
Vol.:(0123456789)1 3

Journal of Molecular Histology 
https://doi.org/10.1007/s10735-020-09913-5

ORIGINAL PAPER

Hedgehog pathway activation in oral squamous cell carcinoma: 
cancer‑associated fibroblasts exhibit nuclear GLI‑1 localization

Vanessa Sousa Nazare Guimaraes1,2 · Manuela Torres Andion Vidal1,2 · Ludmila de Faro Valverde1,2 · 
Marbele Guimarães de Oliveira1,2 · Leonardo de Oliveira Siquara da Rocha1,2 · Paulo Lucas Cerqueira Coelho1 · 
Fernando Augusto Soares3,4 · Bruno Solano de Freitas Souza1 · Daniel Pereira Bezerra1 · Ricardo D. Coletta5 · 
Thiago Almeida Pereira6 · Jean Nunes dos Santos2 · Clarissa Araújo Gurgel Rocha1,2,7 

Received: 29 April 2020 / Accepted: 22 September 2020 
© Springer Nature B.V. 2020

Abstract
The purpose of this study was to evaluate the expression of Hedgehog (HH) signaling molecules (SHH and GLI-1) by cancer-
associated fibroblasts (CAF) in oral squamous cell carcinoma (OSCC). Immunohistochemistry was used to detect molecular 
HH signaling and CAF-related protein expression, including α-SMA and S100A4, in 70 samples of human OSCC. The 
colocalization of α-SMA and S100A4 with SHH was also evaluated by double-staining. In vitro study was performed using 
primary normal oral fibroblast (NOF) and CAF through immunofluorescence and Western Blot for CAF-proteins, SHH, and 
GLI-1. Forty-five cases (64.28%) were positive for α-SMA exclusively in tumor stroma, and S100A4 was identified in the 
cytoplasm of CAFs in 94.28% (n = 66) of the cases. With respect to stromal cells, 64 (91.43%) OSCC cases were positive 
for SHH, and 31 were positive for GLI-1 (44.29%); positive correlations were found between SHH and α-SMA (p < 0.0001, 
φ = 0.51), as well as between SHH and S100A4 (p = 0.087, φ = 0.94). Protein expression of SHH and GLI-1 was observed in 
primary CAFs and NOFs. Although SHH was found to be localized in the cellular cytoplasm of both cell types, GLI-1 was 
present only in the nuclei of CAF. Our results indicate that CAFs are not only potential sources of HH ligands in tumor stroma, 
but may also respond to HH signaling through nuclear GLI-1 activation. We further observed that elevated SHH expression 
by OSCC cells was associated with higher CAF density, reinforcing the chemoattractant role played by these molecules.
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Introduction

Oral squamous cell carcinoma (OSCC) is a locally invasive 
tumor frequently diagnosed at advanced clinical stages, with 
an approximately 50% mortality rate (Adrien et al. 2014; 
Chi et al. 2015). More than 350,000 people are affected 
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worldwide (Bray et al. 2018) each year, especially smokers 
aged 50–60 years (Chi et al. 2015).

The pathogenesis of OSCC is complex and involves muta-
tions in groups of genes primarily involved in cell cycle reg-
ulation (Ansari et al. 2018). A recent large-scale mutational 
analysis of 203 OSCC cases (located on the tongue and floor 
of the mouth), available from TCGA (https ://www.cbiop 
ortal .org), revealed that mutations in TP53 and CDKN2A 
were present in more than 70% and 50% of these cases, 
respectively (Cerami et al. 2012; Gao et al. 2013). Moreo-
ver, network analyses of interactions occurring between the 
signaling networks mainly involved in OSCC pathogenesis 
have revealed that, despite mutations being uncommon 
among the Hedgehog pathway genes (SHH, IHH, PTCH1, 
SMO, and GLI-1), the expression of these HH proteins is 
directly affected by mutations in p63 and CDKN2A, which 
are regulated by TP53 (Fig. 1) (Cerami et al. 2012; Gao et al. 
2013). Since 2011, due to its importance in squamous cell 
carcinomas at other sites, such as the lung (Abe and Tanaka 
2016) and basal cell carcinoma (Otsuka et al. 2015), the 
role of the HH pathway in OSCC has been widely studied. 

Importantly, our group demonstrated that the Hedgehog 
(HH) cascade becomes reactivated in OSCC (Cavicchioli 
Buim et al. 2011).

