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Activin A triggers angiogenesis via regulation of VEGFA
and its overexpression is associated with poor
prognosis of oral squamous cell carcinoma

CARINE ERVOLINO DE OLIVEIRA'?, MAURICIO ROCHA DOURADO!, [RIS SAWAZAKI-CALONE?,
MARCELL COSTA DE MEDEIROS*, CARLOS ROSSA JUNIOR*, NILVA DE KARLA CERVIGNE?,
JORGE ESQUICHE LEON®, DANIEL LAMBERT’, TUULA SALO®?’,

EDGARD GRANER' and RICARDO D. COLETTA!

1Department of Oral Diagnosis, School of Dentistry, University of Campinas, Piracicaba, SP 13414-018; 2Department of
Pathology and Parasitology, Federal University of Alfenas, Alfenas, MG 37130-001; 3Department of Oral Pathology and
Oral Medicine, Dentistry School, Western Parand State University, Cascavel, PR 85819-170; 4Dospartament of Diagnosis and

Surgery, School of Dentistry at Araraquara, Araraquara, SP 14801-385; 3Clinical Department, Faculty of Medicine of Jundiai,
Jundiai, SP 13202-550; 6Departament of Stomatology, Public Oral Health and Forensic Dentistry, School of Dentistry of
Ribeirao Preto, University of Sdo Paulo, Ribeirdo Preto, SP 14040-904, Brazil; 7Integrated Biosciences, School of
Clinical Dentistry and Sheffield Cancer Centre, University of Sheffield, Sheffield S10 2TG, UK; 8Cancer and Translational
Medicine Research Unit, Faculty of Medicine and Medical Research Center Oulu, Oulu University Hospital, University of
Oulu, Oulu 90220; “Institute of Oral and Maxillofacial Disease, University of Helsinki, and HUSLAB,
Department of Pathology, Helsinki University Hospital, Helsinki 00260, Finland

Received November 26, 2019; Accepted April 15, 2020

DOI: 10.3892/ij0.2020.5058

Abstract. Poor prognosis associated with the dysregulated
expression of activin A in a number of malignancies has
been related to with numerous aspects of tumorigenesis,
including angiogenesis. The present study investigated the
prognostic significance of activin A immunoexpression in
blood vessels and cancer cells in a number of oral squamous
cell carcinoma (OSCC) cases and applied in vitro strategies to
determine the impact of activin A on angiogenesis. In a cohort
of 95 patients with OSCC, immunoexpression of activin A in
both blood vessels and tumor cells was quantified and the asso-
ciation with clinicopathological parameters and survival was
analyzed. Effects of activin A on the tube formation, prolif-
eration and migration of human umbilical vein endothelial
cells (HUVECs) were evaluated in gain-of-function (treatment
with recombinant activin A) or loss-of-function [treatment
with activin A-antagonist follistatin or by stable transfec-
tion with short hairpin RNA (shRNA) targeting activin A]
conditions. Conditioned medium from an OSCC cell line
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with shRNA-mediated depletion of activin A was also tested.
The profile of pro- and anti-angiogenic factors regulated by
activin A was assessed with a human angiogenesis quantita-
tive PCR (qPCR) array. Vascular endothelial growth factor
A (VEGFA) and its major isoforms were evaluated by reverse
transcription-qPCR and ELISA. Activin A expression in blood
vessels demonstrated an independent prognostic value in the
multivariate analysis with a hazard ratio of 2.47 [95% confi-
dence interval (CI), 1.30-4.71; P=0.006) for disease-specific
survival and 2.09 (95% CI, 1.07-4.081: P=0.03) for disease-free
survival. Activin A significantly increased tubular formation
of HUVECs concomitantly with an increase in proliferation.
This effect was validated by reduced proliferation and tubular
formation of HUVECs following inhibition of activin A by
follistatin or shRNA, as well as by treatment of HUVECs with
conditioned medium from activin A-depleted OSCC cells.
Activin A-knockdown increased the migration of HUVECs.
In addition, activin A stimulated the phosphorylation of
SMAD?2/3 and the expression and production of total VEGFA,
significantly enhancing the expression of its pro-angiogenic
isoform 121. The present findings suggest that activin A is a
predictor of the prognosis of patients with OSCC, and provide
evidence that activin A, in an autocrine and paracrine manner,
may contribute to OSCC angiogenesis through differential
expression of the isoform 121 of VEGFA.

Introduction

Activin A is a member of the transforming growth factor-f§
superfamily, which elicits pleiotropic effects in various
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biological systems, such as morphogenesis, organogenesis,
growth, differentiation and regulation of reproduction (1,2).
Activin A signaling involves binding to type II transmembrane
serine-threonine kinase receptors (ActRIIA or ActRIIB),
which leads to the recruitment, phosphorylation and activa-
tion of type I activin receptors (ActRIA or ActRIB) (3.,4).
The downstream signal transduction of activin A occurs via
SMAD?2/3, which form a complex with SMAD4 and translo-
cate to the nucleus leading to transcription of target genes (4).
The effects of activin A have also been associated with
non-canonical pathways, including AKT/PI3K, MAPK/ERK
and WNT/B-catenin pathways (4,5).

