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Abstract

Background

We previously identified ovostatin 2 (OVOS2) as a new candidate gene for cutaneous malig-
nant melanoma (CMM) in a Chinese population. In this study, we aimed to investigate the
exact role of OVOS2in cell proliferation, invasion, and tumorigenesis of melanoma A375
cells.

Methods

The downregulation of OVOS2 expression was performed using lentiviral vectors with spe-
cific shRNA. The effects of OVOS2 expression on cell proliferation, cell cycle, cell migration,
cell invasion, and potential of tumorigenesis were further investigated.

Results

The downregulation of OVOS2 significantly suppressed the proliferation of A375 cells and
led to a G2/M phase block. The transwell cell migration assay showed that the reduced
expression of OVOS2 also significantly inhibited the transmigration of A375 cells. The west-
ern blot results showed downregulated expression of p-FAK, p-AKT, and p-ERK. This was
accompanied by the upregulated epithelial phenotypes E-cadherin and B-catenin, and
downregulated expression of mesenchymal phenotype N-cadherin after OVOS2 knock-
down. The transplantation tumor experiment in BALB/C nude mouse showed that after an
observation period of 32 days, the growth speed and weight of the transplanted tumors were
significantly suppressed in the BALB/c nude mice subcutaneously injected with OVOS2
knocked-down A375 cells.

Conclusion

The inhibition of OVOSZ2 had significant suppressive effects on the proliferation, motility,
and migration capabilities of A375 cells, suggesting a crucial promotive role of OVOS2in
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the pathogenesis and progression of CMM. The involved mechanisms are at least partly
associated with the overactivation of FAK/MAPK/ERK and FAK/PI3K/AKT signals.

Introduction

Cutaneous malignant melanoma (CMM) is a highly aggressive malignancy arising from the
melanocytes, and it is the fifth most frequently diagnosed cancer in human beings[1]. The dis-
ease progresses rapidly with a tendency for early metastasis and very few traditional therapeu-
tic options are available for patients in the metastatic stage[2]. In the past few years, numerous
molecular markers for melanoma were developed by various chip technologies, accompanied
by great advances in molecular therapy[3-5]. However, given that the disease is largely incur-
able and the underlying mechanisms remain unclear, efforts are still needed to develop novel
diagnostic markers and key therapeutic targets for CMM.

In our previous study, a new candidate gene ovostatin2 (OVOS2) was identified to be dra-
matically up-regulated in acral melanomas. The gene was also proved to be correlated with the
aggressiveness of CMM|[6]. However, the exact roles of OVOS2 in cell growth, invasion, and
tumorigenesis of melanoma remain unclear. OVOS?2 is a serine protease inhibitor belonging
to the alpha-2-macroglobulin (02-M) family that can strongly inhibit the activity of protein-
ases. The activated a2-M could bind to GRP78 present on the surface of cancer cells, and pro-
mote cellular proliferation by activating signaling cascades, including MAPK and AKT-
dependent signaling[7-12]. It has been demonstrated that GRP78 is over-expressed in cancer
cells and is related to the progression of melanomal13, 14]. In this study, we aimed to examine
the crucial roles of OVOS2 in tumor initiation and progression and to explore whether OVOS2
has similar effects on MAPK/AKT pathway as a2-M does by performing lentiviral-mediated
shRNA interference with OVOS2 expression. We designed a series of studies to examine the
effect of OVOS2 on the malignant phenotype of A375 cells, cell proliferation, cell cycle, cell
migration, and invasion. Moreover, we examined the activation of MAPK and AKT-depen-
dent signaling, and the tumorigenic potential of melanoma A375 cells. Based on these experi-
ments, we hope to provide new insights into molecular mechanisms of OVOS2 in tumor
progression.

Materials and methods

The protocol for the research project has been approved by the Ethics Committee of the Insti-
tution of Dermatology (Hospital), Chinese Academy of Medical Sciences and Peking Union
Medical College (Permit Number: 200911), and it conforms to the provisions of the Declara-
tion of Helsinki in 1995.

Cell lines and culture conditions

The melanoma cell lines SK-mel-1 (ATCC®) HTB-67") and A375 (ATCC®R) CRL-1619™) were
obtained from the American Type Culture Collection and preserved in our lab. MV3 and M14
were donated by the lab of department of dermatology, the first affiliated hospital of nanjing
medical university and long-term preserved in our lab. Cells were cultured in Dulbecco’s Mod-
ified Eagle’s Medium (DMEM; Gibco, CA, USA) supplemented with 10% fetal calf serum.
Normal melanocytes were cultured in 254 Medium (Gibco, CA, USA) supplemented with 10%
human melanocyte growth supplement.
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Transfection of lentiviral vectors with shRNA for OVOS2

To silence OVOS2 expression in melanoma cells, we constructed four shRNA-OVOS2 lenti-
viral vectors based on the shRNAi vector pPGMLV (pGMLV-GFP-vshRNA-OVOS2, Genome-
ditech, Shanghai, China). The four shRNA-targeting sequences for OVOS2 were as follows:
(1) 5'-GCAGTATGTTCTGCTGATICC-3'; (2) 5'-GCTTGGAACTGTAAACTTTIGA-3';
(3) 5'-GGTGAACAAGTTGTTGCAACT-3'; and (4) 5-GGAACGTCCTTCTACTGAA
AT-3'. The recombinant pGMLV-GFP-vshRNA-OVOS2s were identified by PCR and DNA
sequencing. Lentivirus packaging was conducted in 293T cells, followed by transfection with
the four shRNA-OVOS2s into A375 cells. A mock lentiviral vector was used as a negative con-
trol. The optimum shRNA fragment against OVOS2 was determined by real-time PCR. The
interference of this selected shRNA on OVOS2 was verified by immunocytochemistry.

Cellular experiments

RNA extraction and real-time PCR analysis. The total RNA extraction and real-timem
PCR were performed as described previously[6]. B-actin gene, which has been proved to be
a housekeeping gene in human tissues, was used as an internal control to normalize the
variation in the amount of cDNA template. Normal melanocyte was used as a control to
calculate the relative mRNA levels of the melanoma cell lines. The untreated cell was used as a
controlfor cells transfected by lentiviral vectors with shRNA for OVOS2. The fold change of
OVOS2 mRNA expression in the tested sample was calculated using the following formulas:
OVOS2ACt Y4 = (Avg. OVOS2 _Ct-Avg. B-actin_Ct) and OVOS2AACt = (OVOS2ACt_tested
sample-OVOS2ACt_control). Then we got a normalized OVOS2 amount relative to the con-
trol, which is shown as 2"**“", The mean from three independent experiments was calculated.

