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ARTICLE INFO ABSTRACT

Keywords: Cancer-associated fibroblasts (CAFs) have important roles in promoting cancer development and progression. We
Oral squamous cell carcinoma previously reported that high expression of sex-determining region Y (SRY)-box9 (SOX9) in oral squamous cell
CAFs carcinoma (OSCC) cells was positively correlated with poor prognosis. This study developed three-dimensional
gg;gﬁ (3D) in vitro models co-cultured with OSCC cells and CAFs to examine CAF-mediated cancer migration and in-

vasion in vitro and in vivo. Moreover, we performed an immunohistochemical analysis of alpha-smooth muscle
actin and SOX9 expression in surgical specimens from 65 OSCC patients. The results indicated that CAFs promote
cancer migration and invasion in migration assays and 3D in vitro models. The invading OSCC cells exhibited
significant SOX9 expression and changes in the expression of epithelial-mesenchymal transition (EMT) markers,
suggesting that SOX9 promotes EMT. TGF-B1 signalling inhibition reduced SOX9 expression and cancer invasion
in vitro and in vivo, indicating that TGF-pl-mediated invasion is dependent on SOX9. In surgical specimens, the
presence of CAFs was correlated with SOX9 expression in the invasive cancer nests and had a significant impact
on regional recurrence. These findings demonstrate that CAFs promote cancer migration and invasion via the
TGF-p/SOX9 axis.

3D in vitro model

Introduction

Lip, oral cavity and pharynx cancers represent the seventh most
common malignancies worldwide. Each year, over 600,000 new cases
are diagnosed, and over 300,000 patients die of these disease [1,2]. Most
patients are at a high risk of local recurrence and regional and distant
metastases, despite radical resection of the primary oral squamous cell
carcinoma (OSCC) lesion [3,4]. Thus, it is necessary to understand the
mechanism of local invasion, develop more effective therapeutic ap-
proaches, and identify markers that predict prognosis.

Cancer tissues consist of both neoplastic parenchymal cells and

stromal components including fibroblasts, immune cells, endothelial
cells, various secreted growth factors/chemokines, and extracellular
matrix proteins. The environment surrounding a tumour is collectively
termed the tumour microenvironment (TME), which promotes cancer
progression and extracellular matrix remodelling, neoangiogenesis, and
tumour growth [5,6]. Cancer-associated fibroblasts (CAFs) are a major
cellular component of the cancer stroma in the TME [7,8]. The specific
growth factors/cytokines produced by CAFs induce epi-
thelial-mesenchymal transition (EMT) in cancer cells via a paracrine
system [9-11]. Alpha-smooth muscle actin («a-SMA) and
fibroblast-activated protein are markers of CAFs in many cancers, and a
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large number of CAFs in cancer stroma is associated with poor clinical
outcomes in various cancers [12,13].

Sex-determining region Y (SRY)-box9 (SOX9) is a transcription factor
located in the nucleus that regulates cell fate during male sexual organ
development and chondrocyte differentiation [14]. Recent studies have
demonstrated that high SOX9 expression in cancer cells correlates with
poor outcomes in patients with various cancers [15-17]. For example, in
non-small cell lung cancer macrophages infiltrating into the cancer
stroma promote SOX9 expression in cancer cells through the trans-
forming growth factor-f (TGF-p) signalling pathway. Both the high
density of macrophages and SOX9 expression are associated with poor
prognosis [15]. We recently conducted a histological investigation of
SOX9 expression levels in patients with OSCC and demonstrated a cor-
relation between SOX9 expression and poor clinical outcomes [18].
However, the interaction between CAFs and cancer cells through the
TGF-p/SOX9 axis has not been thoroughly investigated, especially in
OSCC.

Three-dimensional (3D) cell culture is considered to be more suitable
for mimicking primary tumours compared with traditional two-
dimensional (2D) cell cultures [19]. As 3D models mimic the morpho-
logical and intrinsic molecular properties and the local microenviron-
ment in vivo, they may be more predictive of physiological cell behavior
than conventional 2D culture systems [19,20]. We previously estab-
lished a system for oral mucosa tissue engineering to investigate path-
ophysiological lesions specific to the oral cavity. This system provides a
biomimetic 3D in vitro model containing OSCC cells and CAFs [21].