The canonical activation of the Hedgehog pathway 
is known to be mediated by the SHH, IHH and/or DHH 
ligands. The binding of HH ligands to Ptch induces endo-
cytation and permits Smo to migrate to the tips of primary 
cilia, where it inhibits the PKA, GSK3, and CSK kinases, 
promoting GLI-1, 2, and 3 activation. In the nucleus,  GLIA 
activates genes that contribute to tumor self-renovation 
(Nayak et al. 2017), angiogenesis (Kuroda et al. 2017), 
and tumoral stroma activation (Valverde et al. 2016). In the 
absence of HH-ligands, Gli proteins undergo phosphoryla-
tion by several kinases (PKA, GSK3, CSK), becoming ubiq-
uitinated and targeted by the proteasome, in which GLI-1 
and -2 are degraded and GLI-3 is processed to become a 
repressor (GliR); this glioma-like protein then migrates to 
the nucleus and represses HH-regulated genes (Habib and 
O’Shaughnessy 2016).

For decades, malignant epithelial cells have been a major 
focus of cancer studies. However, in recent years, the tumor 
microenvironment/stroma has been featured as an important 
functional compartment in tumor biology, since this is where 
malignant cells interact with genetically unaltered cells, such 
as fibroblasts, endothelial cells, and macrophages. Among 
these, cancer-associated fibroblasts (CAF) represent the 
most abundant cellular subtype within the stroma of several 
types of tumors (Hanahan and Coussens 2012).

CAFs originate from a variety of precursor cells (Göritz 
et al. 2011; Jotzu et al. 2011; Quante et al. 2011; Kidd et al. 
2012; Gascard and Tlsty 2016), which is reflected by their 
expression of distinct biomarkers (e.g. α-SMA and S100A4) 
and, consequently, in the heterogeneity seen in CAF popula-
tions (Lin et al. 2017). Among these markers, the detection 
of α-SMA protein has been a main strategy for identify-
ing CAFs with a myofibroblastic signature (Kellermann 
et al. 2008; Gascard and Tlsty 2016; Lin et al. 2017), while 
S100A4 expressing fibroblasts play a distinctively tumor-
protective role in immune surveillance through collagen 
production, and may be a precursor of quiescently activated 
fibroblasts (Öhlund et al. 2014; Gascard and Tlsty 2016).

The role of CAFs in OSCC pathogenesis and progres-
sion has been widely investigated. It has been demonstrated 
that OSCC tumor cells can promote CAF activation (Kel-
lermann et al. 2008), for instance, through TGF-β1 (Kel-
lermann et  al. 2008; Costea et  al. 2013), which in turn 
contributes to tumorigenesis through CAF production of 
mitogens (Sobral et al. 2011) and other factors that promote 
angiogenesis (Kayamori et al. 2016), tumor invasion (Costea 
et al. 2013), epithelial-mesenchymal transition (Cirillo et al. 
2017), immunosuppression and immune escape (Takahashi 
et al. 2017). More importantly, a recent systematic review 
and metanalysis revealed that higher CAF densities are 

Fig. 1  Main networks involved in OSCC pathogenesis. Shades of 
red are indicative of mutation frequencies (a darker color indicates a 
higher frequency of mutation). Mutations in CDKN2A and TP63 fre-
quently occur in OSCC, and both control the expression of the SHH 
ligand. In addition, GLI-1 expression is controlled by multiple mol-
ecules involved in OSCC pathogenesis. (Color figure online)

https://www.cbioportal.org
https://www.cbioportal.org
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frequently associated with parameters indicative of a worse 
prognosis, including advanced stages of disease, tumor 
recurrence, depth of invasion, vascular, lymphatic, and neu-
ral invasion, extranodal metastatic spread, and an overall 
decrease in survival (Dourado et al. 2019).

It was recently demonstrated that the HH pathway plays 
an important role in CAF activation (Bailey et al. 2008; 
Öhlund et al. 2014; Gascard and Tlsty 2016; Valenti et al. 
2017) and that these cells are an important source of SHH 
(Spivak-Kroizman et al. 2013; Peiris-Pagès et al. 2015). In 
addition, CAF-mediated paracrine HH pathway activation 
in tumor cells can support cancer progression (Theunissen 
and De Sauvage 2009; Abe and Tanaka 2016). Considering 
the participation of the HH pathway in OSCC pathogenesis, 
together with the fact that CAFs can mediate and/or respond 
to the activation of this pathway, the present study endeav-
ored to investigate the molecular immunoexpression of the 
HH pathway components SHH and GLI-1 in OSCC, notably 
in CAFs in vitro.

