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A B S T R A C T   

The second most common mutation in melanoma occurs in NRAS oncogene, being a more aggressive disease that 
has no effective approved treatment. Besides, cellular plasticity limits better outcomes of the advanced and 
therapy-resistant patients. Peroxiredoxins (PRDXs) control cellular processes through direct hydrogen peroxide 
oxidation or by redox-relaying processes. Here, we demonstrated that PRDX2 could act as a modulator of 
multiple EMT markers in NRAS-mutated melanomas. PRDX2 knockdown lead to phenotypic changes towards 
invasion in human reconstructed skin and the treatment with a PRDX mimetic (gliotoxin), decreased migration in 
PRDX2-deficient cells. We also confirmed the favorable clinical outcome of patients expressing PRDX2 in a large 
primary melanoma cohort. This study contributes to our knowledge about genes involved in phenotype switching 
and opens a new perspective for PRDX2 as a biomarker and target in NRAS-mutated melanomas.   

1. Introduction 

Melanoma of the skin is the fifth most common type of cancer [1] and 
the deadliest form of skin cancer due to its high metastatic potential, 
development of resistance and tumor recurrence [2]. The second most 
frequent mutation in melanoma occurs in NRAS oncogene, found in 
approximately 25 % of cutaneous melanoma cases, after BRAF, which 
affects 40–45 % of all patients [3]. NRAS-mutated melanomas are more 
aggressive, resulting in lower patient overall survival, and it has no 
specific therapy approved [4]. Immunotherapy is the first-line treatment 
for surgically incurable NRAS-mutated melanoma at high stages, such as 
anti-PD-1(nivolumab or pembrolizumab), and the combination of 
anti-PD-1 and CTLA-4 blockade (ipilimumab). Second-line treatment 
includes MEK inhibitors and combination of targeted-therapies as BRAF 
and MEK inhibitors. Altogether, the therapeutic success is limited for 
these patients by drug resistance and clinical relapse, emphasizing the 
need for new therapeutic approaches and new targeted combinations [3, 

5]. 
One of the major challenges in treating metastatic melanoma is the 

residual disease associated with intratumoral heterogeneity and cellular 
plasticity. These well-characterized phenotypic switches between 
differentiated (proliferative) and undifferentiated (invasive) occur as 
cells undergo phenotypic transitions as an adaptative mechanism under 
stressful conditions. These phenotypes have different gene signatures, 
therapeutic sensitivity, and metastatic potential [6]. 

A common stressful condition in cancer, is when the physiological 
balance in the redox state is disrupted. The transient production of ROS 
is necessary for cell signaling, but its persistent production and expo
sure, can trigger tumor initiation and/or progression and also be cyto
toxic. Once ROS have a dual role in cancer, agents that modulates its 
levels are interesting targets [7]. In this sense, cells regulate the 
expression of cellular peroxidase enzymes to maintain the redox ho
meostasis [8]. 

Peroxiredoxins (PRDXs) are one of the major hydrogen peroxide 
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consumers, controlling cellular processes through direct hydrogen 
peroxide oxidation or by redox-relaying processes. The PRDX family is 
classified according to the number of active-site cysteine residues into 
the 1-Cys subfamily and 2-Cys (PRDX1, 2, 3, and 4), with PRDX1 and 2 
being more abundant in the cytosol and nucleus [8]. Our group have 
previously demonstrated that PRDXs could act as biomarkers and are 
involved in melanoma heterogeneity and resistance [9,10]. The 
importance of redox regulation and the use of PRDXs as biomarkers, 
have also been highlighted before [11]. It has been demonstrated that 
PRDX2 suppresses BRAF-mutated melanoma cell proliferation and 
migration by increasing the E-cadherin/β-catenin complexes in adhe
rens junctions, a critical step for metastatic ability [12]. Studies in 
invasive melanoma cells and metastatic tumors have already demon
strated a downregulation or silencing of PRDX2 [8,9,13,14]. 

Once NRAS-mutated melanomas have no effective treatment, we 
investigated the role of PRDX2 in this context and demonstrated that it 
could modulate the invasion profile, impacting the overall patient sur
vival and also can act as a biomarker or possible target. 

2. Materials and methods 

2.1. Cell culture 

The cell lines SK-MEL-147, SK-MEL-173 (kindly donated by Dr. 
María Soengas, Centro Nacional de Investigaciones Oncológicas, 
Madrid, Spain) were cultured in DMEM (Gibco, USA) with 10 % FBS, 
25 μg/mL ampicillin, and 100 μg/mL streptomycin). Cells were cultured 
at 37 ◦C with 5 % CO2 in a humidified chamber and passage numbers 
were less than 100. Cells were assayed for mycoplasma contamination 
every two weeks with conventional PCR. The short-tandem-repeat 
profiling (DNA fingerprinting) was performed using PowerPlex® 16 
System (Promega) on following short-tandem-repeat loci. The results in 
table showed the perfect match with known profile (Table 1). 

