controls cell proliferation, migration, and angio-
genesis.”’31 We found that HB-EGF expression in cultured SAS and
HSC-4 oral cancer cells was upregulated by specific TGF-f isoforms
(Figure S6A,B).

As there was a significant decrease in HB-EGF RNA expression
in TBRI-TRRII-Fc-treated tumor tissues, in both human cancer cells
and in mouse stroma cells, we examined the expression of HB-EGF
protein in primary tumors by immunohistochemistry. There was a
significant decrease in the HB-EGF-positive aera in TPRI-TBRII-Fc-
treated tumors (Figure 6A), suggesting that the TGF-p/HB-EGF axis
is involved in regulating cell proliferation in SAS cell-derived tumors.
To confirm this hypothesis, we examined the effect of HB-EGF on
the in vitro proliferation of oral cancer cells and mouse endothelial
cells. The treatment of SAS and HSC-4 cells with HB-EGF stimulated
cell proliferation (Figures 6B,C and S7A,B), suggesting that HB-EGF
is a putative regulator of cancer cell proliferation in the TME.

As HB-EGF transmits its signals by binding to the tyrosine kinase

30.36 \ve stimulated

receptor and activating MAPK signaling pathways,
oral cancer cells with HB-EGF and examined the phosphorylation
level of ERK1/2, a downstream effector of the tyrosine kinase signal-
ing pathway. The treatment of oral cancer cells with HB-EGF resulted
in increased phosphorylation levels of ERK1/2 (Figures 6D and S7C)
suggesting that TGF-p-induced HB-EGF expression regulates cell
proliferation in tumor tissues by activating the Ras/Raf/MAPK/ERK
kinase/ERK signaling pathway. We also examined the phosphoryla-
tion level of ERK1/2 in primary tumors. Immunostaining with anti-
phospho-ERK1/2 antibodies revealed a significant decrease in the
number of phospho-ERK1/2-positive cells in TBRI-TPRII-Fc-treated

tumor tissues (Figure 6E), suggesting that cross-talk between TGF-$
and ERK signaling in the TME regulates cancer cell proliferation
in vivo. Notably, the number of MS1 cells, as well as the levels of
phospho-ERK1/2, also increased following HB-EGF treatment
(Figure S7D-F), suggesting that HB-EGF-related signals affect both
cancer cells and the stromal components of the TME.

To further examine the effects of HB-EGF on cancer and en-
dothelial cells in vivo, we performed tumor formation assay using
SAS cells with altered HB-EGF expression. Primary tumors formed
by the mice inoculated with SAS cells infected with lentivirus ex-
pressing HB-EGF were larger than the primary tumors developed
by SAS cells infected with control lentivirus (Figure 6F). In addition,
immunohistochemical analysis revealed an increased staining for
Ki-67 (Figure 6G) and PECAM-1 (Figure 6H), suggesting that the
protumorigenic effect of HB-EGF is related to enhanced cancer cell
proliferation and tumor vessel formation in the TME.

To confirm the present findings, we also examined the effects
of loss-of-function of HB-EGF on in vitro cancer cell proliferation
and in vivo tumor formation. We first knocked down the HB-
EGF expression in SAS cells using specific siRNAs (Figure S8A).
Decreased expression of HB-EGF in SAS cells suppressed cell
proliferation (Figure S8B), confirming that HB-EGF regulates
in vitro cancer cell proliferation. To examine the effect of im-
paired HB-EGF expression in vivo, we established SAS cells with
stable knockdown of HB-EGF using specific shRNA (Figure S8C).
Decreased expression of HB-EGF reduced in vitro proliferation of
SAS cells (Figure S8D) and suppressed the primary tumor growth
(Figure S8E) in a murine xenograft model. Moreover, primary tu-
mors that developed under impaired HB-EGF expression showed
reduced cell growth and inhibition of tumor angiogenesis, as re-
vealed by decreased staining for Ki-67 (Figure S8F) and PECAM-1
(Figure S8G), respectively. Taken together, our data suggest that
TGF-p signaling in the TME regulates HB-EGF expression, lead-
ing to the enhanced cancer cell growth and stimulation of tumor
angiogenesis.

