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G2 and S-phase expressed 1 (GTSE1) regulates cell cycle progression in human can-
cers. However, its significance and mechanism of action in acral melanoma (AM)
remain unknown. In the present study, we found that GTSE1 expression was upreg-
ulated in advanced stage/metastatic AM tissues and metastatic cell lines, and corre-
lated with higher stage (P = .028) and poor disease-free survival (DFS) in patients
with AM (P = .003). Cox regression assays validated GTSE1 expression to be an
independent prognostic factor of DFS for patients with AM (P = .004). Ectopic
expression of GTSE1 enhanced primary AM cell proliferation, invasion, and migra-
tion. Loss-of-function in GTSE1 attenuated metastatic AM cell proliferation and
metastatic ability in vitro and in vivo. We additionally observed that inhibition of
migration and invasion occurred concomitantly with a GTSE1 knockdown-mediated
increase in E-cadherin and decreases in N-cadherin and Slug. We further showed
that integrin subunit alpha 2 (ITGA2) interacts with GTSE1 and is a downstream
effector of GTSE1. Further, ITGA2 levels were positively correlated with GTSE1
expression in human AM tissues. Ectopic ITGA2 expression rescued siGTSE1-
mediated inhibition of migration and invasion, thereby restoring epithelial-to-
mesenchymal transition (EMT). In conclusion, GTSE1 expression promotes AM
progression and correlates with clinical outcomes of patients with AM, and may

represent a promising therapeutic target to suppress AM progression.

KEYWORDS
acral melanoma, epithelial-mesenchymal transition, G2 and S-phase expressed 1, integrin

subunit alpha 2, metastasis

1 | INTRODUCTION

Acral melanoma is the predominant melanoma subtype in non-Cau-
casians, ' particularly in China, accounting for almost 50% of all
melanomas.* Compared with common cutaneous melanoma, acral
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melanoma (AM) has a poorer prognosis>® and shows a markedly dif-
ferent genomic landscape, with a far lower mutation burden domi-

nated by larger-scale genomic rearrangements.>®

In  patients
harboring BRAF and c-KIT mutations, vemurafenib and imatinib elicit
greater therapeutic effects than traditional chemotherapies.” *° How-
ever, the mutational frequency of BRAF and c-KIT is approximately
only 16%12 and 12%'2%* in AM, respectively, meaning that most
patients with AM are ineligible for treatment with current targeted
therapies. Therefore, identification of additional therapeutic targets
for patients with AM is imperative.

Distant metastasis is a significant cause of mortality in mela-
noma;*> however, to date, no efficient therapeutic strategy tackling
the metastatic properties of melanoma is clinically available. Recent
studies have largely focused on the development of targeted thera-
pies and immunotherapies with fewer reports of therapeutic strate-
gies aimed at suppressing invasiveness.’® However, patient
resistance to targeted treatment and insensitivity to immunotherapy
is often linked to invasiveness.'”*® Therefore, an improved under-
standing of the mechanisms underlying metastasis, and the identifi-
cation of novel therapeutic targets for AM will should enable
advances in the treatment of this rare but aggressive melanoma sub-
type.

G2 and S-phase expressed 1 (GTSE1) has been found expressed
only in the S and G2 phases of the cell cycle, where it colocalized

with tubulin and microtubules,*?2°

22,23

and is overexpressed in lung can-
cer,?! breast cancer, and liver cancer.?* Accumulating evidence
indicates that GTSE1 correlates with tumor metastasis and poor

s 26 oral

clinical outcome in neuroblastoma,?®> neuroendocrine tumors,
tongue squamous cell carcinoma,?” and hepatocellular carcinoma.?*
In response to DNA damage, GTSE1 accumulates in the nucleus,
where it downregulates p53 and represses its ability to induce apop-
tosis.?8-%° Negative regulation of p53 allows cells to resist apoptosis
and transition through the G2/M checkpoint, leading to tumor pro-
gression. In interphase, GTSE1 accumulates at growing microtubule
plus-ends by interacting with microtubule-associated protein RP/EB
family member 1 (EB1), and its activity is required for cell migration
and focal adhesion formation.3! GTSE1 has been found to play roles
in human cancer proliferation, apoptosis, and migration.

