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Abstract 

Background Podoplanin (PDPN) is a highly conserved, mucin-type protein specific to the lymphatic system. Overex-
pression of PDPN is associated with the progression of various solid tumors, and plays an important roles in the tumor 
microenvironment by regulating the immune system. However, the role of PDPN-mediated signal activation 
in the progression of melanoma is still unknown.

Methods PDPN expression was first analyzed in 112 human melanoma tissue microarrays and melanoma cell lines. 
Functional experiments including proliferation, clone formation, migration, and metastasis were utilized to identify 
the suppressive effects of PDPN. The Ph.D.TM-12 Phage Display Peptide Library was used to obtain a PDPN antagonist 
peptide, named CY12-RP2. The immunofluorescence, SPR assay, and flow cytometry were used to identify the bind-
ing specificity of CY12-RP2 with PDPN in melanoma cells. Functional and mechanistic assays in vivo and in vitro were 
performed for discriminating the antitumor and immune activation effects of CY12-RP2.

Results PDPN was overexpressed in melanoma tissue and cells, and inhibited melanoma cells proliferation, migra-
tion, and metastasis by blocking the EMT and Wnt/β-catenin pathway. PDPN antagonistic peptide, CY12-RP2, 
could specifically bind with PDPN, suppressing melanoma various functions inducing apoptosis in both melanoma 
cells and 3D spheroids. CY12-RP2 also enhanced the anti-tumor capacity of PBMC, and inhibited melanoma cells 
growth both in xenografts and allogeneic mice model. Moreover, CY12-RP2 could inhibit melanoma lung metas-
tasis, and abrogated the immunosuppressive effects of PDPN by increasing the proportion of CD3 + CD4 + T cells, 
CD3 + CD8 + T cells, CD49b + Granzyme B + NK cells, and CD11b + CD86 + M1-like macrophages and the levels of IL-1β, 
TNF-α, and IFN-γ.

Conclusions This study has demonstrated the important role of PDPN in the progression of melanoma and forma-
tion of immunosuppressive environment, and provided a potential approach of treating melanoma using the novel 
CY12-RP2 peptide.
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Graphical Abstract
In melanoma, PDPN is overexpressed in the cancer cells, and promotes melanoma cells growth and metastasis 
through activating the Wnt/β-catenin pathway. Treatment with the PDPN antagonistic peptide CY12-RP2 could 
not only inhibit the melanoma growth and metastasis both in vitro and in vivo through Wnt/β-catenin pathway block-
ade, but also abrogate the immunosuppressive effects of PDPN through modulating immune cells.

Background
Melanoma is a type of cutaneous cancer, and occurs pre-
dominantly due to the mutation and subsequent uncon-
trolled proliferation of pigment producing cells termed 
melanocytes [1, 2]. Although the incidence rate of mel-
anoma is lower than other types of skin cancer, such as 
basal cell carcinoma and squamous cell carcinoma, mela-
noma is considerably more serious since it is more likely 
to metastasize when not diagnosed and treated in the 
early stages [3, 4]. Existing therapeutic options for mela-
noma include surgical excision of the lesion, radiation 
therapy, chemotherapy, immunotherapy, and targeted 
therapy [5, 6]. Among the treatment options, targeted 
therapy is extensively used, and involves inhibiting tar-
get proteins and related pathways involved in tumor 
proliferation, migration, invasion, and immunoevasion. 

Although targeted therapeutics such as the BRAF inhibi-
tor vemurafenib, MEK inhibitor trametinib, and various 
PD-1/PD-L1 antibodies are approved for clinical use, 
the efficacy of these therapeutics are still limited by side 
effects and drug resistance [3, 7, 8]. It is urgent to explore 
and develop novel targeted therapeutics to improve the 
treatment of melanoma.

Podoplanin (PDPN) is an extremely conserved mucin-
type protein, and exhibits high homology among various 
species [9, 10]. PDPN is a specific lymphatic endothelium 
marker, which is frequently expressed in some types of 
malignant tumors, including brain tumors, squamous 
cell carcinoma, and malignant mesothelioma [11, 12], 
and can be used as a diagnostic marker in cancer [13]. In 
addition, PDPN regulates cell proliferation, migration, 
invasion, epithelial-mesenchymal transition (EMT), and 
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stemness associated pathways, all of which are critical for 
the tumor development [14]. A retrospective study dem-
onstrated that 69.1% of 55 melanoma cases expressed 
PDPN, and over-expression of PDPN promoted can-
cer migration and EMT, thereby accelerating invasion 
and metastasis [15, 16]. Laura Bresson et  al. has identi-
fied PDPN as regulator of Wnt/β-catenin signaling, and 
found that genetic deletion of PDPN affected the expres-
sion of Wnt/β-catenin signaling components in basal 
cells [17]. Nevertheless, the mechanism between PDPN 
and melanoma is still not clear and needs further elucida-
tion. Additionally, tumor-expressed PDPN is the endog-
enous ligand of C-type lectin receptor (CLEC-2) [18], a 
transmembrane protein expressed on platelets that is 
involved in platelet activation and agglutination [19, 20]. 
The agglutinated platelets may wrap around the tumor 
cells and constitute a barrier between the tumor cells and 
immune cells to shield the tumor cells from the assault 
of immune cells [21, 22]. After platelets are conjugated 
with tumor cells, the activated platelets also secrete vari-
ous cytokines into the tumor microenvironment to exert 
influence on the activities of tumor cells and immune 
cells [22–24]. Liu et  al. found that tumor-infiltrating 
PDPN + cells (tPDPNs) could promote pro-tumor mac-
rophage and dysfunctional CD8 + T cell infiltration to 
induce immunoevasive contexture in gastric cancer 
[25]. Hu et al. also found that PDPN was overexpressed 
in gastric cancer, positively correlated with immune cell 
infiltration levels, and closely correlated with immune 
markers of M2 type TAM and T cell exhaustion [26]. At 
present, research that focuses on the effects of PDPN on 
the melanoma tumor microenvironment is limited, and 
therapeutic peptides targeting PDPN for the preven-
tion and/or treatment of melanoma have also not been 
reported.

Therapeutic peptides are a novel and promising type 
of anti-cancer drug, due to several important advan-
tages over proteins or antibodies: they are molecularly 
small, easy to synthesize, and capable of penetrating cell 
membranes [27–30]; they also have high biological activ-
ity, affinity, chemical diversity, and specificity [31]. Phage 
display technology is a high-throughput screening tech-
nique that greatly amplifies the application of directional 
evolution techniques for antibody and peptide modifi-
cation screening [32–34], and first described in 1985 by 
Smith. Phage display inserts the peptide sequence gene 
into the bacteriophage by using recombinant technology, 
and isolates the expressed peptides with the highest bind-
ing affinity by continuous elution. Phage display biopan-
ning technique have shown promising applications in the 
field of cancer diagnosis and treatment. In this study, we 
obtained PDPN-targeted peptides by in vitro cell screen-
ing. Merits of in  vitro cell biopanning include retaining 

the binding activities and biological functions, while 
identifying novel cell-surface receptors with unknown 
biological functions. Ting Deng et  al. used the Ph.D.-12 
phage display peptide library to obtain a novel FMOD 
antagonist peptide, labeled RP4, which could inhibit the 
growth of colorectal cancer through blocking the Akt and 
Wnt/β-catenin signaling pathways [35]. Kun Wang et al. 
has screened a novel FOXM1-targeting peptide from 
phage display library, and they then used the peptide to 
obtain p-PROTAC degrader of FOXM1, which induced 
degradation of FOXM1 protein and inhibited breast 
cancer and liver cancer growth [36]. Alisson L Matsuo 
et  al. has reported that the [-CSSRTMHHC-] peptide, 
screened by C7C phage display library, could suppress 
melanoma growth and invasion both in vitro and in vivo. 
Therefore, using phage display to screen PDPN antago-
nist peptide may be a promising way to find novel thera-
peutics for melanoma targeted therapy [34].

