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Abstract.
BACKGROUND: Hypoxia is the most common signature of the tumor microenvironment that drives tumorigenesis through
the complex crosstalk of a family of transcription factors called hypoxia-inducible factors (HIFs), with other intercellular
signaling networks. Hypoxia increases transforming growth factor-beta (TGF-�) expression. TGF-� and HIF-1� play critical
roles in several malignancies and their interactions in melanoma progression remain unknown. Therefore, the aim of this
study was to assess the impact of inhibiting activin receptor-like kinase-5 (ALK5), a TGF-� receptor, on the response to
HIF-1� activation or inhibition in melanoma tumor progression.
MATERIALS AND METHODS: Tumors were induced in C57BL/6J mice by subcutaneous inoculation with B16F10
melanoma cells. Mice were divided into HIF-1� inhibitor, ALK5 inhibitor (1 mg/kg) and HIF-1� inhibitor (100 mg/kg),
ALK5 inhibitor, HIF-1� activator (1000 mg/kg), HIF-1� activator and ALK5 inhibitor, and control groups to receive
inhibitors and activators through intraperitoneal injection. The expression of E-cadherin was evaluated by RT-qPCR. Ves-
sel density and platelet-derived growth factor receptor beta (PDGFR)-�+ cells around the vessels were investigated using
immunohistochemistry.
RESULTS: The groups receiving HIF-1� inhibitor and activator showed lower and higher tumor growth compared to the
control group, respectively. E-cadherin expression decreased in all groups compared to the control group, illustrating the dual
function of E-cadherin in the tumor microenvironment. Vascular density was reduced in the groups given HIF-1� inhibitor,
ALK5 inhibitor, and ALK5 and HIF-1� inhibitor simultaneously. The percentage of PDGFR-�+ cells was reduced in the
presence of HIF-1� inhibitor, ALK5 inhibitor, HIF-1� and ALK5 inhibitors, and upon simultaneous treatment with HIF-1�
activator and ALK5 inhibitor.
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CONCLUSION: Despite increased expression and interaction between TGF-� and HIF-1� pathways in some cancers, in
melanoma, inhibition of either pathway alone may have a stronger effect on tumor inhibition than simultaneous inhibition of
both pathways. The synergistic effects may be context-dependent and should be further evaluated in different cancer types.
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1. Introduction

Malignant melanoma is to blame for 60–80% of skin cancer-related mortalities [1]. The induction of
angiogenesis is an essential process for tumor progression. Anti-angiogenic therapies could therefore
be promising options to limit tumor progression and metastasis [2, 3]. Melanoma angiogenesis is an
erratic process showing heterogenic behavior in blood vessel formation. Melanoma cells motivate the
expansion of existing blood vessels and attract bone marrow progenitor cells to hypoxic regions within
the tumor microenvironment to stimulate vascular formation. In a process known as vascular mimicry,
melanoma cells can adopt an endothelial-like phenotype and contribute to vascular construction [4].
Angiogenesis inhibition has been employed for several tumors such as renal, colorectal, and ovar-
ian neoplasms, however there is a dearth of knowledge about clinical melanoma research [4]. Since
melanoma is intensely vascularized, anti-angiogenic therapies have been shown to be beneficial for
effective treatment [5].

TGF-� is a multifunctional cytokine that has been linked to the development of melanoma by activat-
ing the epithelial-mesenchymal transition (EMT) pathway, angiogenesis, and fostering an environment
favorable to tumor growth [6, 7]. ALK1 and ALK5, type I TGF-� receptors, play crucial roles in devel-
opment and maturation of blood vessels, by promoting proliferation of endothelial cells and recruiting
pericytes around blood vessels, respectively [8]. ALK5 inhibitors antagonize TGF-� signaling through
blockade of TGF-� receptor-activated Smad phosphorylation [9].