2.2. Cell viability assays 

Cell viability was evaluated using the death curve assay after expo
sure to Gliotoxin - GT (Sigma-Aldrich /G9893–5MG) treatment. GT was 
solubilized in DMSO (10 mM). In a 24-well plate, 2×104 cells were 
seeded and, after adherence, they were treated with different concen
trations of GT (0, 50, 100, 200 and 400 nM) for 24 hours of incubation. 
After staining using Trypan Blue dye (T6146, Sigma-Aldrich, St. Louis, 
MO, USA), viable cells were counted in a Neubauer chamber. 

2.3. Growth curve 

The growth curve was evaluated by counting cells in a Neubauer 
chamber, using the Trypan Blue dye exclusion method. Cell lines were 
plated at a concentration of 104 cells/well in triplicate. After a period of 
24, 72, 120, and 168 hours the cells were collected. Then, they were 
incubated with Trypan Blue solution (0.4 % in PBS) for approximately 
5 minutes. In this assay, non-viable cells can be identified by blue 
staining and counted under an optical microscope, while viable cells are 
not permeable to the dye [15]. 

2.4. Western blotting 

Cell lysates for Western Blotting were prepared in RIPA buffer with a 
cocktail of protease inhibitors (Roche, Penzberg, Upper Bavaria, Ger
many) and with a cocktail of phosphatase inhibitors I and II (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA). Total protein (40 µg) run to SDS 
gel electrophoresis with a 4–20 % gradient under reducing conditions 
and subsequent transfer to a PVDF membrane (Hybond-P, Amersham 
Pharmacia Biotech, Piscataway, NJ, USA). The membrane was blocked 
with 5 % BSA diluted in TBS-Tween 20 (50 mM Tris-HCl, pH 7.5, 
150 mM NaCl, 0.1 % Tween-20) for 1 hour and the antibodies were Ta
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tested at concentrations recommended by the manufacturer (Table S1). 
Protein bands were detected by enhanced chemiluminescence (ECL; 
Amersham Pharmacia Biotech, Piscataway, NJ, USA) and semi- 
quantified using a Image J software. 

2.5. Gene expression by real-time PCR 

Total RNA from cell lines was extracted using the RNeasy Plus Mini 
Kit (Qiagen), according to the manufacturer’s instructions. The RNA was 
heated to 65ºC for 5 minutes, and quantified using a spectrophotometer 
at 260 nm to evaluate the sample’s quality. RT-PCR reaction (real-time 
polymerase chain reaction) was performed using the Taqman® method 
(Life Technologies, USA). The cDNAs obtained from the samples were 
diluted (2 µg/µL). Reactions had a final volume of 10 µL containing 
0.5 µL of primer mix (forward and reverse) for each gene of interest 
(Table S2), 1 µL of cDNA, 5 µL of 2x Taqman® Gene Expression Master 
Mix (Life Technologies, USA), and 3.5 µL of RNAse-free water. The 
relative level of gene expression was calculated using the delta delta Ct 
method (cycle threshold method) with GAPDH as endogenous controls 
[16]. 

2.6. Clonogenic assay 

The cells were seeded at 103 cells/well in 6-well dishes and cultured 
in DMEM for 2 and 3 weeks. After cell adhesion (24 hours), they were 
treated at different concentrations, based on the results obtained in the 
death curve. The culture medium was changed every 2–3 days and 
gliotoxin was added for a period of 15 days, varying according to the cell 
line used. After the colony formation period, the wells were washed with 
PBSA. The colonies were then fixed and stained with a solution of 
49.75 % methanol, 49.75 % deionized water, and 0.5 % crystal violet. 
The plates were photographed to compare the treatment effects. The 
analysis of the number of colonies and the area they occupied was car
ried out according to Guzmán et al.[17]. 

2.7. Transwell assay 

The invasion capacity of melanoma cells was evaluated after treat
ment of the cell lines on Transwell membranes (8 µm pore size, Becton 
Dickinson). These were coated with 30 µL of Matrigel (BD Biosciences, 
San Jose, CA, diluted 1:6 in FBS-free DMEM). Cells were resuspended 
(5×104 cells/well) in FBS-free DMEM and added to the upper 
compartment of the chamber. Then, 750 µL of DMEM supplemented 
with 10 % FBS was added to the lower chamber. Treatments were used 
in both upper and lower compartments. After 24 h, cells that migrated 
through Matrigel were fixed in 4 % formaldehyde (in 1% PBS), stained 
with 1 % crystal violet (in methanol) for 20 minutes before counting in 
an inverted microscope (Axiovert S100, Zeiss, Germany). In each well, 5 
representative and independent random fields were counted (20x 
magnification). 

2.8. Wound-healing assay 

Evaluation of the ability of melanoma cells to migrate after treat
ment: 5×104cells/well were seeded in 24-well plates. After reaching 
approximately 90 % confluence, slits ("wounds") were made in the 
center of each well using a 200 µL pipette tip. The cells were then 
washed with 1x PBS, and treatments with DMEM culture medium + 1 % 

FBS were added. The experiment was carried out until the slits were 
closed in the controls, with pictures taken through a microscope. Anal
ysis of cell-free areas was performed using ImageJ software. 