Materials and methods

Human samples

A total of 70 formalin-fixed and paraffin-embedded (FFPE) 
samples from patients, diagnosed with OSCC and archived 
at the Pires Diagnostic Center (Feira de Santana, Bahia, 
Brazil), were included in the study. Tumor-free adjacent 
margins (TFM) were available in 10 cases of OSCC and 
were also included in the analysis. All samples were subse-
quently reviewed and classified by two experienced pathol-
ogists according to the WHO histological grading scale 
(2018) (IARC 2005). The clinical parameters of the patients 
included in the study are listed in Supplementary Table S1. 
The present study was conducted in accordance with the 
Declaration of Helsinki (2013) (The World Health Organiza-
tion 2001), and permission concerning formalin-fixed and 
paraffin-embedded samples was granted by the responsible 
authorities from Pires Diagnostic Center and was approved 
by the Institutional Ethics Review Board of the Gonçalo 
Moniz Institute/Oswaldo Cruz Foundation (Approval Proto-
col no. 2.295.634/CAAE 68,095,016.1.0000.0040).

Immunohistochemistry

Histological sections were stained with H&E (hematoxylin 
and eosin) for general histology. Immunohistochemistry was 
performed in serial Sects. (4 μm) after standard dewaxing/
rehydrating protocols and heat-induced epitope retrieval in 
a hot water bath (98 °C) for 45 min. Endogenous peroxidase 
blocking (Peroxidase Blocking Solution, Dako, Carpinte-
ria, USA) was performed for 10 min, followed by protein 
blocking with 10% non-fat milk for 30 min. The α-SMA 
primary antibody was incubated for 1 h at room tempera-
ture, and S100A4, FAP, SHH, and GLI-1 primary antibod-
ies were incubated for 18 h at 4 °C. For negative controls, 
sections were incubated with the same isotype at identical 
protein concentrations as the primary antibody. The antibody 
catalog numbers, clones, and dilutions used herein are sum-
marized in Table 1. After washing with PBS, all sections 
were incubated with Advance™ HRP Link for 20 min, and 
then subjected to another round of PBS washing followed 
by incubation with Advance™ HRP Enzyme (Dako Corpo-
ration, Carpinteria, USA) for 20 min. Chemical reactions 
were developed with 3,3-diaminobenzidine (DAB) (Dako, 
Carpinteria, USA) and all sections were counterstained with 
Harris hematoxylin.

Immunohistochemical double-staining was performed 
with the SHH antibody and α-SMA or S100A4 antibodies 
using the EnVision G2 Doublestain System (Dako, Carpinte-
ria, USA) with Permanent Red and Vina Green chromogens 
in accordance with manufacturer instructions.

Slides were scanned by an Aperio digital microscope 
(Leica Microsystems, Wetzlar, Germany) and imaged using 
Aperio Image Scope software (Leica Microsystems, Wet-
zlar, Germany). Five representative fields/sample (200x), in 
which tumor areas with approximately 40% of stroma were 
present, were selected by a single experienced pathologist 
(Examiner 1). All immunomarkers were analyzed within 
these same selected fields. A second experienced patholo-
gist (Examiner 2) analyzed immunostaining for α-SMA, 
S100A4, SHH, and GLI-1 proteins. For this analysis, the 
following localization of proteins was also considered: 
cytoplasmic and/or nuclear (GLI-1) and membrane and/
or cytoplasmic (α-SMA, S100A4, SHH). The number of 
positive cells was divided by the total numbers cells, and 
the following semi-quantification criteria were applied as 

Table 1  Primary antibody 
clones

Commercial brand information and dilutions

Antibody Commercial brand Clone Dilution: IHC Dilution:WB Dilution: IF

SHH Novus Biologicals 5H4 1:1000 1:2000 1:500
GLI 1 Novus Biologicals Polyclonal 1:600 1:500 1:600
α-SMA DAKO 1A4 1:200 1:300 1:200
S100A4 DAKO polyclonal 1:1000 1:500 1:1000
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follows: negative score (−), < 5% of immunolabeled cells; 
score 1 + , 5–25%; score 2 + , 26–50%; score 3 + , > 51% of 
positive cells. These same criteria were used for the analysis 
of TFM.