Western blot analysis. Cellular protein was extracted from cultured cells by using a total
protein extraction kit (KeyGen Biotech, China) and quantified by the Bradford protein assay
kit (KeyGen Biotech). The western blotting procedure was the same as described previously
[6]. B-actin or GADPH was used as an internal control to confirm equal loading of the sam-
ples. A rabbit polyclonal anti-OVOS2 antibody against synthetic peptide conjugated to KLH,
corresponding to a region within N terminal amino acids 57-87 of Human OVOS2, was
used as the primary antibody at a diluted ratio of 1:500 (Abcam, Cambridge, UK; RRID:
AB_10861079). The other primary antibodies were the diluted solution of antibodies that rec-
ognize AKT (1:500), p-AKT (1:500), ERK (1:3000), p-ERK (1:800), FAK (1:1000), p-FAK
(1:500), cyclin A (1:500), cyclin B (1:1000), cyclin D1 (1:1000), CDK2 (1:800), matrix metallo-
proteinase-2 (MMP-2; 1:500), N-cadherin (1:1000), E-cadherin (1:1000), and B-catenin
(1:1000), and they were obtained from Affinity (OH, USA). The HRP-conjugated anti-rabbit
IgG secondary antibody was obtained from KeyGen BiotechCo. Ltd.

Immunocytochemistry. The cells were cultured on coverslips. After cell attachment
and formation of a confluent monolayer, the cells were immersion fixed in 95% alcohol for
30 min. The coverslips were washed three times (5 min each) with phosphate-buffered saline
(PBS) and then incubated with 1 mM Triton-100 for 20 min to enhance the permeability of
the cell membrane. After three washes in PBS (5 min each), the coverslips were incubated
with the rabbit polyclonal antibody against OVOS2 (1:100) at 25°Cfor 1 h. Afterward, the
coverslips were washed three times (5 min each) in PBS and then incubated for 15 min at
room temperature with HRP-labeled antibodies. After three washes (5 min each) with PBS,
the coverslips were stained in a peroxidase detection system. The antibody binding was visual-
ized using diaminobenzidine as the chromogen, and counterstaining was performed with
hematoxylin. Immunostaining with PBS instead of primary antibody served as the negative
control.
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MTT cell viability assay. The cells were seeded in triplicate into a 96-well plate (5,000 per
200 uL/well) and incubated for 24, 48, 72, and 96 h. Aliquots of 20 pL of 0.5 mg/mL 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide (MTT) (Sigma-Aldrich, St. Louis,
MO, USA) solution were added at the indicated time points. Approximately 4 h later, the
medium was replaced with 150 uL dimethyl sulfoxide (DMSO) and vortexed for 10 min. The
absorbance (A) at 490 nm was measured to determine the number of viable cells in each well.
The viability of cells in the different groups was compared at specified time points.

In vitro assay for cell growth. Cells were counted, diluted, and seeded in triplicate at
50000 cells per D-35mm culture dish in 1 ml DMEM-10% serum. Cell growth was measured
by counting cell numbers.

Colony formation assay. Approximately 1000 mock or transfected cells were plated by
serial dilution in triplicate in 6 cm culture dishes without any substrate. After 14 days, the cells
were stained with 0.1% crystal violet, and the visible colonies were manually counted. The
experiment was performed in triplicate.

Apoptosis detection. Staining with annexin V and 7-aminoactinomycin D (7-AAD) were
performed to evaluate chromatin condensation according to the manufacturer’s instructions
(BioLegend, CA, USA). Briefly, the cells were washed in ice-cold PBS and resuspended in the
binding buffer at a density of 1x10° cells/mL. Then, the cells were stained with 5 pLannexin
V-FITC and 10 uL 7-AAD for 15 min. Flow cytometric analysis was performed on a FACSCa-
libur (Becton Dickinson, NJ, USA), and the fraction of cells in each quadrant was calculated
using the CellQuest Pro software (Becton Dickinson).

Caspase-3 activity analysis. The activity of caspase-3 was measured using the colorimet-
ric Caspase-3 Assay kit (Keygen, Nanjing, China) according to the manufacturer’s instruc-
tions. Briefly, equal amounts of cell extracts prepared from cells were incubated with the
Caspase-3 substrate in the assay buffer for 4 h at 37°C. Absorbance was measured at 400 nm
using a Multiscan Ascent (Thermo, MA, USA). Untreated A375 cell was used as a reference
for results analysis.

Cell cycle detection. The harvested cells were fixed in 75% ethanol overnight at -20°C.
Then, they were washed with PBS, digested by DNase-free RNase A, and stained with 50 mg/
mL propidium iodide (PI; Beckman Coulter, CA, USA) in PBS at 4°C for 30 min. Flow cyto-
metric analysis was performed on a FACScan system (Becton Dickinson), and the data were
analyzed by using the ModFit software (Verity Software House, ME, USA).

Cell-matrix adhesion assay. For adhesion assay, Matrigel (BD Biosciences, CA, USA) was
used as the adhesion substrate, the major component of which is laminin, followed by collagen
IV, heparan sulfate proteoglycans, entactin/nidogen. It also contains TGF-beta, epidermal
growth factor, insulin-like growth factor, fibroblast growth factor and tissue plasminogen acti-
vator. It is effective for the attachment of anchorage dependent cells. The cells were pretreated
with serum-free DMEM for 24 h and then detached from the culture dishes by trypsin. Subse-
quently, 2 x 10" cells were seeded in a 96-well microplate coated with 0.5 mg/mL of Matrigel
and left to adhere for 1 h in a humidified atmosphere at 37°C and 5% CO,. The cells were then
washed 3 times with sterile PBS to remove any detached cells. The adhered cells were incu-
bated at 37°C with the complete medium, and MTT assay was performed as described above.
The experiment was performed in triplicate.

Cell migration assays. A monolayer wound-healing assay was used to evaluate the cell
migration ability[15]. The cells were grown to 80-90% confluence in 6-well plates. A wound
was made by dragging a plastic pipette tip across the cell surface. The remaining cells were
washed three times to remove any cell debris and incubated at 37°C with serum-free DMEM.
At 6,12, and 24 h, six different cleared zones per well of migrating cells at the wound front
were photographed and compared. The cell migration distance was determined by measuring
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the width of the wound and subtracting half this value from the initial half-width value of the
wound. Each experiment was performed in triplicate and three separate experiments were
performed.

Cell transmigration and invasion assays. The transmigration and invasion assays were
conducted in 24-well transwell chambers (8um pore size) using an uncoated membrane and
Matrigel-coated membrane (BD Biosciences), respectively. The cells (1x10° cells) were then
suspended in 200 pL of serum-free DMEM and added to the upper chamber, while 500 pL of
complete DMEM was placed in the lower chamber to serve as a chemoattractant stimulus.
After 24 or 48 h of incubation, the nonmigratory or noninvasive cells remaining in the upper
chamber were removed by cotton-tipped swabs. The transmigrated or invaded cells that had
adhered to the bottom surface of the chamber membranes were stained with crystal violet. The
cells in five randomly selected microscopic fields were counted and photographed. All experi-
ments were performed three times in triplicate for each sample.