We hypothesised that soluble factors secreted from CAFs, specifically
TGF-p, regulate SOX9 expression in OSCC. Therefore, we investigated
the role of the TGF-$/SOX9 axis in CAFs and OSCC cells in promoting
cancer progression in vitro and in vivo. We confirmed that the presence of
a-SMA-positive CAFs in the cancer stroma was correlated with the
clinical outcome in OSCC patients and explored the mechanisms of
cancer invasiveness and clues to develop novel therapies.

Materials and methods
Cell lines and CAFs

Human cell lines derived from OSCC, including Ca9-22 (RRID:
CVCL_1102), HSC-2 (RRID: CVCL_1287), HSC-3 (RRID: CVCL_1288),
and HSC-4 (RRID: CVCL_1289) cell lines, were obtained from the Riken
BRC Cell Bank (Tsukuba, Japan). All human cell lines were authenti-
cated using short tandem repeat profiling in May 2020 and all experi-
ments were performed with mycoplasma-free cells. Ca9-22 and HSC-2
are well-differentiated OSCC cell lines, which were established from the
primary sites of gingival and oral floor cancer, respectively [22,23].
HSC-3 and HSC-4 are poorly-differentiated and well-differentiated
OSCC cell lines, respectively, which were both established from a met-
astatic lymph node of a tongue cancer [23]. CAFs derived from
non-small cell lung cancer were obtained from Cellular Engineering
Technologies, Inc. (Coralville, IA, USA). The cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% foetal bovine serum (FBS;
Corning, New York, NY, USA), gentamicin (5.0 ug/mL), and ampho-
tericin B (0.375 pg/mL; Thermo Fisher Scientific) under a humidified
atmosphere of 5% CO5 at 37 °C. CAFs from passages 3 to 5 were used in
the experiments.

The protocol to obtain human oral mucosa tissue samples was
approved by the Niigata University Hospital Internal Review Board
(2015-5018). Human oral mucosa samples were obtained from patients
who received minor dentoalveolar surgery. The patients were provided
sufficient information regarding this study, and all participating in-
dividuals signed an informed consent form. Primary normal oral fibro-
blasts (NOFs) were established using an explant culture technique and
were serially cultured as previously described [21]. NOFs from passages
3 to 5 were used in the study as a control.
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Surgical specimens

Primary OSCC surgical specimens were obtained from 65 OSCC pa-
tients who had undergone ablative surgeries at Niigata University
Medical & Dental Hospital. The protocol to analyse the surgical mate-
rials was approved by the Internal Review Board of Niigata University
Medical & Dental Hospital (2018-0228). The clinical stage was deter-
mined in accordance with the Union for International Cancer Control
TNM classification system, 8th edition [24]. Three pathologists
reviewed all paraffin sections, and representative sections were selected
that contained the invasive front of OSCC and oral mucosal epithelium
showing either intact, oral epithelial dysplasia (OED), or carcinoma in
situ (CIS) foci. OSCC was histopathologically graded in accordance with
the mode of invasion classification proposed by Jakobsson et al. [25].
The selected sections were cut and prepared for further analysis by
Hematoxylin-Eosin (H-E) and immunohistochemical staining.

Generation of the 3D in vitro model of OSCC cells

Collagen matrix solution (Nitta gelatin, Osaka, Japan) containing
5.0 x 10° CAFs or NOFs in a 6-well tissue culture insert (Greiner Bio,
Roskilde, Denmark) was incubated with DMEM containing 10% FBS
under a humidified atmosphere of 5% CO5 at 37 °C for 2 days. The
composite of collagen matrices was then detached from the wall of the
tissue culture insert using a 200-uL micropipette tip. After 5 days, OSCC
cells (5.0 x 10° cells) were seeded on the top surface of the collagen
matrices. The constructs comprising CAF- or NOF-embedded or acellular
collagen matrices (stromal layer) and the overlying OSCC cells were
cultured under submerged culture conditions for an additional 7 days
[21]. The models were referred to as the 3D cancer-CAF model, the 3D
cancer-NOF model, and the 3D cancer-alone model, respectively.
Depending on the subsequent assays, the two-layered constructs were
then raised to an air-liquid interface and cultured for an additional 7
days. When the models were completed after culturing for 14 or 21 days,
they were fixed in 4% paraformaldehyde and embedded in paraffin. The
sections were histopathologically and immunohistochemically ana-
lysed. All 3D in vitro models were independently established three times
(n=3).