In the current study, we firstly demonstrated that the 
overexpression of PDPN could promote the prolifera-
tion, morphology, migration, and invasion of melanoma 
through activating Wnt/β-catenin pathway. We then used 
the phage display peptide library to screen a high affin-
ity and specificity peptide (CY12-RP2) targeting PDPN, 
and found that CY12-RP2 could not only inhibit the pro-
liferation, migration, and invasion of melanoma both 
in  vitro and in  vivo, but also could suppress the mela-
noma growth via modulating the proportion of subpopu-
lation of immune cells, including T cells, macrophages, 
and NK cells. Our results shed light on the importance 
of PDPN in melanoma progression, and also provided a 
novel PDPN-targeting peptide for melanoma treatment.

Methods
Cell culture and cell transfection
A375, A875, SK-MEL-28, B16-F10, and HEK293T cell 
lines were used in this research. The A375 and B16-
F10 cell lines were obtained from Army Medical Uni-
versity (Chongqing, China). The A875, HEK293T, and 
SK-MEL-28 cell lines were purchased from Procell 
company (Wuhan, China). The A375, A875, B16F10, 
and HEK293T cells were cultured in DMEM medium 
(GIBCO, South America) supplemented with 10% FBS 
(GIBCO, South America), and 100  IU of penicillin and 
100  mg/mL streptomycin (Beyotime, Shanghai, China). 
The SK-MEL-28 cells were cultured in RPMI1640 with 
10% FBS and 100 IU of penicillin and 100 mg/mL strep-
tomycin. All cells were incubated at 37 ℃ in a humidified 
atmosphere with 5%  CO2. Lentivirus-mediated expres-
sion and RNA interference were used to establish stable 
clones for gene overexpression or knockdown of mela-
noma cells A375 or A875, respectively. Lentiviral parti-
cles were prepared with a PDPN-targeted knockdown 



Page 4 of 24Feng et al. J Exp Clin Cancer Res            (2024) 43:9 

sequence shRNA1: 5′-GCA GCT GAC CTT AGGAC-3′. 
The PDPN cDNA fragments and negative control parti-
cles were purchased from Shangwei Biotechnology com-
pany (Shangwei, Shenzhen, China). Cells were seeded at a 
density of 5 ×  105 cells/well in the 6-well plates with com-
plete medium, and the infection was performed when 
the cells were at 50% confluence. After co-incubating the 
cells with the harvested lentivirus for 6~8 h, the culture 
supernatant was substituted with a fresh medium. Sta-
ble cell lines were selected by incubating with 2 μg/mL of 
puromycin for 48 h after infection, and then puromycin-
resistant stable cells were obtained.

Peptide screening, design and synthesis
The Ph.D.TM-12 Phage Display Peptide Library Kit(~109) 
(New England Biolabs) was used for Peptide screen-
ing following previously described prodecures [36]. In 
detail, HEK293T  PDPN+/+ or HEK293T pcDNA sta-
ble cell lines were constructed through lentivirus infec-
tion. Lentivirus packaging vectors, PSPAX2 and VSVG, 
were co-transfected with target plasmid into HEK293T 
cells by UltraFection 3.0 transfection reagent (4A Bio-
tech, Beijing, China) in a mass ratio of 2:1:3. Lentivirus 
were collected from cultured medium of HEK293T cells 
and enriched using lentivirus concentration solution 
(Yeasen, China) and centrifuged at 3000  g for 15  min 
to get lentivirus. HEK293T cells were infected by either 
control or PDPN overexpressed lentivirus, and selected 
with 2  μg/mL puromycin. Finally, puromycin-resistant 
stable PDPN overexpressed HEK293T cells or control 
cells were obtained for peptide screening. Stably trans-
fected cell lines were cultured in 6-well plates (2 ×  105 
cells/well) for 24  h. The phage display peptide libraries 
(10 μL) were incubated with HEK293T  PDPN+/+ cells, 
and the unbound phages were removed by elution. Four 
rounds of elution were conducted to isolate the desired 
phage clones. Then, single-stranded DNAs (ssDNA) 
were obtained from the phage clones and sequenced 
by Biotech (Biotech, Shanghai, China). Finally, the pep-
tides were synthesized by Biotech (Qiang Yao, Shanghai, 
China), and the purity of the peptides were confirmed 
to be 95% by high-performance liquid chromatography 
(HPLC) and mass spectrometry (MS).

Real‑time reverse transcription‑quantitative PCR (RT‑PCR) 
assays
Total RNA was isolated from melanoma cell lines by uti-
lizing TRIzol reagent (Invitrogen, Thermo Fisher Scien-
tific, USA) following the procedure of the manufacturer. 
Extracted RNA samples were reversely transcribed into 
cDNA using PrimeScript™ RT Master Mix (Perfect Real 
Time) (Takara, Shiga, Japan), and the quantitative real-
time PCR was performed using the SYBR RT-PCR kit 

(Takara, Shiga, Japan), followed by quantitative RT-PCR 
technique to estimate relative transcript abundances. 
The level of PDPN was normalized to the endogenous 
control GAPDH. Expression levels of genes were calcu-
lated by performing the 2-ΔΔCq method. The primer 
sequences used in this experiment were as follows: PDPN 
(forward 5′-CGA AGA TGA TGT GGT GAC TC-3′; reverse 
5′-CGA TGC GAA TGC CTG TTA C-3′). MYC (forward 
5′-AAC AGA AAU GUC CUG AGC AAUTT-3′; reverse 
5′-AUU GCU CAG GAC AUU UCU GUUTT-3′). CCND1 
(forward 5′-CCG TCC ATG CGG AAG ATC -3′; reverse 
5′-ATG GCC AGC GGG AAGAC-3′). TWIST (forward 
5′-GTC CGC AGT CTT ACG AGG AG-3′; reverse 5′-GCT 
TGA GGG TCT GAA TCT TGCT-3′). GAPDH (forward 
5′-ACA GTC AGC CGC ATC TTC TT-3′; reverse 5′-GAC 
AAG CTT CCC GTT CTC AG-3′).

Cell proliferation assay
Melanoma cell lines (A375 and A875) and transfected 
melanoma cells (A875  PDPN+/+ and A375  PDPN−/−) 
were seeded in 96-well plates at a density of 5 ×  103 cells/
well for 24 h or 48 h. Cell proliferation assay was evalu-
ated by using CCK8 reagent (Yeasen, Shanghai, China) 
according to the manufacturer’s protocols. Briefly, 10 
μL of CCK8 solution was added to each well, and after 
thorough mixing the cells were further incubated for an 
additional 2~3 h. The absorbance was evaluated using the 
microplate reader (Biotek) at a wavelength of 450 nm.

Measurement of cell viability
Cell viability was determined using a CCK8 kit. Mela-
noma cells were plated into 96-well plates at a density of 
5 ×  103 cells/well. The cells were then treated with pep-
tides at the determined concentrations for 24, 48, and 
72 h. The CCK-8 (10 μL/ well) was pipetted into each well 
and the cells were incubated at 37 °C for 1~3 h. The viable 
cells were calculated by performing absorbance readings 
at 450 nm using a microplate reader (BioTek).