The effects of activin A are context-dependent and its
dysregulation is associated with the development and progression
of certain cancer types, including colorectal, prostate, lung and
breast cancer (6-9). More than a basic marker of cancer progres-
sion, activin A also appears to influence survival by contributing
to the development of cachexia and loss of skeletal muscle
mass (8,9). In previous studies, it was demonstrated that both oral
squamous cell carcinoma (OSCC) cells and OSCC-associated
fibroblasts express high levels of activin A, which in an autocrine
and paracrine manner, respectively, regulate apoptosis, prolif-
eration and invasiveness of the tumor cells (10,11). Furthermore,
overexpression of activin A is clinically associated with lymph
node metastasis, tumor differentiation and poor survival of
patients with OSCC (11), and immunoexpression of activin A is a
useful predictor of occult lymph node metastasis in patients with
OSCC of the tongue (12). Tumor growth and metastasis depend
on angiogenesis triggered by secreted factors from tumor and
cells of the tumor microenvironment. The effects of activin A
on angiogenesis remain controversial, with studies describing
pro-angiogenic actions and associating its expression with
poor prognosis of several cancer types, such as liver and breast
cancer (13-15); however, other reports are contradictory (16-18).
Increased production of activin A by hepatocellular and breast
cancer cells that are no longer growth inhibited by activin A
leads to increased angiogenesis by inducing vascular endothelial
growth factor (VEGF) expression (14,15). Nonetheless, to the
best of our knowledge, whether activin A regulates angiogenesis
in oral cancer remains unknown.

The present study investigated the prognostic significance
of activin A immunoexpression in both blood vessels and
tumor cells in a number of OSCC cases, and evaluated the
impact of activin A on angiogenesis in vitro by assessing
endothelial cell proliferation, migration and tube formation.
Furthermore, to decipher its effects on angiogenesis, cDNA
generated from activin A-treated human umbilical vein endo-
thelial cells (HUVECs) and HUVECS stably expressing short
hairpin RNA (shRNA) targeting activin A were subjected to a
human angiogenesis quantitative PCR (qPCR) array, revealing
enhanced amounts of total VEGFA and of its pro-angiogenic
isoform 121. Collectively, the present study demonstrated that
the assessment of activin A has a reliable prognostic value
in OSCC, which may be, in part, due to the pro-angiogenic
effects of activin A via stimulation of VEGFA production.

Materials and methods

Immunohistochemistry. To investigate the expression of activin
A in blood vessels and in tumor cells, immunohistochemical
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analyses with anti-activin A and anti-CD34 antibodies were
performed with 95 cases of primary OSCC from The Oncology
Center of Cascavel (Parana, Brazil) and The UOPECCAN
Cancer Hospital (Parand, Brazil), which were previously
described (19). The samples were obtained between December
2012 and October 2013. The age range of the patients was 31-84
years, with a median of 56 years. OSCC consecutive slices from
paraffin-embedded samples were subjected to immunostaining
for activin A and CD34. Briefly, after dewaxing in xylene for 30
min and hydration in graded alcohol solutions (100, 90, 80, 70,
60 and 50%; 2 min/wash), the 3-um sections were treated with
3% hydrogen peroxide followed by antigen retrieval with 10 mM
citrate buffer pH 6.0 in a pressure cooker for 15 min. Following
washing with PBS, the sections were treated with 1% bovine
serum albumin in PBS at room temperature for 1 h and then
incubated overnight at 4°C with polyclonal rabbit activin A
antibody (cat. no. HPA020031; 1:100; Sigma Aldrich-Aldrich)
or monoclonal mouse CD34 antibody (cat. no. M7165; 1:400,
clone QBEnd-10, Dako; Agilent Technologies, Inc.) at room
temperature for 1 h followed by LSAB kit (LSAB+ system-HRP
kit; Dako; Agilent Technologies, Inc.) or Advance HRP kit
(Dako; Agilent Technologies, Inc.), respectively. Reactions were
developed by incubating the sections with 0.6 mg/ml 3,3'-diami-
nobenzidine tetrahydrochloride (Dako; Agilent Technologies,
Inc.) and counterstained with hematoxylin at room temperature
for 2 min. Control reactions were performed by omission of the
primary antibodies.

Activin A immunoexpression was assessed in blood vessels
and tumor cells by two independent pathologists, who were
not aware of any clinical data. Activin A expression in blood
vessels was determined by counting of activin A-positive and
activin A-negative blood vessels in three magnification, x200
fields per sample with a light microscope, and samples were
categorized into two groups based on median expression: Low
(=53% of activin A-positive blood vessels) and high (>53% of
activin A-positive blood vessels). For tumor cells, the number
of positive cells was graded according to the following: 1,
1-25% staining; 2, 26-50% staining; 3, 51-75% staining; and 4,
76-100% staining); and the intensity of staining was scored as
follows: 0, negative; 1, weak staining; 2, moderate staining;
and 3, strong staining. The two grades were added together,
producing scores from O to 7 that were classified as low
(scores 0-4) and high (scores 5-7) expression for comparative
analysis. Written informed consent was obtained from each
patient according to the declaration of Helsinki, and the study
was approved by the Human Research Ethics Committee of
the School of Dentistry, University of Campinas (approval
no. 100/2012, October 10, 2012).