Animal experiments. All animal experiments were ethically acceptable as they were per-
formed in full compliance with the national guidelines for animal usage in research and with the
approval of the Animal Care and Use Committee, Institute of Dermatology (Hospital), Chinese
Academy of Medical Sciences and Peking Union Medical College (Permit Number: 200911).

Female BALB/c nude mice, obtained from the laboratory animal center of Academy of Mil-
itary Medical Sciences (Beijing, China), were kept in a special pathogen-free facility, which is
accredited for animal care by the Chinese Association for Accreditation of Laboratory Animal
Care.

For the tumor formation assay, 18 five- to six-week-old BALB/c nude mice were divided
randomly into three groups, then A375/0VOS2-shRNA cells, A375/NC-shRNA cells, or
untreated A375 cells were subcutaneously injected at a dose of 2 x 107 cells per animal for each
group. Each animal received one injection in the armpit. The primary tumor size was deter-
mined every other day as 3D measurements (mm) using a caliper. Only measurable tumors
were used to calculate the mean tumor volume for each tumor cell clone at each time point.
The animals were euthanized by carbon dioxide inhaling 32 days after the injection, when the
largest tumors reached approximately 15 mm in diameter. All the transplanted tumors were
fixed in 10% formalin and embedded in paraffin. The invasive or metastatic patterns were ana-
lyzed using hematoxylin-eosin (H&E) staining. The mitotic rate was evaluated in five ran-
domly selected high-power fields under a light microscope.

Immunohistochemical staining was performed in the tissues of the transplanted tumors as
described previously[6], and the procedure was similar to that of immunocytochemistry men-
tioned above. Briefly, the tissue sections were dewaxed and rehydrated. Antigen-epitope
retrieval was performed by using 10 mmol/L citric acid buffer solution (pH 6.0), followed by
overnight incubation at 4°C with the primary antibodies, and then incubated with HRP-
labeled secondary antibody for 15 min at room temperature after three washes (5 min each)
with PBS. The peroxidase detection system was used to stain the slices and hematoxylin was
used as a counterstain. The antibodies that recognize Ki-67, Bcl-2, Bax, E-cadherin, B-catenin
and the HRP-conjugated IgG secondary antibody were ready-to-use and obtained from
Maixin Biotech (Fuzhou, China). The results were quantified blindly and independently by
two independent observers. The disagreements among the observers were discussed under a
multi-scope microscope for a final consensus. The mean percentage of the positive cells was
determined in at least four random areas at a magnification of 400 x. The staining intensity
was scored as negative (0), weak (1), moderate (2), and intense (3). The scores for staining
intensity and the percentage of positive cells were multiplied to obtain a final score for each
case. For Ki-67, the Ki-67 labeling index (KI) was calculated as the percentage of Ki-67-positive
nuclei per 1000 tumor-cell nuclei[16].

PLOS ONE | https://doi.org/10.1371/journal.pone.0195610  April 23,2018 5/16


https://doi.org/10.1371/journal.pone.0195610

o @
@ : PLOS | ONE The effects of OVOS2 on tumorigenesis of CMM cells

Statistical analysis

Statistical analyses were performed using the SPSS 17.0 software (IBM, IL, USA). One-way
ANOVA, LSD multiple comparison, and Kruskal-Wallis test were used for comparison
between the groups. All tests were two-tailed, and P < 0.05 was considered as statistically
significant.

Results
Expression of OVOS2 mRNA and protein in melanoma cell lines

As shown by real-time PCR and western blot analysis (Fig 1A and 1B), significantly upregu-
lated levels of OVOS2 mRNA and protein were detected in all four melanoma cell lines com-
pared with those in the primary melanocytes. Moreover, good concordance between the
mRNA and protein levels was observed in all the cell lines. Of the four kinds of melanoma
cells, A375 presented the highest expression level of OVOS2. Further immunocytochemical
examination confirmed that the cytoplasm of the melanoma cell lines A375, MV3, and M 14,
but not of the primary cultured melanocytes, was stained with anti-OVOS2 antibody (Fig 1C).
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Fig 1. OVOS2 expression in different melanoma cell lines. (a) OVOS2 mRNA level in the four melanoma cell lines: A375, M14, MV 3, and Sk-mel-1.
The expression levels are shown relative to the primary cultured melanocytes. (b) OVOS2 protein expression analyzed using western blotting, with B-actin
as the loading control. (c) OVOS2 protein expression measured by immunocytochemical analysis using polyclonal anti-OVOS2 antibody (magnification
of A375 and MV3: 100x; M14 and MC: 200x). Sk-mel-1 was not tested for using immunocytochemistry because of being suspension-cultured.

https://doi.org/10.1371/journal.pone.0195610.9001
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Knockdown of OVOS2 expression by lentiviral vector with shRNA in A375
melanoma cells

Four lentiviral vectors with shRNA for OVOS2 were constructed successfully. Melanoma A375
cells, which presented the highest expression level of OVOS2, were selected as the target cells.
Real-time-PCR showed that the expression of OVOS2 could be significantly inhibited by all
four shRNA fragments (Fig 2A), of which OVOS2-shRNA1 exhibited the most efficient inhibi-
tion of OVOS2. Immunocytochemistry confirmed that OVOS2 expression was noticeably
inhibited in OVOS2-shRNA1-transfected A375 cells (Fig 2B). Therefore, the corresponding
stable transfectants of OVOS2-shRNA1 (hereafter referred to as OVOS2-shRNA) were chosen
for further study.

OVOS2 was involved in the cell proliferation and cell cycle process of A375,
but it weakly affected the cell apoptosis rate

The MTT assay showed that the proliferative rate at 72 h significantly decreased in A375/
OVOS2-shRNA compared with that in the A375/NC-shRNA (Fig 3A). The cell number
counting gave results similar to those of the MTT test (Fig 3B). The colony formation assay
showed that the colony forming activity of A375/0VOS2-shRNA was significantly inhibited
(Fig 3C). The above results of these in vitro studies demonstrated the proliferation potential of
A375 cells was significantly inhibited after OVOS2 silencing. Regarding the cell cycle, flow
cytometry revealed a G2/M phase block in A375/0VOS2-shRNA at 72 h (Fig 3D). However,
the downregulation of OVOS2 did not significantly affect the percentage of apoptotic cells at
48((6.253+2.508)% vs (8.047+2.879)% and (8.07+1.202)%, P = 0.39) and 72 h((12.6+4.5)% vs
(6.5£1.7)% and (6.7+2.8)%, P = 0.082) as shown by the flow cytometric analysis (Fig 3E). Simi-
lar results were obtained by caspase-3 activity analysis (Fig 3F).

