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Prognostic value and immune infiltration
of a tumor microenvironment-related PTPN6
in metastatic melanoma
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Abstract

Background Cutaneous melanoma is one of the most invasive and lethal skin malignant tumors. Compared to
primary melanoma, metastatic melanoma (MM) presents poorer treatment outcomes and a higher mortality rate.
The tumor microenvironment (TME) plays a critical role in MM progression and immunotherapy resistance. This study
focuses on the role of the TME-related gene PTPN6 in the prognosis and immunotherapy response of MM.

Methods This study analyzed the RNA-seq and clinical data of MM patients from public databases, employing

the ESTIMATE algorithm and bioinformatics tools to identify differentially expressed genes in the TME. PTPN6 was
identified as a prognostic biomarker. Its expression and function were validated using in vitro and in vivo experiments.
The role of PTPN6 in immune cell infiltration and its association with the JAK2-STAT3 pathway and immunotherapy
response were also evaluated.

Results PTPN6 expression was significantly lower in MM and associated with poor prognosis. In vitro, Overexpression
of PTPN6 inhibited proliferation, migration, and invasion, while knockdown reversed these effects. In vivo, PTPN6
overexpression reduced tumor growth. Mechanistically, PTPN6 suppressed JAK2-STAT3 signaling pathway activation.
High PTPN6 expression was positively associated with immune cell infiltration, improved immunotherapy response,
and reduced PD-L1 expression.

Conclusion The gene PTPNG, associated with the tumor microenvironment, may serve as a promising prognostic
biomarker and therapeutic target for MM.
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Introduction

Despite its low incidence, melanoma is one of the most
aggressive skin cancers, accounting for nearly 90% of all
skin malignant tumor deaths [1]. Early primary mela-
noma patients can achieve a good prognosis after surgical
resection [2]. However, advanced metastatic melanoma
presents a significant challenge as it is highly invasive
and spreads rapidly to vital organs like the liver, lungs,
and brain [3]. Therefore, these tumors are difficult to
completely remove through surgery, and the recurrence
rate after surgery is high. Furthermore, these tumors
show insensitivity to radiotherapy and chemotherapy
and quickly develop resistance to targeted therapies [4].
The 5-year survival rate is only 25% [5]. However, recent
advances in immunotherapy have offered new hope in
treating melanoma. Metastatic melanoma (MM) has
strong immunogenicity, generating numerous tumor
antigens that activate the body’s immune response, mak-
ing it particularly receptive to immunotherapy [3]. The
advent of immune checkpoint inhibitors (ICIs), like anti-
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
antibodies and anti-programmed death 1/programmed
death-ligand 1 (PD-1/PD-L1) antibodies, has been effec-
tive in prolonging the survival time of melanoma patients
and improving their quality of life. These treatments have
significantly improved prognosis and are now the stan-
dard care for advanced metastatic melanoma.

However, a significant proportion of patients either
fail to respond or develop resistance to immunotherapy,
a situation heavily influenced by the complex tumor
microenvironment (TME) of MM [6, 7]. Recently, there
has been a growing interest in TME due to its complex
composition and dynamic nature, which are pivotal in
cancer development and progression [8—10]. The TME is
the major site at which tumor cells interact with the host
immune system, encompassing not only the tumor cells
but also the stromal cells, immune cells, and the bioac-
tive substances and extracellular matrix they produce [9,
10]. Therefore, gaining a comprehensive understanding
of MM’s tumor microenvironment, unraveling the bio-
logical mechanisms of the interactions within the TME,
and identifying prognostic biomarkers based on the TME
is crucial. Such insights could significantly aid in inhibit-
ing MM’s development, enhancing patient prognosis, and
improving responses to immunotherapy.

Stromal cells and immune cells are the two major non-
tumor components in TME [11, 12] that significantly
influence the invasion and drug resistance of MM [6, 13].

Consequently, evaluating these cellular components in
the TME may be beneficial for diagnosis and prognosis
prediction in melanoma patients. An ESTIMATE algo-
rithm was developed by Yoshihara et al. for effectively
quantifying the proportion of stromal cells and immune
cells in TME, thereby offering insights into the TME [14].
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Prior studies have demonstrated that TME-related bio-
markers screened based on the ESTIMATE algorithm,
are effective in diagnosing and predicting the prognosis
of various cancers, including glioblastoma [15], breast
cancer [16], renal clear cell carcinoma [17], and colon
cancer [18]. However, to date, there has been no explora-
tion of its application in MM.

For this study, we sourced RNA-seq data of MM from
online databases and utilized the ESTIMATE algorithm
to determine immune, stromal, and overall ESTIMATE
scores within the TME. Using these scores, alongside
various bioinformatics analysis methods, we identified
the prognostic marker PTPN6 based on the TME. We
then conducted in vitro and in vivo experiments to con-
firm and investigate its potential molecular biological
mechanisms. Our research revealed that the TME-asso-
ciated gene PTPN6 can inhibit the onset, invasion, and
metastasis of MM, thereby improving patient prognosis
and response to treatment. Additionally, it was shown
that PTPNG6 can inhibit the activation of the JAK2-STAT3
signaling pathway. These findings indicate that PTPN6
could act as a new prognostic biomarker for MM. Tar-
geting the PTPN6-JAK2-STAT3 axis in conjunction with
immunotherapy could represent an innovative treatment
approach to overcome resistance to immunotherapy.

Materials and methods

Data collection

The transcriptome RNA sequencing data and corre-
sponding clinical data of 368 MM samples and 1405
normal skin tissue samples were downloaded from The
Cancer Genome Atlas Program (TCGA) (https://portal.g
dc.cancer.gov/) and Genotype Tissue Expression (GTEx)
(https://www.gtexportal.org/home/index.html) Data-
base. Furthermore, the immunotherapy information of
patients with MM was obtained from the Cancer Imag-
ing Archive (TCIA) (https://www.cancerimagingarchive.
net/) database.