2.9. PRDX2 gene silencing through lentiviral vectors 

The silencing of the PRDX2 gene in cell lines was performed using 
short-hairpin RNA (shRNA) sequences to inhibit the messenger RNA 
(mRNA) of this gene. This process involved using bacterial cultures 
transfected with the Mission shRNA plasmid sequence (Sigma, USA). 
Three different shRNA sequences for PRDX2 were used to inhibit distinct 
regions of the mRNA. Bacterial stocks were cultivated for subsequent 
extraction and purification of plasmid DNA, following the Sigma Mission 
cell cloning protocol. Lentiviral vectors with a random sequence of nu
cleotides (scramble) were used to generate controls, which underwent 
the same manipulation conditions as the shRNA sequences. The shRNA 
vectors were co-transfected with lentiviral packaging plasmids into 
HEK293T cells, according to the manufacturer’s instructions. These cells 
were selected using puromycin antibiotic (Sigma-Aldrich, USA). After
ward, the manipulated PRDX2 gene was validated by performing 
Western blotting and RT-PCR experiments. The knockdown cells 
(inhibited) were identified as scramble for the control (CN), PRDX2#0 
for the cell line infected with shRNA sequence 0 PRDX2, PRDX2#1 for 
the cell line infected with shRNA PRDX2 sequence 1, and PRDX2#2 for 
the cell line infected with shRNA PRDX2 sequence 2 (Table 2). 

2.10. Reconstruction of human skin (RHS) with melanoma 

Primary human cells were isolated from skin samples extracted ob
tained from breast plastic surgery and/or postectomy in University 
Hospital of USP (CEP/HU-USP 943/09, SISNEP CAAE 
0062.0.198.000–9). Approved was granted by Ethics Committee (CEP/ 
FCF-USP 534). After extraction, the cells were tested for the presence of 
microorganisms (Human Papillomavirus, Herpes Simplex Virus, Cyto
megalovirus, Hepatitis B, Hepatitis C, HIV-1, Chlamydia trachomatis, 
Neisseria gonorrhoeae, Mycoplasma genitalium, Treponema pallidum and 
Trichomonas vaginalis) by PCR. The reconstructed human skin model 
(RHS) followed the protocol described by Brohem et al. (2011) [18], 
with the following changes regarding the number of cells 50×104 mel
anoma cells/skin. The RHS were cultured and incubated submerged in 
DMEM:HAM F-12 1x (Gibco#21700–026) medium (1:3) + supplements 
(cholera toxin (1 μM), insulin (5 mg/mL), apo-transferrin (5 mg/mL), 
hydrocortisone-21 (0,1 mg/mL) and EGF (1 mg/mL)) for 24 hours, 
followed by 11 days of exposure to air-liquid interface to promote 
epithelial differentiation. After this period, the skins were collected, and 
fixed with 4 % paraformaldehyde and processed for histological 
analysis. 

2.11. Histology and immunohistochemistry 

Samples were processed according to Camarena et al., 2020 [19]. 
The immunostaining assay was performed using an anti-melan A anti
body (ab51061) at a 1:50 dilution. A commercial kit with a goat sec
ondary antibody against rabbit and mouse immunoglobulins (EnVision 
Flex/HRP, Dako Omnis, Santa Clara, CA, USA) was used in combination 
with 3,3′-diaminobenzidine (DAB; EnVision Flex DAB + Chromogen, 
Dako Omnis, Santa Clara, CA, USA) according to the manufacturer’s 
instructions. All images were observed and photographed with an 

Table 2 
shRNA sequences for PRDX2 inhibition.  

Bacterial stock code ID Sequences PRDX2- 201 PRDX2- 202 

TRCN0000064905 PRDX2–0 CAGACGCTTGTCTGAGGATTA Éxon 4 Éxon 4 
TRCN0000064906 PRDX2–1 GTGAAGCTGTCGGACTACAAA Éxon 2 Éxon 2 
TRCN0000064907 PRDX2–2 GCCTGGCAGTGACACGATTAA Éxon 6 Éxon 5  
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Eclipse i80 Nikon camera using the NIS-Elements Viewer (Nikon) pro
gram for image acquisition [19]. 

2.12. Statistical analysis 

GraphPad Prism 7.0 was used for all in vitro data analysis. An in
dependent Student’s t-test was applied to two-group comparisons, while 
ANOVA with Tukey correction was applied to multiple groups/multiple 
predictors. Doubling times were obtained by non-linear regression 
analysis. Pairwise gene expression correlations were performed after 
normalizing the data, and the Pearson correlation was represented 
graphically. Analyses were considered significant when p-values were ≤
0.05. Values were indicated as mean ± standard error of triplicate re
sults from three independent experiments. 

2.13. Patient data analysis 

The Leeds melanoma cohort is a prospective cohort of patients 
diagnosed with primary melanoma in the North of England. These pa
tients consented to be followed up starting from 3 to 6 months after 
diagnosis to monitor the risk of recurrence following the initial surgery. 
Death records were retrieved from the UK Office of National Statistics 
and confirmed by checking death certificates. Transcriptomic data were 
generated from primary tumor formalin-fixed paraffin-embedded 
(FFPE) blocks. Samples were independent and non-matched. Any du
plicates included for quality control purposes were removed after data 
cleaning [20]. Transcriptomic data were generated using the Illumina 
HT12.4 DASL array. Illumina’s software GenomeStudio was used to 
extract raw data from image files before they were exported into R 
Bioconductor for further processing. This processing included back
ground correction and quantile normalization using Lumi [21], followed 
by batch correction by Singular Value Decomposition (SVD) in Swamp 
[22]. 