OVOS2 was involved in cell motility and migration of A375, but it weakly
affected the Matrigel invasion

The adhesion assay revealed that the cell-matrix adhesion was significantly stronger in A375/
OVOS2-shRNA (Fig 4A). The wound healing study showed that the migration distance at 6h,
12h and 24h of A375 cell, A375/NC-shRNA and A375/0VOS2-shRNA were (58.68+22.10,
69.62+31.38, 106.30+50.87), (44.76+7.68, 60.59+18.36, 91.27+£19.45) and (18.16+9.33, 32.95
+17.75, 42.46+34.42), indicating the wound closure of A375/0OVOS2-shRNA cells was markedly
delayed at the indicated time points compared with that of the A375/NC-shRNA and untreated
A375 cells (both P<0.001 at 6h, P = 0.003 and P<0.001 at 12h, P = 0.002 and P<0.001 at 24h,
respectively = (Fig 4B), and similar results were obtained by wound healing assay in complete
medium (a supporting information file shows this in more detail [see S1 Fig]), further support-
ing the significant suppression of cell motility ability by OVOS2 knocked-down. Transwell
migration study showed that the number of transmigrated A375/0OVOS2-shRNA cells de-
creased significantly (P = 0.016 and P = 0.02, compared with A375/NC-shRNA and untreated
A375 cell groups, respectively) (Fig 4C). In the Matrigel invasion study, a decrease in cell inva-
sion was observed, although the differences were not significant (P = 0.453; Fig 4C).

OVO0S2 silencing affected the expression of cell cycle-related proteins in
A375 cells

As shown by western blot analysis (Fig 5A), the expression levels of the regulators of cell cycle
including cyclin A, cyclin B, cyclin D1, and CDK2 were reduced after OVOS2 was knocked
down in A375 cells.
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OVOS2-shRNA1 (hereafter referred to as OVOS2-shRNA) were chosen for further study. (b) OVOS2 protein
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expression measured by immunocytochemical analysis in untreated A375 cells (100x), A375 cells transfected with NC-
shRNA (100x), and A375 cells transfected with OVOS2-shRNA (S1) (200x).

https://doi.org/10.1371/journal.pone.0195610.g002

OVOS?2 affected the expression of proteins related to invasiveness in A375
cells

Western blot revealed a downregulated expression of the mesenchymal phenotype N-cadherin,
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Fig 3. Effect of OVOS2 downregulation on cell proliferation, cell cycle, and apoptosis of A375. There are representative results from
three independent experiments. (a) The cell proliferation rate evaluated by MTT assay was significantly inhibited after 72 h of
incubation in A375 cells transfected with the OVOS2-shRNAs, while no significant difference was observed at 24 or 48 h (**P < 0.01,
ANOVA, LSD multiple comparison). (b) Results of cell number counting test. The proliferative rate at 72 h significantly decreased in
A375/0V0OS2-shRNA compared with that in A375/NC-shRNA and untreated A375 cell groups (**P < 0.01, rANOVA, LSD multiple
comparison). (c) The colony formation assay showed the colony forming activity during the 14 d culture of A375 cells, A375/NC-shRNA
and A375/0V0S2-shRNA (**P < 0.01, ANOVA, LSD multiple comparison). (d) Flow cytometric analysis showed significant
accumulation of G2/M phase fraction at 72 h in A375 transfected with OVOS2-shRNA (**P < 0.01, *P < 0.05, ANOVA, LSD multiple
comparison). (e) Flow cytometer analysis by staining with AnnexinV and 7-AAD. In the scatter plots, the left quadrant represents viable
cells, and the right quadrant represents apoptotic cells. The results showed an unaffected apoptosis rate at 48 h and a non-significant
increased apoptosis rate at 72 h in A375/0VOS2-shRNA, compared with A375 cell and A375/NC-shRNA (P > 0.05, ANOVA). (f) Results

of Caspase-3 activity analysis. Downregulation of OVOS2 did not significantly affect the percentage of apoptotic cells after 48 (P>0.05,
ANOVA) or 72 h culture (P = 0.05, ANOVA).

https://doi.org/10.1371/journal.pone.0195610.9003
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Fig 4. Effect of OVOS2 downregulation on the cell invasive behavior of A375. (a) The enhanced cell-matrix adhesion rate of A375 cells transfected with OVOS2-
shRNA was shown (*P < 0.05, P = 0.007 and P = 0.026, compared with A375/NC-shRNA and untreated A375 cell groups, respectively; ANOVA, LSD multiple
comparison). The average was calculated from three independent experiments and presented with standard deviation. (b) The wound healing assay showed the
inhibition of cell motility in A375 cells following OVOS2 downregulation with shRNA (**P<0.01, repeated measure of ANOVA). Representative results from three
independent experiments were shown (100x). (c) The inhibition of the transmigration ability during 24 h culture of A375 cells transfected with OVOS2-shRNA
was shown using the Transwell migration study (*P < 0.05, P = 0.016 and P = 0.02, compared with A375/NC-shRNA and untreated A375 cell groups, respectively;
ANOVA, LSD multiple comparison); and a nonsignificant decrease of invasion ability during 48 h culture of A375 cells transfected with OVOS2-shRNA was
shown by the Matrigel invasion assay (P = 0.453, ANOVA). Representative results from three independent experiments (200 x).

https://doi.org/10.1371/journal.pone.0195610.9004
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Fig 5. Western blot results. (a) The levels of cyclin A, cyclin B, cyclin D1, and CDK2 were reduced in A375 cells transfected with OVOS2-shRNA; (b) The
downregulated expression of N-cadherin accompanied with the upregulated expression of E-cadherin and p-catenin were observed in A375 cells transfected with
OVOS2-shRNA; (c) The expression of p-FAK, p-AKT, and p-ERK were reduced in A375 cells transfected with OVOS2-shRNA; (d) The increased production of

MMP-2 was observed in A375 transfected with OVOS2-shRNA; (e) GAPDH was used as the reference.

https://doi.org/10.1371/journal.pone.0195610.9005
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OVO0S2 silencing suppressed the phosphorylation of AKT, ERK, and FAK
in A375 cells

OVOS2 silencing reduced the expression of key cancer related signal markers p-FAK, p-AKT,
and p-ERK, without affecting the expression of AKT, ERK, and FAK in A375 cells, indicating
a possible role of OVOS2 in activating these pathways. (Fig 5D).