In some experiments, the stromal layers containing NOFs or CAFs
were pre-treated with SB431542 dissolved in dimethyl sulfoxide (1 pM
or 10 uM) for 7 days, followed by the seeding of OSCC cells onto the top
surface of the stroma. In other experiments, OSCC cells were transfected
with short interfering RNA (siRNA) for SOX9 or negative control siRNA
using Lipofectamine RNAi MAX (Thermo Fisher Scientific), as described
in the supplementary methods. The transfected OSCC cells (5.0 x 10°
cells/50 uL) were seeded onto the top surface of the stromal layers
containing CAFs. All 3D cancer-CAF models were cultured under sub-
merged conditions with DMEM containing 10% FBS for 7 days.

Statistical analysis

The data are presented as means + standard deviation (S.D.). The
statistical differences were compared by one-way analysis of variance or
Fisher’s exact test. The Kaplan-Meier method was used for survival
analysis (disease-specific survival and relapse-free survival), and the
statistical difference was evaluated using the log-rank test. A p-value of
less than 0.05 was considered statistically significant.

Supplementary data

Antibodies and reagents [26], immunofluorescence [18], TGF-f1
enzyme-linked immunosorbent assay (ELISA), 2D migration assay, MTT
cell viability assay, western blot analysis [27], siRNA transfection,
evaluation of the depth of invasion and invasion index in 3D cancer-CAF
and cancer-NOF models [28], xenograft models, immunohistochemistry
and evaluation of the localisation of CAFs and SOX9 expression in
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surgical specimens were available in the supplementary materials and
methods.

Results

CAF-derived CM promotes the migration of OSCC cells under 2D cell
culture conditions

To confirm that a-SMA and TGF-1 can be used as putative markers
for CAFs in the cancer stroma, we first investigated a-SMA and TGF-$1
expression in CAFs and NOFs under 2D cell culture conditions. Immu-
nopositivity of a-SMA and TGF-p1 was higher in CAFs than in NOFs
(Fig. 1A). ELISA revealed that the concentration of TGF-f1 in the culture
supernatants (conditioned medium, CM) from the CAFs (CAF-CM) was
five times higher than that in NOF-CM and was statistically significant
(p < 0.01) (Fig. 1B).

Next, we examined the effect of soluble factors secreted from CAFs
on the cell migration of OSCC cells using a 2D migration assay.
Compared with DMEM or NOF-CM, CAF-CM significantly promoted the
migration of all four OSCC cell lines (Fig. 1C and D). Of these, the
migration of HSC-3 cells in response to CAF-CM was remarkable because
the cell-free area was completely closed within 10 h. Furthermore,
SB431542, a specific inhibitor of the TGF-p1 receptor, abolished the pro-
migratory effects of CAF-CM (Fig. 1C and D), but did not alter cell
viability (Fig. 1E). These findings indicate that CAF-derived TGF-p1
promotes the migration of OSCC cells.

The expression levels of SOX9, p-SMAD2, and SMAD2/3 were eval-
uated by western blot analysis to investigate the effect of TGF-$1 on
SOX9 expression in OSCC cells through the SMAD pathway. SOX9
expression was increased in all four OSCC cell lines in response to TGF-
1 treatment, and the SMAD pathway was also activated in all four OSCC
cell lines, although the degree of activation varied (Fig. 1F). These re-
sults indicate that TGF-p1 increases SOX9 expression through the SMAD
pathway.

CAFs promote cancer invasion in the 3D in vitro models

Histological analysis showed that OSCC cells invaded into the un-
derlying cancer stromal layer in the 3D cancer-CAF models (Fig. 2A). In
contrast, high numbers of invasive OSCC cells into the underlying
stroma were not detected in the 3D cancer-NOF models or the 3D cancer-
alone models. For all OSCC cell lines, both the depth of invasion and the
invasion index in the 3D cancer-CAF models were significantly greater
compared with those in the 3D cancer-NOF models and 3D cancer-alone
models (p < 0.01) (Fig. 2B and C). HSC-3 cells exhibited the most
prominent invasion of all OSCC cell lines. Our results indicate that CAFs
promote the invasiveness of OSCC cells.