3D melanoma cells spheroids fabrication
A375 and A875 cells were collected and suspended in 
Matrigel (Corning) with a density of 1.0 ×  107 cells per 
mL. 3D spheroids were fabricate using cell-processing 
system that have two pumps. One pump was loaded 
with Matrigel and another with fluorocarbon oil (3  M 
NOVEC, HFE-7000). The flow rate of Matrigel was 20 
μL/min and the fluorocarbon oil rate was 30 μL/min. The 
3D spheroids were incubated at 37 °C with 5%  CO2 after 
printing. Culturing medium was DMEM medium sup-
plemented with 10% FBS, and 100  IU of penicillin and 
100  mg/mL streptomycin. The medium was changed 
every 3 days. Afterward, the 3D spheroids were harvested 
for drug analysis.
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Study of the effect of CY12‑RP2 on melanoma cell 
spheroids
Prepared melanoma cells spheroids were plated in 
48-well plates. Following incubation for 3 days, the sphe-
roids were exposed to different concentrations (0, 50, 
100 and 200 μM) of CY12-RP2, and changes in spheroid 
diameter were detected after 5 days of treatment. Addi-
tionally, melanoma cell spheroids were treated with vari-
ous concentrations of CY12-RP2 as described previously, 
and after 72 h, the spheroids were stained for immunoflu-
orescence with caspase 3 primary antibody. The specific 
experimental procedures refer to the following immuno-
fluorescence analysis. Additionally, we co-cultured pep-
tide-stimulated PBMC with spheroids to determine the 
tumor-killing ability of activated PBMC.

Wound‑scratch assay
A375 GFP, A875 GFP, A375  PDPN−/−, and A875 
 PDPN+/+ cells were all seeded in 12-well plates at a den-
sity of 5 ×  105 cells/well. When the cells reached 100% 
confluence the next day, the straight wound was scraped 
in each cultured well with a 20 µL pipette tip. Then the 
cells were washed repeatedly with complete DMEM to 
remove the cellular debris, and the medium was changed 
to a low serum medium containing 0.05% FBS. The 
scratch-treated cells were subsequently cultured for an 
additional indicated time and imaged at 0  h, 12  h, 24  h 
and 48  h. Quantification of wound closure was accom-
plished by measuring the distance between the phase 
contrast images’ anterior edges of the contralateral sur-
faces using ImageJ software. As for peptide (CY12-RP2) 
function experiments, images of phase contrast for A375 
GFP and A875 GFP cells were captured at 0  h before 
peptide administration. The cells were then treated with 
CY12-RP2 (0  μM, 5  μM, 25  μM) for 24  h or 48  h, and 
then images were acquired again. Handling of the experi-
mental results were carried out as previously described.

Matrigel invasion assay
For invasion assay, matrigel (Corning, New York, USA) 
was coated on the upper surface of the upper chamber. 
The upper chamber was filled with DMEM medium 
containing 2% FBS, while the lower chamber contained 
a medium supplemented with 20% FBS. In brief, mela-
noma cells (A375 GFP, A875 GFP, A375  PDPN−/−, and 
A875  PDPN+/+ cells) were seeded in the upper chamber 
of the transwell plate (Corning, New York, USA) at about 
5 ×  104 cells/well with the medium as described above. 
For peptide functionality experiments, A375 and A875 
cells were seeded in the upper chamber of the transwell 
plate at a density of 5 ×  104 cells/well with various peptide 
concentrations (0  μM, 5  μM, 25  μM). Transwell inserts 

were fixed using 4% paraformaldehyde after 48  h cell 
invasion, and crystalline violet was used for staining. The 
quantities of invading cells were quantified using ImageJ 
software (NIH).

Western blotting assay
Melanoma cells were cultured in a 60  mm dish with 
a complete medium and various peptide concentra-
tions (0  μM, 5  μM, 25  μM). Protein was extracted after 
cells were cultured or treated for 48 h using protein lysis 
buffer, separated using a 10% or 15% Bis–Tris PAGE gel 
(Epizyme Biomedical Technology, Shanghai, China), and 
transferred onto a PVDF membrane (Thermo Fisher Sci-
entific) according to standard techniques. The primary 
antibodies used in this study were shown in the Table 1. 
The Western blots were imaged using Bio-rad Chemidoc 
MP and quantified using ImageJ software (NIH).

Immunofluorescence analysis
Immunofluorescence analysis was used for antigen locali-
zation and quantification. For PDPN immunofluores-
cence staining, melanoma cells (A375, A875) were seeded 
in coverslips, cultured for 24 h, and fixed using 4% para-
formaldehyde for 15 min at room temperature (RT). The 
cells were then permeabilized with 0.2% Triton X-100 
in PBS for 10  min. Cells were blocked using 1% bovine 
serum albumin (BSA) in PBS for 30 min at RT, and incu-
bated with the primary antibody overnight at 4 ℃. After-
wards, cells were washed three times with PBS containing 
0.01% Triton X-100 for 5 min, and incubated with Alexa 
Fluor 568–conjugated secondary antibodies at RT for 1 h. 
Lastly, the nuclei were dyed with 4’,6-diamidino-2-phe-
nylindole (DAPI) for 5  min at RT, and the slides were 
imaged using a NIKON laser scanning confocal micro-
scope. To further verify the specificity binding ability of 
CY12-RP2 with PDPN, immunofluorescence was detected 
for analysis in melanoma cells. Briefly, A375 or A875 cells 
were incubated with CY12-RP2 at a concentration of 
5 μM for 10 h at 37 ℃, and then washed with DMEM to 
remove the unbound peptide. The anti-PDPN primary 
antibody was then incubated for 4 h at RT. Further experi-
mental procedures were performed as described above. 
To determine the immune cell infiltration and proportion 
changes in the lungs and spleens in the pulmonary metas-
tasis mouse model, sequential frozen slices (12 μm) were 
prepared and incubated with CD3, CD4, CD8, Foxp3, 
CD56, F4/80, and CD11c primary antibodies for 1 h, and 
then incubated with Alexa Fluor 488-conjugated goat 
anti-mouse F(ab’)2 and Alexa Fluor 647-conjugated goat 
anti-mouse F(ab’)2 in PBS containing 1% BSA and 1% goat 
serum for 30 min. All incubations were conducted under 
coverslips at RT, and then repeatedly washed 3 times with 
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PBS. Coverslips were mounted after staining cell nuclei 
with DAPI, and imaged using a NIKON laser scanning 
confocal microscope.

Flow cytometry analysis
In this study, cell apoptosis was analyzed by flow cytom-
etry using a PI/FITC-Annexin V Apoptosis Detection Kit 
(4A Biotech, Beijing, China). Briefly, melanoma cells were 
collected and washed with pre-chilled PBS, then resus-
pended with Annexin V staining buffer. Afterward, fluo-
rescein isothiocyanate (FITC)-Annexin V and PI were 
stained for 5 min at RT, and then immediately detected 
using a Beckman flow cytometer. To investigate immune 
cell infiltration of the lung and spleen in the pulmonary 
metastasis mouse model, the surface and nuclear antigen 
staining were performed following the experimental pro-
cedure. Fluorescence-labeled mAb against CD3, CD25, 
CD49b, GranzymeB, CD11b, CD86, and CD206 were 
purchased from BioLegend (BioLegend, San Diego, CA), 
and CD4, CD8, and Foxp3 from Tonbo. Surface markers, 
including CD3, CD4, CD8, CD25, CD49b, GranzymeB, 
CD11b, CD86 and CD206, were firstly stained, then fixed, 
permeabilized, and stained for the intranuclear marker 
Foxp3, respectively. Finally, the samples were measured 
using flow cytometry.