To explore the utility of in vitro results in patients, we performed the 
following analyses on this cohort using STATA 18 (StataCorp. 2023). 
Transcripts and clinical data from the Leeds Melanoma cohort are 
accessible in the European Genome-phenome Archive under accession 
number EGAS00001002922 [20]. This is one of the largest tran
scriptomic datasets on primary melanoma worldwide, with a sample size 
of 703 patients and long follow-up (>10 years). 

Associations between transcripts of PRDX2 and candidate targets 
related to tumor progression were performed by linear regression in the 
entire cohort and stratified by oncogenic mutations BRAF and NRAS. 
Regression coefficients of these analyses were represented in a heatmap. 
We tested the association between PRDX2 expression and the presence/ 
absence of BRAF and NRAS mutations using analysis of variance 
(ANOVA). Pearson’s correlation was calculated between the expression 
of PRDX2 and the log-transformed Breslow thickness (the trans
formation allowed for an approximate normality distribution). A similar 
analysis was performed to test for association with tumor staging (AJCC, 
American Joint Committee on Cancer), and the results were plotted as 
violin plots or box plots. 

We tested the effect of PRDX2 on melanoma-specific survival (using 
only deaths confirmed to be caused by melanoma) using Cox propor
tional hazards regression. Survival profiles were plotted with Kaplan- 

Meier curves. Survival analysis was performed after dividing PRDX2 
expression into 5 groups (lower 20 % = 1st quintile, upper 20 % = 5th 
quintile). The number of 5 was arbitrarily chosen, but it is possible to 
merge similar groups. Finally, the top 4 quintiles (80 % of tumors with 
the highest PRDX2 expression) were grouped together because their 
effect on prognosis appeared identical. 

3. Results 

3.1. Investigating the role of PRDX2 in proliferation, colony formation, 
migration, and invasion in NRAS-mutated melanoma 

Initially, we tested several cell lines with different mutations (BRAF 
and NRAS) and tumor stages (vertical or horizontal growth, and meta
static melanoma) to investigate the protein expression of PRDX2. Our 
data highlighted that, in NRAS-mutated cells, PRDX2 exhibited a 
distinct expression pattern (Fig. 1A). This observation led us to further 
investigate PRDX2 in N-RAS mutated cell as SK-MEL-147, derived from 
metastatic melanoma, and SK-MEL- 173, from primary melanoma. 

We assessed PRDX2 protein expression and observed high levels in 
our control melanocyte (MP) and in SK-MEL-173 compared to SK-MEL- 
147. Interestingly, PRDX1 expression did not vary among the cells tested 
(Fig. 1B). These cells with different mutations in NRAS, exhibited 
different morphologies and colony formations (Fig. 1C - D). SK-MEL-173 
displayed a shorter doubling time and higher phosphorylated ERK levels 
(Fig. 1E – F), indicating a more proliferative profile than SK-MEL-147. 
Conversely, SK-MEL-147 showed greater potential for migration and 
invasion, observed by wound healing and invasion assay (Fig. 1G - H). 

Using reconstructed human skin (RHS) models, we compared the 
profiles of these cell lines. We observed the presence of skin layers 
(corneal layer of the epidermis, dermis) and the melanoma cells which 
were stained with Melan-A. RHS-SK-MEL-173 melanoma cells demon
strated higher proliferation, growing over the stratum corneum, 
whereas RHS-SK-MEL-147 melanoma cells showed more pronounced 
invasion, infiltrating into the dermis (Fig. 1I). 

3.2. Altering the phenotypic profile of SK-MEL-173 by knocking down 
PRDX2 

We employed shRNAs to modulate PRDX2 expression and conducted 
knockdown (KD) experiments. The specificity of the shRNA was vali
dated through Western Blot analysis, which showed a reduction spe
cifically in the PRDX2 isoform. With shRNA PRDX2 sequence 1 
(shPRDX2#1), we observed partial inhibition, and with shRNA PRDX2 
sequence 2 (shPRDX2#2), there was more than a 60 % inhibition 
compared to the control – scramble (shSCR). We discarded shPRDX2#0 
due to its lack of inhibitory effect (Fig. 2A - B). 

Throughout our study, no differences were noted in the cell lines’ 
morphology or colony formation characteristics (Fig. 2C - D). Post-KD 
experiments, the cells maintained their doubling time and phosphory
lated ERK levels without statistically significant changes (Fig. 2E – F). 
The cells with shPRDX2#2 demonstrated more invasiveness capacity in 
transwell assay and in the reconstructed human skin model. However, 
we did not observe significative changes in the migration assay (Fig. 2G 
– H). 