SOX9 expression is upregulated in invading OSCC cells by CAFs

We examined the characteristics of 3D in vitro models by immuno-
histochemistry. The invading OSCC cells in the 3D cancer-CAF models
showed upregulated SOX9 expression, particularly at the invading front,
compared with the non-invading OSCC cells in the 3D cancer-NOF
models (Fig. 2D and E).

TGF-f plays an important role in facilitating cancer invasion and may
induce EMT [29]. Therefore, we examined the expression levels of EMT
markers, such as E-cadherin (a cell attachment marker), vimentin,
fibronectin (mesenchymal cell markers) and TWIST2 (an EMT-related
transcription factor) at the invading front of the 3D cancer-CAF model
using HSC-3 cells (3D HSC-3-CAF model). The expression levels of
vimentin, fibronectin and TWIST2 were upregulated in the invading
HSC-3 cells, whereas E-cadherin expression was downregulated
(Fig. 2F). On the basis of these findings, we confirmed that our 3D
cancer-CAF models could possess a specific TME that confers an
EMT-like phenotype in OSCC cells.
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Inhibition of the TGF-/SOX9 axis suppresses cancer progression

Our 3D cancer-CAF models can be used as simple and effective tools
to study cancer invasion via the TGF-$/SOX9 axis. Therefore, we con-
ducted specific functional assays using the 3D HSC-3-CAF model that
demonstrated the most invasiveness. We confirmed that SB431542
decreased SOX9 expression in HSC-3 cells at 1 and 10 pM under 2D cell
culture conditions (Fig. 3A). SB431542 also suppressed cancer invasion
in the 3D HSC-3-CAF model, in which SOX9 expression was also reduced
(Fig. 3B). Both the depth of invasion and the invasion index were
markedly diminished in response to SB431542 in a dose-dependent
manner (Fig. 3C and D). However, we considered the possibility of the
effect of SB431542 on both CAFs and HSC-3 cells.

Next, we investigated the role of SOX9 in cancer invasion using two
different siRNAs for SOX9 knockdown in HSC-3 cells (Fig. 3E). Histo-
logical analysis showed that the invasion ability of SOX9-knockdown
HSC-3 cells in the 3D HSC-3-CAF model was inhibited, despite the
presence of CAFs, compared with HSC-3 cells treated with negative
control siRNA or Lipofectamine alone (Fig. 3F). We confirmed that
positive signals for SOX9 were decreased in SOX9-knockdown cells. In
addition, both the depth of invasion and the invasion index were
markedly suppressed in SOX9-knockdown cells (Fig. 3G and H).

Moreover, we examined the effect of CAFs on tumour growth and the
involvement of the TGF-$/SOX9 axis in mouse xenograft models using
HSC-3 and Ca9-22 cells. Both OSCC cell lines developed larger tumours
with CAFs than those with NOFs (Fig 4A and B). Treatment with
SB431542 suppressed tumour growth in mice inoculated with OSCC
cells with CAFs (Fig 4A and B). No metastasis in other organs was
observed in all mice. Histological analysis showed that the cancer-CAF
tumours were composed of irregular, trabecular nests with desmo-
plastic stroma. The cancer-NOF tumours were small masses with a
smooth margin (Fig. 4C and D). SOX9 expression was increased in the
cancer-CAF tumours and a-SMA-positive stromal cells were detected in
the stroma surrounding invasive nests. SOX9-positive OSCC cells at the
invasive front showed an EMT-like phenotype characterised by
decreased expression of E-cadherin and increased expression of vimen-
tin (Fig. 4E). Furthermore, SOX9 expression was downregulated in
cancer-CAF tumours treated with SB431542 (Fig. 4C and D). These in
vitro and in vivo findings indicate that TGF-p-mediated invasion affects
SOX9 expression in part and the TGF-/SOX9 axis could play an
important role in cancer invasion.