Cell culture. HUVECs were obtained from American Type
Culture Collection and cultured as recommended in a 1:1
mixture of Dulbecco's modified Eagle's medium and Ham's
F12 medium (DMEM/F12; Invitrogen; Thermo Fisher
Scientific, Inc.) supplemented with 10% fetal bovine serum
(FBS; Cultilab), 400 ng/ml hydrocortisone (Sigma-Aldrich;
Merck KGaA) and antibiotic-antimycotic (penicillin, strepto-
mycin and amphotericin B solution; Thermo Fisher Scientific,
Inc.). The SCC-9 ZsGreen LN-1 cells, isolated from a meta-
static cervical lymph node (20), were cultured in DMEM/F-12
(Invitrogen; Thermo Fisher Scientific, Inc.) supplemented
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with 10% FBS, 400 ng/ml hydrocortisone (Sigma-Aldrich;
Merck KGaA) and antibiotic-antimycotic. SAINHBA OSCC
cells (SCC-9 ZsGreen LN-1 cells constitutively expressing a
shRNA sequence against activin A) and the respective control
(shControl OSCC cells; cells stably transfected with the same
vector encoding a non-targeting scrambled shRNA sequence)
were generated as previously described (11). All cells were
cultured at 37°C in a humidified atmosphere of 5% CO,.

Treatments. Lyophilized recombinant activin A
(Sigma-Aldrich; Merck KGaA) and follistatin (R&D Systems,
Inc.) were dissolved in culture medium, aliquoted and stored at
-80°C. To assess the effect of activin A, cells were cultured in
DMEM/F-12 containing 0 or 1 ng/ml of recombinant activin A
for 24 h at 37°C. For follistatin treatment, cells were cultured
at 100 ng/ml for 24 h at 37°C. Concentrations of activin A and
follistatin were selected based on our previous study (11).

Activin A stable knockdown in HUVECs. HUVECs grown
in 12-well plates at a confluence of 50% were incubated with
control shRNA lentiviral particles (MISSION® pLKO.I-puro
Non-Mammalian shRNA Control; Sigma-Aldrich; Merck
KGaA) or INHBA shRNA lentiviral particles (INHBA
MISSION® shRNA Lentiviral Transduction Particles,
NM_002192; 5'A-GACCCATGTCCATGTTGT-3';
Sigma-Aldrich; Merck KGaA) at a multiplicity of infec-
tion of 1.5 in culture medium containing 8 pxg/ml polybrene
(Sigma-Aldrich; Merck KGaA) for 8 h. After washing with
PBS, cells were cultured in fresh medium for an additional
period of 48 h. Cells were then split in a 1:5 dilution, and
cultured for 10 days in the presence of 1 yg/ml puromycin dihy-
drochloride (Sigma-Aldrich; Merck KGaA) to select resistant
cells. The efficacy of activin A-knockdown was determined
by reverse transcription-qPCR (RT-qPCR) and enzyme-linked
immunosorbent assay (ELISA).

RT-gPCR. Total RNA was extracted using the RNeasy mini
kit (Qiagen, Inc.), according to the manufacturer's protocol.
Following DNase I treatment in order to eliminate genomic
DNA contamination, 1 ug total RNA per sample was used to
generate cDNA using Oligo-dT (Invitrogen; Thermo Fisher
Scientific, Inc.) and reverse transcriptase (Superscript II RT
enzyme; Invitrogen; Thermo Fisher Scientific, Inc.), according
to the manufacturer's protocol. The resulting cDNAs were
subjected to qPCR using specific primers and SYBR Green
PCR master mix (Applied Biosystems; Thermo Fisher
Scientific, Inc.) in a Real Time PCR thermal cycler (Applied
Biosystems; Thermo Fisher Scientific, Inc.). The thermocycling
conditions were: 95°C for 1 min followed by 40 cycles 95°C for
15 sec and 60°C for 30 sec. Gene expression was determined
using the 2224 method (21) and PPIA was used as reference
gene for data normalization. All reactions were performed in
triplicate. Primer sequences are provided in Table SI.

ELISA. HUVECs were plated at concentration of 25,000 cells
per well in a 24-well culture plate in triplicate and cultured
for 24 h. After washing, the cells were cultured in serum-free
medium for an additional 24 h. The medium was then collected,
centrifuged to remove floating cells, and used for analysis. The
concentration of activin A was determined using a human
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activin A ELISA kit (cat. no. RAB0324; Sigma-Aldrich;
Merck KGaA), according to the manufacturer's instructions.

Endothelial cell tube formation assay. HUVECs (40,000 cells
per well) were seeded into wells of a 96-well plate coated with
50 ul Matrigel (BD Biosciences). After 12 h of incubation,
tube formation was observed under an inverted microscope
(magnification, x40; Nikon Corporation), photographed and
analyzed using Motic Images Plus 2.0 (Nikon Corporation), as
previously described (22).

Proliferation analysis. HUVECs were plated in 96-well plates
atadensity of 10,000 cells per well in 100 yl medium containing
10% FBS. After 16 h, the cells were washed with PBS and
cultured in serum-free medium for an additional 24 h to reach
cell cycle synchronism. Following serum starvation, cells
were treated for 24 h and proliferation rates were determined
by measuring bromodeoxyuridine (BrdU) incorporation into
DNA using a cell proliferation ELISA, BrdU (colorimetric) kit
(cat. no. 11647229001; Roche Applied Science; Merck KGaA).