FIGURE 6 Heparin-binding epidermal growth factor-like growth factor (HB-EGF) affects cancer cell proliferation and oral squamous

cell carcinoma tumor formation through ERK1/2 phosphorylation. (A) Primary tumors from mice treated with Control-Fc or transforming
growth factor-p (TGF-) type | and Il receptor (TBRI-TBRII)-Fc proteins were excised on day 39 postinjection and examined for the expression
of HB-EGF. Representative immunohistochemical images of staining for HB-EGF (yellow) and nuclei (blue) and quantitative analysis. Values
represent the HB-EGF-positive area (%) in each primary tumor. n=12. (B-D) Effects of HB-EGF on (B, C) cell proliferation and (D) ERK1/2
phosphorylation in SAS cells. (B) Representative images of SAS cells cultured in the absence (Control) or presence of HB-EGF (1 ng/mL) for
72h. (C) Proliferation of SAS cells. n=3. (D) Effect of HB-EGF treatment on ERK1/2 phosphorylation in SAS cells. SAS cells were cultured in
the absence (=) or presence of HB-EGF (+) for 10 min, followed by immunoblotting analysis with antiphospho-(p)-ERK1/2, and total anti-
ERK1/2 antibodies. Representative blot of two independent experiments is shown. (E) Phosphorylation of ERK1/2 examined in primary
tumors from mice treated with Control-Fc or TBRI-TBRII-Fc proteins. Representative immunohistochemical images of staining for p-ERK1/2
(yellow) and nuclei (blue) and quantitative analysis. Values represent p-ERK1/2-positive cells (%) in each primary tumor. n=12. (F-H) SAS
cells infected with control lentivirus (Control) or lentivirus expressing HB-EGF (HB-EGF) were injected into the left inguinal region of BALB/c
nude mice. Tumor growth was monitored from day 4 postinoculation until the end of the experiment. Primary tumors were harvested on
day 13 and subjected to immunohistochemistry. (F) Tumor growth curves. n=6. (G) Representative immunohistochemical images of staining
for Ki-67 (yellow) and nuclei (blue) and quantitative analysis. Values represent Ki-67-positive cells (%) in each primary tumor. n=6. (H)
Representative immunohistochemical images of staining for endothelial marker platelet endothelial cell adhesion molecule-1 (PECAM-1;

red) and nuclei (blue) and quantitative analysis. Values represent PECAM-1-positive area (%) in each primary tumor. n==6. All data are shown
as mean +SD. Scale bars: (A, E, G, F) 100 um; (B) 300 um. Statistical analyses: one-tailed unpaired Student's t-test; *p <0.05; **p<0.01;

****p <0.0001.
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3.8 | TGF-p signaling regulates expression of
IL-18 and EREG, which enhance tumor formation

Inhibition of TGF-p signaling in primary tumors by the TBRI-TpRII-Fc
protein also affected the expression of IL-1p (Figure 5E,F) and EREG
(Figure 5G,H). IL-1B is a multifunctional cytokine that was shown to
regulate various steps of cancer progression: angiogenesis, cancer
cell proliferation, migration, and metastasis.?? IL-1B is associated
with poor prognosis and was shown to induce both angiogenesis and
EMT in OSCC.%® Therefore, we examined the effect of IL-1p on the
proliferation of oral cancer cells in vitro. As expected, IL-18 enhanced
the proliferation of SAS and HSC-4 oral cancer cells (Figure S9A-D),
confirming that IL-1p is a potent regulator of cancer cell growth. As
IL-1p was also implicated in tumor angiogenesis,%” we treated MS1
cells with IL-1p. IL-1p also enhanced the endothelial cell proliferation
(Figure S9E,F), suggesting that IL-1p regulates the multiple compo-
nents of the TME.