TGF-� members are assumed to be prognostic biomarkers in advanced tumors and also benefi-
cial targets for restricting the progression of cancer [10]. Data from pre-clinical research focusing
on TGF-� signaling suggest that this pathway is a potential target for cancer treatment [11]. How-
ever, TGF-� plays paradoxical dual roles, as both promoter and suppressor, in the progression of
metastatic and non-metastatic pancreatic ductal adenocarcinoma (PDAC) [12]. The tumor suppressor
activity is widely described as anti-proliferative and pro-apoptotic [13]. During cancer development,
tumors escape the tumor-suppressive activities of TGF-� and utilize it as a growth promoter to induce
tumor cell proliferation, migration, invasion, metastasis, and EMT [14]. For example, melanoma cells
secrete elevated concentrations of TGF-� acting on tumor cells and their microenvironment through
autocrine and paracrine processes and promote melanoma progression [15]. Furthermore, TGF-�
receptors are involved in E-cadherin mediated induction of EMT by triggering the Smad2/3, Ras, and
PI3K (Phosphatidylinositol-3-kinase) pathways, activating transcription factors which promote the
expression of genes mediating the EMT process [16, 17]. The expressions of E-cadherin and other
EMT-associated markers are also altered in hypoxic circumstances, as its low expression has been
observed in cells which received hypoxia treatment [18].

TGF-� signaling interacts with other signaling pathways such as the HIF-1� pathway [19]. HIF-1
regulates adaptability to O2 depletion and plays critical oncogenic roles in the promotion of cancer cell
proliferation and tumor angiogenesis, which have been studied in melanoma and other malignancies
[20]. HIF-1� promotes tumor invasion and metastasis through the induction of pro-angiogenic factors
such as platelet-derived growth factor (PDGF), which stimulate extravasation [21]. Functioning as an
upstream regulator of TGF-�, HIF-1� contributes to cancer progression and malignancy [22]. The
therapeutic benefit of the HIF-1 inhibitors has been studied in several cancer types [23]. Through
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its kinase activity, ALK5 stimulates the expression of HIF-1 and HIF-2. HIF-proteins are linked
with activation of the TGF-� signaling pathway in a hypoxic environment. ALK5 is essential for the
synergistic connection between TGF-� signaling and the hypoxia pathway which promotes the growth
of tumors [24].

In line with other studies demonstrating TGF-�’s functional involvement in promoting angiogenesis,
TGF-� receptor I (TGF-�RI) is also part of a complex with HIF-1/HIF-2-containing proteins in clear
cell renal cell carcinomas (ccRCCs) in vitro, indicating a role for TGF-�RI in hypoxia. Since HIF-1
and TGF-� elicit synergistic effects to promote tumor growth in part by activating related target genes,
the potential utility of a drug combination that specifically inhibits HIF-1 and TGF-�RI should be
further investigated as a possible step forward in the development of more effective treatment methods
in personalized medicine [25].

Treatment with anti-angiogenic factors is a promising approach in the treatment of cancer since
most tumors must be supported by a functioning vascular network in order to grow beyond their
usual boundaries and metastasize. With positive outcomes, the major challenge is the short period
of successful therapeutic response before tumors begin to develop further. Researchers are therefore
searching for alternative targets for multi-targeting of the parallel pro-angiogenic signaling circuits
[26]. Although anti-angiogenic medicines can slow down tumor growth by directing less oxygen and
nutrients to the tumor mass, this also obliterates the route for drug delivery [27]. This study intends
to attenuate vessel maturation by decreasing pericyte recruitment surrounding blood vessels through
ALK5 suppression and keeping ALK1 intact rather than completely destroying tumor vasculature.

HIF family members and HIF-driven transcriptional responses are critical regulators of the hypoxic
tumor microenvironment [28]. The activity of the TGF-�1 promoter is regulated by HIF-1 binding
to the hypoxia response element (HRE) [29]. Overall, the findings show that a hypoxic microenvi-
ronment can promote the proliferation of cancer cells via activating the TGF-�1 gene expression in a
paracrine manner [29]. Although targeting HIFs can have synergistic benefits with targeting TGF-�,
it also alters the intrinsic hypoxic nature of the tumor microenvironment, which presents a conflict
when determining the precise function of TGF-� inhibition in the reduction of tumor progression.
Furthermore, since TGF-� targeting therapeutics would be prescribed after HIF-related changes in the
tumor microenvironment, we preferred to partially block the HIF pathway not to change the hypoxic
nature of the tumor microenvironment. Accordingly, in this study we hypothesized that simultaneous
inhibition of ALK5 and HIF-1� may be a promising therapeutic strategy to control tumor growth in
the B16F10 melanoma animal model.