Migration analysis. Transwell migration assays were
performed in 6.5-mm inserts with 8-xm pore size (Corning,
Inc.). Serum-starved cells (80,000 cells/well) were plated into
the upper chamber in 200 ul serum-free DMEM/F12. As a
chemoattractant in the lower chamber, depending on the assay,
serum-free medium containing activin A or follistatin, and
shINHBA OSCC- and shControl OSCC-conditioned medium
were tested. Activin A or follistatin were also added in the
upper chamber, in direct contact with the HUVEC cells, and
in those situations 10% FBS was used in the lower chamber
as chemoattractant. After 24 h, assessment of migration
was performed by gently removing cells in the interior part
of the insert with a cotton swab. Cells on the underside of
the membrane were fixed in 10% formalin for 15 min and
stained with 1% toluidine blue in 1% borax solution, with both
procedures at room temperature. The excess dye was washed
out and cells were then eluted in 1% SDS solution for 5 min.
Absorbance was measured at 650 nm.

qPCR array. To analyze the expression of pro- and anti-angio-
genic factors, RNA from HUVEC cells treated with 1 ng/ml
of activin A for 24 h, alongside untreated controls, and from
shControl-HUVECs and shINHBA-HUVECs were subjected
to a human angiogenesis cDNA-based qPCR array (TagMan®
Array Human Angiogenesis; Applied Biosystems; Thermo
Fisher Scientific, Inc.), according to the manufacturer's
instructions.

Quantification of total VEGFA and isoforms. HUVECs were
cultured in the presence of 1 ng/ml activin A for 24 h at 37°C
and the expression of total VEGFA and of isoforms 121, 165
and 189 were evaluated by RT-qPCR. To assess the effects of
activin A on the production and secretion of total VEGFA and
VEGFA isoform 121, ELISA was used. The concentration of
VEGFA was determined using the human VEGFA ELISA
kit (cat. no. RAB0507; Sigma-Aldrich; Merck KGaA) and the
isoform 121 was evaluated with the human VEGFA isoform
121 ELISA kit (cat. no. SEB851Hu; Cloud-Clone Corp.),
according to the manufacturers' instructions.
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Figure 1. Activin A and CD34 immunohistochemical staining in consecutive slices of oral squamous cell carcinoma samples. (A) Representative samples
classified as negative/low expression of activin A in both blood vessels and tumor cells. Positivity of CD34 aided in the identification of the blood vessels.
(B) Representative samples with high activin A expression in both endothelial cells (blood vessels) and tumor cells.

Western blotting. Western blot analysis was used to determine
the abundance of phosphorylated SMAD2/3. Cells were washed
with cold PBS and lysed in cell lysis buffer (Cell Signaling
Technology, Inc.) containing protease and phosphatase
inhibitors. Following centrifugation, protein concentration was
measured using a Bio-Rad Protein assay (Bio-Rad Laboratories,
Inc.) according to the manufacturer's instructions. Total
protein (30 ug per sample) was resolved by 10% SDS-PAGE
under reducing conditions, and transferred to nitrocellulose
membranes. The membranes were blocked with 10% non-fat dry
milk in PBS containing 0.1% Tween-20 at room temperature for
2 h, rinsed in the same buffer, and incubated at room temperature
for 2 h with the following primary antibodies: Polyclonal rabbit
anti-phosphorylated SMAD2/3 (1:1,000; cat. no. 8828; Cell
Signaling Technology, Inc.), polyclonal rabbit anti-SMAD2/3
(1:1,000; cat. no. 3102; Cell Signaling Technology, Inc.) and
monoclonal rabbit anti-GAPDH (1:1,000; cat. no. 2118; Cell
Signaling Technology, Inc.). Following washing, the membranes
were incubated at room temperature for 1 h with polyclonal goat
anti-rabbit IgG HRP-linked antibody (1:2,000; cat. no. 7074;
Cell Signaling Technology, Inc.). Bands were detected using
enhanced chemiluminescence western blotting system (GE
Healthcare) and signals captured with an Alliance 9.7 instru-
ment (UVITEC, Ltd.).

Statistical analysis. Associations between immunohistochem-
ical expression of activin A in blood vessels and in tumor cells
and clinicopathological parameters of the tumors were analyzed
using a % test. Survival curves were constructed based on the
Kaplan-Meier method and compared with the log-rank test.
For multivariate survival analysis, the Cox proportional hazard
model with a stepwise method including all parameters was

employed. Disease-specific survival (DSS) time was the time
from treatment initiation until death due to cancer or the last
known date alive, and disease-free survival (DFS) was the time
from treatment initiation until diagnosis of the first recurrence
(local, regional or distant) or the date of last follow up informa-
tion for those without recurrence. Spearman's correlation test
was applied for determine the correlation between activin A
expression in blood vessels and in tumor cells.

All in vitro assays were performed at least three times in
triplicate, and the results are presented as the mean + standard
deviation. Differences were compared using Mann-Whitney's
U test or one-way analysis of variance with post-hoc
comparisons based on Tukey's multiple comparison test. All
statistical analyses were performed using GraphPad Prism
v6.01 (GraphPad Software, Inc.). P<0.05 was considered to
indicate a statistically significant difference.

Results

Expression of activin A in blood vessels and tumor cells is
associated with shortened survival time. To investigate whether
activin A expression is associated with clinicopathological
features of patients with OSCC, immunohistochemistry was
performed in 95 cases of human OSCC. To quantify activin
A abundance in blood vessels, immunohistochemistry for
anti-CD34, a classical blood vessel marker, was performed
concurrent with anti-activin A in serial sections (Fig. 1).
Activin A was observed as a cytoplasmic stain with variable
distribution and intensity in the endothelial cells of the blood
vessels and in the tumor cells (Fig. 1). Expression was also
observed in some inflammatory cells and cancer-associated
fibroblasts. A significant correlation between activin A
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Table I. Association of the clinicopathological parameters of the oral squamous cell carcinoma cases with the immunohisto-
chemical expression of activin A in blood vessels and tumor cells.