The identification of differentially expressed genes

The ESTIMATE algorithm was used to assess the TME
composition of each MM sample. The results were
expressed as three scores, namely ImmuneScore, Stro-
malScore, and ESTIMATEScore. The ImmuneScore
and StromalScore correspond to the infiltration level of
immune and stromal cells in the TME, respectively. The
ESTIMATEScore represents the sum of the immune and
stromal scores in individual cases and is defined as tumor
purity. According to the analysis results of ESTIMATE,
all samples were divided into high/low immune score
groups and high/low stromal score groups. Then, the
“limma” package in R4.2.3 was used to analyze the differ-
entially expressed genes (DEGs) related to TME by using
| log fold change (FC) | > 1.9 and false discovery rate
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(FDR)<0.001 as the cutoff criteria. DEGs with similar
levels in stromal and immune cells were screened using
the “VennDiagram” package. Heatmaps of TME-related
DEGs were generated using the “heatmap” package.

Construction of protein-protein interaction (PPI) network
and univariate Cox regression analysis

All DEGs were imported into the STRING online data-
base (https://version-11-5.string-db.org/), a platform
designed for identifying interacting genes. We set the
interaction’s comprehensive score threshold to greater
than 0.900 to build a PPI network. This network was then
visualized using cytoscape software. Subsequently, core
genes within the PPI network, each connected to 15 or
more nodes, were continued with univariate Cox regres-
sion analysis. Through this process, using a significance
threshold of p<0.005, we identified DEGs significantly
correlated with the prognosis of MM.

Expression levels and survival analysis of PTPN6 in MM
MM samples in the TCGA database and normal skin tis-
sue samples in the GTEx database were analyzed using
the “limma” package to verify the expression level of the
PTPNG6 gene. Then, according to PTPN6 expression, we
performed overall survival (OS) and progression-free
survival (PES) analyses using the “survival” package.

Correlation analysis of PTPN6 with immune cell infiltration
and immunotherapy response in MM

We used the Tumor Immune Estimation Resource 2.0
(TIMER2.0) online database (http://timer.cistrome.org/)
to analyze the association between PTPN6 expression
level and immune infiltration of MM. Concurrently, we
used the immunotherapy information data of patients
with MM in the TCIA database to conduct correlation
analyses between PTPNG6 expression and the therapeutic
response to immunotherapy.

Cell culture

Human immortalized epidermal keratinocyte cell line
(HaCaT) and human metastatic melanoma cell lines
(A2058, M14) were obtained from Procell Life Science
& Technology Co., Ltd. (Wuhan, China). All cells were
cultured in DMEM high-glucose medium (SIGMA,
USA) supplemented with 10% Fetal Bovine Serum (FBS)
(Excell, USA) and 1% penicillin/streptomycin (SEVEN,
Beijing, China).

Cell transfection

The recombinant human full-length PTPN6 gene
expression plasmid (pcDNA3.1(+)-PTPN6) and the
empty vector plasmid (pcDNA3.1(+)-NC) were synthe-
sized by GenePharma (Shanghai, China). The cells were
digested and inoculated on a 6-well plate the day before
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transfection to ensure that the confluence of the cells
reached 60% overnight. Plasmid transfection was per-
formed using the Lipo8000 (Beyotime, Shanghai, China)
transfection reagent. After transfection for 48 h, the cells
were collected for further analyses.

The PTPNG6 overexpression lentivirus (GV341-PTPN6-
3FLAG-SV40-puromycin) was obtained from GeneChem
(Shanghai, China). 1x10° A2058 and M14 cells were
inoculated in 6-well plates and cultured until the cell
confluence reached 60—-70%. According to the manufac-
turer’s instructions, the PTPN6-overexpressing lentivirus
was transfected into two melanoma cell lines using the
Lipo8000 transfection reagent. After 24 h, the medium
was replaced, and cells were screened with 2 pg/mL
puromycin. The overexpression efficiency of PTPN6 was
verified by Western blotting after one week of screening.

PTPNG6 small interfering RNA (siPTPN6) and control
siRNA (siNC) were designed and synthesized by GenePh-
arma (Shanghai, China). The sequences of siRNAs were
listed in Table S3. A total of 1x10° A2058 cells and M14
cells stably overexpressing PTPN6 were inoculated in
6-well plates and cultured until the cell confluence was
60—70%. The siPTPN6 and siNC were transfected into
the cells using Lipo8000 transfection reagent. After 48 h
of transfection, the knockdown efficiency of PTPN6 was
confirmed by Western blotting.

RNA extraction and real-time quantitative polymerase
chain reaction (RT-qPCR)

Total RNA was isolated from cells using RNAeasy™ Ani-
mal RNA Isolation Kit with Spin Column (Beyotime,
Shanghai, China). The concentration of total RNA was
measured by NanoDrop ultraviolet spectrophotom-
eter. We reverse transcribed the total RNA into cDNA
using the All-in-one first strand cDNA Synthesis Kit
II (SEVEN, Beijing, China). The 2 x SYBR Green qPCR
Master Mix II kit (SEVEN, Beijing, China) was used for
RT-qPCR analysis. Using GAPDH as a reference gene.
The 2722 method was used to calculate the relative
expression of mRNA. The primers used in the study were
as follows: GAPDH, 5-CTGGGCTACACTGAGCAC
C-3 (forward) and 5-AAGTGGTCGTTGAGGGCAAT
G-3’ (reverse); PTPN6, 5-CTTTGACCACAGCCGAGT
GA-3’ (forward) and 5-GCCTAGCAGCTGGTTCTTG
A-3’ (reverse).

Western blotting

Proteins were extracted from cells using RIPA lysis buf-
fer (Beyotime, Shanghai, China). After that, the obtained
proteins were separated using SDS-PAGE and transferred
onto a PVDF membrane. The membrane was exposed
to the super-sensitive ECL chemiluminescent substrate
(Biosharp, Beijing, China) to detect and image protein
bands. Finally, we calculated relative protein expression
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through gray analysis using Image] software. Details of
the antibodies used in the study were listed in Table S2.

Cell counting kit 8 (CCK8) assay

The cell growth capability after cell transfection was
assessed by the Cell Counting Kit-8 assay kit (Biosharp,
Beijing, China). The cells were trypsinized and inocu-
lated in 96-well flat-bottomed plates. Each sample was
tested in five replicate wells. At 0, 24, 48, and 72 h after
cell adhesion, a fresh complete medium containing 10%
CCK8 reagent replaced the old medium and further
incubated for an additional 2 h. Then, we measured the
optical density (OD) value at a wavelength of 450 nm by
an automatic microplate reader.