Primary human cell cultures

Normal oral fibroblast (NOF) and CAF primary cells were 
established using tissue explants, then isolated and char-
acterized as previously described (Dourado et al. 2019). 
Briefly, cells were cultivated in Dulbecco’s modified Eagle 
medium (DMEM) (Thermo Fisher Scientific, Waltham, MA, 
USA) supplemented with 10% bovine fetal serum (Thermo 
Fisher Scientific, Waltham, MA, USA) and 50 µg/mL of 
gentamicin (Novafarma, Anápolis, GO, Brazil) for up to 12 
passages at 37 °C under 5%  CO2 in an atmospheric incuba-
tor. Cells were routinely tested for mycoplasma contamina-
tion using MycoAlert Plus (Sigma-Aldrich, St Louis, MO, 
USA). CAF phenotype maintenance was evaluated after 
each two passages by immunofluorescence labeling for the 
α-SMA antibody.

Immunofluorescence

Primary cells (CAF and NOF) were characterized for 
α-SMA, S100A4, SHH, and GLI-1 proteins by immunofluo-
rescence (Table 1). Cells were plated on cell culture slides 
(CELLview™, Greiner Bio-One, Germany) at a density 
of 0.7 × 105 cells/mL. All cultures were rinsed three times 
with PBS (pH 7.4) and fixed with 4% paraformaldehyde for 
20 min at 0ºC. The excess paraformaldehyde was discarded, 
and all plates were allowed to dry at room temperature. Fol-
lowing rehydration with PBS and permeabilization with 
PBS-Triton, the non-specific binding of antibody reagents 
was blocked by pre-incubating culture plates with 3% bovine 
serum albumin (BSA) in PBS. Next, the cultures were incu-
bated with the same antibodies listed in Table 1, diluted in 
PBS/BSA (1%) in a humid chamber at 4ºC overnight.

The following day, all cells were rinsed three times with 
PBS and the following secondary antibodies were added: 
Alexa Fluor 568 red goat anti-mouse IgG (1:500, Molecular 
Probes Eugene, Oregon, USA) and Alexa Fluor 488 green 
goat anti-rabbit IgG (1:500, Molecular Probes Eugene, 
Oregon, USA). These antibodies were diluted in PBS and 
incubated under slow stirring for 1 h at room temperature. 
Control immunostaining was performed by incubating cul-
tures exclusively with the secondary antibodies.

Finally, nuclear chromatin was stained with 4′, 6-diamid-
ino-2-phenylindole (DAPI) (Molecular Probes, Eugene, Ore-
gon, USA) at a concentration of 5 mg/mL for 10 min at room 
temperature. All cultures were washed three times with PBS 
and cells were mounted on slides containing n-Propyl Gal-
late, an anti-fading agent. A confocal microscope (Confocal 

Leica SP8, Leica Microsystems Wetzlar, Germany) was used 
for analysis. All experiments were performed in triplicate.

Western blot

For protein quantification, cells were harvested, washed with 
PBS and lysed with 50 mMTris–HCl pH 7.4 buffer contain-
ing 1% Triton X-100, 150 mM, NaCl, 0.5 mM EGTA and 
0.5 mM EDTA, as well as an anti-protease cocktail (Com-
plete Protease inhibitor Cocktail Tablets, Roche, France). 
Fresh protein extracts from two replicates (30 μg each one) 
were pooled and separated by SDS-PAGE and transferred to 
Hybond-C Extra nitrocellulose membranes (GE Healthcare, 
USA).

The same antibodies described in Table 1 were also used 
for immunoblotting, the following secondary antibodies 
were added for Western blotting: anti-mouse IgG (Santa 
Cruz Biotechnology, 1:10,000), anti-rabbit IgG (GE Health-
care, 1:10,000) and anti-goat IgG (Santa Cruz Biotechnol-
ogy, 1:10,000). Signals were detected using Enhanced 
Chemiluminescence (ECL) reagents (PerkinElmer, France). 
Densitometric analysis was achieved using ImageJ software 
(National Institutes of Health).

Statistical analysis

Scoring results from the semi-quantitative analysis were 
analyzed by 3 × 3 chi-square tests and φ (Phi) correlation 
using SPSS software version 17.0 (SPSS, Inc, Chicago, IL, 
USA). The value of "p" corresponding to alpha (α) less than 
or equal to 5% was considered significant, while a value of 
φ > 0.5 was adopted to indicate a strong positive association, 
in accordance with Davis (1971).