In the present study, we confirmed the increased expression of
GTSE1 in metastatic AM and showed its correlation with clinical
outcome. GTSE1 was shown to play an important role in AM
progression, regulating AM migration and invasion by disrupting
epithelial-to-mesenchymal transition (EMT). Our findings indicate

that GTSE1 represents a promising therapeutic target for AM.

2 | MATERIALS AND METHODS

2.1 | Patients and specimens

Six pairs of primary AM tissues and corresponding lymph node
metastases were recruited for western blots. Each specimen was
immediately snap-frozen and stored at —80°C. Another group of pri-

mary paraffin-embedded AM samples from 92 patients and

metastatic paraffin-embedded AM samples from 45 patients (includ-
ing 11 subcutaneous metastases, 1 intestinal metastasis, 1 lung
metastasis, and 32 lymph node metastases) were recruited for quan-
titative reverse transcription-polymerase chain reaction (qRT-PCR)
and immunohistochemistry (IHC). All the samples were analyzed by
H&E staining and by IHC to confirm the diagnosis of melanoma at
Peking University Cancer Hospital & Institute from 2013 to 2016.
Medical records of the patients were reviewed to collect information
on age, gender, tumor thickness (Breslow), ulceration, TNM stage,
and disease-free survival (DFS). This study was approved by the
Medical Ethics Committee of the Peking University Cancer Hospital
& Institute and was conducted according to the principles of the
Declaration of Helsinki. Informed consent for use of material in med-
ical research (including archiving materials and establishment of cell

lines) was obtained from all participants.

2.2 | Cell lines and primary cell culture

As previously described,?? an AM cell line-1 (AMC-1 cell line) and a
matched metastatic AM cell line-2 (AMC-2 cell line) were derived
from a hospitalized patient with AM. The WM115 cell line was
derived from the primary tumor of a malignant melanoma, and the
WM2664 cell line was derived from a metastatic site in the same
patient. The A2058 cell line was derived from a lymph node metas-
tasis of melanoma. These 3 cell lines were obtained from the ATCC
(catalog numbers: CRL-1675, CRL-1676, and CRL-11147, respec-
tively). Cells were cultured at 37°C in DMEM (Invitrogen/Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with penicillin
and streptomycin (Invitrogen) and containing 10% FBS (HyClone; GE
Healthcare, Logan, UT, USA).

2.3 | Quantitative reverse transcription-polymerase
chain reaction

Total RNA was extracted by lysing cells and formalin-fixed, paraffin-
embedded sections with a GeneJET RNA Purification kit and a Reco-
verAll™ Total Nucleic Acid Isolation Kit (both from Thermo Fisher Sci-
entific), respectively. Total RNA was converted to first-strand cDNA
using the High Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific), and measured by gRT-PCR using the Applied Biosys-
tems® 7500 Fast Real-Time PCR System and SYBR Green, according
to the manufacturer’s instructions (Thermo Fisher Scientific). GAPDH
was used as an internal control. Primer sequences are shown in
Table S1. Human epidermal melanocyte (HEM)-light, HEM-medium,
and HEM-dark RNA was purchased from ScienCell Research Labora-
tories (Santiago, CA, USA). We used mixed HEM RNA as a control.
The 2724€T method was used to determine relative gene expression
levels, and each experiment was repeated at least 3 times.

2.4 | Immunohistochemistry

Immunohistochemistry was carried out on paraffin-embedded tissue
samples using antibodies against GTSE1 (1:400; Proteintech,
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Chicago, IL, USA) and integrin subunit alpha 2 (ITGA2) (1:400;
Abcam, Cambridge, UK), followed by a standard avidin-biotin detec-
tion protocol using 3-amino-9 ethylcarbazole. Sample staining was
independently scored as O (negative), 1, 2, or 3 (weak, intermediate,
and strong, respectively) by 3 pathologists, based on both the pro-
portion of positively stained tumor cells and their staining intensity.
GTSE1 protein expression was classified as high (IHC score of 2 or

3) or low (IHC score of O or 1) expression.