5-Ethynyl-2'-deoxyuridine (EdU) assay

Cell growth was also determined by EdU incorporation
assay, using the BeyoClick™ EAU Cell Proliferation Kit
with Alexa Fluor 594 (Beyotime, Shanghai, China). In
24-well plates, cells with different treatments were inoc-
ulated at the density of 4x10* cells/well. After 24 h, the
cells were treated with 10 uM EdU solution and further
seeded for another 2 h. The cells were then fixed and
were permeabilized with immunostaining permeabili-
zation solution for 15 min. Subsequently, click reaction
solution was added, and the cells were incubated in the
dark for 30 min. The nucleus was stained with Hoechst
33,342. Finally, the EdU-positive cells were captured
under a fluorescence microscope, and five visual fields
were randomly selected from each experimental group.
The Image] software was used to count cells.

Wound healing assay

The ability of cell migration was assessed by a wound
healing assay. The cells grew to a confluence of about
90-95% in six-well plates. Then, scratched a wound using
a 200 pL pipette tip. Subsequently, after discarding the
culture medium, the serum-free DMEM medium was
added to each well to continue incubation. The images of
the scratch area were taken by microscope at 0, 24, and
48 h, respectively. The Image] software was used to mea-
sure the wound area.

Transwell migration and invasion assay

For the migration assay, 3x10* cells in 200 pL serum-
free DMEM medium were added into the upper cham-
ber. The lower chamber was filled with 600 pL complete
medium. The medium was discarded after culturing for
24 h, and 4% paraformaldehyde fixed the cells for 30 min.
Cells were stained for 20 min with 0.1% violet solution.
After being washed twice with PBS, the upper chamber
containing non-migrated cells was wiped gently with
a cotton swab and dried at room temperature. Subse-
quently, observations were performed, and photographs
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were taken using an inverted microscope. Each sample
was randomly selected for cell counting in five micro-
scopic fields (x 200). The experiments were conducted
in triplicate. For the invasion assay, the upper membrane
of the chamber was pre-coated with Matrix-Gel™ Base-
ment Membrane Matrix (Beyotime, Shanghai, China).
The remaining steps followed the same protocol as used
in the migration assay.

Animals and models
Male BALB/c nude mice (five weeks old) were purchased
from Qiguan Biotech (Harbin, China), and were housed
in a Specific Pathogen Free animal facility at Harbin Med-
ical University. The facility was maintained on a 12-hour
light/dark cycle with a temperature of 22+2 °C and
humidity of 50-60%. All animal experiments were con-
ducted in accordance with the principles outlined in the
Guide for the Care and Use of Laboratory Animals by the
National Research Council of the United States. The pro-
tocol was approved by the Medical Ethics Committee of
the Second Affiliated Hospital of Harbin Medical Univer-
sity (Ethical Review Approval Number: SYDW2024-074).
The nude mice were randomly divided into two experi-
mental groups (5 mice per group). Group 1: Mice were
injected subcutaneously with A2058 or M14 melanoma
cells (control group), Group 2: Mice were injected subcu-
taneously with A2058 or M14 cells stably overexpressing
PTPN6 (PTPN6 overexpression group). 4x10° cells were
suspended in 100 pL of sterile PBS and injected subcu-
taneously into the left axillary region of each mouse to
establish a subcutaneous graft tumor model. Tumor
diameters were measured with a ruler every 3 days. After
4 weeks, mice were executed, and tumors were excised,
weighed, and photographed. Tumor samples were then
stored for further histological analysis as needed.

Immunohistochemical (IHC) staining

Tumor tissue samples from each group of nude mice
were fixed in 10% formalin for 24 h and then embedded
in paraffin to prepare paraffin sections. The sections were
dewaxed and rehydrated for immunohistochemical stain-
ing. After antigen repair with citrate buffer and blocking
with BSA, the sections were incubated with primary anti-
body at 4 °C overnight. Subsequently, the sections were
treated with secondary antibody for 1 h at room temper-
ature. The color was developed using DAB, and counter-
staining was performed with hematoxylin. Images were
acquired using an inverted microscope and analyzed
semi-quantitatively using Image] software. Details of the
antibodies used in the study were listed in Table S2.

Statistical analysis
R language (version 4.3.1) or GraphPad Prism10.1.1
software was used for statistical analysis. Comparison
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between the two groups was analyzed by the student’s
t-test. One-way ANOVA was used for comparison
between three groups or more. The data were presented
as the meanzstandard deviation (SD). The value of
p<0.05 was considered statistically significant. We con-
ducted all experiments in triplicate.

Results

ImmuneScore and StromalScore were associated with the
prognosis of patients with MM

Based on the TCGA database, we analysed the gene
expression and clinical data of 368 patients with SKCM-
metastasis by the ESTIMATE algorithm. And we
obtained the ImmuneScore, StromalScore, and ESTIMA-
TEScore (Table S1). To study the potential relationship
between prognosis and ImmuneScore or StromalScore,
according to the median score we divided patients into
high and low-score groups for survival analysis. As dis-
played in Fig. 1A-C, The Kaplan-Meier survival curve
indicated the proportion of immune components and the
overall survival rate in patients with MM are positively
correlated (p<0.001). Although the StromalScore did not
show a notable correlation with the overall survival rate
(p=0.118), the ESTIMATEScore, representing the com-
bined total of immune and stromal scores, displayed a
positive association with survival (p<0.001). These find-
ings suggest that the TME is linked to the prognosis of
MM, with the immune elements within the TME being
more indicative of prognostic outcomes.

Identification of immune- and stromal-related DEmRNAs
for MM

To identify DEGs associated with the TME of MM,
according to the high and low immune or stromal scores
we performed a differential expression analysis. In this
analysis, the immune score group showed 1096 upregu-
lated and three down-regulated genes, while the stromal
score group had 777 upregulated and four down-regu-
lated genes. The top 100 differentially expressed genes
were displayed in a heatmap (Fig. 1D, E). Using a Venn
diagram, we examined the genes common to both
immune and stromal groups, identifying 648 upregulated
and 0 down-regulated genes (Fig. 1F). These overlapping
genes, believed to be crucial DEGs within the microen-
vironment, were deemed significant in influencing TME.
Therefore, our subsequent analyses concentrated on
these intersecting genes.