OVOS2 expression affected the tumorigenicity of A375 cells in vivo

After 5-7 days of a lag phase, all the mice in the three groups developed tumors successively.
Although no difference in tumor incidence was observed among the groups (Fig 6A), tumor
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Fig 6. BALB/C nude mouse subcutaneous transplantation tumor experiment and immunohistochemistry of the transplanted tumors. (a) All the mice from
the three groups developed tumors. OVOS2 downregulation significantly decreased tumor growth and one tumor spontaneously regressed in the A375/0VOS2-
shRNA group. (b) The tumor growth was significantly inhibited in the A375/OVOS2-shRNA group during the observation period (*P < 0.05, P = 0.011 and

P =0.03, compared with A375/NC-shRNA and untreated A375 cell groups, respectively; repeated measure of ANOVA); the weight of tumors in the A375/0VOS2-
shRNA group was also significantly reduced (*P < 0.05, P = 0.019 and P = 0.012, compared with A375/NC-shRNA and untreated A375 cell groups, respectively;
ANOVA, LSD multiple comparison). The results are shown as means + SD. (c¢) H&E staining of the three groups (100x). The histopathologic characteristics of the
xenograft tumors among the three groups were similar. (d) Number of abnormal mitoses of transplanted tumors in every high power field. The number of
abnormal mitoses was much less in the A375/0VOS2-shRNA tumors compared with those in the A375 cell and A375/NC-shRNA tumors (*P < 0.05, P = 0.002
and P = 0.023, compared with A375/NC-shRNA and untreated A375 cell groups, respectively; ANOVA, LSD multiple comparison). (e) The downregulation of
OVOS2in A375 cells dramatically decreased the percentage of Ki-67 positive cells as shown by immunohistochemistry study (**P < 0.01, ANOVA, LSD multiple
comparison). (f) Immunohistochemistry staining of OVOS2 expression in transplanted tumors. OVOS2 was expressed in tumors induced by A375 and A375/NC-
shRNA cells, but it was absent in one of the A375/0OVOS2-shRNA cell-induced tumors, and the expression level in the group of A375/0OVOS2-shRNA was
significantly decreased (*P < 0.05, P = 0.009 and P = 0.033, compared with A375/NC-shRNA and untreated A375 cell groups, respectively; Kruskal-Wallis test). (g)
The expression of E-cadherin and B-catenin in the xenograft tumors showed that both E-cadherin and B-catenin were significantly upregulated in the A375/
OVOS2-shRNA tumor (*P < 0.05, P = 0.015 and P = 0.02 for E-cadherin, P = 0.033 and P = 0.04 for B-catenin, compared with A375/NC-shRNA and untreated
A375 cell groups, respectively; ANOVA, LSD multiple comparison). (h) Immunohistochemistry staining for apoptosis indexes of Bax and Bcl-2in transplanted
tumors. The ratio of Bax to Bcl-2 was higher in the A375/0V0S2-shRNA group than that in the A375 and A375/NC-shRNA groups; but not reached statistical
significant difference (P>0.05, Kruskal-Wallis test).

https://doi.org/10.1371/journal.pone.0195610.9006
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growth was significantly inhibited in the A375/0VOS2-shRNA group during the observation
period (P =0.011 and P = 0.03, compared with A375/NC-shRNA and untreated A375 cell
groups, respectively Fig 6B). The tumor size of the A375/OVOS2-shRNA group was only 10%
of the parental A375 and A375/NC-shRNA tumors. Notably, spontaneous tumor regression
was observed in one mouse in the A375/0VO0S2-shRNA group. The tumor weight was also
significantly reduced, with an inhibition of more than 85% in the A375/0VOS2-shRNA group
(P=0.019 and P = 0.012, compared with A375/NC-shRNA and untreated A375 cell groups,
respectively; Fig 6B). No difference in body weights was observed among the three mice
groups. The histologic appearances of the transplanted tumors among the three groups were
undistinguishable (Fig 6C). The number of abnormal mitoses in all high-power fields was
much less in the A375/0V0OS2-shRNA tumors compared with those in the A375 cell and
A375/NC-shRNA tumors (Fig 6D).

Immunohistochemistry of the transplanted tumors

OVOS2 was expressed in tumors induced by A375 and A375/NC-shRNA cells, but it was
absent in one of the A375/0VOS2-shRNA cell-induced tumors, and the expression level in the
group of A375/0VOS2-shRNA was significantly decreased (Fig 6F). Immunoreactivity of the
proliferative marker Ki-67 was detected in the nuclei of cancer cells in all the tumors; however,
the KI was significantly lower in the A375/0OVOS2-shRNA group than that in the A375 and
A375/NC-shRNA groups (P =0.001 and P < 0.001, compared with A375/NC-shRNA and
untreated A375 cell groups, respectively; Fig 6E). This finding was in accordance with the
abnormal mitosis number. Immunohistochemistry staining for apoptosis indices in Bax and
Bcl-2 revealed that the ratio of Bax to Bcl-2 was higher in the A375/0VO0S2-shRNA group
than in the A375 and A375/NC-shRNA groups. However, the differences were insignificant
(Fig 6H), which was consistent with the in vitro apoptosis analysis results. Semi-quantitative
analyses of the expression of epithelial proteins revealed that E-cadherin and B-catenin were
both significantly upregulated in the A375/0OVOS2-shRNA group tumors than in the A375
and A375/NC-shRNA group tumors (P = 0.02 and P = 0.015 for E-cadherin; P = 0.04 and

P =0.033 for B-catenin; Fig 6G), which was in accordance with the western blot result.

Discussion

The two major hallmarks of malignancy are infinite growth and invasiveness[17]. We con-
ducted a series of studies to examine the effect of OVOS2 on two phenotypes of melanoma
A375 cells.

The infinite growth potential of tumor is considered as the result of uncontrolled prolifera-
tion, apoptosis defect, and cell cycle dysregulation. Through a series of in vitro and in vivo
tumorigenesis studies combined with the KI index of the transplanted tumors, we found that
the proliferation potential of A375 cells was significantly inhibited after OVOS2 silencing. The
results of the cell cycle study revealed a G2/M phase block in OVOS2 knockdown cells, whereas
the percentage of apoptotic cells remained unchanged. The Bax/Bcl-2 ratio in planted tumors,
which represents the level of apoptosis, showed no significant difference as well, from which we
concluded that OVOS2 involvement in cell proliferation is mainly attributed to cell cycle dysre-
gulation, rather than the apoptosis defect. Cyclin A and B are key proteins in regulating the cell
cycle from G2 entry into M-phase. In the present study, the G2/M phase block accompanied by
the downregulated expression of cyclin A and B indicated a cell mitotic arrest caused by OVOS2
silencing[18, 19]. The reduced expression of cyclin D1 and CDK2, which are the G1/S phase-
related regulators of the cell cycle, were also observed after OVOS2 knockdown. Besides its pro-
moting role in cell cycle, CDK2 is also a downstream product of microphthalmia-associated
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transcription factor (MITF), which is essential for CMM development. Previous data revealed
that the inhibition of CDK2 could significantly reduce the growth of melanoma cells[20, 21]. In
our study, the inhibition of CDK2 may partly contribute to the suppression of cell growth due
to OVOS2 silencing. Cyclin D1 is a key regulator not only promoting G1/S transition, but also
regulating the process of tumor progression such as cellular migration[22, 23]. The down-regu-
lation of cyclin D1 due to OVOS2 silencing may influence the biological behavior of A375 cells
independent of cell cycle regulation, but the precise mechanism needs to be studied further.