2.5 | Transfection

Small interfering RNAs (siRNAs) targeting GTSE1 were designed and
synthesized by RiboBio (Guangzhou, China). The sequences are
shown in Table S1. A non-targeting siRNA (siCTL) was used as a
negative control. Cells were transfected using Lipofectamine RNAI-
MAX (Invitrogen, Shanghai, China) mixed with 10 nmol/L siRNA.
FLAG-tagged-pCMV3-GTSE1, pCMV3-ITGA2, FLAG-tagged-
pCMV3-control and pCMV3-control expression plasmids were pur-
chased from Sino Biological (China). Transient transfection of plas-
mids into melanoma cells was done using Lipofectamine 3000
(Invitrogen, Shanghai, China) following the manufacturer’s protocol.
For stable transfection, a lentiviral vector overexpressing GTSE1
(pEZ-Lv201) and a red firefly luciferase cloning vector with shRNA
against human GTSE1 (psi-LvRU6rLP) were designed and synthe-
sized by GeneCopoeia (Guangzhou, China). The sequence is shown
in Table S1. Lentiviruses were mixed with Polybrene (5 mg/mL) and
added to melanoma cells. Positive clones were selected in puromycin

(5 mg/mL). Stable transfectants were isolated after 2 weeks.

2.6 | In vivo tumorigenicity assay

All animal experiments were carried out in accordance with the NIH
Guide for the Care and Use of Laboratory Animals with protocols
approved by the Animal Care and Use Committee at Peking Univer-
sity Cancer Hospital & Institute.

For the tumorigenicity assay, AMC-1-control and AMC-1-GTSE1
cell suspensions (2 x 10° cells/mouse) in PBS were s.c. injected into
6-week-old non-obese diabetic-SCID (NOD-SCID; Vital River, Bei-
jing, China) female mice. Twelve mice for each cell line were divided
into 2 groups: mice injected with control cells (n = 6) and mice
injected with GTSE1 cells (n = 6). Tumor volume was determined
using the formula V = L x W2 x 0.5, where L and W represent the
largest and the smallest diameters, respectively. Tumor formation

was monitored weekly.

2.7 | Metastatic mouse model and luciferase
detection

We injected AMC-2-shCTL or AMC-2-shGTSE1 cells (1 x 10° cells/
mouse) into 6-week-old female NOD-SCID mice by the tail vein.
After 30 days, mice were injected ip, with b-luciferin (Promega,
Madison, WI, USA) and anesthetized with 1%-3% isoflurane. Biolu-

minescence intensity (BLI) measurements, expressed as photons per

Cancer Science RUIs =

second (p/s), were carried out to evaluate the stably luciferase-trans-
fected AMC-2 cells, using a highly sensitive cooled charge-coupled
device camera mounted in a light-tight specimen box (IVIS; Xenogen,
Waltham, MA, USA). Finally, organ tissues were fixed in formalin,

embedded in paraffin, sectioned, and stained with H&E.

2.8 | Immunoprecipitation

Cells were harvested in Nonidet P-40 lysis buffer containing the pro-
tease inhibitor PMSF (1:100). To preclear the samples, protein A/G
agarose (Beyotime Biotechnology, China) and mouse/rabbit IgG anti-
bodies were added to the lysates and incubated for 2 hours at 4°C.
Immunoprecipitation (IP) experiments were carried out in the same
buffer with either mouse monoclonal Flag antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) or rabbit monoclonal ITGA2
antibodies (Abcam) and protein A/G agarose and incubated over-
night at 4°C. After this incubation, the samples were centrifuged,
and the beads were washed with NP-40 lysis buffer 3 times. The
remaining beads were denatured at 99°C for 10 minutes. Then, cell
lysates and immunoprecipitates were separated by SDS-PAGE and
subjected to western blot analysis with FLAG, GTSE1 (mouse poly-
clonal; Abcam), and ITGA2 antibodies.