2. Materials and methods

This study was designed to investigate the role of TGF-� and HIF-1� signaling pathway interactions
in tumor progression.

All the experiments were approved by the Ethics Committee of Isfahan University of Medical
Sciences, Isfahan, Iran (approval ID: IR.MUI.REC.1394.3.311).

2.1. Cell culture

B16F10 melanoma cells were obtained from the National Cell Bank of Iran (NCBI, Pasteur Institute
of Iran) and grown in DMEM complemented by glutamine, glucose, and 10% fetal bovine serum
(FBS) with 5% CO2 at 37◦C in a humidified atmosphere until the third passage before performing
the experiments. At 70–80% confluence, sub-culturing was done with an aseptic technique in sterile
circumstances to achieve optimal proliferation.
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2.2. Tumor-bearing animal model

Sixty healthy female C57BL/6J mice (4-5 weeks old, weighing 18–22 g) were purchased from the
Pasteur Institute of Iran. The animals were maintained for two weeks in accordance with the The
National Institutes of Health guide for the care and use of laboratory animals (NIH Publications No.
8023, revised 1978). Cells were implanted into recipient mice by subcutaneous injection of 1 × 106

B16F10 melanoma cells in 200 �l phosphate-buffered saline (PBS) in the lateral flank. The day of
inoculation was defined as day 0. Mice were checked daily for tumor incidence and development.
Primary palpable tumors developed on days 8-9 and were measured in two dimensions three times
per week using calipers. On day 10, the tumor-bearing mice were randomly assigned into six groups
(n = 10 per group), receiving interventions as follows: HIF-1� inhibitor (HIF-ihb), ALK5 inhibitor
and HIF-1� inhibitor (ALK5-ihb/HIF-ihb), ALK5 inhibitor (ALK5-ihb), HIF-1� activator (HIF-act),
HIF-1� activator and ALK5 inhibitor (ALK5-ihb/HIF-act), and control groups.

2.3. Treatments

ALK5-ihb group: The TGF-�RI inhibitor “LY-364947” (an ATP-competitive inhibitor of TGF-
�RI, Selleck Chemicals, TX, USA) was dissolved in 5 mg/mL DMSO and diluted with PBS for
intraperitoneal administration at a dose of 1 mg/kg once daily for 6 days [30]. Due to high selectivity,
the LY-364947 small molecule is used to block the ALK5 pathway and has been documented to
specifically inhibit activin and no other signaling pathways [31].

HIF-ihb group: Methoxyestradiol (2-MeOE2), an inhibitor of HIF-1� (Selleck Chemicals, TX, USA)
was dissolved in DMSO and diluted with PBS and administered intraperitoneally at 100 mg/kg to the
HIF-ihb group once daily for 3 days [32].

ALK-ihb/HIF-ihb group: 1 mg/kg LY-364947 and 100 mg/kg 2-MeOE2 were administrated to the
ALK-ihb/HIF-ihb group once daily for 3 days.

HIF-act group: IOX2, a potent inhibitor of HIF-1� prolyl hydroxylase-2 (PHD2) (SelleckChemicals,
TX, USA), was dissolved in DMSO and diluted with PBS and then administered intraperitoneally at
1000 mg/kg once daily for 6 days [33].

ALK-ihb/HIF-act group: 1 mg/kg LY-364947 and 1000 mg/kg IOX2 were administrated once daily
for 6 days.

Control group: Untreated mice received 100 �L PBS with 0.1% DMSO once daily for 6 days.
After treatment, the animals were sacrificed following anesthesia through IP injection of ketamine

(80–100 mg/kg) and xylazine (10–12.5 mg/kg) and underwent necropsies to be checked for the presence
of macroscopic metastases and their tumors were removed for immunohistochemical staining and
morphological measurements (weight, length (L), width (W), and depth (D)). The rate of tumor growth
was investigated by measuring tumor volume at different time points using a Vernier caliper. Then,
tumor volume (V) was determined using the formula V = L × W × D × 3.14/6.