The presence of a-SMA-positive CAFs is correlated with SOX9 positivity in
cancer nests and poor clinical outcome

We next investigated the localisation of CAFs and the expression
patterns of SOX9 and TGF-f1 in human surgical specimens comprising
43 foci of normal epithelium, 48 foci of OED, 52 foci of CIS, and 65 foci
of OSCC (Supplementary Table S1). Consistent with the previous report
by Luksic et al. [12], the stromal cells including vascular smooth muscle
cells and/or some fibroblasts were positive for «-SMA in OSCC surgical
specimens. We also found that a-SMA-positive CAFs were localised in
OSCC lesions (Fig. 5A). As shown in Supplementary Table S1, a-SMA--
positive fibroblasts in the stroma were not detected in all normal
epithelium, OED, or CIS but were only present in the stroma of 32 foci
(49%) of OSCC, indicating that a-SMA-positive CAFs are likely to
represent a specific phenotype in OSCC lesions. Furthermore, fibroblasts
and macrophages in the stroma were positive for TGF-pl. Such
TGF-B1-positive macrophages were found in OSCC stroma and the
connective tissues in normal mucosa, OED, and CIS. However,
TGF-pl-positive fibroblasts were present only in the stroma of OSCC,
and their distribution was similar to that of a-SMA-positive CAFs
(Fig. 5A and B). Moreover, strong SOX9 signals in OSCC cells occurred
frequently in the invasive cancer nests surrounded by the aforemen-
tioned stroma. SOX9-positive OSCC cells at the invasive front showed an
EMT-like phenotype characterised by decreased expression of
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Fig. 1. CAF-derived TGF-B1 promotes the migration of OSCC cells, and TGF-p1 induces SOX9 expression in OSCC cells.

(A) The phase-contrast microscopic images and immunofluorescence staining of a-SMA and TGF-f1 in CAFs and NOFs. Green, a-SMA and TGF-f; blue, DAPI. Scale
bars, 100 pm. (B) The concentration of TGF-p1 in NOF-CM and CAF-CM determined by ELISA. The concentrations represent the means + S.D.; the experiments were
run in triplicate and repeated three times. **p < 0.01. (C) Representative images of the 2D migration assays. The four OSCC cell lines were incubated with DMEM,
NOF-CM, or CAF-CM and treated with vehicle or SB431542 (1 uM or 10 uM). Representative images of only HSC-3 cells are shown. Scale bars, 100 um. (D)
Quantitative analysis of 2D migration assays. Bar graphs show the percentages of the wound closure areas of the four OSCC cell lines. The measurements were taken
after 10 h for HSC-3 cells and 24 h for Ca9-22, HSC-2, and HSC-4 cells. The data represent the means + S.D. (n = 5). *p < 0.05, **p < 0.01, compared with DMEM. {p
< 0.05, 1ip < 0.01, compared with vehicle. (E) MTT cell viability assay of the four OSCC cell lines after treatment with vehicle or SB431542 (1 uM or 10 uM) for 24 h.
The data represent the means + S.D.; the experiments were run in triplicate and repeated three times. (F) Protein expression of SMAD signalling substrates and SOX9
in the four OSCC cell lines treated with or without TGF-p1 (10 ng/ml) for 48 h. Quantitative analyses of the proteins presented were carried out using ImageJ and
were normalized with the loading control p-actin.
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um. (B and C) Measurement of the depth of invasion (B) and the invasion index [1 — (non-invasive area/total area)] (C) in the 3D cancer models shown in (A). The
data represent the means &+ S.D. **p < 0.01. (D) Representative immunohistochemical images of SOX9 in 3D cancer-NOF models and 3D cancer-CAF models. Scale
bars, 20 um. (E) The percentage of SOX9-positive OSCC cells in the 3D cancer-CAF and NOF models. The data represent the means + S.D. of quintuplicate mea-
surements. **p < 0.01. (F) Representative immunohistochemical images of the EMT markers E-cadherin, vimentin, fibronectin, and TWIST2 in 3D HSC-3-NOF and 3D
HSC-3-CAF models. Scale bars, 20 um. 3D models were independently established and repeated three times.
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Fig. 3. Inhibition of TGF-f signalling and SOX9 knockdown decrease cancer invasion through downregulating SOX9 expression in the 3D HSC-3-CAF models.