Tumor invasion, which is another hallmark of malignancy, occurs in a series of discrete
steps, including loss of cell adhesion to the matrix, degradation of the extracellular matrix
(ECM), and the motility and migration of tumor cells. In this study, we observed that the
decreased OVOS2 expression significantly enhanced cell adhesion but suppressed motility and
transmigration, indicating a reduced invasiveness of A375 cells in vitro. The cadherins are a
super-family of adhesion molecules that play important roles in cell adhesion, cell motility,
and tumor invasion[24-26]. In this study, we observed a downregulated expression of N-cad-
herin, accompanied by an upregulated expression of E-cadherin and B-catenin in OVOS2-
interfered A375 cells. The upregulated expression of E-cadherin and B-catenin were also
observed in transplant tumors by immunohistochemistry. E-cadherin and B-catenin were con-
sidered as epithelial proteins, while N-cadherin is a mesenchymal cadherin. The switch from
epithelial to mesenchymal phenotype in tumor cells was known as epithelial-mesenchymal
transition (EMT), which has been observed as a vital process during melanoma development
[27, 28]. Loss of E-cadherin in melanoma can be associated with an increase of mesenchymal
phenotypes N-cadherin expression. Lots of in vitro studies have shown that down-regulation
of membrane expression of epithelial, or E-cadherin, and increase in neural, or N-cadherin,
are involved in the ability of a melanoma cell to migrate out of its nascent environment. One
of the important early steps in melanoma development includes disruption of E-cadherin-
mediated adhesive interaction between melanocytes and keratincoytes, accompanied by
increased expression of N-cadherin, which facilitates proliferation and invasion of melanoma
cells[29, 30]. The modulation of cadherins by OVOS2 silencing observed in the present study
could partly explain the inhibition of cell motility and migration. In addition, it can suggest
the possible role of OVOS2 in the EMT process of melanoma cells; however, further study
with the detections of additional markers of EMT, such as Snail, Twist, and Zeb1, would give
more evidences.

MMP-2 is a key promotor in the migration and invasion of tumor cells by degradating
ECM][31]. Notably, we revealed that OVOS2 silencing enhanced MMP-2 expression, which
indicated an enhanced proteolytic potential however, the invasive cell number was not signifi-
cantly decreased as expected in the Matrigel invasion assay. Repeated tests of the expression of
MMP-2 and Other MMPs should be further conducted. However, the cell lines cultured in
artificial environments cannot fully recreate the invasive process of tumors in vivo, further
invasive and metastatic studies should be performed on metastatic animal models.

Information on the mechanisms underlying the involvement of OVOS2 in tumor is limited.
We assumed OVOS2 might interact with some key cancer related signaling pathways to regu-
late the cell growth and tumorigenesis. In this study, we demonstrated that the interference of
OVOS2 could dramatically inhibit the phosphorylation of ERK, AKT, and FAK, indicating a
possible role of OVOS?2 in activating these pathways. ERK1/ERK2 is essential for G1/S phase
and G2/M phase transition and plays a central role in cell proliferation control [32, 33]. Con-
stitutively activated AKT is associated strongly with cell proliferation and apoptosis in cancer,
and plays a significant role in melanoma([34]. Focal adhesion kinase (FAK) is a key mediator of
integrin signaling pathway, which plays a key role in the regulation of cell motility and inva-
sion through the activation of numerous downstream pathways including the ERK and AKT
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pathways[35, 36]. The role of OVOS?2 in these pathways has not been reported previously;
however, activated 0:2-M, to which OVOS2 belongs, can bind to GRP78 and activate signaling
cascades including MAPK and AKT-dependent signaling[7-12]. We concluded that the
involved mechanisms of OVOS?2 affecting proliferation and migration of melanoma cell may
at least partly associated with the overactivation of FAK/ERK and FAK/AKT signals. Further
investigations are needed to examine whether any interaction exists between OVOS2and
GRP78 on the surface of melanoma cells.

The information about our target gene OVOS2 is very limited, the possible mechanism and
binding proteins were totally unknown as well, and thus, the current manuscript is relatively
exploratory and has many limitations. For instance, only one type of cell line was chosen for
phenotypic studies and other cell lines or primary tumor cells should be used for further inves-
tigations. We should reconfirm the results above by performing the OVOS2 over-expression
experiment. Inhibitors or activating agents could be used to further study the effects of OVOS2
on the related signaling pathways. Technologies such as mass spectrometry analysis, co-immu-
noprecipitation, and molecular docking simulation could also be applied to identify the possi-
ble interacting proteins in our future studies.

Conclusion

In summary, our study revealed that OVOS2 was overexpressed in melanoma cells, and it
could regulate the proliferation and migration of melanoma cells, suggesting a crucial promo-
tive role of OVOS2 in the progression of melanoma. These results not only represent a new
insight and area for molecular researches of melanoma, but also provide valuable theoretical
basis and experimental data for further seeking the precise function and molecular mecha-
nisms of the involvement of OVOS2 on melanoma.

Supporting information

S1 Fig. The representative images of wound healing assay in complete medium (100x). The
wounding space between cell layers were almost occupied by the continuous movements of
migrated cells after 24 h culture in untreated A375 cell and A375/NC-shRNA cell groups,
while the number of migrated cells and the average migration distance were both decreased
obviously at 6h, 12h and 24h in A375/0VOS2-shRNA group. Quantitative analysis indicated
the migration speed was suppressed significantly in A375/0VOS2-shRNA cells (P<0.001,
repeated measure of ANOVA).

(TIF)

S1 File. Available data.
(RAR)

Author Contributions

Conceptualization: Xue-Si Zeng, Xiu-Lian Xu, Jin-Liang Qi, Jian-Fang Sun.
Data curation: Ying-Xue Huang, Hao Song.

Formal analysis: Ying-Xue Huang, Yue Tao.

Funding acquisition: Xiu-Lian Xu.

Investigation: Ying-Xue Huang, Hao Song, Xue-Bao Shao.

Methodology: Ying-Xue Huang, Yue Tao.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195610  April 23,2018 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195610.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195610.s002
https://doi.org/10.1371/journal.pone.0195610

@° PLOS | ONE

The effects of OVOS2 on tumorigenesis of CMM cells

Project administration: Jin-Liang Qi, Jian-Fang Sun.

Resources: Xiu-Lian Xu, Jin-Liang Qi.

Supervision: Xiu-Lian Xu, Jin-Liang Qi, Jian-Fang Sun.

Validation: Ying-Xue Huang, Jin-Liang Qi.

Visualization: Ying-Xue Huang, Xiu-Lian Xu.

Writing - original draft: Ying-Xue Huang.

Writing - review & editing: Ying-Xue Huang, Xiu-Lian Xu, Jin-Liang Qi.

References

1.

10.

11.

12.

13.

14.

15.

16.

National Cancer Institute. Cancer Stat Facts: Melanoma of the Skin. SEER.2017 [cited 2017 26 May].
Available from: http://seer.cancer.gov/statfacts/html/melan.html.