2.9 | Statistical analysis

SPSS 16.0 software was used for all statistical analyses. Data repre-
sent the mean + SD. We used Student'’s t test, chi-squared test, and
Fisher's exact test to evaluate differences between 2 groups. DFS
was defined as the interval from the initial surgery to the point of
clinically defined recurrence or metastasis. Postoperative DFS proba-
bility was determined by the Kaplan-Meier method, and log-rank
tests were used to estimate statistical significance between the
time-dependent outcomes of DFS. Hazard ratios and confidence
intervals at the 95% level were determined using multivariate Cox
regression analysis. All statistical analyses were 2-sided, and P < .05
was considered statistically significant.

Detailed description of western blots, cell proliferation assays
and cell cycle analysis, as well as wound healing, transwell and inva-

sion, and transcriptome profiling analysis are provided in Data S1.

3 | RESULTS

3.1 | G2 and S-phase expressed 1 is upregulated in
metastatic AM tissues and cell lines

To determine GTSE1 expression in metastatic AM in situ, GTSE1
mRNA and protein levels were evaluated in 137 human samples (92
primary sites and 45 metastases). GTSE1 mRNA expression was sig-
nificantly upregulated in metastatic tissues compared to primary tis-
sues (P <.001; Figure 1A). The high expression of GTSE1 in
metastatic tissues in situ was further confirmed by IHC. GTSE1 pro-
tein expression was significantly upregulated in metastatic tissues
(P = .016; Figure 1B). To examine GTSE1 expression in paired AM
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tissues, 6 pairs of primary and metastatic AM tissues were observed.
As shown in Figure 1C, GTSE1 protein levels were significantly ele-
vated in metastatic AM tissues compared with matched primary tis-
sues. We also analyzed GTSE1l mRNA and protein levels in
melanoma cell lines. Compared with primary AMC-1 and WM115
cells, matched highly metastatic AMC-2 and WM2664 cells showed
elevated mRNA and protein levels (Figure 1D,E). Taken together, the
results indicate that GTSE1 expression is increased in metastatic AM
tissues, implying that GTSE1 upregulation may lead to AM progres-

sion.

3.2 | High GTSE1 expression predicts poor
prognosis for AM patients

To address the relationship between GTSE1 expression and clini-
cal outcome, 92 primary AM patients were recruited. Based on
the GTSE1 staining scores of the resected tumors, 48 patients

were categorized as having high expression, and 44 as having
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low expression. Patients and their clinical characteristics are
summarized in Figure 2A and Table S2. There were no statisti-
cally significant differences between the groups with respect to
age, gender, tumor thickness, or ulceration. Patients with higher
GTSE1 expression tended to have advanced stage AM (P = .028,
Figure 2B). Kaplan-Meier analysis showed that patients with high
GTSE1 expression had a strikingly higher incidence of recurrence
and metastasis, and high GTSE1 expression was strongly corre-
lated with short DFS compared with GTSE1 low expression
(11.1 vs 16.1 months, P =.003; Figure 2C),
GTSE1 may be useful in predicting the clinical prognosis of AM.
Univariate analysis showed that TNM stage, thickness, and

indicating that

GTSE1 protein expression were predictive of poor outcomes. In
Cox multivariate analysis, GTSE1 protein expression (P = .004)
and clinical staging (P <.001) were the strongest individual clini-
cal factors (Table 1).
GTSE1 represents a useful prognostic biomarker for patients
with AM.

Taken together, the data suggest that
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FIGURE 1 Upregulation of G2 and S-phase expressed 1 (GTSE1) expression is common in metastatic acral melanoma (AM) tissues and
cells. A, gRT-PCR analysis of GTSE1 mRNA levels in tissues of patients with AM. B, Representative examples of GTSE1 immunohistochemistry
(IHC) staining in primary and metastatic AM tissues are shown. Statistical analysis of GTSE1 scores is shown in the left panel. Scale bars,

500 um. Magnification, 40x. C, Western blot (WB) analysis was carried out to determine GTSE1 protein levels in 6 primary AM tissues and
their corresponding metastatic tissues. The left panel shows quantification of the western blot data; the right panel shows representative
images of GTSE1 expression in primary and adjacent metastatic AM tissues. D,E, mRNA and protein levels of GTSE1 were determined in 5
melanoma cell lines by gRT-PCR and western blotting. GAPDH was used as an internal control. *P < .05, ***P < 001
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FIGURE 2 Clinical characteristics of 92 patients are summarized. A, G2 and S-phase expressed 1 (GTSE1) expression was correlated with
acral melanoma (AM) progression. NA, not applicable; B, Patients with high GTSE1 expression tended to have higher clinical stages. C, Disease-
free survival (DFS) of 92 patients with AM were compared between the low- and high-GTSE1 groups using the Kaplan-Meier method