(A) Western blot analysis of SOX9 expression in HSC-3 cells treated with vehicle or SB431542 (1 uM or 10 uM) for 48 h. Quantitative analyses of the proteins
presented were carried out using ImageJ and were normalised with the loading control p-actin. (B) Representative images of H-E staining and SOX9 immunohis-
tochemistry in the 3D HSC-3-CAF model treated with vehicle or SB431542 (1 uM or 10 uM). For the control, the 3D HSC-3-CAF models were cultured with or without
an equal volume of vehicle (dimethyl sulfoxide) (indicated as vehicle or non-treated, respectively). Scale bars, 20 um. (C and D) Measurement of the depth of invasion
(C) and the invasion index (D) of the 3D HSC-3-CAF model treated with SB431542. The data represent the means + S.D. *p < 0.05, **p < 0.01. (E) Western blot
analysis of SOX9 expression in HSC-3 cells transfected with SOX9-targeting siRNA or control siRNA (si-cont) using Lipofectamine or treated with Lipofectamine alone
(Lipo). Quantitative analyses of the proteins presented were carried out using ImageJ and were normalized with the loading control p-actin. (F) Representative
images of H-E staining and SOX9 immunohistochemistry in the 3D HSC-3-CAF model. HSC-3 cells were transfected with siRNA for SOX9 or si-cont or treated with
Lipofectamine alone (Lipo). Scale bars, 20 um. (G and H) Measurement of the depth of invasion (G) and the invasion index (H) in the 3D HSC-3-CAF model
transfected with siRNA for SOX9 or si-cont using Lipofectamine or treated with Lipofectamine alone (Lipo). The data represent the means + S.D. **p < 0.01. 3D
models were independently established and repeated three times.
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E-cadherin and increased expression of vimentin (Fig. 5C), as well as in
the mouse xenograft models.

The correlation of a-SMA-positive CAFs with clinicopathological
characteristics is summarised in Table 1. The presence of a-SMA-positive
CAFs in the cancer stroma was significantly correlated with the score of
the mode of invasion (p < 0.01), SOX9 positivity in cancer nests (p <
0.01) and regional recurrence (p < 0.05). Moreover, as previously
shown [18], high expression of SOX9 was also associated with regional
recurrence (p < 0.05) (data not shown). In the survival analysis, the
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Fig. 4. CAFs promote tumour forma-
tion, and CAF-mediated tumour devel-
opment is inhibited by SB431542 in
mouse xenograft models.

(A) Representative macroscopic views
of tumours formed in mouse xenograft
models at 31 days after cell implanta-
tion with or without SB431542 treat-
ment. OSCC cells (HSC-3 or Ca9-22
Cells) mixed with CAFs were implanted
into the left flank and OSCC cells mixed
with NOFs were implanted into the
right flank. Mice were administered
vehicle (dimethyl sulfoxide) or 10 mg/
kg/mouse of SB431542. Arrows indi-
cate tumours arising from implanted
cells. (B) Tumour volume was measured
twice a week starting at day 7 after
inoculation. The data represent the
means + S.D. *p < 0.05, **p < 0.01. (C
and D) Representative images of H-E
staining and immunostaining for a-SMA
and SOX9 in the tumours derived from
HSC-3 (C) or Ca9-22 cells (D) mixed
with CAFs or NOFs in mice treated with
dimethyl sulfoxide or SB431542. Scale
bars, 50 um. (E) Representative images
of H-E staining and immunohistochem-
istry for SOX9, E-cadherin, and vimen-
tin in tumour xenografts derived from
HSC-3 (upper) and Ca9-22 cells
(lower) mixed with CAFs in mice. Scale
bars, 50 um.

presence of a-SMA-positive CAFs was significantly correlated with
relapse-free survival (p < 0.01), but was not significantly correlated with
disease-specific survival (p = 0.06) (Fig. 5D and E).

Discussion

TGF-p is widely expressed and has functions as a strong extracellular
signal that regulates EMT in cancer cells [29,30]. The TGF-/SMAD
pathway reportedly activated SOX9 in human cancers, such as lung
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Fig. 5. SOX9 is strongly expressed in OSCC cells in the invasive cancer nests surrounded by a-SMA-positive CAFs, and a-SMA expression in cancer stroma are

correlated with relapse-free survival.