Activin A in blood vessels

Activin A in tumor cells

Low expression, High expression,

Low expression, High expression,

Parameter n (%) n (%) P-value n (%) n (%) P-value
Age, years

<56 25 (55.6) 23 (46.0) 27 (58.7) 21 (429)

=56 20 (44 .4) 27 (54.0) 0.35 19 (41.3) 28 (57.1) 0.12
Sex

Male 39 (86.7) 42 (84.0) 40 (87) 41 (83.7)

Female 6 (13.3) 8 (16.0) 0.71 6 (13) 8 (16.8) 0.65
Clinical stage

Early (I +1II) 22 (48.9) 22 (44.0) 21 (45.7) 23 (46.9)

Advanced (III + IV) 23 (51.1) 28 (56.0) 0.63 25 (54.3) 26 (53.1) 0.90
Tumor site

Tongue 26 (57.8) 21 (42.0) 25 (54.3) 22 (44.9)

Others 19 (42.2) 29 (58.0) 0.12 21 (45.7) 27 (55.1) 0.36
Treatment

Surgery 18 (40.0) 18 (36.0) 20 (43.5) 16 (32.7)

Surgery + RTX 25 (55.6) 24 (48.0) 22 (47.8) 27 (55.1)

Surgery + RTX + CTX 2(44) 8 (16.0) 0.18 4 (8.7) 6(12.2) 0.53
Histological grade

WD/MD 42 (93.3) 43 (86.0) 42 (91.3) 43 (87.8)

PD 3(6.7) 7(14.0) 0.25 4 (8.7) 6(12.2) 0.57
Margin status, mm®*

=5 40 (90.9) 49 (98.0) 40 (88.9) 49 (100.0)

<5 409.1) 1(2.0) 0.13 5(11.1) 0(0.0) 0.02

*n=94 due to missing data. RTX, radiotherapy; CTX, chemotherapy; WD, well-differentiated; MD, moderately-differentiated; PD, poorly-dif-

ferentiated.

expression in endothelial cells and in tumor cells was detected
(r=0.6; P<0.0001; data not shown). In order to categorize
samples regarding age and expression level, the median
values were applied to separate samples into two groups. As
presented in Table I, no significant associations were observed
between activin A expression in blood vessels and the
clinicopathological features of patients with OSCC. However,
a significant association was identified between activin A
expression in tumor cells and margin status (P=0.02; Table I).

Univariate survival analysis based on log-rank test revealed
a significant association of DSS with clinical stage of the tumor
(P=0.001), histological grade (P=0.003), activin A expression
in blood vessels (P=0.0002) and activin A expression in tumor
cells (P=0.01; Table II). High expression of activin A in tumor
cells was a significant marker of reduced DSS, with a 5-year
survival of 30% for the patients with high activin A expression
compared with 56.3% for those with low activin A expres-
sion (P=0.01; Fig. 2C). For activin A expression in the blood
vessels, the reduction in DSS was even more significant, with
a 5-year survival of 24.8% for patients with high activin A
expression compared with 63.8% for those with low activin A
expression (Fig. 2A). DFS revealed a significant association

with activin A expression in blood vessels (P=0.03; Table II),
but not in tumor cells (Fig. 2D; Table II). The expression of
activin A in the blood vessels was associated with a 5-year
DFS of 43.1% for patients with high expression compared with
65.7% for patients with low expression (Fig. 2B). Multivariate
Cox regression analysis confirmed that clinical stage [hazard
ratio (HR), 2.02; 95% confidence interval (CI), 1.09-3.73;
P=0.03), activin A expression in blood vessels (HR, 2.47; 95%
CI, 1.30-4.71; P=0.006) and activin A expression in tumor
cells (HR, 1.63; 95% CI, 1.08-2.45; P=0.02) are indepen-
dent risk factors for DSS of patients with OSCC (Table III).
Furthermore, high expression of activin A in the blood vessels
was determined to be an independent indicator of DFS (HR,
2.09; 95% CI, 1.07-4.08; P=0.03; Table I1I).

In order to strengthen the prognostic information provided
by these independent factors, activin A expression levels in
blood vessels and in tumor cells were combined and analyzed
for both univariate and multivariate survival. Combination
of clinical stage with activin A expression in blood vessels
and with activin A expression in the tumor cells were also
evaluated. In all combinations, the discriminatory ability to
predict survival of patients with OSCC was largely improved
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Table II. Univariate analysis for disease-specific survival and disease-free survival of the oral squamous cell carcinoma patients.

Disease-specific survival rate

Disease-free survival rate

Parameter 5 years, % HR (95% CI) P-value 5 years, % HR (95% CI) P-value
Age, years

<56 532 1 55.8 1

>56 31.7 1.41(0.81-2.46) 0.20 51.5 1.16 (0.62-2.17) 0.63
Sex

Male 454 1 559 1

Female 333 1.21 (0.54-2.71) 0.61 46.2 1.25(0.52-3.04) 0.57
Clinical stage

Early (I + II) 60.4 1 62.1 1

Advanced (III + IV) 29.7 2.52 (1.45-4.36) 0.001 46.7 1.67 (0.89-3.13) 0.10
Tumor site

Tongue 383 1 529 1

Others 455 0.87 (0.50-1.50) 0.61 554 1.08 (0.57-2.03) 0.80
Treatment

Surgery 55.1 1 67.5 1

Surgery + RTX 335 1.47 (0.82-2.66) 473 1.64 (0.83-3.24)