Fig. 1. PRDX2 expression in NRAS-mutated melanoma with different phenotypic profile. A Screening of the PRDX2 protein expression in different mutations and 
stages of melanoma cell lines (melanoma cell lines, including radial growth phase (RGP), vertical growth phase (VGP), NRAS-mutant melanoma, and BRAF-mutant 
melanoma). B Western blot was used to detect the protein expression of PRDX1 and PRDX2. C Cell morphology in 40x magnification. D Colony formation assay after 
~15 days. E Growth curve at times 24, 72, 120 and 168 hours by trypan blue exclusion. F Western blot was used to detect the protein expression of ERK- 
phosphorylated. G Wound healing assay after 24 and 48 hours with wound area measurement. H Invasion assay after 48 and 72 hours and quantification of 
number of cells per field below of the chamber Matrigel. I Control skin without melanoma, skin with NRAS-mutant melanoma stained with Hematoxylin & Eosin and 
immunohistochemical staining of Melan-A, 20x magnification. Arrows indicate the sites of melanoma invasion in the dermis. Epidermis included SB: stratum basale, 
SS: stratum spinosum, SG: stratum granulosum, SC: stratum corneum. A-H All values are indicated as mean ± standard deviation (SD) of three independent experiments. 
P values are based on a one-way analysis of variance (ANOVA) followed by Tukey’s test, *p<0.05 **p<0.01 and ***p<0.001. Images are representative of three 
independent biological experiments. Abbreviations: Primary melanocyte (MP), SK-MEL-147 (SK-147), and SK-MEL-173 (SK-173). 

I.H.Y. Noma et al.                                                                                                                                                                                                                              



Biomedicine & Pharmacotherapy 177 (2024) 116953

6

(caption on next page) 

I.H.Y. Noma et al.                                                                                                                                                                                                                              



Biomedicine & Pharmacotherapy 177 (2024) 116953

7

In the RHS model, the control (shSCR) exhibited the same pattern as 
naive SK-MEL-173 (Fig. 1I). KD with shPRDX2#1 showed no difference, 
but KD with shPRDX2#2 revealed a notable increase in skin invasion 
(Fig. 2I). The skins were also subjected to immunohistochemistry (IHC) 
staining for Melan-A to confirm the invasion of melanoma cells. These 
results corroborate the observed differences in invasion in the 2D model 
following PRDX2 knockdown. 

3.3. Expression of PRDX2 alters several genes and proteins related to 
invasion markers: a comparison between melanoma cell lines SK-MEL-147 
and SK-MEL-173 

Following the observation of phenotypic changes associated with 
PRDX2 downregulation, we investigated the potential proteins and 
genes that might be influenced by PRDX2. Our data revealed a higher 
expression of MITF in SK-MEL-173 (where PRDX2 levels are higher), 
contrasting with the expression of AXL (Fig. 3A-B). However, there was 
no significant difference in the expression of SOX10 (Fig. 3C). Only SK- 
MEL-147 (where PRDX2 levels are lower) showed expression of N-cad
herin (Fig. 3D). β-catenin exhibited a pattern similar to MITF, being 
more highly expressed in SK-MEL-173 (Fig. 3E). E-cadherin was exclu
sively expressed in melanocytes (MP) and not in the melanoma cells 
(Fig. 3F). Additionally, real-time PCR analysis of gene expression 
confirmed higher expression of PRDX2 and MITF, and lower expression 
of AXL, FN1, SNAI1, and SMAD3 in SK-MEL-173 compared to SK-MEL- 
147 (Fig. 3G). 

3.4. Comparing PRDX2 knockdown in melanoma SK-MEL-173: 
control (shSCR) vs. shPRDX2#1 and shPRDX2#2 

We observed that PRDX2 KD decreased the expression of MITF 
compared to control (scramble). The PRDX2 KD did not affect SOX10 
expression, but it increased Snail expression at the protein level (Fig. 3H- 
K). In SK-MEL-173, AXL, N-cadherin, and E-cadherin were not 
expressed; therefor, the knockdown of PRDX2 in Sk-MEL-173 did not 
impact its expression (data not shown). Real-time PCR analysis for gene 
expression revealed that PRDX2 KD led to decreased levels of PRDX2, 
MITF, and SMAD2, and an increase in AXL and SNAI1 (Fig. 3L). 

3.5. Gliotoxin (GT) treatment in NRAS-mutated melanoma 

We evaluated gliotoxin (GT) as PRDX mimetic with antioxidant 
properties. Our viability tests revealed that melanoma cells were more 
sensitive to GT compared to fibroblast (FB) cells. However, there was no 
significant difference in sensitivity between melanocytes and the tested 
melanoma cell lines (Fig. 4A). The ability to form colonies was signifi
cantly reduced across all cell lines (Fig. 4B). Additionally, SK-MEL-173 
cells showed no change in migration after GT treatment, whereas SK- 
MEL-147 cells exhibited a decrease in migration following GT treat
ment (Fig. 4C-D). Although GT did not affect cell proliferation, it altered 
the migration capability in SK-MEL-147 cells, which have lower PRDX2 
levels. 