(A) Representative images of H-E staining and immunostaining for a-SMA, SOX9, and TGF-p1 in normal, oral epithelial dysplasia (OED), carcinoma in situ (CIS), and
oral squamous cell carcinoma (OSCC). Scale bars, 50 um. (B) Double immunofluorescence staining of a-SMA and TGF-f1 in the stroma of OSCC. Red, a-SMA; green,
TGF-; blue, DAPI The dotted area shows the cancer cell nests. Scale bars, 50 um. (C) Representative images of H-E staining and immunohistochemistry for SOX9, E-
cadherin, and vimentin in human OSCC tissues. Scale bars, 50 pm. (D and E) Kaplan—Meier curves showing disease-specific survival (D) and relapse-free survival (E)
of patients with OSCC according to a-SMA expression in cancer stroma. The presence of a-SMA-positive fibroblasts was significantly associated with relapse-free
survival (p < 0.01). (F) Schematic of the model from the present study. TGF-f secreted from CAFs may have significant roles in promoting the migration and in-
vasion of OSCC cells via upregulating SOX9 expression that could induce EMT in OSCC cells.
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Table 1
Relationship between the clinicopathological features of the OSCC cases and
a-SMA expression in the stromal fibroblasts.

Characteristic N a-SMA expression, n (%) p-value
Positive Negative

Age
< Median (72 years) 33 13 (39) 20 (61) 0.14
> Median 32 19 (59) 13 (41)

Gender
Male 36 15 (42) 21 (58) 0.22
Female 29 17 (59) 12 (41)

T factor
T1 22 8 (36) 14 (64) 0.05
T2 34 16 (47) 18 (53)
T3 7 6 (86) 1314
T4 2 2 (100) 0 (0)

Primary site
Tongue 59 29 (49) 30 (51) 0.36
Buccal mucosa 4 3 (75) 1(25)
Gingiva 2 0 (0) 2 (100)

Lymph node metastasis
Negative 59 27 (46) 32 (54) 0.11
Positive 6 5(83) 1(17)

Clinical stage
1 22 8 (36) 14 (64) 0.05
I 31 14 (45) 17 (55)
111 9 7 (78) 2(22)
v 3 3(100) 0 (0)

Mode of invasion
1 5 0 (0) 5 (100) < 0.01
2 12 2(17) 10 (83)
3 27 12 (44) 15 (56)
4 21 18 (86) 314

SOX9 expression in OSCC cells
Negative 26 6 (23) 20 (77) < 0.01
Positive 39 26 (67) 13 (33)

Local recurrence
No 62 30 (48) 32 (52) 0.61
Yes 3 2 (67) 1(33)

Regional recurrence
No 52 22 (42) 30 (58) <0.05
Yes 13 10 (77) 3(23)

OSCC, oral squamous cell carcinoma; a-SMA, alpha-smooth muscle actin; SOX9,
sex-determining region Y (SRY)-box9.

cancer [15], gastric cancer [30], and oesophageal adenocarcinoma [31].
We previously showed that SOX9 expression represents a potential
predictive biomarker for cancer aggressiveness and a poor prognostic
factor for OSCC [18]. Therefore, we investigated the mechanism regu-
lating SOX9 expression in OSCC. On the basis of the hypothesis that
TGF-B secreted by CAFs promotes cancer progression through the
upregulation of SOX9 expression in OSCC cells, we investigated whether
the TGF-B/SOX9 axis facilitates interactions between CAFs and cancer
cells. This study demonstrates that CAFs promote cancer migration and
invasion by inducing EMT in OSCC cells, and that the TGF-$,/S0OX9 axis
contribute to the invasiveness (Fig. 5F).

Paracrine communication between CAFs and cancer cells plays a
significant role in mediating cancer cell migration, invasion, and
metastasis [7]. TGF-f is a pleiotropic cytokine that has an important role
in maintaining epithelial homoeostasis. TGF-p suppresses tumour pro-
gression in normal epithelial and premalignant cells; however,
dysfunctional TGF-f signalling frequently results in tumour develop-
ment [32]. TGF-p1 is generally stored as a latent form in the TME and
can be activated by plasmin, matrix metalloproteinase (MMP)-2,
MMP-9, thrombospondin-1, lower pH, reactive oxygen species, and
specific integrins [33]. As CAFs also secrete MMP-2 and MMP-9 [34],
CAFs might contribute to activate TGF-p1. The loss of adaptor protein
-2 spectrin (p2SP) switches TGF-f function from tumour suppression to
tumour promotion and activates SOX9 expression [31]. The present
study clearly showed that CAFs have a more potent capacity to secrete
TGF-pl compared with NOFs, and CAF-induced TGF-p1 upregulates
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SOX9 expression in OSCC cells through the paracrine TGF-f signalling
pathway and promotes cancer migration and invasion in vitro and in vivo.