Surgery + RTX + CTX 333 1.22 (0.50-2.94) 043 50.0 1.59 (0.51-4.65) 0.38
Histological grade

WD/MD 45.8 1 555 1

PD 222 3.09 (0.86-11.1) 0.003 35.7 1.96 (0.49-7.79) 0.18
Margin status, mm

>5 75.0 1 75.0 1

<5 424 2.64 (0.75-9.30) 0.31 53.6 2.16 (0.53-8.69) 043
Activin A in blood vessels

Low expression 63.8 1 65.7 1

High expression 248 2.86 (1.65-4.97) 0.0002 43.1 1.93 (1.03-3.64) 0.03
Activin A in tumor cells

Low expression 56.3 1 62.9 1

High expression 30.0 1.95 (1.12-3.38) 0.01 45.7 1.81 (0.96-3.39) 0.06

RTX, radiotherapy; CTX, chemotherapy; WD, well-differentiated; MD, moderately-differentiated; PD, poorly-differentiated; HR, hazard ratio;

CI, confidence interval.

(Table IV). Activin A expression in tumor cells was not
individually associated with DFS in either univariate or multi-
variate analysis, but when combined with activin A expression
in the blood vessels and with clinical stage, a significant asso-
ciation was observed, revealing a prognostic discrimination.
Collectively, these findings suggest that the expression levels
of activin A in both blood vessels and tumor cells could be
used as risk factor to predict poor prognosis of OSCC.

Activin A promotes tubulogenesis in HUVECs. Since tube
morphogenesis is a critical step in the formation of blood vessels,
the present study first assessed the importance of activin A for the
tubulogenesis of HUVECs. Cells were treated with recombinant
activin A, the activin A-antagonist follistatin or were transduced
with lentivirus carrying shINHBA. shINHBA-transfected
HUVECs demonstrated a significant reduction in both activin A

mRNA and protein levels in comparison with cells transfected
with shControl (Fig. S1). A significant increase in the HUVEC
tubulogenesis was observed in cells treated with 1 ng/ml activin
A (P<0.01; Fig. 3A). Conversely, follistatin significantly reduced
the tubulogenic activity of HUVECs (P<0.01; Fig. 3A). In addi-
tion, sShINHBA-transfected HUVECs generated a significantly
lower number of tubes compared with shControl-transfected
HUVECs (P<0.05; Fig. 3B). Similar inhibition was observed
when HUVECSs were cultured in the presence of conditioned
medium harvested from shINHBA OSCC cells compared with
shControl OSCC cells (P<0.01: Fig. 3C).

Activin A effects the proliferation and migration of HUVECsS.
To improve understanding of the role of activin A in the events
that control tubulogenesis, the effects of activin A on the prolif-
eration and migration of HUVECs were evaluated. Compared
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Table III. Cox multivariate analysis for the risk of mortality.
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Disease-specific survival

Disease-free survival

Parameter HR (95% CI) P-value HR (95% CI) P-value
Clinical stage
Early (I + II) 1
Advanced (IIT + IV) 2.02 (1.09-3.73) 0.03
Activin A in blood vessels
Low expression 1 1
High expression 247 (1.30-4.71) 0.006 2.09 (1.07-4.08) 0.03
Activin A in tumor cells
Low expression 1
High expression 1.63 (1.08-2.45) 0.02
HR, hazard ratio; CI, confidence interval.
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Figure 2. Kaplan-Meier cumulative curves for disease specific survival and disease-free survival. Patients with oral squamous cell carcinoma were divided
in low and high expression groups based on the activin A levels in blood vessels and in tumor cells. Patients with high activin expression in blood vessels
exhibited significantly reduced (A) DSS and (B) DFS. High expression of activin A in tumor cells was associated with a significantly reduced (C) DSS but not

with (D) DFS. DSS, disease specific survival; DFS, disease free-survival.

with untreated cells, activin A significantly increased the
proliferation of HUVECs (P<0.05; Fig. 4A). Conversely, the
proliferation of HUVECs was decreased, but not at significant
level, after 24 h treatment with 100 ng/ml follistatin (Fig. 4A),
and by gene silencing of activin A (P<0.01; Fig. 4B). Treatment
of HUVECs with conditioned medium collected from
shINHBA OSCC cells also significantly decreased HUVEC
proliferation in comparison with conditioned medium from
shControl OSCC cells (P<0.05; Fig. 4C).

The migration of HUVECs was not affected by activin
A or follistatin directly in the upper chamber or when used
as chemoattractant in the lower chamber of the Transwell
system (Fig. 5A and B). However, activin A-knockdown
significantly increased the migration of HUVEC cells
(P<0.01; Fig. 5C). When conditioned medium collected from
shINHBA OSCC cells was used as a chemoattractant, a
significant increase in migration of HUVECs was observed
(P<0.01; Fig. 5D).



Table I. IV. Cox regression analysis for disease-specific and disease-free survival for combination of activin A expression and clinical stage.