Results

Heterogeneity of CAF population in OSCC

The α-SMA protein was diffusely distributed in 45 of the 
OSCC cases (64.28%), and identified exclusively in the 
membranes and cytoplasm of those stromal cells morpho-
logically similar to fibroblasts located adjacent to tumor 
islets, with a predominant score of 3 + (n = 24, 53.33%). 
Positivity for the S100A4 protein was also seen in fibro-
blasts (3 + score: n = 41, 62.13%), and focal positivity was 
observed in endothelial, inflammatory and malignant cells 
(1 + score: n = 34, 66.67%). Remaining scores are described 
in Table 2. While all TFMs were negative for α-SMA, immu-
nostaining for S100A4 was observed in 90% (n = 9) of the 
stromal cells in the TFMs included in the study (3 + score: 
n = 4; 44.44%). Figure 2 illustrates the immunostaining pat-
terns found for α-SMA and S100A4 in OSCC tumor stroma 
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Table 2  Immunostaining score 
for tumors cells and stromal 
cells

Immunohistochemical expression of proteins

Tumor cells Stromal cells

0 1 + 2 + 3 + 0 1 + 2 + 3 + 

n % n % n % n % n % n % n % n %

α-SMA 70 100 0 0 0 0 0 0 25 35.72 13 18.58 8 11.42 24 34.28
S100A4 19 27.14 34 48.58 13 18.58 4 5.7 4 5.72 8 11.42 17 24.28 41 58.58
SHH 6 8.57 8 11.43 6 8.57 50 71.43 31 44.28 23 32.86 8 11.43 8 11.43
GLI1 15 21.42 15 21.42 12 17.16 28 40 39 55.71 23 32.86 7 10 1 1.43

Fig. 2  Immunomarkers expressed by CAFs in OSCC and TFM. All 
analyses were performed in identical fields. Diffuse and abundant 
immunostaining for α-SMA and S100A4 (3 + score) in tumor stroma. 
Some positive (1 + score) malignant cells are evident. Localized 

immunostaining for α-SMA and S100A4 (2 + score) in OSCC stroma. 
α-SMA and S100A4 (1 + score) in tumor stroma. α-SMA positivity 
observed exclusively in vessels in TFM. Sparse S100A4 expression 
observed in the lamina propria of TFM. (Color figure online)
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and CAFs in TFMs. A positive correlation between α-SMA 
and S100A4 (p < 0.0001, φ = 0.24) was observed only in 
OSCC tumor stroma, but not in TFMs.

Stromal cells and malignant cells express the sonic 
hedgehog ligand and the HH target gene GLI‑1 
in OSCC

SHH was detected in the cytoplasm of fibroblasts (SHH: 
n = 39, 55.72%) with a predominant score of 1 +. Immu-
nopositivity for this protein was also seen in the cytoplasm 
of malignant cells in 91.43% (n = 64) of the OSCC cases, 
respectively, with a corresponding score of 3 + (n = 50, 
78.13%). With respect to the GLI-1 protein, although cyto-
plasmic and nuclear immunostaining was seen in fibroblasts 
(n = 31; 44.29%), this was more frequent in tumor cells, with 
a predominant score of 1 + (n = 23; 74,20). The remaining 
scores are described in Table 2. In all TFMs, fibroblasts 
in the lamina propria presented cytoplasmic positivity for 
SHH, while epithelial cells were positive for SHH in 60% 
of the OSCC cases (n = 6) (Fig. 3).

Although positivity for SHH was also identified in both 
α-SMA and S100A4 positive fibroblasts, a positive corre-
lation was only found between α-SMA in fibroblasts and 
SHH in OSCC tumor stroma (p < 0.0001, φ = 0.51) (Fig. 4). 
Higher in vitro protein expression of SHH and GLI-1 was 
observed in primary CAFs and NOFs. Although SHH was 
found to be localized in the cellular cytoplasm of both cell 

types, the GLI-1 transcription factor was present only in the 
nuclei of CAF (Fig. 5).