Finn L, Markovic SN, Joseph RW. Therapy for metastatic melanoma: the past, present, and future.
BMC Med. 2012; 10:23. https://doi.org/10.1186/1741-7015-10-23 PMID: 22385436

Welinder C, Pawlowski K, Szasz AM, Yakovleva M, Sugihara Y, Malm J, et al. Correlation of histopatho-
logic characteristics to protein expression and function in malignant melanoma. PLoS One. 2017; 12:
e0176167. https://doi.org/10.1371/journal.pone.0176167 PMID: 28445515

Marzuka A, Huang L, Theodosakis N, Bosenberg M. Melanoma Treatments: Advances and Mecha-
nisms. J Cell Physiol. 2015; 230:2626—2633. https://doi.org/10.1002/jcp.25019 PMID: 25899612

Vockley JG, Niederhuber JE. Diagnosis and treatment of cancer using genomics. BMJ. 2015; 350:
h1832. https://doi.org/10.1136/bmj.h1832 PMID: 26022222

Huang YX, Qi J, Wang HS, Shao XB, Zeng XS, Li AM, et al. Expression analysis of ovostatin 2 reveals
its involvement in proliferation, invasion and angiogenesis of cutaneous malignant melanoma. J Derma-
tol. 2013; 40:901-910. https://doi.org/10.1111/1346-8138.12294 PMID: 24112097

Misra UK, Pizzo SV. Receptor-recognized alpha(2)-macroglobulin binds to cell surface-associated
GRP78 and activates mTORC1 and mTORC2 signaling in prostate cancer cells. PLoS One. 2012; 7:
e51735. https://doi.org/10.1371/journal.pone.0051735 PMID: 23272152

Misra UK, Gonzalez-Gronow M, Gawdi G, Wang F, Pizzo SV. A novel receptor function for the heat
shock protein Grp78: silencing of Grp78 gene expression attenuates alpha2M*-induced signalling. Cell
Signal. 2004; 16:929-938. https://doi.org/10.1016/j.cellsig.2004.01.003 PMID: 15157672

Misra UK, Payne S, Pizzo SV. The monomeric receptor binding domain of tetrameric alpha2-macro-
globulin binds to cell surface GRP78 triggering equivalent activation of signaling cascades. Biochemis-
try. 2013; 52:4014-4025. https://doi.org/10.1021/bi400376s PMID: 23721263

Misra UK, Pizzo SV. Ligation of cell surface GRP78 with antibody directed against the COOH-terminal
domain of GRP78 suppresses Ras/MAPK and Pl 3-kinase/AKT signaling while promoting caspase acti-
vation in human prostate cancer cells. Cancer Biol Ther. 2010; 9:142—152. PMID: 20368692

Misra UK, Pizzo SV. Activated alpha2-macroglobulin binding to cell surface GRP78 induces T-loop
phosphorylation of Akt1 by PDK1 in association with Raptor. PLoS One. 2014; 9:e88373. https://doi.
org/10.1371/journal.pone.0088373 PMID: 24516643

Misra UK, Pizzo SV. Activated alpha2-macroglobulin binding to human prostate cancer cells triggers
insulin-like responses. J Biol Chem. 2015; 290:9571-9587. https://doi.org/10.1074/jbc.M114.617837
PMID: 25720493

Zhuang L, Scolyer RA, Lee CS, McCarthy SW, Cooper WA, Zhang XD, et al. Expression of glucose-
regulated stress protein GRP78 is related to progression of melanoma. Histopathology. 2009; 54:462—
470. https://doi.org/10.1111/j.1365-2559.2009.03242.x PMID: 19309398

Selim MA, Burchette JL, Bowers EV, de Ridder GG, Mo L, Pizzo SV, et al. Changes in oligosaccharide
chains of autoantibodies to GRP78 expressed during progression of malignant melanoma stimulate
melanoma cell growth and survival. Melanoma Res. 2011; 21:323-334. https://doi.org/10.1097/CMR.
0b013e3283471042 PMID: 21597391

Justus CR, Leffler N, Ruiz-Echevarria M, Yang LV. In vitro cell migration and invasion assays. J Vis
Exp. 2014.

Ostmeier H, Fuchs B, Otto F, Mawick R, Lippold A, Krieg V, et al. Prognostic immunohistochemical
markers of primary human melanomas. Br J Dermatol. 2001; 145:203-209. PMID: 11531780

PLOS ONE | https://doi.org/10.1371/journal.pone.0195610  April 23,2018 15/16


http://seer.cancer.gov/statfacts/html/melan.html
https://doi.org/10.1186/1741-7015-10-23
http://www.ncbi.nlm.nih.gov/pubmed/22385436
https://doi.org/10.1371/journal.pone.0176167
http://www.ncbi.nlm.nih.gov/pubmed/28445515
https://doi.org/10.1002/jcp.25019
http://www.ncbi.nlm.nih.gov/pubmed/25899612
https://doi.org/10.1136/bmj.h1832
http://www.ncbi.nlm.nih.gov/pubmed/26022222
https://doi.org/10.1111/1346-8138.12294
http://www.ncbi.nlm.nih.gov/pubmed/24112097
https://doi.org/10.1371/journal.pone.0051735
http://www.ncbi.nlm.nih.gov/pubmed/23272152
https://doi.org/10.1016/j.cellsig.2004.01.003
http://www.ncbi.nlm.nih.gov/pubmed/15157672
https://doi.org/10.1021/bi400376s
http://www.ncbi.nlm.nih.gov/pubmed/23721263
http://www.ncbi.nlm.nih.gov/pubmed/20368692
https://doi.org/10.1371/journal.pone.0088373
https://doi.org/10.1371/journal.pone.0088373
http://www.ncbi.nlm.nih.gov/pubmed/24516643
https://doi.org/10.1074/jbc.M114.617837
http://www.ncbi.nlm.nih.gov/pubmed/25720493
https://doi.org/10.1111/j.1365-2559.2009.03242.x
http://www.ncbi.nlm.nih.gov/pubmed/19309398
https://doi.org/10.1097/CMR.0b013e3283471042
https://doi.org/10.1097/CMR.0b013e3283471042
http://www.ncbi.nlm.nih.gov/pubmed/21597391
http://www.ncbi.nlm.nih.gov/pubmed/11531780
https://doi.org/10.1371/journal.pone.0195610

@° PLOS | ONE

The effects of OVOS2 on tumorigenesis of CMM cells

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011; 144:646—674. https://
doi.org/10.1016/j.cell.2011.02.013 PMID: 21376230

Van den Heuvel S, Harlow E. Distinct roles for cyclin-dependent kinases in cell cycle control. Science.
1993; 262:2050-2054. PMID: 8266103

Dehay C, Kennedy H. Cell-cycle control and cortical development. Nat Rev Neurosci. 2007; 8:438—450.
https://doi.org/10.1038/nrn2097 PMID: 17514197

Du J, Widlund HR, Horstmann MA, Ramaswamy S, Ross K, Huber WE, et al. Critical role of CDK2 for
melanoma growth linked to its melanocyte-specific transcriptional regulation by MITF. Cancer Cell.
2004; 6:565-576. https://doi.org/10.1016/j.ccr.2004.10.014 PMID: 15607961