3.6. Patient analysis in the Leeds Melanoma Cohort (LMC) of primary 
melanoma tumors 

3.6.1. Gene correlation with PRDX2 in the total cohort and specifically in 
tumors exhibiting NRAS mutations 

We validated our in vitro findings through bioinformatic analysis of 
patient data from the Leeds Melanoma Cohort (LMC, ethical approval 
MREC 1/3/57, PIAG 3–09(d)/2003). This analysis showed a positive 
correlation of PRDX2 with STAT3, CTNNB1, and CDH1, consistent with 
our in vitro assays, and a negative correlation with ZEB2, MAPK1, 
HIF1A, and PDGFB, which are genes implicated in tumor progression 
(Fig. 5A, all correlation coefficients are highly significant with 
P<0.0001). The cohort was subdivided into subgroups based on muta
tion type (BRAF, NRAS, and double wild type WT). It was observed that 
melanomas with NRAS mutations exhibited lower PRDX2 expression 
compared to those with BRAF mutations (Fig. 5B, p=10− 5). Despite that, 
PRDX2 did not have a difference in patient survival from the NRAS 
melanoma cohort (Sup. Fig. 1), suggesting PRDX2 is melanoma 
mutation-independent. Within the NRAS-mutated melanomas, PRDX2 
showed varying correlations with different genes. It was negatively 
correlated with CSNK1A1, NRAS, AXL, and FN1, and positively corre
lated with ROS1, KRT18, AXIN1, and others, corroborating some of our 
in vitro results (Fig. 5C). 

3.6.2. PRDX2 as a positive prognostic factor in the Leeds Melanoma 
Cohort (LMC) 

Primary melanomas from LMC patients were analyzed to corroborate 
our in vitro data. The results indicated that patients in the top 4 quintiles 
for PRDX2 expression (80 % high expressors) had a better survival 
profile compared to those with lower tumor PRDX2 expression (i.e. low 
expression has a double of hazard of high expression) (Fig. 5D-E). 
Consistent with this, lower expression of PRDX2 was associated with a 
more advanced stage of melanoma as indicated by AJCC stage (Fig. 5F) 
(mean values are 7.84 for AJCC stage I, 7.57 for AJCC stage 2 and 3) or 
Breslow thickness (Fig. 5G). Put together, our findings in in vitro and 
clinical datasets (especially in a large unbiased population-based cohort) 
suggest that PRDX2 expression in tumors is a favorable prognostic factor 
in primary melanomas, regardless of mutation status. 

4. Discussion 

PRDX2 is an antioxidant enzyme that plays an important role in 
redox homeostasis during carcinogenesis and in several cellular pro
cesses. While some studies have investigated the role of PRDX2 in 
melanomas, they were limited to BRAF-mutated melanomas, and the 
mechanism by which this protein contributes to melanoma progression 
has not been completely explored. Therefore, our aim was to understand 
the role of PRDX2 in NRAS-mutated melanoma and how it may influence 
cellular phenotypic pathways. 

Our results showed that cell lines with higher PRDX2 expression 
have a more proliferative profile, whereas those with lower PRDX2 
expression exhibit a more invasive profile. This aligns with other studies 
that linked PRDX2 silencing to increased migration and invasion in 
BRAF-mutated melanomas and gastric tumors [12,23]. Several studies 
have noted that MITF expression promotes proliferation and suppresses 
invasiveness [6,24]. Additionally, β-catenin, involved in adherens 

Fig. 2. Knockdown (KD) of PRDX2 by shRNA changed phenotypic profile in melanoma SK-MEL-173. A Western blotting analysis of 2-cys PRDX group proteins 
(PRDX1, PRDX2, PRDX3 and PRDX4). B Western blot was used to detect the protein expression of PRDX2 in cells KD PRDX2. C Cell morphology in 40x magnification. 
D Colony formation assay after ~15 days. E Growth curve at times 24, 72, 120 and 168 hours by trypan blue exclusion. F Western blot was used to detect the protein 
expression of ERK-phosphorylated. G Wound healing assay after 24 and 48 hours with wound area measurement. H Invasion assay after 48 and 72 hours and 
quantification of number of cells per field below of the chamber Matrigel. I Control skin without melanoma, skin with melanoma KD PRDX2 (shPRDX2#1 and 
shPRDX2#2 compared to shSCR- scramble) stained with Hematoxylin & Eosin and immunohistochemical staining of Melan-A, 20x magnification. Arrows indicate 
the sites of melanoma invasion in the dermis. A-H All values are indicated as mean ± standard deviation (SD) of three independent experiments. P values are based 
on a one-way analysis of variance (ANOVA) followed by Tukey’s test, *p<0.05 **p<0.01 and ***p<0.001. Images are representative of three independent biological 
experiments. 
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junctions complexes [12], cooperates with the canonical Wnt pathway 
[25]. This pathway is important for MAP kinase signaling, regulating 
MITF expression and activity, and promoting melanoma proliferation 
[25]. Our data demonstrated that silencing PRDX2 correlates with 
decreased β-catenin and MITF levels, leading to increased cell migration 
and invasion. 