To determine key genes correlated with pathogen-
esis and survival in metastatic melanoma, we previously
utilized the online STRING tool to construct a PPI net-
work of DEGs. This network comprised 112 nodes and
256 edges and was visualized using Cytoscape software
(Fig. 1G). As depicted in Fig. 1H, we listed the top 15
genes by nodes in the PPI network, focusing on seven
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genes with more than 15 nodes for deeper analysis. Con-
currently, to identify TME-related genes with prognos-
tic significance, we performed univariate Cox regression
analysis on these seven genes. This analysis revealed that
LCK, CD247, CD8A, PTPNG6, and CD3D were signifi-
cantly associated with patient prognosis (Fig. 1I). Among
these five genes, LCK [19], CD247 [20], CD8A [21], and
CD3D [20] have been reported to predict the progno-
sis of melanoma. However, it remains unclear whether
PTPNG6 affects the prognosis of MM. Therefore, we
decided to focus our subsequent research on PTPNG6.

The low expression of PTPN6 in MM was correlated with
poor prognosis

We analyzed the RNA sequencing data from TCGA and
GTEx databases. The results showed that normal skin tis-
sue expressed significantly higher levels of PTPN6 than
MM (p<0.001, Fig. 2A). Furthermore, according to the
median expression of PTPNG6, the samples of MM were
divided into high and low-expression groups to evaluate
the prognostic value of PTPN6. Subsequently, a survival
analysis was conducted. According to the survival curves,
there was an increased overall survival (»p<0.001, Fig. 2B)
as well as a greater progression-free survival (p=0.008,
Fig. 2C) in the high-expression group. The results sug-
gested that a poor prognosis in patients with MM was
correlated with a low-expression of PTPNG6.

To further confirm the above findings of bioinformatics
analyses, we used RT-qPCR and Western blotting assays
to detect the expression levels of PTPNG6 in the human
normal skin keratinocyte line (HaCaT) and two human
metastatic melanoma cell lines (A2058 and M14). Com-
pared to the HaCaT cell, the transcription and transla-
tion levels of PTPN6 in A2058 and M14 cells were lower
(Fig. 2D, E). These results were consistent with our bioin-
formatics analyses.

To further analyze the role of PTPN6 in MM, we tran-
siently transfected PTPN6 overexpression plasmid and
negative control empty vector plasmid into A2058 and
M14 cells by Lipo8000 transfection reagent, respec-
tively. RT-qPCR and Western blotting assays were used
to detect transfection efficiency. Compared with the con-
trol and empty vector plasmid group, the expression level
of PTPN6 was notably increased in the pcDNA3.1(+)-
PTPNG6 transfected group (Fig. 3A-C). The success-
fully transfected cells were then used in the following
experiments.

Overexpression of PTPN6 inhibited the proliferation of MM
cells

To validate the effect of PTPN6 overexpression on MM
cells proliferation, we conducted the CCK8 assay. The
cells transfected with pcDNA3.1(+)-PTPN6 plasmid
and empty vector plasmid 12 h were trypsinized and
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Fig. 1 Identification of differentially expressed genes based on ImmuneScore and StromalScore. (A-C) Overall survival analysis of high and low Immune/
Stromal/ESTIMATE Scores in patients with metastatic melanoma using the ESTIMATE algorithm. (D, E) Heatmap depicting the top 100 DEmRNAs with the
most significant p-values between high and low Immune/Stromal Scores (Jlog Fold change|>1.9, p <0.001). Blue represents downregulation, while red
represents upregulation. (F) Venn diagram showing the upregulated and downregulated genes commonly intersecting between Stromal and Immune
Scores, with green indicating immune-related DEmRNAs and purple indicating stromal-related DEmRNAs. (G) Construction of a protein-protein interac-
tion network for overlapping genes using the STRING online tool (confidence score >0.900) and Cytoscape software. (H) The top 15 genes ranked by
nodes in the PPl network are shown in the graph. (I) Univariate Cox analysis was conducted on genes with a node count of 15 or more in the PPI network
to identify differentially expressed genes significantly associated with prognosis
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Fig. 2 The expression of PTPN6 and its correlation analysis with survival. (A) Boxplot showing differential expression of PTPN6 in metastatic melanoma
samples and normal skin tissue samples. (B) Correlation analysis of PTPN6 expression in metastatic melanoma samples with overall survival. (C) Correla-
tion analysis of PTPN6 expression in metastatic melanoma samples with progression-free survival. (D) RT-gPCR assay analyzed the transcription level of
PTPN6 in human keratinocyte cell line HaCaT and human metastatic melanoma cell lines A2058 and M14. The RT-gPCR results showed the relative mRNA
expression of PTPN6 normalized to GAPDH. (E) Western blotting assay analyzed the expression of PTPN6 in human keratinocyte cell line HaCaT and
human metastatic melanoma cell lines A2058 and M14. (**p < 0.01, ***p <0.001)

These findings indicated that overexpression of PTPNG6 in
MM cells significantly inhibited cell proliferation ability
and cell viability.

Overexpression of PTPN6 inhibited the migration and
invasion of MM cells

The wound healing assay, the transwell migration assay,
and matrix-gel invasion assay were also used to detect
the impact of PTPNG6 on the migration of MM cells after
transfection with pcDNA3.1(+)-PTPN6 plasmid. As
demonstrated by the cell wound healing assay, the PTPN6
overexpression group had significantly larger wound area
compared with the control group after 24 and 48 h. How-
ever, the wound healing rate slowed (Fig. 4A, B). Addi-
tionally, the PTPN6 overexpression group showed a
significantly decreased number of migration or invasion
cells in the transwell migration and invasion experiments
(Fig. 4C, D).

Furthermore, we conducted Western blotting experi-
ments to assess the expression levels of genes implicated
in the migration and invasion of cancer cells, specifically
focusing on Matrix Metallopeptidase-2,9 (MMP-2,9),

E-cadherin, and vimentin. MMP2 and MMP9 are
enzymes known for their role in breaking down diverse
components of the extracellular matrix, thereby facilitat-
ing the growth and infiltration of cancer cells. E-cadherin
and vimentin serve as markers of epithelial-mesenchymal
transformation (EMT), a process regarded as crucial in
tumor invasion and progression. Prior studies have linked
EMT to the malignant transformation in metastatic mel-
anoma [22]. As presented in Fig. 4E, F, compared with the
control group, the protein expression levels of MMP2,
MMP9, and vimentin in the cells transfected with over-
expressed PTPN6 plasmid were significantly decreased,
while E-cadherin expression level was increased. These
findings indicated that PTPN6 suppresses the migration
and invasion of MM cells.