Discussion

The present results corroborate previously published evi-
dence indicating that the HH pathway becomes reactivated 
through mediation by malignant and/or stromal cells, and 
also actively participate in the pathogenesis of OSCC (Cav-
icchioli Buim et al. 2011; Dias et al. 2016; Valverde et al. 
2016; Takabatake et al. 2019). Our results also confirmed 
a heterogeneous immunophenotypic profile in the CAF 
populations studied herein, revealing that subpopulations of 
α-SMA + and S100A4 + CAFs were positive for the SHH 
ligand, as well as for GLI-1. While NOF cells were also 
positive for these ligands, no nuclear positivity for GLI-1 
was observed. Accordingly, we hypothesize that these cells 
could be the source of the HH ligand and may mediate the 
paracrine activation of this cascade in malignant cells, or 
perhaps even by way of autocrine activation since GLI-1 was 
detected in the nuclei of CAFs.

Signaling pathways participating in embryonic develop-
ment, such as the HH pathway, are maintained in an inactive 
state in adult tissues, and the reactivation of these has been 
associated with the development of several tumors (McMil-
lan and Matsui 2012; Armas-López et al. 2017). In can-
cer, the HH pathway can be activated by HH ligand via the 
mutational activation of PTCH1 receptors, SMO, or even 

Fig. 3  Predominant HH molecule expression in OSCCs and TFMs. 
SHH and GLI1 (3 + score) in tumor islets (3 + score) and stroma 
(2 + score). SHH (1 + score) in the epithelium and lamina propria of 

TFM and GLI1 (1 + score) in the cytoplasm of epithelial cells and 
cells in the lamina propria of TFM. (Color figure online)
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through increased GLI-1 levels, which can be mediated by 
other signaling pathways, such as TGFβ1. HH ligand may 
be secreted by tumor cells or in the tumor microenviron-
ment, such as by CAF (Amakye et al. 2013; Gascard and 
Tlsty 2016). HH ligands have been reported to participate 
in the initiation and progression of tumors (Wu et al. 2017). 
For several years, the main focus of OSCC research was to 
study the participation of HH molecules in malignant cells, 
while the stroma has more recently been a major subject 
of investigation (Valverde et al. 2016; Valenti et al. 2017). 
The revelation that stromal cells, such as CAF, may be a 
source of HH ligands and may dynamically interact with 
the HH pathway, increases prospects for these cells’ poten-
tial therapeutic role and highlights their participation in the 
pathogenesis of this signaling cascade in OSCC (Cavicchioli 
Buim et al. 2011; Valverde et al. 2016; Kuroda et al. 2017; 
Takabatake et al. 2019). CAFs are an important cell type 
in the context of stromal activation (Santi et al. 2018) and 
are involved in crosstalk between malignant and stromal 

cells (Hanahan and Coussens 2012). The role of activated 
fibroblasts in OSCC has been highlighted in recent decades, 
including evidence of the participation of α-SMA positive 
fibroblasts in the progression of OSCC (Lin et al., 2017; 
Santi et al, 2018; Ramos-Vega et al. 2020). The present study 
detected α-SMA expression exclusively in tumor stroma. 
This protein is highly indicative of activated fibroblast popu-
lations in several tumor types, such as breast (Orimo et al. 
2005) and oral tumors (Kellermann et al. 2008; Sobral et al. 
2011; Vered et al. 2019). α-SMA expression has been associ-
ated with an increased invasive potential (Kellermann et al. 
2007, 2008; Sobral et al. 2011), and this α-SMA cell popula-
tion has been correlated with the density of pro-tumor mac-
rophages (Takahashi et al. 2017), which is another source of 
HH pathway ligand (Valverde et al. 2016).

Fibroblasts expressing S100A4 are also part of the OSCC 
CAF population, which serves to confirm the diverse origin 
of these cells (Kidd et al. 2012; Gascard and Tlsty 2016). 
More recent evidence indicates that S100A4 + cells represent 

Fig. 4    Colocalization of SHH/α-SMA and SHH/S100A4. Immuno-
expression of α-SMA in tumor stroma. Immunoexpression of SHH 
in malignant OSCC and tumor stroma. Double staining for α-SMA 
(Red Permanent) in stroma and SHH (Vina Green) in tumor islets 
and stroma, with colocalization of proteins α-SMA and SHH (pur-

ple) seen in tumor stroma. Immunoexpression of S100A4 in tumor 
stroma. Immunoexpression of SHH in OSCC tumor islets and stroma. 
Double staining for S100A4 in stroma (Red Permanent) and SHH in 
tumor islets (Vina Green). Colocalization of S100A4 and SHH (pur-
ple) seen in OSCC tumor cells. (Color figure online)
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a population of quiescent, epigenetically stable fibroblasts 
considered to be precursors of activated fibroblasts (Kalluri 
2016). In addition, S100A4 is expressed in malignant cells 
through the process of epithelial-mesenchymal transition 
(Öhlund et al. 2014; Gascard and Tlsty 2016), which may be 
coordinated by α-SMA + CAFs in OSCC (Zhou et al. 2014).