3.3 | G2 and S-phase expressed 1 affects
melanoma cell proliferation

To test our hypothesis that GTSE1 plays a role in AM progression,
we transfected plasmids into AMC-1 and WM115 cells to overex-
press GTSE1. GTSE1-depleted cells were also established by tran-
sient transfection of siRNA into AMC-2 and WM2664 cells. GTSE1
elevation and inhibition were confirmed at the protein level (Fig-
ure 3AB). Cell proliferation was significantly enhanced in GTSE1-
overexpressing cells compared to those transfected with the control
vector (P < .01), and significantly decreased in GTSE1-depleted cells
(P < .01; Figure 3C). We carried out flow cytometric analysis to eval-
uate whether GTSE1 affected cell cycle progression. As shown in
Figure 3D, GTSE1 overexpression led a decreased proportion in the
GO/G1 phase (P < .05) and an increased proportion in the G2/M

phase (P < .01), and GTSE1 depletion led to decreased G2/M cells
compared to the controls (P < .01).

Next, we assessed whether GTSE1 affected tumor formation
in vivo. We successfully constructed stable GTSE1-overexpressing
clones in AMC-1 cells, and carried out tumorigenicity assays in 12
NOD-SCID mice with s.c. injection of 2 x 10° AMC-1-GTSE1 or
control cells. Consistent with the in vitro results, GTSE1 overexpres-
sion significantly increased tumor growth rate compared to the con-
trol group (P < .01; Figure 3E-G).

3.4 | G2 and S-phase expressed 1 stimulates AM
cell migration and invasion in vitro

To examine the role of GTSE1 in AM cell migration and invasion,
wound healing and transwell assays were carried out. The wound-
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TABLE 1 Cox regression analysis of GTSE1 protein expression and clinicopathological factors with DFS
Factor Group HR 95% CI P-value
Univariate analysis
Gender Female vs Male 1.110 0.3631-1.641 728
Age (y) >60 vs <60 0.857 0.243-1.472 .622
TNM stage Il and IV vs | and Il 2.320 1.437-3.746 <.001
Ulceration Yes vs no 1.157 0.523-1.791 .365
Thickness >2 mm vs <2 mm 1.713 1.072-2.738 .024
GTSE1 expression High vs low 2.089 1.279-3.411 .003
Multivariate analysis
TNM stage Il and IV vs | and Il 2.885 1.593-4.228 <.001
GTSE1 expression High vs low 2.000 1.252-3.195 .004

Cl, confidence interval; DFS, disease-free survival; GTSE1, G2 and S-phase expressed 1; HR, hazard ratio.
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FIGURE 3 G2 and S-phase expressed 1 (GTSE1) affects acral melanoma (AM) cell proliferation. A,B, Western blots were carried out to
confirm G2 and S-phase expressed 1 (GTSE1) overexpression in AMC-1 and WM115 cells and depletion in AMC-2 and WM2664 cells. C, Cell
viability was examined with the CellTiter-Glo Luminescent Cell Viability assay, and the statistical significance of the growth curves was
evaluated by repeated measures ANOVA. D, Cell cycle distribution was evaluated by flow cytometry. E, Representative pictures of
subcutaneous implantation tumors formed from AMC-1-GTSE1 and AMC-1-control cells 30 d after injection. F,G, Comparison of tumor growth
curves and tumor nodule weights was carried out at the indicated time points. Error bars indicate SD. *P < .05, ** P < .01

healing assay showed that ectopic expression of GTSE1 in AMC-1
and WM115 cells significantly promoted cell migration compared
with vector-treated cells (P < .01; Figure 4A), and GTSE1 depletion
in AMC-2 and WM2664 cells suppressed wound closure com-
pared with siCTL cells (P < .01; Figure 4B). Transwell assays con-
firmed that ectopic expression of GTSE1 in AMC-1 cells promoted
cell migration and invasion (P < .01; Figure 4C), whereas GTSE1
depletion in the highly metastatic AMC-2 line significantly
invasion (P <.01; Figure 4D).

decreased cell migration and

Altogether, the results suggest that GTSE1 stimulates AM cell

migration and invasion.