Exogenous PTPN6 can inhibit the JAK2-STAT3 pathway in
MM cells

In earlier studies, a reduction or absence of PTPN6 was
observed in hematopoietic malignancies and colorec-
tal epithelioma cell lines. Additionally, it was found that
upregulating PTPN6 could lead to anti-angiogenic and
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antitumor effects by inhibiting the JAK2-STAT3 signaling
pathway [23, 24]. Based on these insights, we aimed to
determine if externally introduced PTPNG6 could similarly
inhibit the onset and progression of MM by blocking the
JAK2-STAT3 pathway. We transfected pcDNA3.1(+)-
PTPN6 or pcDNA3.1(+)-NC plasmid into A2058 and
M14 cell lines. After 48 h of transfection, we used a West-
ern blotting assay to analyze the activity of the pathway.
The expression levels of phosphorylated JAK2 and phos-
phorylated STAT3 were down-regulated in A2058 and
M14 cell lines transfected with pcDNA3.1(+)-PTPNG,
but there were no significant changes in the expression
of total JAK2 and STAT3 (Fig. 5A-D). These findings sug-
gest that exogenous PTPN6 in MM negatively regulated

the pathway through dephosphorylation, thereby further
inhibiting the invasion and progression of MM.

There is a significant correlation between the expression

of PTPN6 and immune cell infiltration levels and
immunotherapy response

Melanoma has strong immunogenicity, can interact with
various immune cells, and is sensitive to immunotherapy.
However, only a few patients respond to immunotherapy
and are prone to drug resistance, possibly associated
with the immunosuppressive tumor microenvironment.
Therefore, we further analyzed the association between
PTPNG6 expression and immune infiltration. We used the
TIMER2.0 database to explore the correlation between



Sun et al. Cancer Cell International (2024) 24:435

control

g = control
% o go-ﬂ* : &-P!Pms
=3 @
: z iu-
. é 021
nz_ 00
=
o
w
(o]
OE-PTPN6
3
>
T2
8|
<
c
2
=
e
2|2
==

- control

= NC
B OF-PTPNG

A2058

Page 9 of 17

control

M14
NC
Relative Healing Area (%)

OE-PTPN6

A2058

Invasion Assay

E-cadherin

B-actin [§ > v 42kD

§ =

L J

i 3
LSS

w4

M14

Fig.4 Overexpression of PTPN6G suppressed the migration and invasion of metastatic melanoma cells in vitro. (A, B) Wound healing assay was performed
to determine the impact of PTPN6 overexpression on the migration of A2058 and M14 cells. (C, D) Transwell migration and Matrigel invasion assays were
used to assess the impact of PTPN6 overexpression on the migration and invasion of A2058 and M14 cells. (E, F) Western blotting assay was conducted
to verify the expression of migration and invasion-related genes, including MMP2, MMP9, E-cadherin, and Vimentin, in control, NC, and PTPN6 overex-
pression groups in A2058 and M14 cells. Representative images were randomly selected from three independent experiments. Data are presented as
mean + standard deviation (SD). (*p < 0.05, **p <0.01, ***p < 0.001, ****» < 0.0001)

PTPNG6 and the abundance of different immune cells. As
illustrated in Fig. 6A, PTPN6 expression was negatively
associated with tumor purity, myeloid-derived suppres-
sor cells (MDSCs), macrophages M2, and cancer-asso-
ciated fibroblast. However, PTPN6 positively correlated
with activated NK cells, B cells, CD4+T cells, CD8+T
cells, macrophages M1, monocyte, myeloid dendritic
cells, neutrophils, T cell gamma delta, and T cell follic-
ular helper. These findings further demonstrate that the
expression level of PTPN6 impacted the immune status
of TME in metastatic melanoma.

Immune checkpoint therapy, as a new immunother-
apy method, is crucial in the treatment of MM. There-
fore, we downloaded immunotherapy information on
patients with MM from the TCIA database and assessed
the correlation between PTPN6 expression and immune
checkpoint treatment. Our study indicated that patients

exhibiting high levels of PTPN6 expression demonstrated
improved responses to therapies involving either single-
agent CTLA-4, single-agent PD-1, or a combination
of both (Fig. 6B). It is suggested that overexpression of
PTPNG6 could contribute to immunotherapeutic efficacy
in patients with MM.

Moreover, we verified the expression of PD-L1, the
ligand of immunosuppressive receptor PD-1, by Western
blotting assay. It is well established that high expression
of PD-L1 can promote immune escape of tumor cells.
Our findings indicated that compared to the control
group, the cells transfected with pcDNA3.1(+)-PTPN6
plasmid showed decreased levels of PD-L1 expression
(Fig. 6C, D).
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Knockdown of PTPN6 promoted the proliferation,
migration, and invasion of MM cells

To further validate the effect of PTPN6 overexpression
on the malignant phenotype of MM. We first established
A2058 and M14 cell lines stably overexpressing PTPN6
using the GV341-PTPN6-3FLAG-SV40-puromycin
lentivirus (Fig. 7A, B). Subsequently, we transiently
transfected siPTPNG6 into these cell lines (Fig. 7C, D).
To observe whether PTPN6 knockdown could reverse
its effect on melanoma cell function, we performed
CCKS8, wound healing, and Transwell assays after the
knockdown of PTPN6. The results of CCK8 showed
that knockdown of PTPNG6 increased the cell prolifera-
tion compared to siNC control and PTPN6 overexpres-
sion groups (Fig. 7E, F), indicating that reduced PTPN6
expression may promote melanoma cell growth. Wound
healing assay showed that at 24 and 48 h after scratch-
ing, the wound healing area was smaller in the PTPN6
knockdown group (Fig. 7G, H), suggesting that the
knockdown of PTPN6 may promote the migration of
MM cells. In the Transwell migration and invasion assay,
more cells entered the lower chamber after the knock-
down of PTPN6 compared to the PTPN6 overexpression
group (Fig. 71, J), further confirming that the reduction of
PTPN6 may enhance the migration and invasion abilities
of MM cells.