SPR assay
SPR assay was conducted on a GE Biacore 3000 (Cytiva, 
USA) using a CM7 sensorchip for protein immobiliza-
tion. All experimental steps were performed at a temper-
ature of 24 °C and samples were kept at 4 °C. CY12-RP1 
and CY12-RP2 peptides were diluted in the running 
buffer (heparin-buffered saline buffer, HBS-EP) at the 
final concentrations ranging from 100 μM to 0.00128 μM. 
The peptides were injected at a rate of 30 μL/min through 
immobilized PDPN for 240  s for association. All regen-
erations were introduced at a flow rate of 30 µL/min. SPR 
assay was performed in triplicate and the results were 
analyzed using Biacore 3000 software.

PBMC function assay
PBMCs (Shenzhen People’s Hospital. Shenzhen, China)) 
from a healthy 38-year-old male donor were isolated 
using a density gradient centrifugation procedure. 
Firstly, the immune cell proportions analysis of PBMCs 
was measured using flow cytometry. We then investi-
gated the effect of CY12-RP2 on the cytokines in PBMCs 
using ELISA assays. Briefly, PBMCs (5 ×  105 cells/well) 
were cultured in 24-well plates with RPMI1640 contain-
ing 10% FBS for 24 h, and the cells were stimulated with 
CY12-RP2 (50  µM) for 48  h. Afterward, supernatants 
were collected for subsequent assays. In addition, in 
order to demonstrate the killing capability of stimulated 
PBMCs on tumor cells, melanoma cells were co-cultured 
with stimulated PBMCs in various ratios (0%, 5%, 10%, 
20%, 40%, and 50%). The experimental results were then 
observed by crystal violet staining after 48 h.

Enzyme‑linked immunosorbent assay (ELISA)
The levels of major inflammatory cytokines, includ-
ing TNF-α, IL-1β, IL-2, TGF-β, IFN-γ, and IL-10, were 
measured using an ELISA kit (Shenzhen Ziker Biological 
Technology, Shenzen, China). Briefly, culture superna-
tants of cells and serum of pulmonary metastasis mouse 
model were respectively collected and added to an anti-
body pre-coated 96-well plates, and then followed up 
according to the manufacturer’s instructions.

In vivo biodistribution of peptide
In vivo biodistribution assay was conducted in BALB/c 
nude mice with melanoma tumor. Here we prepared 
15 female BALB/c mice with subcutaneous melanoma 
tumor, and divided into three groups with each group of 
five. Mice were treated with His-CY12-RP2 by tail vein 
administration at various doses (25  mg/kg and 100  mg/
kg). We collected at least 50 μL orbital blood samples by 
using capillary blood vessels at 6 h, 12 h, 24 h, 36 h, and 
48  h, respectively. Five mice were used for the study of 
in  vivo biodistribution of peptide. The organs including 

(See figure on next page.)
Fig. 1 PDPN is upregulated in melanoma, and is associated with the proliferation and metastasis of melanoma. A Human melanoma tissue 
microarrays named HMelC112CD01 consisting of nontumor melanoma sample (n = 1), primary melanoma samples (n = 94), and melanoma 
distant metastasis samples (n = 17). B Human melanoma samples were subjected to immunofluorescence for PDPN with quantitative analyses. C 
Statistically PDPN expression with different melanoma samples. D PDPN expression correlated with melanoma cell lines (A375, A875) proliferation 
as measured by CCK8 assay. E Images demonstrated morphological changes after stable knockdown of PDPN in A375 cells and high expression 
of PDPN in A875 cells. The power field scale bar, 100 μm. F, G Wound healing assays were performed for the migration capability of A375 cells 
stably knockdown PDPN or A875 cells with PDPN overexpression, and statistical analysis was performed to determine the migrated distance. The 
power field scale bar, 100 μm. H, I Transwell analysis was performed to quantify the invasive ability of PDPN knockdown or overexpression cells, 
and statistical analysis was performed to determine the invasion of cells. The power field scale bar, 100 μm. J, K Western blot analysis was performed 
to identify the effects of PDPN on the EMT markers E-Cadherin, N-Cadherin, vimentin, and snail. β-actin as an internal control was used. The 
statistical analysis was performed to quantify the relative protein levels. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 
versus control
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Fig. 1 (See legend on previous page.)
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heart, liver, spleen, lung and kidney were collected after 
BALB/c nude mice were sacrificed at 48 h. The biodistri-
bution of CY12-RP2 in blood and organs were measured 
using an ELISA kit (Shenzhen Ziker Biological Technol-
ogy, Shenzhen, China) following the kit’s instructions.

Bioluminescence imaging
Bioluminescence imaging was conducted using the IVIS 
Imaging System (Xenogen products from Caliper Life 
Sciences, Hopkinton, Massachusetts, USA) following the 
manufacturer’s instructions. As for systemic biolumines-
cence, 100 μL D-luciferin substrate (5 mg/mL) was intra-
peritoneally administered roughly 10 min before imaging. 
Subsequently, mice were anesthetized with 1% isoflurane 
via intraperitoneal injection, and then used to acquire bio-
luminescence images. The exposure time varied from 2 to 
5 min based on the luminescence signals of the injected 
cells. Imaging and quantization of the signals were per-
formed using analysis software, and the quantization data 
was presented as a total number of photons/second.

In vivo tumor growth and metastasis assays
Tumorigenesis assays were conducted in  vivo using 
BALB/c nude mice and BALB/c mice from Guangdong 
Medical Laboratory Animal Center. The animal study was 
reviewed and approved by the Administrative Committee 
on Animal Research of Shenzhen International Gradu-
ate School, Tsinghua University (Ethical Development 
No. 16, 10 November 2021). Samples with 5 ×  105 A375 
or B16F10-Luc melanoma cells were diluted in 100 μL 
PBS and injected subcutaneously into 6- to 8-week-old 
female BALB/c nude mice or BALB/c mice. 5 days later, 
the mice were treated with CY12-RP2 by tail vein admin-
istration at various doses (25  mg/kg and 100  mg/kg) 
every two days. The tumor volume and body weight were 
measured every 2 days, with the calculation of the tumor 
volume under the assumption of an ellipsoidal tumor as: 
tumor volume = length ×  width2/2. Tumors from BALB/c 
nude mice were collected and photographed on day 21, 
while tumors from the allograft mouse model were meas-
ured using bioluminescence imaging. The blood col-
lected from the eyes of BALB/c nude mice were stored at 
4 °C for 24 h and then centrifuged for 15 min under the 

indicated conditions (4  °C, 3000  rpm). The supernatant 
was collected and assayed for drug toxicity using kits, 
including AST, ALT, TG, and γ-GT.

For pulmonary metastasis assays, 6- to 8-week-old 
female BALB/c mice were administered with 5 ×  105 
B16F10-Luc cells via tail vein to establish an experimen-
tal pulmonary metastasis model of melanoma. CY12-RP2 
was administered to the mice intravenously at high and 
low doses (25  mg/kg and 100  mg/kg) every two days, 
and the mice were sacrificed after 15 days of treatment. 
Pulmonary metastases were evaluated using biolumines-
cence imaging on the  2nd,  5th,  10th,  15th and  20th day after 
B16F10-Luc cells injection. Subsequently, the BALB/c 
mice were sacrificed, and the organs including the heart, 
liver, spleen, lung, and kidney were collected and imaged 
for evaluation of micrometastases. The xenografts and 
organs were kept in a 4% paraformaldehyde solution for 
subsequent histological assays.