Disease-free survival

Disease-specific survival

Multivariate

Multivariate Univariate

Univariate

P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

HR (95% CI)

Parameters

Activin A in blood vessels and

activin A in tumor cells
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1

1 1
2.09 (1.05-4.15) 2.29 (1.09-4.82)

3.52 (1.69-7.32)

1
3.15 (1.67-5.92)

Low expression/low expression

0.0007 0.03 0.03

0.0005

High expression/high expression

Activin A in blood vessels and clinical stage

Low expression/early stage (I + II)

<0.0001 214 (3.97-115.3) 0.0004 3.19 (1.36-7.48) 0.006 340 (1.35-8.56) 0.009

13.6 (6.09-30.5)

High expression/advanced stage (IIT + I'V)

Activin A in tumor cells and clinical stage

Low expression/early stage (I + II)

0.02

<0.0001 7.05 (2.38-20.8) 0.0004 2.72 (1.21-6.13) 0.01 2.81 (1.19-6.67)

6.69 (2.98-15.1)

High expression/advanced stage (III + IV)

HR, hazard ratio; CI, confidence interval.

Activin A promotes differential expression of genes related
to angiogenesis. To identify putative activin A-target genes,
the expression of angiogenesis-related genes in HUVEC cells
treated with activin A and in shINHBA-transfected HUVECs
was profiled. Up- and downregulated genes were defined as
those with an expression level >2.0- or <2.0-fold different in
an average of 3 independent experiments. Table SII presents
the up- and downregulated genes in HUVECs treated with
activin A compared with untreated HUVEC cells and in shIN-
HBA-transfected cells compared with shControl-transfected
cells. VEGFA was markedly upregulated by activin A treat-
ment (29.6-fold), whereas it was downregulated in HUVEC
shINHBA-transfected cells compared with shControl-trans-
fected HUVECsS (-3.0-fold).

Effects of activin A on the expression of VEGFA and VEGFA
isoforms. Considering that VEGFA was markedly regulated
by activin A and given that VEGFA is the main regulator of
angiogenesis (13,14), RT-qPCR was performed to determine
the effects of activin A on the expression of total VEGFA and
its major isoforms. The results demonstrated that compared
with the untreated control, activin A significantly increased the
expression of total VEGFA (P<0.01) and the pro-angiogenic
isoform VEGFA121 (P<0.01; Fig. 6A). A significant decrease
of VEGFA165 was detected in cells treated with activin A
(P<0.001; Fig. 6A). Accordingly, significantly higher levels of
total VEGFA (P<0.01) and VEGFA121 (P<0.05) were secreted
by HUVEC: following treatment with activin A in comparison
with the control (Fig. 6B and C).

SMAD?2/3 signaling is activated by activin A. Activin A
signaling is mediated by the SMAD pathway and VEGFA is
positively regulated by SMAD2/3 (4,13,14). The present study
therefore examined whether activin A stimulates SMAD2/3
phosphorylation in HUVECs. After 30 min of stimulation,
increased phosphorylated SMAD2/3 levels were observed in
HUVEGCs treated with 1 ng/ml activin A (Fig. 6D).

Discussion

Angiogenesis is an essential requirement for growth and
progression of solid tumors; however, the underlying molecular
mechanisms remain unclear (23). The present study confirmed
that activin A has a relevant prognostic role for aggressive
OSCC and this finding was supported by in vitro evidence of
a pro-angiogenic role for activin A with both autocrine and
paracrine (tumor-secreted) effects. Initially it was observed that
the expression of activin A in blood vessels is a significant and
independent risk factor to predict relapse and shortened survival
of patients with OSCC. The present results also demonstrated
that increased expression of activin A by tumor cells is strongly
associated with poor prognosis of patients with OSCC, and the
combination of activin A overexpression in both tumor cells and
blood vessels improved the discrimination of patients at low-
and high-risk of poor prognosis. Expression of activin A has
previously been described in tumors cells and in components
of the tumor microenvironment, including cancer-associated
fibroblasts, blood vessels and some tumor-infiltrating inflam-
matory cells in OSCC (10-12,24,25). The present study extends
the reports of increased expression of activin A in neoplastic
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and endothelial cells in OSCC and demonstrates a significant  role in the development and progression of numerous cancers,
association with shortened survival. Besides the important role  including OSCC.

in the development of various types of cancer (6-9), previous The present study also revealed that activin A regulates
studies have indicated that high levels of circulating activin Ais  essential cell biology aspects associated with angiogenesis,
an independent prognostic factor of survival in pancreatic, lung,  such as the proliferation, migration and tubulogenic activity
breast and colorectal cancer (26-29), which may be associated  of the endothelial cells. Pro-angiogenic effects were associ-
with its contribution to the development of cachexia and loss of  ated with stimulation of endothelial cells directly with activin
skeletal muscle mass (8). Altogether, activin A has an important A or with conditioned medium from OSCC cells expressing
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activin A, and these effects were reversed when endogenous
expression of activin A was inhibited in endothelial cells
and when these cells were treated with an activin A inhibitor
(follistatin) or with conditioned medium from tumor cells with
shRNA-mediated knockdown of activin A. These findings agree
with other reports reporting tubulogenic stimulation of activin
A in vascular endothelial cells (13,30) and with its associa-
tion with breast and skin cancer development and progression
in vivo (3,15,31). In melanomas, paracrine activin A signaling
stimulates tumor vascularization and promotes tumor growth
and metastasis through mechanisms of immune evasion (32).
However, some studies have demonstrated that activin A
inhibits proliferation and suppresses tubulogenic activity
of endothelial cells isolated from human umbilical veins of
newborns, bovine adrenal or brain capillary and calf pulmonary
artery, or in mice experimental neuroblastomas (16-18,33-35).
The present results demonstrated that inhibition of activin A
promotes migration of HUVEC cells. In a recent study, activin
A neutralization promoted primary microvascular endothelial
cell migration as well as essential steps in the expansion and
formation of the vasculature (36). In prostate cancer, activin A
enhances cell migration through increasing androgen receptor
gene transcription, nuclear translocation and interaction with
SMADs (37). The formation of capillary-like tubes in vitro on
basement membrane matrix, as applied in the present study,
represents the later stages of the angiogenic process in which
the endothelial cells differentiate into tubes simulating the
in vivo situation. This assay is dependent on a series of events,
including the proliferation, migration and differentiation of the
cells (38). Thus, expansion and migration of precursor cells
prior to differentiation are essential for vessel formation.