In the present study, immunostaining for S100A4 was 
also observed in the fibroblasts located in the lamina propria 
of TFMs, in contrast to α-SMA + CAF found exclusively in 
tumor stroma, indicating that α-SMA + is a suitable marker 
for determining CAF profile in OSCC (Sobral et al. 2011; 
Gascard and Tlsty 2016; Lin et al. 2017).

The presence of SHH detected herein in CAF and NOF 
cells isolated from OSCC and in human OSCC samples 
indicates that these cells are sources of HH ligand and may 
participate in the paracrine activation of the HH pathway in 
tumor cells (Valenti et al. 2017), as well as in other stromal 

cells (Abe and Tanaka 2016), including endothelial cells 
(Valverde et al. 2016). Since only α-SMA CAFs were found 
to express nuclear GLI-1, it follows that these cells may 
indeed be a source of HH ligands and could therefore par-
ticipate in the paracrine and/or autocrine activation of this 
signaling cascade in malignant cells and CAFs, respectively. 
The fact that SHH was also observed in fibroblasts in TFM 
corroborates the crucial roles played by the HH ligand in 
promoting not only fibroblast proliferation and acting as a 
fibrogenic mitogen (Zhou et al. 2014), but also in induc-
ing phenotypic transition into myofibroblasts (Horn et al. 
2012; Zhou et al. 2014). As it remains unclear how the HH 
pathway influences fibroblast activation, this topic requires 
further research in the context of OSCC, especially consid-
ering the therapeutic potential of HH cascade components.

In the OSCC cases evaluated herein, SHH ligand immu-
noexpression in cancer cells seemed to be associated with 

Fig. 5  a and b Western Blot 
analysis showing a higher 
expression of total SHH ligand, 
GLI1, α-SMA, and S100A4 
proteins in CAFs. C) A higher 
cytoplasmic SHH expression 
and a unique nuclear GLI-1 
expression in CAF compared 
to NOF. α-SMA and S100A4 
markers were also more evident 
in CAFs. (Color figure online)
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higher densities of α-SMA + CAFs, which indicates the 
possible participation of the HH pathway in the activation 
of α-SMA (Mpekris et al. 2017). In addition, the presence 
of nuclear GLI-1 in CAFs provides evidence of HH path-
way activity in these cells, corroborating functional studies 
reporting that the presence of HH ligands enhances cellu-
lar proliferation rates (Bailey et al. 2008) and extracellular 
matrix deposition (Bailey et al. 2008; Valenti et al. 2017).

The present finding that α-SMA + CAFs express SHH 
suggests that HH signaling is important not only for cancer 
cell proliferation and activation, but also for the promotion 
of a microenvironment suitable for tumor development. In 
pancreatic cancer, inhibition of the HH pathway was shown 
to reduce the proliferation of CAFs, as well as tumor size 
(Mpekris et al. 2017). Accordingly, a recent study argued 
that the expression of HH molecules by CAFs may also 
be related to the activation of cellular programming favor-
ing repair mechanisms and, consequently, the inhibition of 
tumor progression; however, this study focused on a specific 
type of bladder cancer (Shin et al. 2015).

In conclusion, the results presented here affirm the reac-
tivation and participation of the HH pathway in OSCC and 
confirm the presence of a heterogeneous population of 
CAFs in this type of cancer. Herein we demonstrated the 
potential of CAFs as sources of HH ligands in OSCC. Both 
malignant and stromal cells were shown to secrete the SHH 
ligand, which is capable of not only mediating the hedgehog 
response in CAFs and stromal activation but also of promot-
ing paracrine signaling in tumor and endothelial cells. We 
further observed a high density of CAFs adjacent to tumor 
islets, with enhanced SHH immunoexpression in OSCC. It 
follows that the inhibition of the HH pathway could result 
in suppressed tumor growth, either directly, by interfering 
with the survival of malignant cells, or indirectly, by alter-
ing the tumor microenvironment. Future studies should be 
conducted to more comprehensively investigate this topic.
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