Immunohistochemistry and histological analysis
For histopathological analysis, after BALB/c nude mice 
were sacrificed, organs (heart, liver, spleen, lung, and kid-
ney) were collected and fixed in 4% paraformaldehyde for 
24  h at RT. The fixed organs were then dehydrated and 
inserted in paraffin, and prepared in 2 µm sections. The 
prepared sections and experimental procedures were 
routinely carried out by Servicebio company.

Statistical analysis
All statistical graphs in the article were plotted in Graph-
Pad Prism 9, and the results were shown as mean ± stand-
ard deviation. In addition, we quantified the number and 
distance of cells by using ImageJ software. P-values used 
for determining statistical significance in the histograms 
were performed by the two-tailed student’s t-test. The level 
of statistical significance was well-set at ∗ , p < 0.05; ∗  ∗ , 
p < 0.005; ∗  ∗  ∗ , p < 0.001; n.s. = not significant.

Results
PDPN is upregulated in melanoma, which is associated 
with the proliferation and metastasis of melanoma
PDPN is known for its broad range of functions, one 
of which entails involvement in tumorigenesis and 

Fig. 2 Effect of PDPN on the Wnt/β-Catenin signaling pathway in melanoma cells. A Western blot analysis was performed to detect the Wnt/
β-catenin signaling-related proteins. β-actin as an internal control was used. B Statistical analysis was performed to quantify the relative protein 
levels. C Immunofluorescence staining was conducted to quantify PDPN effects on the nuclear β-catenin intensity in melanoma cell lines. 
The power field scale bar, 20 μm. D Statistical analysis was performed to quantify the immunofluorescence intensity of nuclear β-catenin 
in A875 cells. E Western blot assay was also performed on nuclear proteins related to the Wnt/β-catenin signaling pathway including β-catenin, 
phospho-β-catenin, LEF1, and TCF1/TCF7. The LaminB1 was used as an internal control for nuclear proteins. F Statistical analysis was performed 
to quantify the relative protein levels. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 versus control

(See figure on next page.)
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metastasis [13]. Through analysis of the TCGA database, 
we found that PDPN was significantly associated with the 
development of several common types of tumors, includ-
ing adenomas and adenocarcinomas, cystic, mucinous, 
and serous neoplasm, ductal and lobular neoplasia, and 
melanoma (Fig. S1A). To investigate the role of PDPN 
in the pathogenesis of melanoma, protein expression of 
PDPN was analyzed by using 112 human melanoma tis-
sue microarrays named HMelC112CD01 consisting of 
nontumor melanoma sample (n = 1), primary melanoma 
samples (n = 94), and melanoma distant metastasis sam-
ples (n = 17) (Fig.  1A). The results showed that PDPN 
protein levels were dramatically upregulated in primary 
melanoma specimens and metastasis samples (Fig.  1B). 
According to the statistics, we found that 73.9% of 111 
melanoma cases expressed PDPN (76.6% in 94 primary 
samples and 58.8% in 17 metastasis samples) (Fig.  1C). 
Then, we investigated the viability of PDPN expression in 
melanoma as a prognostic marker through the OncoLnc 
database, and found that high PDPN expression in clini-
cal patients predicted a poor survival rate (Fig. S1B). 
Collectively, these results revealed that PDPN may be 
strongly associated with the formation and development 
of melanoma. We then examined the mRNA and protein 
expression levels of PDPN in melanoma cell lines (A375, 
A875, SK-MEL-28) by real-time RT-PCR and western 
blot, and found that PDPN was expressed variably in 
different melanoma cell lines (Fig. S1C and D). Further-
more, immunofluorescence also verified the differential 
expression of PDPN in melanoma cell lines (Fig. S1E). 
Thus, we chose the high PDPN expression cell line A375 
and low expression cell line A875 for further studies. To 
investigate the effects of PDPN on melanoma cells, we 
used RNA interference to knockdown the PDPN in A375, 
and used overexpression lentiviral vectors to upregu-
late the PDPN in A875. As shown in Fig. S1F and G, the 
Western blot assays validated the expected regulation of 
PDPN both in A375 and A875 cells.

To identify the regulatory function of PDPN on the 
proliferation of melanoma cells, CCK8 assay was per-
formed. The results showed that knockdown of PDPN 
(Lenti-shPDPN) in A375 cells led to a significant 

suppression of proliferation, while overexpression of 
PDPN (Lenti-PDPN) promoted the proliferation of A875 
cells (Fig. 1D). In addition, morphological changes were 
also observed. The morphology of A375 cells changed 
from a square epithelial to a spindle-shaped mesenchy-
mal phenotype when PDPN was down-regulated, while 
the morphology of A875 cells changed from rhombic 
to rounded phenotype when PDPN was up-regulated 
(Fig.  1E), which suggested that the expression level of 
PDPN could affect melanoma cells through morphologi-
cal change. Moreover, the wound-healing and transwell 
assays revealed that the migration and invasion were sig-
nificantly inhibited by Lenti-shPDPN in A375 cells, while 
the overexpression of PDPN could significantly promote 
the migration and invasion of A875 cells (Fig. 1F-I). EMT 
is a critical process for cancer cell metastasis [37]. As 
shown in Fig.  1J, K and Fig. S1H, the expression levels 
of proteins positively related to metastasis and invasion 
such as N-cadherin, VE-Cadherin, vimentin, and snail 
all significantly decreased while E-cadherin increased 
in A375 cells after PDPN knockdown. In contrast, the 
expression levels of N-cadherin, VE-Cadherin, vimen-
tin, and snail all increased while E-cadherin decreased 
in A875 cells with induced PDPN overexpression. Taken 
together, these data demonstrated that PDPN is over-
expressed in melanoma, closely correlated with poor 
prognosis, and play facilitating roles in melanoma cell 
proliferation, metastasis, and invasion.

PDPN promotes melanoma metastasis via Wnt/β‑catenin 
signaling pathway
The Wnt/β-catenin signaling is an important pathway 
of EMT, which is involved in the migratory and invasive 
properties of cancer cells [37]. To investigate the effect of 
PDPN on Wnt/β-catenin signaling pathway, the related 
proteins were quantified by Western blot. As shown in 
Fig.  2A and B, the results revealed that the protein lev-
els of Dvl2, phospho-β-catenin-S675, β-catenin, Naked1, 
phospho-GSK3β-Ser9, and GSK3β were all significantly 
decreased, while Axin1 was increased in A375 cells with 
PDPN knockdown. Conversely, inducing PDPN overex-
pression activated the Wnt/β-catenin signaling pathway 