It was speculated that activin A influences a network of other
angiogenesis-related genes to promote angiogenesis and tumor
growth. Supporting this hypothesis, the present study observed
that activin A treatment induces the expression of several genes
in the angiogenesis pathway, most of them favoring angiogen-
esis. Some these genes included the following: AMOT, which
has been shown to promote vascular development in vivo by
regulating motility of the endothelial cells (39); HSPG2, which
promotes vascular formation and angiogenesis by modulating
FGF2 activity (40); and FGF2, a critical mediator of capillary
formation (30). Notably, activin A was revealed to modulate
the expression of VEGFA. Expression of total VEFGA was
significantly increased by treatment of HUVEC cells with
recombinant activin A, whereas silencing activin A gene expres-
sion significantly reduced expression of VEGFA. Treatment of
endothelial cells with activin A activated SMAD?2/3, suggesting
that this signaling may be involved in the regulation of VEGFA
by activin A in these cells. This is consistent with previous
evidence that activin A predominantly mediates intracellular
signaling via phosphorylation of SMADs, and the oligomer
of SMAD2/3 and SMAD4 acts as a transcription regulator of
various target genes (4,41). In support of the present findings,
activin A has been demonstrated to be critically relevant for
VEGF-induced tubulogenesis, and the VEGF-induced pathway
is almost completely inhibited when the secretion of activin A
is blocked (13). The functional relevance of SMAD2 for activin
A-induced VEGF expression is also supported by observations
that SMAD?2 overexpression significantly enhances VEGF levels
in human hepatocellular carcinoma cells, and SMAD2 dominant
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negative mutant inhibits activin A responsiveness, abrogating
VEGF stimulation (14). Notably, activin A expression is a
predictive marker of response to treatment with the anti-VEGF
antibody bevacizumab in metastatic melanoma (42). However, a
lack of a specific assay connecting activin A, phosphorylation of
SMADs and regulation of VEGFA in the context of angiogenesis
is a limitation of the study that merits additional investigation.

VEGFA is considered a key mediator of angiogenesis and
its expression has been implicated in tumor development and
metastasis (23,43). Due to alternative splicing, VEGFA gene
is translated into a number of isoforms, with VEGFA121,
VEGFA165 and VEGFA189 being the most prevalent in
humans (44). In OSCC, increased expression of total VEGFA
has been described as an independent prognostic indicator
of reduced survival and increased recurrence (45). VEGFA
isoforms 121, 165 and 189 are expressed at high levels in OSCC
cells and increased expression of isoform 165 is associated
with poorer prognosis (46). Assessing the main pro-angiogenic
isoforms of VEGFA, the present study observed an enhanced
expression and secretion of isoform 121 and a downregulation
of isoform 165 in HUVECs stimulated with activin A. The
balance in the expression of VEGFA isoforms produced by
alternative splicing seems to be important for angiogenesis in
physiological and pathological conditions (44). VEGFA121 lacks
the heparin-binding motif and thus can diffuse relatively freely
through the extracellular matrix, inducing malformed and leaky
vessels (47). High concentrations of VEGFA121 also promote
the development of vessels with enhanced diameter, whereas
its lower concentration produces the growth of long and thin
vessels (48). The abnormality of the tumor vasculature is already
well documented in the literature, constituting not only an
obstacle to the efficacy of the available chemotherapeutic agents
but also providing a route for metastatic dissemination (49,50).
The high intratumoral vascular permeability associated with
the absence of functional lymphatic vessels results in the eleva-
tion of interstitial pressure, which constitutes a physiological
barrier to the delivery of chemotherapeutic agents inside the
tumor. On the other hand, the blockage of blood and oxygen
supplies creates a hypoxic and acidic microenvironment in the
tumor, which fosters tumor cells to become more aggressive and
metastatic (50,51). However, current tumor antiangiogenic and
vascular normalizing drugs display only moderate anticancer
efficacy (50). Therefore, activin A blockade may be a promising
therapeutic approach as it would inhibit the formation of new
blood vessels, as well the development of a disorganized tumor
vasculature by isoform 121 of VEGFA.

Activin A serves an important role in tumorigenesis, mostly
acting by regulation of tumors cells but also by the regulating
tumor microenvironment, such as cancer-associated fibroblast
accumulation and angiogenesis. Collectively, the present find-
ings expand the knowledge regarding the prognostic value
of activin A expression in OSCC, and further suggest that
activin A signaling promotes angiogenesis, at least in part, by
inducing SMAD2/3 activation and the expression of VEGFA
isoform 121. Although other studies are required to clarify the
precise mechanisms by which activin A/SMAD/VEGFA121
signaling is implicated in angiogenesis, the clinical potential
of activin A as a prognostic marker, a therapeutic target or a
marker for post-therapeutic monitoring of locoregional recur-
rence should be considered in OSCC.
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