We demonstrated that SOX9 plays an important role in the induction
of EMT and invasion in OSCC. CAFs facilitate cancer migration and in-
vasion by inducing the EMT in cancer cells through a paracrine TGF-p
signalling pathway [35-37]. During cancer progression, SOX9 drives
EMT through deubiquitination of Snail [38] and in cooperation with
Slug [39] and TWIST [40]. SOX9 knockdown inhibits cell proliferation,
whereas SOX9 overexpression inhibits apoptosis and increases cell
proliferation in lung cancer [41]. The invading OSCC cells in our 3D in
vitro models exhibited strong SOX9 expression with associated changes
in the expression of EMT markers. Pharmacological inhibition of TGF-f
signalling and knockdown of SOX9 drastically reduced cancer invasion,
suggesting that TGF-f-mediated invasion is dependent on SOX9
expression. Therefore, the TGF-$/SOX9 axis may modulate cancer
migration and invasion induced by EMT.

Histopathological investigations using OSCC surgical specimens
revealed that the emergence of a-SMA-positive fibroblasts may be a
useful marker for cancer invasion and poor clinical outcome. TGF-f
[42], IL-1pB [43], and leukaemia inhibitory factor [44] were shown to be
potential promoters to transform resident fibroblasts into the CAF
phenotype. An early event in carcinogenesis is the generation of acti-
vated fibroblasts or CAFs, which facilitate a breach of the basement
membrane [45]. Cancer stromal fibroblasts, which are continuously
exposed to different stimuli in the TME, are induced by cancer cells to
secrete excessive and abnormal soluble factors and modify the stromal
ECM. The fibroblasts then undergo changes in their properties as CAFs
[7]. The current study showed that a-SMA expression is only localised to
the stromal fibroblasts of OSCC and not to the normal epithelium, OED,
or CIS. Taken together, our results suggest that switching from normal
fibroblasts to a-SMA-positive CAFs might occur in the steps before and
after the invasion. Recent studies have indicated that CAF subtypes
might be determined depending on their differential tumour-promoting
capability [46], and «a-SMA-positive CAFs are considered
cancer-promoting CAFs [47]. Therefore, CAFs may be present in early
OED lesions; however, they may be undetectable by a-SMA immuno-
histochemistry. Further investigation is required to establish more spe-
cific markers of CAFs in early OSCC for the early detection of
carcinogenesis.

We also showed that the structure of our 3D in vitro models mimicked
biomimetic materials suitable for studying the TME, in which CAFs,
NOFs, or no cells resided in the collagen matrix as “stromal tissue” and
OSCC cells were overlaid as “parenchymal tissue”. Recently, several
useful 3D in vitro models have emerged for the evaluation of CAF—cancer
cell interactions [8,44,48], and a cell-sheet 3D cancer model was
assessed for chemotherapeutic screening [49]. The 3D cancer-CAF
models described in the current study enable histological and immu-
nohistological examinations of early invasive cancer, and identify the
properties of cancer cells were consistent with those of human cancers.

This study had several limitations. We used CAFs obtained from lung
cancer to develop 3D cancer-CAF models, because stable isolation of
CAFs from oral cancer had not yet been established. The use of
commercially available CAFs derived from lung cancer can reduce the
variation in characteristics among cells. We used these cells to perform
the experiments, which could be readily repeated to confirm repro-
ducibility. However, CAFs obtained from lung cancer and oral cancer
may have different characteristics regarding cancer progression.
Therefore, further studies are necessary to elucidate the interaction
between CAFs and cancer cells in OSCC using CAFs obtained from pa-
tients with OSCC.

In conclusion, our results indicate that TGF-p1 secreted from CAFs
plays a significant role in promoting the migration and invasion of OSCC
cells via upregulating SOX9 expression that could induce EMT. Blocking
this pathway could be a potential novel therapeutic strategy for patients
with OSCC.
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