Overexpression of PTPN6 inhibited MM cells growth in vivo
We subcutaneously injected stable PTPN6 overex-
pressing melanoma cell lines A2058 and M14, as well
as their control cells into the axillae of BALB/c nude
mice, respectively, to establish a subcutaneous trans-
plant tumor model. This was done to further investigate
whether PTPN6 inhibited melanoma growth in vivo.
Tumor diameters were measured with a ruler every three
days, and the results were shown in Fig. 8E, F. Tumors in
the PTPN6 overexpression group grew more slowly com-
pared to those in the control group. After four weeks,
photos were taken to document the overall appearance
of the mice and the tumors, and it was evident that the
tumors in the control group were larger than those in
the PTPN6 overexpression group (Fig. 8A-D). In addi-
tion, a similar trend was observed with the tumor weight
(Fig. 8G, H). The tumors in the PTPN6-overexpression
group weighed less than those in the control group. IHC
analysis of paraffin sections of the tumors showed that
PTPN6 expression was higher in the overexpression
group (Fig. 81, J). Additionally, Ki67, a marker of cell pro-
liferation, and MMP9, a marker of tumor invasion, were
reduced in the PTPN6 overexpression group (Fig. 8L, J).
These results suggested that PTPN6 may inhibit the pro-
liferation and invasion of MM cells in vivo.



Sun et al. Cancer Cell International

>

(2024) 24:435

Page 11 of 17

Purity MDSC Macrophage M2 Cancer associated fibroblast T cell regulatory (Tregs)
s RhO=-0327 Ty 0 = 1 b Rho = -0.167, Rho = -0.321] 53 p) . Rho=-0.031
8 *y p=142e-59 | . p=1.08e-34 ., p=157e-03 p = 5.94e-10) . « P=562e-01
§s [ ‘
nE 6
4= :
5 8
g 84l2
© ‘T'; é
£5,92
g %o
0
025 050 075 -0.2 0.0 0.2 0.0 0.2 0.4 0.6 -02-0.1 00 01 02 0.3 0.00 0.03 0.06 0.09
Purity Infiltration Level Infiltration Level Infiltration Level Infiltration Level
NK cell activated B cell J T cell CD4+ T cell CD8+ | Macrophage M1 _6!
ol ® Rho = 0.287| Rho = 0.18¢ Rho = 0.423, Rho = 0216 2 b Rho = 029
8 % . =3 8808 p = 3.49e-04/ p=8.18e-17 p=4.198=05 L p=143-08
§s § '
2 [
8E g .
a N °
& 842
© = |
T 5 :
E a2 %
ol L, . . e e A ! ; ; = L : '
0.00 0.05 0.10 0.15 0.0 0.5 1.0 15 0.0 0.5 1.0 1.6 0.0 0.5 1.0 15 0.0 0.1 0.2
Infiltration Level Infiltration Level Infiltration Level Infiltration Level Infiltration Level
Myeloid dendritic cell Neutrophil _1 T cell gamma delta T cell follicular helper
Rho = 0.58! Rho = 0.499 . . Rho = 0.10! Rho = 0624
8 4 . =, 88e-02
s |2 :
GEog
ey |3
44z
s =
£5. 2
E — 2% )
. $° .
0 : v ; ; : ; J : : + ¥ ; v . .
0.00 003 0.06 0.09 00 05 1.0 15 0.0 0.2 04 0.00 0.05 0.10 0.00 0.05 0.10 0.15 0.20
Infiltration Level Infiltration Level Infiltration Level Infiltration Level Infiltration Level
2 PTPN6 mLow mHigh b PTPN6 mlLow m High 2 PTPN6 ElLow @ High 8 PTPN6 mlLow m High
5 S <222 S 9 5 <2.22e-1
— —
5 10 = 5 10 =1
5 | o %ig
28 & g8 3
< S i a'l 6
56 3 36 34
= = =
5] 3] o ©
14 | 14 |2
1] P @a 4 @ 4 4 T
o Low High = Low High 2 Low High e Low High
e
. L
gro [
gos] "

bl
&£

A2058

Fig. 6 PTPN6 may affect immune cell infiltration and immune therapy response in metastatic melanoma. (A) TIMER 2.0 online analysis tool was used to
examine the relationship between PTPN6 and the levels of infiltration of 14 immune cells and tumor purity in metastatic melanoma. (B) The correlation
between PTPN6 and immune checkpoint therapy (alone or in combination with PD-1 or CTLA-4) response was analyzed using the TCIA database. (C, D)
Western blotting assay was used to detect PD-L1 expression after PTPN6 overexpression (*p <0.05, **p <0.01)



Sun et al. Cancer Cell International

©
K
& Q}«
o _
PTPN6 [ Wl | 65 kD
B-actin [ W | 42 kD
A2058
©
o &
i
PTPN6 _68 kD
B-actin [ L |42 kD
M14

G

control

OE-PTPNG

A2058

OE-PTPNG+siPTPNG  OE-PTPN6+SINC

A2058

Migration Assay

M14

Numer of migration calls

o
T

5 1.
2
$ 08
£
os
H
£oa
202
k1
200
&
&
&
A2058
515
2
2 *EAK
H —/
£10
o
£
505
2
K
£ 00
S
&

e 2o e

s

Relative Healing Area (%)

(2024) 24:435

C

control
OE-PTPN&
siNC
siPTPN6

Peve | Se— o 0

Bractin | —— ‘|42 kD

D

control
OE-PTPN&
siNC
siPTPN6

o4
o
T
4

I
o
o+

Relative PTPNG expression
OD value (450nm)

B-actin |- -.“- | 420

s
—

rer

OE-PTPN6+SINC

Numr of migration calls
EREEE

EN

control

OE-PTPNG

M14

OE-PTPN6+siPTPN6  OE-PTPNG+sINC

Invasion Assay
A2058

M14

Mumerofmvasion ot
B EEEE]

%
%

o\

%, ":’%
Y

*
H
H
*
H

h
OD value (450nm)