2.4. Immunohistochemistry

Dissected tumors were fixed in 10% formalin, embedded in paraffin, and cut into 5-�m thick sections.
Tumor sections were deparaffinized in xylene, rehydrated in graded alcohol, and transferred to PBS.
After antigen retrieval, the endogenous peroxidase was blocked with 3% hydrogen peroxide in methanol
for 20 minutes. Sections were next incubated with bovine serum albumin (BSA) for 1 hour at room
temperature. The slides were then exposed with a primary antibody overnight at 4◦C (anti-mouse CD31;
1:200 Ebioscience Co. and anti-mouse PDGFR-�; 1:50 Ebioscience Co.) and then incubated with a
biotinylated secondary antibody for 1 hour at 37◦C (HRP-Streptavidin; 1:500 Biolegend Co.). The
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reaction was developed with a DAB substrate, and the sections were counterstained with hematoxylin.
The angiogenic response was measured by the number of CD31-positive cells and PDGFR-�+ cells,
which were counted in five fields of three different slides using an Olympus light microscope with
high power field (×40 magnification) by two independent observers.

2.5. Reverse transcriptase–polymerase chain reaction (RT-PCR)

RNA was extracted from tumor tissues using YTzol solution (Yekta Tajhiz Azma, Iran)
according to the manufacturer’s instructions and cDNA was synthesized by utilizing Revert
AidTM Reverse Transcriptase (Fermentas, Vilnius, Lithuania) with oligo-dT primers. Quantitative
real-time RT-PCR was performed using specific primers for E-cadherin, with glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) serving as the internal housekeeping control, using SYBR
Green qPCR Master Mix (Fermentas, Vilnius, Lithuania) and run in the Rotor-gene 6000 cycler
(Corbett Life Science, Sydney Australia). The primers were designed by beacon designer ver-
sion 8.0: E-cadherin forward primer: 5-TCCTCGCCCTGCTGATTCTG-3, E-cadherin reverse
primer: 5-CTGGTCTTCTTCTCCACCTCCTTC-3, and GAPDH forward primer: 5′-AGTCCA
CTGGCGTCTTCAC-3′; GAPDH reverse primer: 5′-AGGCATTGCTGAT GATCTTGAG-3′ [34]. The
PCR reaction was run using the following conditions: 10 minutes at 95◦C for the initial denaturation,
45 amplification cycles consisting of denaturation at 95◦C for 15 s, annealing at 60◦C for 30 s, and
an extension at 72◦C for 30 s. The amplification efficiencies were checked for both E-cadherin and
housekeeping genes. The q-PCR data were analyzed using the comparative CT method. The difference
in cycle threshold, �CT, was determined as the difference between the tested gene and GAPDH. For
calculations of fold-changes, we then obtained ��CT, where �Ct = Ct (Target Gene) – Ct (GAPDH)
for each treatment, as reported previously [35].

2.6. Statistical analysis

Statistical analysis was performed using SPSS version 20 (SPSS Inc, Chicago, IL). One-way ANOVA
was used to determine if there were any significant differences between the groups and post-hoc Tukey
test was employed to distinguish where those significant differences lay. Results were considered
statistically significant if the P-value was <0.05.

3. Results

Tumor weight was significantly reduced in the groups that received HIF inhibitor (p < 0.01) and
ALK5 inhibitor (p < 0.05). The typical photos of the isolated tumor from each group showing the
different sizes of tumors after drug treatments are shown in Fig. 1. Despite our expectations, the
decrease in the tumor weight in the group given both inhibitors was not significant. There was no
significant difference in the tumor weight of HIF-act and HIF-act/ALK5-ihb groups when compared
to the control group (Fig. 2).

The rate of tumor growth showed a significantly lower speed in the HIF-ihb group (p < 0.005) in
comparison to the control group. The tumor growth rate reduction in HIF-ihb/ALK5-ihb and ALK5-
ihb was not significant. In addition, the tumor growth rate in the HIF-act group showed a higher speed
than the HIF-ihb group (p < 0.05) (Fig. 3).