Garraway LA, Widlund HR, Rubin MA, Getz G, Berger AJ, Ramaswamy S, et al. Integrative genomic
analyses identify MITF as a lineage survival oncogene amplified in malignant melanoma. Nature. 2005;
436:117-122. https://doi.org/10.1038/nature03664 PMID: 16001072

Li Z, Wang C, Prendergast GC, Pestell RG. Cyclin D1 functions in cell migration. Cell Cycle. 2006;
5:2440-2442. https://doi.org/10.4161/cc.5.21.3428 PMID: 17106256

Pestell RG. New roles of cyclin D1. Am J Pathol. 2013; 183:3-9. https://doi.org/10.1016/j.ajpath.2013.
03.001 PMID: 23790801

Cavallaro U, Schaffhauser B, Christofori G. Cadherins and the tumour progression: is it all in a switch?
Cancer Lett. 2002; 176:123-128. PMID: 11804738

Katsuno Y, Lamouille S, Derynck R. TGF-beta signaling and epithelial-mesenchymal transition in can-
cer progression. Curr Opin Oncol. 2013; 25:76-84. https://doi.org/10.1097/CC0O.0b013e32835b6371
PMID: 23197193

Ginnebaugh KR, Ahmad A, Sarkar FH. The therapeutic potential of targeting the epithelial-mesenchy-
mal transition in cancer. Expert Opin Ther Targets. 2014; 18:731-745. https://doi.org/10.1517/
14728222.2014.909807 PMID: 24758643

Alonso SR, Tracey L, Ortiz P, Perez-Gomez B, Palacios J, Pollan M, et al. A high-throughput study in
melanoma identifies epithelial-mesenchymal transition as a major determinant of metastasis. Cancer
Res. 2007; 67:3450-3460. https://doi.org/10.1158/0008-5472.CAN-06-3481 PMID: 17409456

Caramel J, Papadogeorgakis E, Hill L, Browne GJ, Richard G, Wierinckx A, et al. A switch in the expres-
sion of embryonic EMT-inducers drives the development of malignant melanoma. Cancer Cell. 2013;
24:466—-480. https://doi.org/10.1016/j.ccr.2013.08.018 PMID: 24075834

Li G, Satyamoorthy K, Herlyn M. N-cadherin-mediated intercellular interactions promote survival and
migration of melanoma cells. Cancer Res. 2001; 61:3819-3825. PMID: 11325858

Mikesh LM, Kumar M, Erdag G, Hogan KT, Molhoek KR, Mayo MW, et al. Evaluation of molecular mark-
ers of mesenchymal phenotype in melanoma. Melanoma Res. 2010; 20:485-495. https://doi.org/10.
1097/CMR.0b013e32833fafb4 PMID: 20856146

JiaoY, Feng X, Zhan Y, Wang R, Zheng S, Liu W, et al. Matrix metalloproteinase-2 promotes alphav-
beta3 integrin-mediated adhesion and migration of human melanoma cells by cleaving fibronectin.
PLoS One. 2012; 7:e41591. https://doi.org/10.1371/journal.pone.0041591 PMID: 22848537

Chambard JC, Lefloch R, Pouyssegur J, Lenormand P. ERK implication in cell cycle regulation. Biochim
Biophys Acta. 2007; 1773:1299-1310. https://doi.org/10.1016/j.bbamcr.2006.11.010 PMID: 17188374

Meloche S, Pouyssegur J. The ERK1/2 mitogen-activated protein kinase pathway as a master regulator
of the G1- to S-phase transition. Oncogene. 2007; 26:3227-3239. https://doi.org/10.1038/sj.onc.
1210414 PMID: 17496918

Davies MA. The role of the PIBK-AKT pathway in melanoma. Cancer J. 2012; 18:142-147. https://doi.
org/10.1097/PP0O.0b013e31824d448c PMID: 22453015

Hsia DA, Mitra SK, Hauck CR, Streblow DN, Nelson JA, llic D, et al. Differential regulation of cell motility
and invasion by FAK. J Cell Biol. 2003; 160:753-767. https://doi.org/10.1083/jcb.200212114 PMID:
12615911

Zhao J, Guan JL. Signal transduction by focal adhesion kinase in cancer. Cancer Metastasis Rev.
2009; 28:35-49. https://doi.org/10.1007/s10555-008-9165-4 PMID: 19169797

PLOS ONE | https://doi.org/10.1371/journal.pone.0195610  April 23,2018 16/16


https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://www.ncbi.nlm.nih.gov/pubmed/8266103
https://doi.org/10.1038/nrn2097
http://www.ncbi.nlm.nih.gov/pubmed/17514197
https://doi.org/10.1016/j.ccr.2004.10.014
http://www.ncbi.nlm.nih.gov/pubmed/15607961
https://doi.org/10.1038/nature03664
http://www.ncbi.nlm.nih.gov/pubmed/16001072
https://doi.org/10.4161/cc.5.21.3428
http://www.ncbi.nlm.nih.gov/pubmed/17106256
https://doi.org/10.1016/j.ajpath.2013.03.001
https://doi.org/10.1016/j.ajpath.2013.03.001
http://www.ncbi.nlm.nih.gov/pubmed/23790801
http://www.ncbi.nlm.nih.gov/pubmed/11804738
https://doi.org/10.1097/CCO.0b013e32835b6371
http://www.ncbi.nlm.nih.gov/pubmed/23197193
https://doi.org/10.1517/14728222.2014.909807
https://doi.org/10.1517/14728222.2014.909807
http://www.ncbi.nlm.nih.gov/pubmed/24758643
https://doi.org/10.1158/0008-5472.CAN-06-3481
http://www.ncbi.nlm.nih.gov/pubmed/17409456
https://doi.org/10.1016/j.ccr.2013.08.018
http://www.ncbi.nlm.nih.gov/pubmed/24075834
http://www.ncbi.nlm.nih.gov/pubmed/11325858
https://doi.org/10.1097/CMR.0b013e32833fafb4
https://doi.org/10.1097/CMR.0b013e32833fafb4
http://www.ncbi.nlm.nih.gov/pubmed/20856146
https://doi.org/10.1371/journal.pone.0041591
http://www.ncbi.nlm.nih.gov/pubmed/22848537
https://doi.org/10.1016/j.bbamcr.2006.11.010
http://www.ncbi.nlm.nih.gov/pubmed/17188374
https://doi.org/10.1038/sj.onc.1210414
https://doi.org/10.1038/sj.onc.1210414
http://www.ncbi.nlm.nih.gov/pubmed/17496918
https://doi.org/10.1097/PPO.0b013e31824d448c
https://doi.org/10.1097/PPO.0b013e31824d448c
http://www.ncbi.nlm.nih.gov/pubmed/22453015
https://doi.org/10.1083/jcb.200212114
http://www.ncbi.nlm.nih.gov/pubmed/12615911
https://doi.org/10.1007/s10555-008-9165-4
http://www.ncbi.nlm.nih.gov/pubmed/19169797
https://doi.org/10.1371/journal.pone.0195610