Relative PTPNG expression

H
B

OE-PTPN6+SINC

ey 800

Va4

A2058

IER K]

o
@

o

Page 12 of 17

A2058

control

OE-PTPN6
OE-PTPN6+siNC
OE-PTPN6+siPTPN6

%

bt

control

OE-PTPNG
OE-PTPN6+siNC
OE-PTPN6+siPTPN6

Hkxk

Hkkk o

e

Relative Healing Area (%)

e

>
Ul w® A
Time
axex wxks = control
— ™1 = oe-PTPNG

=3 OE-PTPN6+sINC
5 OE-PTPNG+SIPTPNG

OE-PTPN6+siPTPNG

Fig. 7 Knockdown of PTPN6 promoted the proliferation, migration, and invasion of metastatic melanoma cells in vitro. (A, B) Western blotting assay was
performed to evaluate the protein expression of PTPNG in A2058 and M14 cells after transfection with GV341-PTPN6-3FLAG-SV40-puromycin lentivirus.
(C, D) Western blotting assay was performed to evaluate the protein expression of PTPN6 in A2058 and M14 cell lines stably overexpressing PTPN6 after
transiently transfected siPTPN6 or siNC. (E, F) CCK8 assay was used to determine the impact of PTPN6 knockdown on the proliferation of cells. (G, H)
Wound healing assay was performed to determine the impact of PTPN6 knockdown on the migration of cells. (1, J) Transwell migration and Matrigel inva-
sion assays were used to assess the impact of PTPN6 knockdown on the migration and invasion of cells. Representative images were randomly selected
from three independent experiments. Data are presented as mean + standard deviation (SD). (*p<0.01, ***p <0.001, ****p <0.0001)



Sun et al. Cancer Cell International

(2024) 24:435

NC

OE-PTPN6

A2058

Page 13 of 17

A2058 0.6
1500
— *  control 5
E -+ OE-PTPN6 b
E Z04
T z
5 -
2 202
5 3
2 =
=
-

0 4 8 12 16 20 24 28

Days
M14 -
800 :

- e control =
£ -+ OE-PTPN6 D04
E 600 b=
@ 203
5 2
B 40 502
> E
2 200 £ 0.
3
= 0.0

PTPN6

" _
- P.I’F,Ns- »

§u =, gn.- o i .1

Sos 3 2

i j i

- L i

o2 H

gno - En.n y g y e
/ p) /

o771 T T T
0 4 8 12 16 20 24 28
Days

by = B e
b i ol F
3. il || }r
sll g&ﬂ guvo
YA G T

-3
B
=
H

Fig. 8 Overexpression of PTPNG inhibited the growth of MM cells in vivo. (A-D) BALB/c nude mice were injected subcutaneously with control and stably
PTPNG6 overexpressing A2058 or M14 cells. (E, F) The tumor volume growth curves of mice were plotted. (G, H) Measurement of mice tumor weight. (1, J)
IHC analysis of PTPN6, Ki67 and MMP9 expressions in tumor tissues. Representative images were randomly selected from three independent experiments.
Data are presented as mean +standard deviation (SD). (*p <0.05, **p <0.01, ***p < 0.001, ****p < 0.0001)

Discussion
Melanoma is a type of malignant skin tumor with high
aggressiveness and is prone to early metastasis, leading
to a very high mortality rate. Early localized melanoma,
such as stage I and II, generally have a better survival
with a five-year survival rate of up to 99.6%. However, for
advanced melanoma with lymph node or distant metas-
tasis, the survival is significantly poorer, with a five-year
survival rate of only 35.1% for stage IV patients [25].
Conventional treatment approaches for melanoma,
including surgical resection, chemotherapy, and radio-
therapy, were previously found to have limited effective-
ness in managing MM and frequently resulted in severe
adverse reactions [4]. Over the past decade, developing

numerous targeted therapies and immune-based treat-
ments has substantially enhanced the prospect for treat-
ing melanoma [26]. Nevertheless, not all patients were
responsive to these treatments, and a considerable num-
ber have developed drug resistance and tumor recur-
rence after a brief period of disease management, factors
significantly influenced by the TME of the melanoma [27,
28].

The TME is crucial for the onset and progression of the
disease, acting as the nurturing “soil” for tumor cells [8,
12]. Biomarkers associated with the TME may be used
to predict survival and response to treatment in patients.
However, current studies have ineffectively analyzed
the composition of TME in MM. Therefore, our study
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comprehensively analyzed the stromal and immune cells,
TME-related genes, and clinical survival of patients with
MM. This study aimed to identify TME-related genes
that could predict MM prognosis using public databases,
with validation through in vitro and in vivo experiments.
In this study, first, we analyzed the main cellular com-
ponents in the TME of MM in the public database by
ESTIMATE algorithm and screened out a tumor micro-
environment-related prognostic biomarker (PTPNG6)
by combined PPI network analysis and univariate Cox
regression analysis. Then, by analyzing the transcrip-
tome and clinical information of patients with MM in
TCGA and GTEx databases, we discovered PTPN6 was
low expressed in MM and was linked to negative prog-
nosis. These suggested that PTPN6 may have a tumor-
suppressive effect in the occurrence and progression of
MM. We then performed in vitro experiments, we first
overexpressed PTPNG6 in two metastatic melanoma cell
lines, and the results revealed that PTPN6 overexpres-
sion decreased the growth, migration, and invasion of
A2058 and M14 cells. Then, to observe whether PTPN6
knockdown could reverse the effects of PTPN6 overex-
pression on melanoma cell function, we constructed two
melanoma cell lines stably overexpressing PTPN6 and
transfected siPTPNG6 into each stable cell line to knock
down PTPNG6. The results showed that the knockdown of
PTPNG6 enhanced the proliferation, migration, and inva-
sion abilities of MM cells. The inhibitory effect of PTPN6
on the malignant phenotype of A2058 and M14 cells was
further corroborated. Next, we constructed a subcutane-
ous transplant tumor model in nude mice to investigate
the effect of PTPN6 on MM in vivo. The results showed
that the group injected with MM cells stably overexpress-
ing PTPN6 had slower tumor growth, smaller tumor
size, and lower tumor weight compared to the control
group. IHC analysis showed that the cell proliferation
marker Ki67 and the tumor invasion marker MMP9
were reduced. These findings suggested that PTPN6 may
inhibit the proliferation and invasion of MM cells in vivo.
Protein tyrosine phosphatase non-receptor type 6
(PTPN6) belongs to the protein tyrosine phosphatases
(PTPs) family. PTPN6 is mainly found in hematopoietic
and epithelial cells [29, 30]. It serves as an important reg-
ulator of many basic cellular processes, such as growth,
development, immune response, and metabolic activi-
ties [31], and is widely accepted as a negative regulator
of inflammation [32]. PTPN6 shows low expression in
most tumors, which may be mainly linked to the abnor-
mal CpG island methylation of its promoter [33, 34].
PTPNG6 can antagonize the carcinogenic effect of tyrosine
kinase and has been considered as a potential tumor sup-
pressor gene for prostate cancer, colorectal cancer, and
other cancers [35]. Furthermore, interestingly, we found
that PTPNG6 plays a crucial role in immune suppression
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within the lung cancer microenvironment, primarily
through its involvement in CD8+T-cell exhaustion [36].
However, the functional significance and prognostic
value of PTPNG6 in the malignant transformation of MM
remain largely unknown. In this study, we discovered that
PTPNG6 expression declined in MM patients, and PTPN6
not only predicted the overall survival but also acted as a
tumor suppressor for MM occurrence and development.
This study highlighted that PTPN6 can be served as a
promising prognostic biomarker and therapeutic target
for MM.