There were significant reductions in the E-cadherin expression of tumor tissues in all treated groups
compared to the control group (∗∗∗p < 0.001), as shown in Fig. 4. The expression of E-cadherin in the
HIF-ihb group was greater than for the HIF-act group (∗p < 0.05). There were no significant differences
in E-cadherin expression between HIF-ihb/ALK5-ihb and HIF-act/ALK5-ihb groups.
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Fig. 1. Typical photos of isolated tumors from each group.

Fig. 2. Tumor weights on the last day of the experiments. Tumor weight significantly decreased in the HIF-ihb (∗∗p < 0.01)
and ALK5-ihb (∗p < 0.05) groups. Each bar represents mean ± SEM. Alk5-ihb: ALK5 inhibitor, HIF-ihb: HIF-1� inhibitor,
HIF-act: HIF-1� activator.

Vascular density was reduced in the HIF-ihb (∗∗∗p < 0.001), HIF-ihb/ ALK5-ihb (∗∗∗p < 0.001),
and ALK5-ihb (∗∗∗p < 0.001) groups. Capillary density was higher in the HIF-act group than the
HIF-ihb group. Significantly the capillary density in HIF-act/ALK5-ihb group was more than the HIF-
ihb/ALK5-ihb group (Fig. 5). The number of PDGFR-�+ cells around microvessels was reduced in
mice receiving the TGF-�RI inhibitor. PDGFR-�+ cells were reduced in the HIF-ihb (∗∗∗p < 0.001),
HIF-ihb/ALK5-ihb (∗∗∗p < 0.001), ALK5-ihb (∗∗∗p < 0.001), and HIF-act/ALK5-ihb (∗∗∗p < 0.001)
groups. PDGFR-�+ cells recruitment significantly increased in HIF-act group in comparison to
HIF-ihb. There was no significant difference in the recruitment of PDGFR-�+ cells between the HIF-
ihb/ALK5-ihb and HIF-act/ALK5-ihb groups (Fig. 6). The immunohistochemical image depicting
blood vessels is shown in Figs. 7 and 8.

4. Discussion

Malignant melanocyte-derived tumors, such as melanoma, typically affect the skin. In addition,
melanoma can also develop in the meninges, on numerous mucosal surfaces, and in the eyes [36].
Being one of the most invasive tumors, malignant melanoma can metastasize to the lung, bone, brain,
liver, and lymph nodes from the original tumor site [37].
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Fig. 3. The rate of tumor growth in the melanoma mouse model. The rate of tumor growth showed a significantly lighter slope
in the HIF-ihb group (∗∗∗p < 0.005) compared to the control group and the HIF-act group, indicating the role of HIF inhibition
in tumor growth prevention. The tumor volumes measured on the 3rd, 6th, and 9th day after intervention commencement.
Alk5-ihb: ALK5 inhibitor, HIF-ihb: HIF-1� inhibitor, HIF-act: HIF-1� activator.

Fig. 4. The effect of HIF-1� and ALK5 signaling pathways on E-cadherin expression in a mouse melanoma model. E-
cadherin expression was significantly reduced in all treated groups compared with the control group (∗∗∗p < 0.001). E-cadherin
expression in the HIF-ihb group was higher than in the HIF-act group (∗p < 0.05). Each bar represents mean ± SEM. Alk5-ihb:
ALK5 inhibitor, HIF-ihb: HIF-1� inhibitor, HIF-act: HIF-1� activator.

Melanoma is particularly aggressive and different from other cancer types. For instance, melanoma
cells are different due to being quite good at resisting the host immune system, although they are
highly antigenic. Furthermore, they are more “stem-like” than other solid tumor cells, due to their
strong angiogenicity, mesenchymal origin, and shared cell surface markers with vascular cells, and a
different gene expression profile [37].

Melanoma treatment and diagnosis may be affected by how melanogenesis and melanin pigment
alter the behavior of normal and malignant melanocytes [38, 39]. Although melanin is helpful for
preventing the development of skin malignancies such as cutaneous melanoma, it may also be required
for malignant transformation of melanocytes [40]. When melanogenesis is triggered in melanoma
cells, there are significant enhancements in nuclear HIF-1 expression along with overexpression of
other HIF-1 dependent genes that control response to stress, glucose metabolism, and angiogenesis
[41].
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Fig. 5. The effect of HIF-1� and ALK5 signaling pathways on the tumor vessel density in a mouse melanoma model.
There was significantly lower vessel density in the HIF-ihb, HIF-ihb/alk5-ihb, and Alk-ihb groups than in the control group.
Capillary density increased in the HIF-act group compared with the HIF-ihb. The capillary density in the HIF-act/Alk5-ihb
group was higher than in the HIF-ihb/ Alk5-ihb group. (∗∗∗p < 0.001) and (∗p < 0.05). Each bar represents mean ± SEM.
Alk5-ihb: ALK5 inhibitor, HIF-ihb: HIF-1� inhibitor, HIF-act: HIF-1� activator.