Alterations in MITF expression levels are linked to phenotypic plas
ticity, and the acquisition of migration and invasion capabilities. 
Extremely low MITF expression is characteristic of invasive melanoma 
cells, while high MITF expression characterizes non-invasive melanoma 
cells. Phenotypic plasticity refers to the ability of malignant melanoma 
cells to undergo transient and reversible morphological and functional 
changes, similar to the embryonic neural crest invasion program. 
Although this phenotype switching resembles epithelial-mesenchymal 
transition (EMT), this term is not entirely appropriate for melanoma, 
as melanocytes are not epithelial cells. Instead, EMT-like processes, 
which play a key role during the formation and migration of neural crest 
cells, are considered [26,27]. Epithelial-mesenchymal tran
sition-regulating transcription factors can induce EMT-like phenotype 
switching in melanoma, involving proteins like SNAIL, TWIST, and ZEB 
[28]. Melanocyte proliferation and differentiation from neural crest 
precursors heavily depend on the canonical WNT signaling pathway, 
mediated through β-catenin, which regulates MITF [26]. 

In the non-canonical pathway, blocking β-catenin expression and 
increasing Snail expression leads to metastasis. Snail (encoded by the 
SNAI1 gene) and Slug (encoded by the SNAI2 gene) are transcriptional 
repressors. Snail is expressed in mesenchymal cells and is upregulated 
during EMT, while Slug is expressed in epithelial cells. This is in line 
with our findings, where PRDX2 knockdown increased Snail expression 
and invasion. This coincides with an increase in N-cadherin, a major 
component of the cytoskeleton in mesenchymal cells and a marker of 
EMT [29,30]. FN1, the gene encoding fibronectin, shows a negative 
correlation with PRDX2 expression. Fibronectin is an extracellular ma
trix component facilitating tumor progression, expressed in the meta
static niches of lung melanoma cells and identified as a regulator of the 
Wnt/β-catenin pathway [31]. SMAD4 mediates canonical TGF-β 
signaling, essential for melanoma cell proliferation in vivo. A TGF-β 
family member, BMP7, stimulates melanoma cell proliferation [26]. 

We validated our 2D results in three-dimensional reconstructed 
human skin (RHS) models. This model replicates human skin histology 
and is used for functional analysis of melanoma development. The radial 
growth phase of melanoma, occurs proliferation of cancer cells in the 
dermal reconstruct, and the vertical growth phase, the cells invaded 
deep into the dermis, similar to in vivo scenarios [18,32]. The RHS using 
SK-MEL-173, the cell line containing higher levels of PRDX2, exhibited 
higher rates of cell proliferation, leading to an increased proportion of 
melanoma in the skin, surpassing the epidermis. Conversely, the 
SK-MEL-147 cell line, that showed lower levels of PRDX2, displayed 
invasion sites in the dermis due to its high invasive capacity observed in 
transwell assays (2D model). In the RHS using the melanoma cell line 
SK-MEL-173 KD for PRDX2 (shPRDX2#2), the reduction of PRDX2 in 
the more proliferative cell line, resulted in an increased invasion sites, 
evidencing the phenotypic modulatory potential of PRDX2. Our data 
suggest a metastatic potential in NRAS-mutated melanoma with lower 
PRDX2 expression, which is consistent with several studies that 
demonstrated the negative regulation of PRDX2 gene in metastatic 
melanomas [9,12,33]. 

Gliotoxin, an antioxidant compound described as a 2-Cys-PRDX 
mimetic, can reduces H2O2 and be restored by accepting electrons 
from NADPH via the TR-Trx redox system [34]. Viability assays con
ducted post-GT treatment revealed no differences between lineages. 
However, continuous GT exposure for over three weeks decreased col
ony formation in all tested cell lines. Notably, only the SK-MEL-147 cell 
line, lacking PRDX2, exhibited a difference in migration in response to 
GT treatment. This suggests that GT may have a compensatory effect in 
the absence of PRDX in SK-MEL-147 cells, changing their profile after 
mimetic use. This observation aligns with another study which observed 
a reduction in migration using GT in BRAF-melanoma [12]. 

In the analysis of patient samples, several genes exhibited distinct 
correlations with PRDX2, with notable differences observed in ZEB2 and 
STAT3. ZEB2 (Zinc finger E-box binding homeobox 2) negatively 
correlated with PRDX2 and is known to be associated with the E-cad
herin promoter, thus activating the EMT pathway and contributing to 
metastatic invasions [35,36]. PRDX2 also regulates STAT3-mediated 
transcriptional activity through redox mechanisms, transferring oxida
tive equivalents to STAT3, hence their positive correlation [37]. 

Interestingly, melanomas with NRAS mutations had lower PRDX2 
expression than those with BRAF mutations. Which may explain in part 
the more aggressive NRAS-mutated melanoma profile. When analyzed 
by mutation type, the NRAS group showed different gene correlations. 
Within the NRAS-mutant melanoma cohort, there were increases in 
ROS1 and KRT18 expression, and a decrease in CSNK1A1, all correlated 
with PRDX2. ROS1, a receptor tyrosine kinase involved in various can
cers, regulates cell proliferation, differentiation, and growth [38]. 
KRT18 contributes to cytoskeletal filaments that influence cell archi
tecture [39]. Additionally, CSNK1A1 plays a role in cytoskeletal dy
namics and cell motility, with its increased expression associated with 
metastasis [40]. An inverse relationship between PRDX2 and EMT gene 
signatures was observed. 