The JAK/STAT3 pathway is often over-activated in
most cancers, including melanoma. It drives carcino-
genesis and progression by inhibiting apoptosis and
promoting proliferation, angiogenesis, and invasion [37,
38]. Apart from the direct carcinogenic characteristics
described above, the JAK/STAT3 pathway is correlated
with the immunosuppression of tumors [39]. In the
tumor microenvironment, abnormal STAT3 expression
was often found in various immune cells. For example,
STAT3 activation in dendritic cells reduces the expres-
sion of MHCII, CD80, and IL-12, inhibiting their ability
to activate T cells and produce an antitumor immune
response [40]. STAT3 can also bind to the first intron of
the FoxP3 gene and produce immunosuppressive factors
such as TGF-p and IL-10 to activate Tregs and promote
tumors [41]. Furthermore, studies have shown that the
Th17 immune subset activated through this pathway can
enhance the progression of melanoma [42]. Therefore,
the JAK/STAT3 signal pathway is closely related to the
onset and progression of MM.

Previous studies have found that PTPN6 can bind to
members of the JAK family and regulate the activity of
JAK. The reduction or loss of PTPN6 will increase JAK
activity and directly lead to abnormal cell growth [43].
Furthermore, the primary phosphorylation sites for
STATS3 are Tyr705 and Ser727, and PTPN6 can dephos-
phorylate STAT3 at Tyr705 [30], thereby inhibiting the
downstream pathway. Recent studies have shown that the
reduction or loss of PTPN6 in hematopoietic malignan-
cies or colorectal cancer cell lines and upregulation of
PTPNG6 can exert anti-angiogenic and antitumor effects
by inhibiting JAK2-STAT3 signal transduction [23, 24].
These studies strongly suggest that PTPNG6 is a negative
regulatory factor of the JAK/STAT pathway. To study
whether PTPNG6 also exerts a tumor-suppressive effect in
MM by inhibiting this signaling pathway, we transfected
metastatic melanoma cells with PTPN6 overexpression
plasmid. We monitored the expression of genes related
to this pathway by Western blotting assays. Our findings
indicate that the overexpression of PTPN6 suppressed
the levels of p-JAK2 and p-STAT3. However, the over-
all expression of JAK2 and STAT3 remained relatively
unchanged. This suggests that PTPNG6 has a crucial role
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in suppressing the activation of the JAK/STAT3 pathway
in MM. Therefore, PTPN6 can be served as a new prog-
nostic biomarker for human metastatic melanoma, and
targeting the PTPN6-JAK2-STAT3 axis may offer a hope-
ful strategy to enhance the therapeutic effect. A recent
study has shown that multikinase inhibitor Sorafenib and
its derivative SC-43 enhance the phosphatase function
of PTPNG6 in hepatocellular carcinoma, thereby inhibit-
ing the activity of p-STAT3 and inducing apoptosis and
other anti-hepatoma effects [44]. Moreover, studies have
found that Guggulsterone [45] (a phytosteroid extracted
from plants) and Plumbagin [46] (a vitamin K3 analog
extracted from medicinal plants) exert antitumor effects
by inducing the expression of PTPNG6.

Recently, immunotherapy has played an increasingly
crucial role in melanoma treatment, among which the
application of ICIs has become the standard treatment
for MM, such as anti-PD-1/PD-L1, anti-CTLA-4, and
anti-LAG-3 antibodies have received approval from
FDA for treating melanoma [47]. Consequently, we used
TIMER2.0 and TCIA databases to assess the relationship
between PTPN6 and immune infiltration and immuno-
therapy. In our study, we measured PD-L1 expression
using Western blotting experiments. PD-L1, a ligand for
the immunosuppressive receptor PD-1, is often found
to be overexpressed in tumor cells. Within the tumor
microenvironment, PD-L1 binds to the PD-1 receptor
on T cells, resulting in the inhibition of T cell activation
and cytokine production. This results in the dysfunc-
tion and exhaustion of T cell, inhibiting cytotoxic T cells
efficiently attacking tumor cells and thus facilitating the
immune evasion of tumor cells. Our findings revealed
that the expression of PTPN6 was inversely associated
with MDSCs and other immunosuppressive cells and
positively connected to the effectiveness of immune
checkpoint therapy. PTPN6 overexpression resulted in
reduced PD-L1 levels, suggesting that PTPN6 could play
a role in inhibiting immune evasion and improving the
effects of immunotherapy in melanoma patients.

However, there are still several limitations in this study.
The study primarily used a retrospective cohort for
analysis, and it may be necessary to require additional
prospective cohorts of patients to further confirm the
results. Although we discovered the role of PTPN6 in
the prognosis and immunotherapy of metastatic mela-
noma by the analysis of public databases, as well as in
vivo and in vitro experiments, further confirmation in
clinical samples is necessary. Therefore, in our upcoming
research endeavors, we plan to collect extensive clinical
patient tissue samples for experimental analysis. Addi-
tionally, we will conduct patient follow-ups to collect
clinical data to further validate our findings.
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Conclusion

To conclude, our study potentially identified a new prog-
nostic biomarker related to the tumor microenviron-
ment, PTPN6, for MM. We found that its expression is
typically low in MM and correlates with an unfavorable
prognosis. Upregulating PTPN6 expression was observed
to inhibit the proliferation, migration, and invasion of
metastatic melanoma cells, and it also impeded the activ-
ity of the JAK2-STATS3 signaling pathway. PTPN6 knock-
down could reverse the effects of PTPN6 overexpression
on MM cells. A significant link was also established
between PTPN6 and both immune cell infiltration and
the response to immunotherapy. Therefore, PTPN6 could
be considered a novel therapeutic target and prognostic
marker for MM.
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