3.5 | G2 and S-phase expressed 1 potentially
facilitates metastasis in vivo

To investigate whether GTSE1 plays a role in AM metastasis, BLI
using IVIS technology was used to monitor primary tumor growth

and show the appearance of metastases. Luciferase-positive AMC-2-



R Cancer Sciencegyiiaes
(A) AMC-1 AMC-2 AMC-2
100 1 @B Vector 100 - m siCTL
—_ @l GTSE1 = —_ B siGTSE1
Vector § 80 4 a-i 80
o g
5
§ 60 - 2 60 1 I
o » o
o 40 o 40 T
= c
H 3
61881 | z s 20
o4
24 h 24h 48h
Time Time
WM115 WM2664
100 Jmmm Vector
Bl siCTL
= @8 GTSE1 < 1001 g siGTSE
Vector B =
g g
8 8
o O 50
p=t o
£ 5
° o
GTSE = S
0
24h 48 h
Time
(© (D)
AMC-A1 AMC-2
g - —_— —_—
oI % 100 . HEE Migration .§ £ 100 Bl Migration
= = B3 Invasion -] c B3 Invasion
5 S 80 ” B 2 g
Bl 8 = g
Z & b g e
3w : 3
[=} A
.E .g 20 .§ -E 20
i
g K] £ ki
S € 0 E x 0
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shCTL or AMC-2-shGTSE1 cells were injected into NOD-SCID mice
by the tail vein. Total bioluminescence was reduced in AMC-2-
shGTSE1-injected mice compared to control mice 30 days after
injection (P < .001; Figure 5A), and the lungs were resected and ana-
lyzed by H&E staining (Figure 5B). Therefore, GTSE1 can be consid-
ered a facilitator of metastasis.

3.6 | G2 and S-phase expressed 1 promotes EMT

We next examined whether GTSE1 functioned in promoting tumor
progression by disrupting EMT, using both mesenchymal and epithelial
markers (N-cadherin and E-cadherin, respectively). Concurrent with
reduced migration and invasion abilities, GTSE1 depletion in AMC-2
and WM2664 resulted in increased E-cadherin and decreased N-cad-
herin, suggesting that GTSE1 is a driver of EMT in AM.

To explore molecular alterations causing these changes, we also
examined expression of EMT-related transcription factors Snail, Slug,
and Zeb1, which repress E-cadherin expression by directly binding
the E-boxes of the E-cadherin promoter. Slug was downregulated in
cells depleted of GTSE1 compared to control cells, whereas the
expression of Snail and Zeb1 was unaffected (Figure 6).

3.7 | Integrin subunit alpha 2 is a downstream
effector of GTSE1

As GTSE1 depletion led to increased E-cadherin and reduced N-cad-
herin and Slug, we further identified GTSE1-mediated changes on
downstream signal transduction in the context of these EMT mole-
cules. Transcriptome profiling analyses were carried out to explore
variations in GTSE1 downstream effectors (Figure S1). Top 4 genes
(F-box protein 5 [FBXOS5], glia maturation factor beta [GMFB], tRNA
5-methylaminomethyl-2-thiouridylate methyltransferase [TRMU], and
ITGA2) the expression of which correlated positively with that of
GTSE1, were verified by PCR in AMC-2 and WM2664 cell lines (Fig-
ures 7A, S2). Reduced ITGA2 expression was further confirmed after
GTSE1 depletion in AMC-2 cells (Figure 7B). Figure 7C shows the
positive correlation between ITGA2 and GTSE1 expression in situ.
The correlation of these 2 protein expressions was further confirmed
in 45 AM samples (Table 2, P = .036).