We then examined the effect of IL-1p on in vivo tumor forma-
tion using SAS cells infected with control lentivirus or lentivirus
expressing IL-1p. IL-1p significantly enhanced the formation of SAS
cell-derived tumors (Figure 7A). Furthermore, the analysis of tumor
tissues with specific antibodies revealed significant increase in a
number of Ki-67-positive cells (Figure 7B) and PECAM-1-positive
area (Figure 7C) in primary tumors developed by SAS cells infected
with lentivirus expressing IL-1p compared to those in the control
group, suggesting that, like HB-EGF, IL-1f is involved in the regula-
tion of tumor growth by affecting cancer cell proliferation and tumor
angiogenesis.

EREG is also one of the EGF receptor ligands and its elevated
expression has been detected in various cancers, including head
and neck squamous cell carcinoma (HNSCC).34 High levels of EREG
expression have been shown to correlate with the poor survival of
patients with 0SCC.%° In addition, treatment with EREG stimulated
spheroid formation in a 3D culture of HNSCC cancer cell lines.®*
Thus, we examined the effect of EREG on in vitro cultured oral
cancer cells and in vivo tumor formation. The proliferation of SAS
and HSC-4 oral cancer cells was enhanced by EREG (Figure S9G-J).
Moreover, in a xenograft mouse model, SAS cells infected with len-
tivirus expressing EREG formed slightly bigger primary tumors than
the control cells infected with control lentivirus (Figure 7D). Further
analysis of tumor tissues with the antibody for Ki-67 revealed a sig-
nificant increase in Ki-67-positive cells compared to that in the con-
trol group (Figure 7E), suggesting that EREG regulates tumor growth

by affecting cancer cell proliferation in the TME.

4 | DISCUSSION

In the present study, we showed that recombinant TBRI-TBRII-Fc
protein effectively inhibited EMT induced by all TGF-$ isoforms
in vitro, and demonstrated its efficacy in vivo. As TGF-p plays
an important role in maintaining tissue homeostasis, complete

inhibition of TGF-p signaling could result in adverse cytotoxic

effects.®®%? We did not observe any immediate side-effects fol-
lowing treatment with recombinant TBRI-TBRII-Fc protein, as
previously reported for low molecular weight compounds.40
Moreover, the presence of ECDs from TPRI and T@RII, which en-
ables interaction with all TGF-p isoforms®® as well as the Fc re-
gion of human IgG that likely prolongs the plasma half-life time
of recombinant protein, suggests the potential therapeutic value
of TBRI-TBRII-Fc protein.**2 However, as in the present studies
we utilized immune-deficient mice, and as TGF-$ plays important
roles in tumor immune response,43 further experiments are war-
ranted to determine the effect of TBRI-TBRII-Fc protein on the
TME and its efficacy against TGF-B-induced immunosuppression
using a syngeneic mouse model.

TGF-p orchestrates the interaction between various components
of the TME. It can be secreted by various cells in the TME network3®
and functions in both autocrine and paracrine manners.'® We previ-
ously reported that TGF-p2, secreted by endothelial cells that have
undergone EndoMT, induced EMT in oral cancer cells.** As such,
administration of TPRI-TBRII-Fc that traps TGF-p2 could potentially
suppress EMT and EndoMT. Indeed, our transcriptomic analysis con-
firmed the induction of MET and inhibition of angiogenic signals fol-
lowing treatment with the recombinant TPRI-TPRII-Fc protein. We
found that inhibition of TGF-f signals in the TME resulted in the sup-
pression not only of tumor angiogenesis (Figure 3B) but also tumor
lymphangiogenesis (Figure S5B). However, one of our previous re-
ports showed that LY364947, a kinase inhibitor of TBRI, increased
tumor lymphangiogenesis in a tumor xenograft model of BxPC3 pan-
creatic adenocarcinoma cells in the presence of vascular endothelial
growth factor (VEGF-C).* This discrepancy might arise from the dif-
ferent experimental conditions such as the types of TGF-p inhibitors
(Fc chimeric protein vs. small molecule inhibitor) used in the study,
cancer cells, and presence of exogenous VEGF-C. In addition, we also
reported that T[B»Rllﬂ/ﬂ;Proxl—CreERT2 mice with conditional deletion
of TBRII in lymphatic endothelial cells showed reduced tumor lym-
phatic vessels in Lewis lung carcinoma cell-derived tumors.? These
results suggest that the roles of TGF-f signals in tumor lymphangio-
genesis are context-dependent and could be affected by various fac-
tors present in the TME. This point requires further study and will be
examined in the future.