(See figure on next page.)
Fig. 3 Biopanning of PDPN antagonist peptides. A A summary table of peptide sequences selected from the fourth round phage biopanning 
of PDPN peptides using a phage display library kit. B Immunofluorescence staining was performed to quantify the colocalization of CY12-RP2 
and PDPN protein in melanoma cell lines (A375, A875). The power field scale bar, 20 μm. C CY12-RP2 (100, 20, 4.0, 0.8, 0.16, 0.032, 0.0064, 
0.00128 μM) dose-dependent binding to PDPN. D Suppression efficiency of melanoma cells growth by CY12-RP2 was measured by CCK8 assay 
at various concentrations for 24, 48 or 72 h, respectively. E, F The A375 and A875 cells were treated with various concentrations of CY12-RP2 
(0, 50, 100, 200 μM) for 48 h and analyzed using the Annexin V/PI staining flow cytometry (E), and statistical analysis was performed to quantify 
the apoptosis rates (F). G, H The 3D cellular spheres were treated with the set concentrations of CY12-RP2 for 5 days and cell morphology 
was assessed (G), relative spheroid diameter was measured (H). Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 versus control. 
The power field scale bar, 100 μm
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in A875 cells. In addition, we confirmed the expression 
of β-catenin by immunofluorescence analysis, and the 
results revealed that β-catenin expression was signifi-
cantly decreased in PDPN knockdown A375 cells, while 
increased in PDPN overexpression A875 cells (Fig.  2C). 
Furthermore, as shown in Fig.  2E and F, the levels of 
β-catenin, phospho-β-catenin-S675, LEF1, and TCF1/
TCF7 were all significantly down-regulated in the PDPN 
knockdown A375 cell nucleus, and conversely all signifi-
cantly up-regulated in PDPN overexpression A875 cell 
nucleus. To further understand the mechanistic effects of 
PDPN, we detected both mRNA and protein expression 
of targeted genes of β-catenin, including c-MYC, Cyc-
lin D1 and TWIST. The results showed that the mRNA 
levels of c-MYC, Cyclin D1 and TWIST were all signifi-
cantly down-regulated in the PDPN knockdown A375 
cells, and conversely all significantly up-regulated in 
PDPN overexpression A875 cells (Fig. S1G). To confirm 
the above mRNA results, we also detected protein levels 
of c-MYC, Cyclin D1 and TWIST. The levels of c-MYC, 
Cyclin D1 and TWIST were all significantly decreased in 
PDPN knockdown A375 cells, while increased in PDPN 
overexpression A875 cells (Fig. S1 H, I).

To confirm whether PDPN could affect migration and 
invasion of melanoma cells in wnt/β-catenin signal-
ing pathway-dependent manner, A375 cells with PDPN 
knockdown were treated with a Wnt/β-catenin signal-
ing pathway agonist (SKL2001) and PDPN overexpres-
sion A875 cells were treated with an inhibitor (IWR1) 
[38]. Wound-healing assays revealed that the inhibition 
of migration capacity in A375 cells by PDPN knockdown 
could be abolished by SKL2001, while the promotion of 
migration capacity in A875 cells by PDPN overexpression 
could be inhibited by IWR1 (Fig. S2A and B). Likewise, 
transwell assays indicated that the decrease or increase 
of invasion capacity in A375 or A875 cells mediated by 
PDPN were all abrogated by SKL2001 or IWR1, respec-
tively (Fig. S2C and D). Furthermore, the levels of EMT 
positively correlated proteins, including N-cadherin, 
vimentin and snail were all suppressed, while E-cadherin 
was increased in A375 cells transfected with LV-shPDPN, 
and these phenomena were reversed following treat-
ment with SKL2001 (Fig. S2E). In contrast, in the A875 
cells, the activation of EMT by PDPN overexpression was 

blocked by IWR1 (Fig. S2E). Overall, these results indi-
cated that PDPN could induce the EMT process in mela-
noma cells via activating the Wnt/β-catenin signaling 
pathway.

Biopanning of PDPN antagonist peptides
To further investigate the potential anti-tumor effect of 
PDPN antagonist on melanoma, we used a Ph.D.TM-12 
Phage Display Peptide Library to screen for a PDPN 
antagonist peptide. After four rounds of biopanning 
under progressively stringent selection conditions 
in  vitro, seven clones with individual amino acid 
sequences were obtained (Fig.  3A). To assess the anti-
tumor effects of these seven peptides on melanoma cells, 
the proliferation of A375 and A875 cell lines after treat-
ing with various concentration peptides were examined 
by CCK8 assay. As shown in Fig. 3D and Fig. S3A, CY12-
RP1 and CY12-RP2 dramatically inhibited cell growth in 
a dose-dependent manner in the PDPN overexpressed 
A375 cells, while having a relatively diminished impact 
on the PDPN underexpressed A875 cells. We then per-
formed immunofluorescence, SPR assay, and flow cytom-
etry to identify the binding specificity of CY12-RP1 and 
CY12-RP2 with PDPN in melanoma cells. As shown in 
Fig.  3B, CY12-RP2 showed a strong fluorescence and 
co-localization in PDPN overexpressed A375 cells and 
minimal fluorescence in PDPN underexpressed A875 
cells, suggesting that the binding of CY12-RP2 to the 
cells depends on the expression level of PDPN. CY12-
RP1 showed a weak fluorescence in both A375 and A875 
cells (Fig. S3B), which indicated that the binding ability of 
CY12-RP2 was greater than CY12-RP1. Therefore, CY12-
RP2 was chosen for further studies as the PDPN antago-
nist peptide. To further ascertain the direct interactions 
between CY12-RP2 and PDPN, we utilized SPR assay to 
investigate the binding affinity of CY12-RP2 for PDPN. 
PDPN recombinant proteins were coated on the CM7 
sensor chip and peptide (CY12-RP1 and CY12-RP2) was 
circulated through. The results of SPR assay showed that 
CY12-RP2 bound to PDPN in a dose-dependent manner 
(Fig.  3C), whereas binding of CY12-RP1 to PDPN was 
minimal affected (Fig. S3C). The calculated Kd values 
of CY12-RP1 and CY12-RP2 for binding to PDPN were 
4.592 ×  10–8 and 8.636 ×  10–9, respectively. These results 

Fig. 4 CY12-RP2 suppresses the invasion and migration of melanoma cells via blocking Wnt/β-catenin pathway. A The effect of CY12-RP2 
on the colony formation of melanoma cell lines. B The colony formation statistical analysis. C Effects of CY12-RP2 on the migratory capacity 
of melanoma cell lines were analyzed by wound healing assay. The power field scale bar, 100 μm. D Statistical analysis was performed to determine 
the migrated distance. E Effects of CY12-RP2 on the invasive ability of melanoma cell lines were analyzed by transwell assays. The power field scale 
bar, 100 μm. F Statistical analysis was performed to determine the number of invaded cells. G The analysis of CY12-RP2 on EMT and apoptosis 
signaling pathways by using Western blot assay. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 versus control

(See figure on next page.)
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indicated that CY12-RP2 could specifically bind to 
PDPN, allowing for the suppression of the development 
of melanoma.

Furthermore, flow cytometry assay was performed to 
investigate the apoptotic effect of CY12-RP2 on mela-
noma cells, with results showing that the apoptosis rate 
of A375 cells was significantly up-regulated by CY12-
RP2 in a dose-dependent manner, while the increase in 
apoptosis rate in A875 cells was milder (Fig.  3E and F). 
The three-dimensional cellular sphere is a superior model 
for assaying the cytotoxicity of CY12-RP2 in melanoma 
cells. In this study, 3D melanoma cell spheroids were 
established using a cell-processing system, and repre-
sentative images of 2D cells and 3D cellular spheres were 
shown in Fig. S3F. Subsequently, the 3D cell spheroids 
were used to verify the anti-tumor effects of CY12-RP2 
at set concentrations (0, 50, 100 and 200 μM). The results 
showed that the relative A375 cellular spheroid diameter 
was significantly diminished with increasing CY12-RP2 
concentration, while only a high concentration of CY12-
RP2 (200 μM) could decrease the diameter of A875 cel-
lular spheroids (Fig. 3G and H). To further investigate the 
apoptotic effect of CY12-RP2 on 3D melanoma cell sphe-
roids, immunofluorescence staining was performed. The 
immunofluorescence staining showed that the level of 
Caspase3 was significantly increased by CY12-RP2 (Fig. 
S3G). Taken together, these results indicated that CY12-
RP2 could specifically bind with PDPN, inhibit the cell 
proliferation, and promote apoptosis in melanoma cells 
both in 2D cells cultures and 3D cellular spheres.