The observation led us to explore whether ITGA2 interacts with
GTSE1. IP assays were carried out in AMC-2 cells, showing that
FLAG-tagged GTSE1 ITGA2, and ITGA2

immunoprecipitated GTSE1, indicating a protein-protein interaction

immunoprecipitated
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FIGURE 5 G2 and S-phase expressed 1
(GTSE1) depletion inhibits acral melanoma
(AM) cell metastasis in vivo. A, Left panel
shows bioluminescence intensity analysis
of mice 30 d after injection with AMC-2-
shGTSE1 or AMC-2-shCTL cells. Right
panel shows bioluminescent metastasis
assays at the same time intervals. Data
represent the mean + SD. B,
Representative H&E staining of lung
tissues from the different groups.
Magnification, x400. ***P < 001
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FIGURE 6 G2 and S-phase expressed 1 (GTSE1) regulates epithelial-mesenchymal transition (EMT) in acral melanoma (AM) cells. E-
cadherin, N-cadherin, and Slug expression in GTSE1-depleted AMC-2 and WM2664 cell lines. GAPDH served as a loading control. Numbers
below the panels represent normalized protein expression levels. Graphs on the right show quantification of western blot data from 3

independent experiments. **P < .01

(Figure 7D). To verify the involvement of ITGA2 in the GTSE1-
mediated migration of AM cells, we cotransfected ITGA2-expressing
or vector control plasmids into AMC-2 cells along with siGTSE1 or

siCTL. As shown in Figure 7E, upregulation of ITGA2 expression res-
cued siGTSE1-mediated inhibition of AM migration. Western blot
assays showed that ITGA2 also decreased E-cadherin and increased
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N-cadherin and Slug expression in AMC-2 cells depleted of GTSE1 accelerating AM progression and its high expression correlates with
(Figure 7F). poor clinical prognosis. As most AM patients are ineligible for current
target therapy with vermurafenib or vermurafenib + dabrafenib! and

4 | DISCUSSION imatinib,>* GTSE1 provides hope for AM patients.
In the present study, we used AM cell lines and human tissue
The strength of the present study is that it supplements the scarcity of samples to confirm that GTSE1 expression was upregulated in meta-

acral melanoma research and provides novel insights into GTSE1 static AM. Importantly, we applied the clinical observation that
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TABLE 2 Correlation of GTSE1 and ITGA2 expression

GTSE1 expression levels

ITGA2 expression levels High (n = 26) Low (n = 19)
High (n = 27) 19 8
Low (n = 18) 7 11

Consistency rate (%) 19/26 (73.1)
P-value? .036

11/19 (57.8)

GTSE1, G2 and S-phase expressed 1; ITGA2, integrin subunit alpha 2.
Significance evaluated by chi-squared tests.

GTSE1 impacts AM progression. The cohort study of 92 patients
indicated that higher GTSE1 expression strongly correlated with
poorer clinical outcome with a shorter DFS. The cellular and molecu-
lar mechanisms by which GTSE1 promoted AM proliferation, migra-
tion, invasion, and metastasis were examined in AM cell lines. We
found that GTSE1 functions as a stimulator of tumor migration and
invasion by disrupting EMT. Our study provides novel insights
into the role of GTSE1 in regulating EMT and migration/invasion in
an ITGA2-dependent way, which is a downstream transcription
factor.

Somatic point mutations and DNA amplification are regarded as
the two main driving factors of the overexpression and activation of
oncogenes.® Data from cBioPortal (available at http://www.chiopor

tal.org)®+%>

suggested that the frequency of GTSE1 gene alterations
in cutaneous melanoma is 4.61%-5.92%; gene mutations account for
about 2.77% and gene amplification accounts for about 2.79% of
these observed alterations. However, genetic aberrations of GTSE1
have not been investigated in an AM cohort to date, and the mecha-
nism underlying GTSE1 overexpression remains unclear. Further
studies are required to verify the relationship between alterations of
GTSE1 and its high expression in metastatic AM.

The effects of GTSE1 on AM proliferation, migration, invasion,
and metastasis highlight its importance in AM progression. GTSE1
regulates the cell cycle by interacting with p53 and repressing its
ability to induce apoptosis.2>282? Previous studies have investigated
the expression and functional mechanisms of GTSE1 with respect to
the tumor cell cycle.®4” Consistently, our investigation showed that
upregulation of GTSE1 leads to increased G2/M phase in AMC-1
cells, and GTSE1 depletion decreased G2/M phase in WM2664 cells.
These data emphasize that GTSE1 abrogates AM cell cycle check-
points to accelerate proliferation. However, we did not examine
whether this requires deactivation of p53.