Fig. 6. Effect of HIF-1� and ALK5 signaling pathways on PDGFR-�+ cells around microvessels in a mouse melanoma
model. The number of PDGFR-�+ cells around the vessels was significantly reduced in the groups that received HIF-1�
inhibitor, Alk-5 inhibitor, both the HIF-1� and ALK5 inhibitors, and simultaneous HIF-1� activator and ALK5 inhibitor,
compared with the control group. There was a significant increase in PDGFR-�+ cells surrounding the vessels in the HIF-
act group in comparison to HIF-ihb (∗∗∗p < 0.001). Each bar represents mean ± SEM. Alk5-ihb: ALK5 inhibitor, HIF-ihb:
HIF-1� inhibitor, HIF-act: HIF-1� activator.

Angiogenesis is a crucial stage in the development of almost all human malignancies. This study
investigated the effects of ALK5 inhibition on the response to HIF-1� activation or inhibition on
melanoma tumor growth, angiogenesis, and EMT. Previous studies have indicated the beneficial effects
of the inhibition of TGF-� in animal studies of various types of cancer, and also in early-stage clinical
trials, through its direct influence on the tumor microenvironment [42].
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Fig. 7. Hematoxylin and eosin with anti-CD31 immunohistochemical staining of melanoma tumor tissue. Effect of HIF-1�
and ALK5 signaling pathways on tumor vessel density in a mouse melanoma model between the control and treatment
groups (40x magnification). Picture A represents CD31 staining in the control group. Pictures B, C, D, E, and F represent
CD31 staining in HIF-ihb, HIF-ihb/Alk5-ihb, Alk5-ihb, HIF-act, and HIF-act/Alk5-ihb groups respectively. Alk5-ihb: ALK5
inhibitor, HIF-ihb: HIF-1� inhibitor, HIF-act: HIF-1� activator. Scale bar is 500 �m.

The effects of the cytokine TGF-� on tumor development are complex. It can both suppress and
promote tumor growth by inhibiting tumor growth and promoting apoptosis, or enhancing epithelial
to mesenchymal transition leading to cell invasion and metastasis, respectively [43]. The complex role
of fibrosis in cancer progression is controversial and may be context dependent. Fibrosis may either
restrain or enhance cancer progression through reprogramming of cancer stroma [44]. Interactions
between TGF-�1 and HIF-1� signaling pathways play a critical role in fibrogenesis [45]. The syn-
ergistic inhibitory functions of targeting TGF-�1 and HIF-1� pathways in the progression of some
other cancer types, such as renal cell carcinoma, have been reported [24]. However, in our study
simultaneous inhibition of TGF-�1 and HIF-1� pathways led to enhanced tumor growth, potentially
through reduction of the inhibitory effect of fibrosis on tumor progression. TGF-� has an antimitotic
effect at low concentrations, but at higher concentrations melanoma tumor cells escape this effect,
and indirectly create a favorable tumor microenvironment in several ways, including the promotion
of neovascularization [46]. Although the cues that lead to the interchange between tumor suppressor
and tumor promoter roles of TGF-� are not fully understood, it is clear that ALK5 is necessary for the
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Fig. 8. Hematoxylin and eosin with anti-PDGFR immunohistochemical staining of melanoma tumor tissue. Effect of HIF-
1� and ALK5 signaling pathways on pericyte recruitment in a mouse melanoma model between the control and treatment
groups (40x magnification). Picture A represents PDGFR staining in the control group. Pictures B, C, D, E, and F represent
PDGFR staining in HIF-ihb, HIF-ihb/Alk5-ihb, Alk5-ihb, HIF-act, and HIF-act/ Alk5-ihb groups, respectively. Alk5-ihb:
ALK5 inhibitor, HIF-ihb: HIF-1� inhibitor, HIF-act: HIF-1� activator. Scale bar is 500 �m.

pro-metastatic activity of TGF- � [47]. TGF-�/ALK5 signaling phosphorylates Smad2 and Smad3,
which form heteromeric complexes with the common partner (Co-Smad) Smad4, then translocate to
the nucleus and participate in transcriptional regulation of target genes [48, 49].