Mesenchymal-epithelial transition is implicated in the formation
and stabilization of metastatic sites.*® During MET, cancer cells with
mesenchymal characteristics regain the epithelial characteristics
and ability to proliferate that is necessary to form distant metasta-
ses. We showed that, despite MET induction, cell proliferation in the
TME was suppressed by treatment with TBRI-TBRII-Fc (Figure 3A).
This discrepancy could be derived from the difference in the primary
signaling pathways that regulate cancer cell proliferation in certain
types of tumors. Our data suggest that, in OSCC, there is a cross-talk
between TGF-f and K-Ras signaling; therefore, activating these sig-
naling pathways might be necessary to keep the proliferative state
of cancer cells in the TME. This point warrants future investigation.

Recombinant T@RI-TPRII-Fc showed antitumorigenic effects
in vivo. TGF-p suppresses the proliferation of epithelial cells,
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FIGURE 7 Interleukin-1p (IL-1B) and epiregulin (EREG) contribute to oral squamous cell carcinoma tumor formation. (A-C) SAS cells
infected with control lentivirus (Control) or lentivirus expressing IL-18 (IL-1p) were injected into the left inguinal region of BALB/c nude mice.
Tumor growth was monitored from day 3 postinoculation until the end of the experiment. Primary tumors were harvested on day 24 and
subjected to immunohistochemistry. (A) Tumor growth curves. n="7. (B) Representative immunohistochemical images of staining for Ki-67
(yellow) and nuclei (blue) and quantitative analysis. Values represent Ki-67-positive cells (%) in each primary tumor. n=7. (C) Representative
immunohistochemical images of staining for endothelial marker platelet endothelial cell adhesion molecule-1 (PECAM-1; red) and nuclei
(blue) and quantitative analysis. Values represent PECAM-1-positive area (%) in each primary tumor. n=7. (D, E) SAS cells infected with
control lentivirus (Control) or lentivirus expressing EREG (EREG) were injected into the left inguinal region of BALB/c nude mice. Tumor
growth was monitored from day 3 postinoculation until the end of the experiment. Primary tumors were harvested on day 24 and examined
for expression of proliferation marker Ki-67 (E). (D) Tumor growth curves. n=7. (E) Representative immunohistochemical images of staining
for Ki-67 (yellow) and nuclei (blue) and quantitative analysis. Values represent Ki-67-positive cells (%) in each primary tumor. n=7. All data
are shown as mean +SD. Scale bar, 100 um. Statistical analyses: one-tailed unpaired Student's t-test; *p <0.05; **p <0.01; ***p <0.001.
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therefore the inhibition of TGF-p signaling is expected to stimu-
late cell proliferation. Nonetheless, treatment with TBRI-TBRII-Fc
resulted in a significant decrease in the expression of proliferation
marker Ki-67. Mechanistically, we found that the inhibition of TGF-p
signals in the TME downregulated the expression of K-Ras signal-
ing-related genes (Figure 4l,J), suggesting that decreased cancer cell
proliferation in vivo was caused by the downregulation of K-Ras sig-
naling. K-Ras signaling plays an important role in the proliferation of
various types of cancer cells.?” A previous study reported that K-Ras
signaling is also involved in TGF-p-induced EMT.*’ At an early stage
of pancreatic cancer, activation of K-Ras signaling confers cancer re-
sistance to an inhibitory effect of TGF-p on cell proliferation. Thus,
it is possible that a similar mechanism also exists in OSCC, but this
point requires further investigation.