CY12‑RP2 suppresses the invasion and migration 
of melanoma cells via blocking Wnt/β‑catenin pathway
We have demonstrated that PDPN was strongly associ-
ated with the proliferation, migration, and invasive prop-
erties of melanoma cells. Thus, the effects of CY12-RP2 
on colony formation, metastasis and invasion in mela-
noma cell lines (A375, A875) were studied. As shown in 
Fig. 4A and B, CY12-RP2 could significantly suppress the 
colony formation of A375 cells in a dose-dependent man-
ner, while only having inhibitory effects on A875 cells at 
high concentrations. Results of the wound healing assay 
demonstrated that compared with the control group, 

administration of the set concentrations of CY12-RP2 
inhibited migration at the corresponding time both in 
A375 and A875 cells, but A375 cells were more suscepti-
ble (Fig. 4C and D). Furthermore, CY12-RP2 significantly 
suppressed the invasion of A375 cells in a dose-depend-
ent manner, while the invasion of A875 cells could only 
be inhibited at high concentrations (Fig.  4E and F). 
The Western blot results showed that the expression of 
N-cadherin, vimentin, snail, and BCL2 all decreased, 
while expression of E-cadherin, Caspase-9, Caspase-3, 
and Bax all significantly increased in A375 cells after 
treatment with CY12-RP2. A similar trend in expression 
levels were also observed in A875 cells, but less signifi-
cant when compared with A375 cells (Fig. 4G). In order 
to verify whether CY12-RP2 could specifically inhibit the 
migration and invasion of melanoma cells through Wnt/
β-catenin signaling pathway, an agonist of the Wnt/β-
catenin pathway, SKL2001, was used. The results showed 
that SKL2001 significantly reversed the inhibitory effect 
of CY12-RP2 on melanoma cell migration (Fig. S4A and 
B) and invasion (Fig. S4C and D). Additionally, Western 
blotting analysis indicated that SKL2001 significantly 
reversed the inhibitory effect of CY12-RP2 on EMT and 
Wnt/β-catenin signaling pathway (Fig. S4E). These results 
demonstrated that CY12-RP2 inhibited the migration 
and invasion of melanoma cells by blocking the Wnt/β-
catenin signaling pathway.

CY12‑RP2 inhibits the growth of melanoma cells 
xenografts in vivo
To further explore the inhibitory capability of CY12-
RP2 in  vivo, A375 cells were injected into the subcuta-
neous tissue of female BALB/c nude mice to establish a 
melanoma cells xenograft model, and following a 5 days 
growth period the tumor-inoculated mice were treated 
with CY12-RP2 (25  mg/kg/day,  100  mg/kg/day) every 
two days for 15 days. During this period, the volume of 
the tumors and the weight of mice were measured every 
two days. The results showed that CY12-RP2 significantly 
inhibited the tumor growth when compared with the 
control group, showing convincing inhibitory rates espe-
cially in the high dosage (100 mg/kg) group (Figs. 5A-C). 
Importantly, there was no significant change in the mean 

(See figure on next page.)
Fig. 5 Effects of CY12-RP2 on melanoma tumorigenesis in vivo. A Melanoma cell line A375 was subcutaneously implanted in BALB/c nude mice, 
and 5 days later treated with CY12-RP2 (25 mg/kg, 100 mg/kg) every two day for 15 days. Tumor mass was resected after the 15-day treatment 
period. B Tumor growth curve of subcutaneous melanoma xenograft. C The weight of orthotopic xenografts tumors at the end of the experiment. 
D Body weight of BALB/c nude mice over the course of the experiment. E Murine melanoma cell line B16F10-luc was subcutaneously implanted 
in BALB/c nude mice, and 5 days later treated with CY12-RP2 (25 mg/kg, 100 mg/kg) every two day for 15 days. Bioluminescence imaging of tumor 
growth in BALB/c mice was performed. F Statistical analysis of bioluminescence imaging. G The tumor volume after treating with CY12-RP2. H The 
body weight of mice after treating with CY12-RP2. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 versus control
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body weight of nude mice (Fig.  5D). Furthermore, the 
ELISA assay was performed to test the toxicity of CY12-
RP2 in hepatic function index, including AST, ALT, TG, 
and γ-GT. As shown in Fig. S5E, compared with the con-
trol group, TG and γ-GT were increased, while AST and 
ALT have not significantly changed. The HE staining 
also confirmed that there was no significantly change in 
the liver, heart, spleen, lung and kidney after CY12-RP2 
treatment (Fig. S5F). These results indicated that CY12-
RP2 had a slightly toxic effect on the organs of nude mice. 
Additional TUNEL immunofluorescence assay showed 
that more apoptotic tumor cells were detected in CY12-
RP2-treated group (Fig. S5A), and the level of Ki67 was 
significantly decreased by CY12-RP2 (Fig. S5B). These 
results suggested that CY12-RP2 could significantly 
inhibit the melanoma growth in vivo with slight toxicity. 
In addition, the in vivo biodistribution of CY12-RP2 was 
assayed by ELISA. The results suggested that serum lev-
els of CY12-RP2 peaked at 6 h, and moderately decreased 
progressively with time (Fig. S5C). Organ distribution 
results showed that CY12-RP2 has a significant ability to 
target tumors compared to other organs (Fig. S5D).

To assess the efficacy of CY12-RP2 on the growth of 
allogeneic solid tumors, B16F10-Luc cells were implanted 
subcutaneously into 6-week-old BALB/c mice. 5  days 
later, the allograft mouse model was treated with CY12-
RP2 (25  mg/kg, 100  mg/kg) every other day through 
the tail vein for 15  days. The bioluminescence imag-
ing showed significantly decreased tumor growth in the 
CY12-RP2 high dosage group (100  mg/kg) when com-
pared with the control group (Fig. 5E and F). Moreover, 
the tumor volume was noticeably decreased by CY12-
RP2 (100 mg/kg) (Fig. 5G). Importantly, there was no sig-
nificant change in the mean body weight of BALB/C mice 
after CY12-RP2 treatment (Fig.  5H). These results sug-
gested that CY12-RP2 could also inhibit the melanoma 
cells growth in allogeneic solid tumor model.

CY12‑RP2 enhances the anti‑tumor capacity of PBMC 
in melanoma cells
Chihara et al. have demonstrated that PDPN was a func-
tionally verified immunosuppressive receptor expressed 
in CD4 + and CD8 + T cells [20]. Previous studies have 
also demonstrated that PDPN serves as a suppressive 