Inhibitors of ALK5 antagonize TGF-� signaling by blocking TGF-� receptor-activated Smad (R-
Smad) phosphorylation and inducing ubiquitin-mediated degradation of Smad4. For instance, one of
the inhibitory effects of LY-364947 is reducing p-Smad2 and p-Smad3 which has been frequently
tested and published in several papers [50–52].

Given that TGF-� plays a crucial role in the development of tumors, a number of drugs intended
to block TGF-� signaling have been tested in both animal studies and human clinical trials; however,
no success has yet been shown for clinical use. While ALK5 inhibition by YR-290 showed antitumor
activity in breast cancer in animal models [53], a phase III trial of ALK5 inhibitor (LY-573636) in
melanoma patients led to early closure of the study due to toxicity, with three deaths related to the drug
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(thrombocytopenia). The toxicity imbalance was attributed to an unexpectedly low tasisulam clearance
in a subset of patients leading to drug accumulation, underscoring the importance of pharmacokinetic
monitoring of compounds with complex dosing, even in late-phase studies leading to halting of the
clinical trial [54]. While TGF-� signaling is mediated by the ALK5 receptor in most cell types, the
effects of TGF-� in endothelial cells are mediated by both ALK5 and the endothelial cell restricted
receptor ALK1. However, ALK1 (which stimulates EC migration and proliferation) and ALK5 (which
inhibits both processes) signaling pathways appear to have opposite roles in vascular development, and
studies in ALK5 deficient mice suggest that ALK5 is needed for TGF-�/ALK1 signaling [55]. One of
the upstream regulators of TGF-� is HIF-1 which facilitates breast cancer progression [22]. Another
study, however, claimed that HIF-1� might not be associated with TGF-�1 induction in gastric cancer
cells under hypoxic conditions [56]. Therefore, in the current study, the effects of simultaneous ALK5
inhibition and HIF-1� activation or ALK5 inhibition and HIF-1� inhibition on tumor volume, PDGFR-
�+ cells, and E-cadherin gene expression have been also investigated to better understand whether this
interaction exists in melanoma or not. HIF-1� activation is implicated in tumor progression by inducing
angiogenesis and promoting metastasis [57].

In our study, tumor volume significantly increased in all treated groups in which HIF-1� was acti-
vated, whether ALK5 was inhibited or not. Activated pericytes promote angiogenesis through the
HIF pathway [58]. In our study, vessel density significantly increased in groups in which HIF-1�
was activated. HIF-1� inhibition resulted in a decreased vessel density in comparison to the con-
trol group. Capillary density significantly decreased in the HIF-ihb group compared with the HIF-act
group.

Our results showed that ALK5 inhibition led to significantly decreased numbers of PDGFR-�+ cells
in the HIF-modified groups, whether activated or inhibited. Although HIF-1� inhibition significantly
decreased the percentage of PDGFR-�+ cells around blood vessels, the potent effect of ALK5 inhibi-
tion on PDGFR-�+ cell recruitment, whether HIF is inhibited or activated, is controversial and notice-
able. The proportion of PDGFR-�+ cells has been considerably reduced in the group that received
HIF-1� activator compared to the control group. PDGFR-�+ cells surrounding the vessels significantly
increased in the HIF-act group compared to HIF-ihb. PDGFR-� is a vital receptor on vessel-associated
pericytes and fibroblasts, mediating fundamental processes in tumor progression [59]. PDGFR-� plays
an essential role in the EMT of the epicardium [60]. Interestingly, in a study on EMT-derived breast
epithelial cells, it has been shown that PDGFR-�, a marker for naive MSCs, is exclusively expressed in
EMT-derived cells and not in their normal epithelial counterparts [61]. On the other hand, it has been
shown that a subset of PDGFR-�+ progenitor perivascular cells is recruited from the bone marrow to
perivascular sites in tumors to initiate tumor vasculogenesis [62].