We have identified HB-EGF as a factor regulating human and
mouse components of the TME. HB-EGF stimulates cancer cell pro-
liferation, migration, and invasion, and thus progression of various

C.29-31343548 |t 4150 affects the expression

cancers, including HNSC!
of proangiogenic factors VEGF-A and angiopoietin-like 4 through ac-
tivation of the ERK/AKT signaling pathway.*’ Our results suggested
a cross-talk between TGF-p and HB-EGF signaling in the TME. As
such, inhibition of TGF-p signaling by treatment with TBRI-TPRII-Fc
protein suppressed the expression of HB-EGF in the TME in both
human cancer cells and mouse stroma (Figures 5C,D and 6A). We
also showed that HB-EGF promoted in vitro and in vivo cancer cell
proliferation and angiogenesis (Figures 6B,C,F-H and S8). It was re-
ported that in normal rat intestinal epithelial cells, in response to in-
jury, TGF-p upregulates the expression of HB-EGF mRNA>° through
activation of the protein kinase C pathway, suggesting a coordinated
activity of TGF-p and HB-EGF. Upon injury, epithelial cells become
motile and undergo EMT. Hence, HB-EGF might cooperate with
TGF-f to control tumorigenesis during cancer progression.

Our RNA-seq analysis also identified IL-1p and EREG as other po-
tential factors regulating the components of the TME, human cancer
cells, and mouse stroma (Figures 5B,E-H, 7, and S9). The expressions
of IL-1B (Figure 5E,F) and EREG (Figure 5G,H) were downregulated
in primary tumors by recombinant TBRI-TBRII-Fc, implying cross-talk
between signaling pathways mediated by TGF-f, HB-EGF, IL-1p, and
EREG during oral cancer progression.

Expression of IL-1f has been shown to be associated with can-
cer progression. Lee and colleagues reported that IL-1p contributes
to OSCC aggressiveness by inducing angiogenesis and EMT.*® In
their study, IL-1p secreted by oral cancer cell lines not only upreg-
ulated the expression of EMT-related factors in nonmetastatic oral
cancer cells, but also induced tube formation by HUVECs.% In our
study, IL-1p affected not only cancer cell proliferation (Figure S9A-
D) and primary tumor formation (Figure 7A), but also significantly
enhanced endothelial cell proliferation (Figure S9E,F). As IL-1p was
also reported to induce VEGF production in tumors,®” decreased
IL-1B expression by TBRI-TBRII-Fc might have suppressed tumor an-
giogenesis. A recent report suggested that during airway remodel-
ing arising from asthma-related lung injury, the cooperative action
of TGF-p1 and IL-1f activates ERK1/2, augmenting TGF-p-induced

EMT.?! Taken together with the previous findings, our data suggest
that TGF-p signaling controls the expression of HB-EGF, EREG, and
IL-18 in the TME. All three molecules likely cooperate during OSCC
tumor progression by affecting cancer cells and stromal components
such as tumor vessels. The exact pathways and the detailed mecha-
nisms by which these molecules orchestrate tumor progression will
be elucidated in the future.

Numerous studies have shown that EREG induces cancer cell
proliferation, metastasis, and tumor angiogenesis.35’52 EREG is ex-
pressed by tumor epithelial cells and stroma, and can act in an au-
tocrine and paracrine manner. Previous reports describing the role
of EREG in cancer development showed that at the early stage of
OSCC, EREG activates JAK-STAT signaling in cancer cells and in-
duces EMT.?? In our study, EREG affected oral cancer cell prolifera-
tion in vivo and in vitro (Figures 7D,E and S9G-J), suggesting that it
contributed to the inhibitory effect of TBRI-TBRII-Fc on cancer cell
proliferation. Taken together with the previous findings, our data
suggest that TGF-f signaling controls the expression of HB-EGF, IL-
1B, and EREG in the TME. All three molecules likely cooperate during
OSCC tumor progression by affecting cancer cells and stromal com-
ponents such as tumor vessels. The exact pathways and the detailed
mechanisms by which these molecules orchestrate tumor progres-
sion will be elucidated in the future.

In conclusion, we determined the therapeutic value of the re-
combinant TPRI-TBRII-Fc protein and highlighted the importance of
the TME network in the regulation of tumor progression. Our data
also suggest that the TPRI-TPRII-Fc protein is a promising tool for
targeting TGF-p signaling in various cancers.
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