We analyzed primary tumors from the Leeds’ cohort in silico. PRDX2 
had a significant impact on survival across the entire cohort of primary 
tumor patients (n=703, 204 deaths); very low expression of PRDX2 was 
detrimental (only deaths from melanoma were analyzed). Additionally, 
these data revealed that tumors with lower PRDX2 expression exhibited 
higher Breslow thickness and staging, indicating higher malignancy 
levels [41,42]. These clinical findings suggest the potential of PRDX2 as 
a biomarker in metastatic melanoma. In an osteosarcoma study, PRDX2 
has already been used as a biomarker to predict treatment response [43]. 

Although we have not conducted in vivo analyses, our data aligns 
with findings already observed in studies using mouse models with 
BRAF melanoma. Furthermore, we established an in silico relationship 
using patient data, which is highly relevant for prospecting this target in 
a clinical context. Nevertheless, our PRDX2 baseline results with high 
and low PRDX2 expression strongly indicate these relationships. Despite 
these limitations, this study has contributed to understanding the role of 
PRDX2 as a target and biomarker for metastatic melanoma, particularly 
in NRAS-mutated. 

In conclusion, our data demonstrated that PRDX2 modulates EMT- 
like proteins such as MITF, β-catenin, N-cadherin, and Snail, which 
participate in the migration/invasion process. Also, PRDX2 is associated 
with favorable clinical features, and Gliotoxin could be used as a po
tential treatment. Furthermore, we established an in silico relationship 
using patient data, which is highly relevant for prospecting this target in 
a clinical context. This study contributes to our knowledge about genes 

Fig. 3. Lack of PRDX2 expression promotes invasive properties by regulation of genes and proteins related MITF and EMT markers in NRAS-mutated melanoma. A 
Western blot was used to detect the protein expression of MITF, (B) AXL, (C) SOX10, (D) N-cadherin, (E) β-catenin and (F) E-cadherin in NRAS-mutant melanoma cell 
lines (SK-MEL-147 and SK-MEL-173). G Genes expressions in NRAS-mutant melanoma cell lines based in delta delta CT. H Western blot was used to detect the protein 
expression of MITF, (I) SOX10, (J) β-catenin and (K) Snail in melanoma KD PRDX2. L Genes expressions in melanoma KD PRDX2 based in delta delta CT. A-L All 
values are indicated as mean ± standard deviation (SD) of three independent experiments. P values are based on a one-way analysis of variance (ANOVA) followed 
by Tukey’s test, *p<0.05 **p<0.01 and ***p<0.001. Images are representative of three independent biological experiments. Abbreviations: Primary melanocyte 
(MP), SK-MEL-147 (SK-147), SK-MEL-173 (SK-173), PRDX2 knockdown using shRNA: scramble sequence (shSCR), sequence 1 (shPRDX2#1), and sequence 
2 (shPRDX2#2). 
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Fig. 4. Mimetic of PRDX2 inhibits cell proliferation, colony formation and migration ability in NRAS-melanoma cells. A Viability curve and table with calculated 
IC50 values. B Glyotoxin sensitivity test on NRAS-mutated melanoma and fibroblast (FP) cell lines for colony formation compared to untreated control using IC25 and 
IC12.5 concentration. Statistical analysis was performed by one-way analysis of variance (ANOVA) followed by Tukey’s test, ***p<0.001, **p<0.01 and *p<0.05. C- 
D Wound healing test for SK-MEL-173 and SK-MEL-147 with IC75 (99.7 nM for SK-MEL-147 and 114.1 nM for SK-MEL-173). Statistical analysis was performed by 
two-way analysis of variance (ANOVA) followed by Tukey’s test, ***p<0.001, **p<0.01 and *p<0.05. A-D Values are indicated as mean ± SD of triplicate results 
from three independent experiments. Abbreviations: Primary melanocyte (MP), SK-MEL-147 (SK-147), and SK-MEL-173 (SK-173). 
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Fig. 5. Bioinformatic analysis in LMC from melanoma primary tumors: PRDX2 correlation with other genes and clinic features. A and C Regression coefficients 
between the expression of PRDX2 and other genes in primary melanomas in the whole LMC (n=703). Negative coefficients indicate a negative correlation while 
positive coefficients indicate a positive correlation. B PRDX2 tumor expression by mutation status (WT=double wild type, Pvalue=10− 5). C Regression coefficients 
between expressions of PRDX2 and other genes in NRAS-mutated primary melanoma subset of LMC (all Pvalues<0.001). D-E Melanoma specific survival (MSS) by 
PRDX2 in full cohort: the first 4 quintiles (80 % with high PRDX2 expression) were grouped after they appeared to have identical prognosis profiles. F Correlation of 
PRDX2 expression with primary tumor staging (AJCC). G Correlation of PRDX2 expression with the Breslow thickness of primary melanomas. 
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involved in phenotype switching and opens a new perspective for 
PRDX2 as a biomarker and target in NRAS-mutated melanomas. 
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