Migration and invasion are important features controlling the
metastasis of cancer cells, and these processes require changes to
the microtubule cytoskeleton. In breast cancer, alteration of
GTSE1 expression is associated with increased invasive potential,
and GTSE1 was identified as a microtubule-associated plus-end
tracking protein, which promotes cell migration through interac-
tions with EB1.3! Consistently, we have shown that migration and
invasion of AM cells were stimulated by GTSE1 overexpression
and suppressed by its depletion. These data suggest that upregula-
tion of GTSE1 may be associated with increased metastatic

potential. The use of IVIS technology on NOD-SCID mice and
lung micrometastases confirmed that GTSE1 depletion attenuated
AM metastasis.

This observation prompted us to identify the underlying mecha-
nisms of GTSE1 in migration, invasion, and metastasis. Increased cell
migration and invasion are significant characteristics of EMT, which
promotes the loss of tumor cell polarity and contact with neighboring
cells, allowing cells to detach from the primary tumor and invade the
local environment.®®3? EMT has received considerable attention as a
conceptual paradigm explaining invasion and cancer metastasis.
Therefore, we explored EMT during AM tumor progression. EMT is
defined by the loss of epithelial characteristics, such as a decrease in
the expression of cell adhesion molecule E-cadherin and increased
expression of N-cadherin.*® As expected, depletion of GTSE1 in highly
metastatic AM cell lines attenuated EMT. Our data are consistent with
findings regarding the cadherin switch during malignant melanoma
development.** Slug, a zinc finger transcription factor, has been pro-
posed as a key EMT inducer affecting melanoma metastatic propen-
sity.#24% A study of hepatocellular carcinoma also showed that GTSE1
depletion had a significant impact on EMT, causing decreased expres-
sion of Snail, N-Cadherin, and B-catenin and decreased metastatic
potential.?* In our data, decreased Slug occurred concomitantly with
the cadherin switch and migration attenuation.

Our study also explored the downstream targets of GTSE1, and
ITGA2 was found to be an interactor and downstream effector of
GTSE1. Integrins are involved in the regulation of cell motility, migra-
tion, and invasion.** ITGA2, mainly together with the B1 integrin
subunit, has also been reported in many cancers.*>*? ITGA2 regula-
tion by miRNAs and epigenetic modifications is crucial for invasion,
metastasis and EMT.?%->% Therefore, we explored the contribution of
ITGA2 in siGTSE1-mediated cell AM migration and invasion. The
results showed that ectopic ITGA2 expression can rescue siGTSE-1
mediated inhibition of AM progression, which is consistent with pre-
vious studies. Published data showed that ITGA2 is upregulated in
osteosarcoma tissues, and ectopic expression of ITGA2 can decrease
E-cadherin expression and increase the expression of N-cadherin,
Vimentin, and Slug.>® Likewise, our study showed that ectopic ITGA2
rescued siGTSE1-mediated inhibition of migration by disrupting EMT
molecules. Taken together, 2 questions arise: (i) Is GTSE1 regulation
of AM tumor progression ITGA2-dependent? (i) Is ITGA2 also
strongly correlated with AM clinical outcome? Future investigation is
warranted to address these questions.

Although we provided novel insight to GTSE1 in AM progression,
the present study has its limitations: (i) IVIS technology for metasta-
sis and research on EMT phenotype was applied to GTSE1 inhibition
cells only, and the present study was not able to provide validation
of GTSE1 in gain-of-function cells. (ii) Although high GTSE1 expres-
sion correlates with poor prognosis, the study was not a preplanned
prospective study and sample size was a bit small.

In summary, we have shown that GTSE1 promotes AM prolifera-
tion, migration, invasion and metastasis and correlates with clinical
outcome. GTSE1 might represent a molecular target for AM therapy.

Further investigation in disease models and clinical trials are needed.
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