In our study, E-cadherin gene expression was lower in all groups compared to the control group.
Paradoxically, it seems to be an unreported outcome to date. According to our results, E-cadherin
expression significantly decreased in the group receiving HIF activator. HIF-1� overexpression is
correlated with enhanced expression of ZEB1 and decreased E-cadherin expression contributing to
the EMT process [63]. Stabilization and overexpression of HIF decrease the expression of E-cadherin
and may promote cancer metastasis, as we observed that the tumor growth increased after HIF-1�
activation when compared with HIF-1� inhibition [57]. Even though the prevailing belief is that E-
cadherin overexpression prevents motility, and invasion, and its reduction is a fundamental prerequisite
for the development of metastatic cancer, our results show that its reduction is not always associated
with cancer progression. For instance, decreased expression of E-cadherin after inhibition of ALK5
and HIF-1� was not correlated with increased tumor growth. In line with our results, in breast cancer,
enhanced E-cadherin concentrations have been reported in proliferating cancer cells in extremely
invasive, dedifferentiated, metastatic cancers, and tumors with epithelial-mesenchymal transition, and
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hence with poor prognosis [64]. This may suggest that E-cadherin does not just have a metastatic
suppressor role.

Therefore, the E-cadherin paradoxical role could be mentioned as an impact of the tumor microenvi-
ronment, thus showing how context-dependent circumstances can drive molecular functions alongside
alternative routes.

Although assessment of E-cadherin expression levels is one of the most important ways for the
evaluation of EMT, measuring other EMT-related factors like Claudin-1 could help to achieve more
precise results in the TGF- �/HIF-1�-EMT axis, and not measuring Claudin-1 and E-cadherin protein
levels is one of the limitations of our study.

The beneficial impacts of HIF inhibition have been previously demonstrated in pre-clinical mouse
models. HIF-1� is a crucial element in worsening the transformation of regular melanocytes into
melanoma [65, 66]. HIF-1� overexpression in primary melanoma and its metastases has a strong pos-
itive association with the intensity of malignancy and poor prognosis. It has also a direct supporting
effect on tumor angiogenesis through VEGF. HIF-1 prevents the expression of E-cadherin, as a key step
of EMT, followed by a rise in mesenchymal markers and cell motility [67]. According to our results,
E-cadherin expression was highly expressed in the HIF-ihb group compared with HIF-act which is
consistent with the results of other experiments in which HIF activation down-regulates E-cadherin
expression. ALK5 inhibition was significantly effective in reducing E-cadherin expression. Further-
more, ALK5 inhibition may weaken the effect of HIF-inhibition to increase E-cadherin expression.
On the other hand, TGF-� has become one of the most essential elements of EMT promotion. As
a consequence of their mutual transcription stimulation in numerous kinds of cancer cells, elevated
levels of both HIF-1 and TGF-� enhance EMT caused by hypoxia [68]. A main synergistic interaction
exists between the TGF-� signaling and hypoxia pathway, which may facilitate tumor progression
through ALK5 and HIF-� interaction [24].

As we have not observed any synergistic effects for the inhibition of none of the two signaling
pathways, it seems necessary to investigate this in different cancer cell lines, with different inhibitors.
Indeed, the most important limitation of our study was not performing the experiments on cell lines
other than melanoma cells. Lacking the ability to simulate the complex process of tumorigenesis may
be a major limitation of almost all animal studies.

5. Conclusion

The tumor promoting effect of HIF1-� activation, even when ALK5 was inhibited, was demonstrated
in this study, raising significant concerns regarding not only the status of the TGF-� pathway as a tumor
growth promoter, but also the crosstalk between TGF-� and other active pathways, such as HIF1-�
in the tumor microenvironment. Our results suggest that modification of TGF-� signaling would be
a better strategy for cancer treatment. In addition, simultaneous inhibition of TGF-� and HIF-1�
signaling pathways did not show significant synergistic inhibitory effects on melanoma progression
warranting further experiments on other cancer cell lines.
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