element of T cells by restricting the viability and reten-
tion of CD4 + effector T cells [20, 39, 40]. These findings 
strongly suggest that PDPN plays a role in immunosup-
pression. Therefore, we first investigated the single-cell 
RNA-sequencing of melanoma immunotherapy from 
single-cell database (https:// singl ecell. broad insti tute. 
org/), and found that PDPN was expressed in multiple 
immune cells, including T cells, macrophage, NK cells, 
naive B-cells, etc. (Figs. S6A-C). These results indicated 
that PDPN may play an important role in tumor immu-
notherapy. In addition, we investigated the correlation 
between the expression of PDPN and immune inhibition 
in SKCM (skin cutaneous melanoma) using the TISIDB 
database, and found that PDPN was dramatically and 
positively correlated with immune inhibition (Fig. S6D). 
To further identify the relationship between PDPN and 
various immune cells, the correlations between PDPN 
expression and specific markers of immune cells were 
investigated through the TIMER database. As shown 
in Fig. S6E, in skin cutaneous melanoma (SKCM), the 
PDPN expression was negatively correlated with infiltra-
tion levels of various immune cells, including CD4 + T 
cells, CD8 + T cells, M1 macrophage, and NK cells, and 
positive correlated with M2 macrophage and Treg cells. 
These results suggested that high expression of PDPN 
served an important role in general T cells, macrophages, 
tumor-associated macrophages, NK cells and Treg 
cells. The peripheral blood mononuclear cell (PBMC) is 
defined as any peripheral blood cell, including monocytes 
and lymphocytes (T cells, B cells, and NK cells). The pro-
portion of immune cells in PBMC was firstly analyzed by 
flow cytometry, and the results showed that the propor-
tions of CD3 + , CD4 + , CD8 + , CD14 + , CD19 + , and 
CD56 + cells were 47.3%, 26.90%, 15.54%, 20.94%, 12.08%, 
and 22.04%, respectively (Fig.  6A). Next, we intended 
to investigate whether CY12-RP2 could modify PBMC 
cytokine production. The ELISA results demonstrated 
that after stimulating PBMC with CY12-RP2 for 48 h, the 
levels of IL-1β, TNF-α, and IFN-γ in PBMC supernatant 
increased, while the levels of IL-10 and TGF-β decreased 
(Fig.  6B). To further confirm whether CY12-RP2 could 
promote the anti-tumor effect of PBMC, a melanoma 
cell and PBMC co-culture system was established. The 
results showed that the viability of tumor cells declined 

Fig. 6 Influence of CY12-RP2 on the immune-mediated anti-tumor capacity of PBMC in vitro and in vivo. A The procedure of PBMC isolation 
from donor peripheral blood, and the ratio of different immune cells in PBMC was assayed by flow cytometry. B PBMCs were stimulated 
with CY12-RP2 for 48 h, and the cytokine levels in the supernatant were assayed by ELISA. C, D PBMCs stimulated by CY12-RP2 were co-cultured 
with melanoma cells to demonstrate its killing capacity (C), statistical analysis was performed for the killing capacity of PBMC (D). E Brightfield 
and fluorescent microscopy images of A375 cells (red) co-culture with PBMC (GFP) were stimulated with various concentrations (0, 2, 10, 50 μM) 
of CY12-RP2. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 versus control

(See figure on next page.)
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significantly with CY12-RP2-pretreated PBMC in the 
co-culture system (Fig.  6C and D). Additionally, the 3D 
melanoma spheroid was used to co-culture with PBMC, 
and the results showed that with increasing concentra-
tions of CY12-RP2, the tumor-killing capacity of PBMC 
was increased (Fig. 6E). The above results demonstrated 
that CY12-RP2 could enhance the anti-tumor effects of 
PBMC on melanoma cells.

CY12‑RP2 inhibits melanoma lung metastasis in vivo
To determine the role of CY12-RP2 on melanoma lung 
metastasis, we established a lung metastasis model using 
B16F10-Luc melanoma cells. We found that CY12-RP2 
administered BALB/c mice showed significantly fewer 
pulmonary metastases when compared to the control 
group (Fig. 7A and B). Corresponding to these discover-
ies, bioluminescence imaging of the heart, liver, spleen, 
lung, and kidney displayed a significant reduction in the 
size of nodules and the frequency of metastases in the 
lungs with CY12-RP2 treatment (Fig.  7D and E). Fur-
thermore, metastatic nodules in the lung of BALB/c mice 
were significantly reduced following CY12-RP2 treat-
ment (Fig.  7F). In addition, we observed that there was 
no significant change in body weight between the treated 
mice and the control mice (Fig. 7C). Next, we attempted 
to identify whether CY12-RP2 could modify the levels 
of immune-related cytokines in mouse plasma by ELISA 
assays. Cytokine levels of IL-1β, TNF-α, and IFN-γ in the 
plasma of CY12-RP2 treated lung metastases model were 
significantly elevated, while the levels of IL-2, IL-10, and 
TGF-β were reduced when compared with control mice 
(Fig.  7G). These findings suggested that CY12-RP2 may 
inhibit melanoma pulmonary metastasis by modulating 
the secretion of cytokines.

CY12‑RP2 inhibits the melanoma lung metastases 
through regulating the proportion of immune cells
In order to assess whether CY12-RP2 could affect the 
infiltration of immune cells in the spleen and lung of lung 
metastases mice model, flow cytometry was performed 
to identify different immune cell populations. We found 
that the ratios of CD3 + CD4 + T cells and CD3 + CD8 + T 
cells to total T cells were significantly increased in the 

lungs and spleens of CY12-RP2-treated metastasis-
bearing mice. In contrast, CD4 + CD25 + Foxp3 + Treg 
cells were significantly diminished (Fig.  8A-C). Further-
more, the proportions of CD49b + Granzyme B + NK 
cells and CD11b + CD86 + M1-like macrophages were 
all significantly increased, while the proportion of 
CD11b + CD206 + M2-like macrophages was decreased 
in the lungs and spleens after treatment with CY12-RP2 
(Figs. S7A, B and S8A, B). The above results were further 
confirmed by multiplex immunofluorescence analysis, 
which showed a remarkable increase in infiltration of 
CD3 + CD4 + T cells and CD3 + CD8 + T cells in the lungs 
and spleens of CY12-RP2-treated metastasis-bearing 
mice, together with the reduction in infiltration of Treg 
cells (Fig. 8D and E). In addition, we also examined the 
immune infiltration of NK cells and macrophages in the 
lungs and spleens by immunofluorescence. The results 
showed that CY12-RP2-treated mice showed increased 
proportions of NK cells and M1-type macrophages and 
a decreased proportion of M2-type macrophages in 
their lungs and spleens (Figs. S7C and S8C, D). Thus, our 
results collectively indicated that CY12-RP2 could inhibit 
the progression of melanoma lung metastasis through 
mainly modulating the proportions of lymphocytes, NK 
cells, and macrophages.

Discussion
Melanoma is potentially the most aggressive and fatal 
type of skin cancers [2]. Current therapeutic options for 
melanoma are varied [5, 6], with the treatment regimen 
determined by the patient’s tumor stage and location, and 
may either include single agent or combination therapy. 
Targeted therapy is an approach to cancer treatment that 
utilizes therapeutics that can precisely target and attack 
cancer cells [8]. The development of drugs that target 
constitutively and specifically expressed proteins on the 
surface of melanoma cells plays an integral role in mela-
noma therapy. Various studies have shown that PDPN 
expression is significantly elevated in melanoma clinical 
tissue and cells, and is frequently associated with poor 
prognosis [15]. PDPN is also increasingly acknowledged 
as a critical cellular protein associated with an assort-
ment of functions, including cell motility, metastasis, 

(See figure on next page.)
Fig. 7 Melanoma cells pulmonary metastasis can be alleviated by CY12-RP2. A BALB/c mice were administered intravenously with 5 ×  105 
melanoma cells B16-F10-Luc and analyzed for lung metastasis for 3 weeks using bioluminescence imaging according to the schematic chart. B 
Statistical analysis of bioluminescence imaging. C BALB/c mice’s body weight was determined at the indicated time. D Organs including heart, 
liver, spleen, lung, and kidney were imaged using bioluminescence imaging. E Quantification analysis of lung metastases fluorescence in BALB/c 
mice. F Representative pulmonary nodules images in a B16-F10 lung metastasis model. The power field scale bar, 500 μm, 250 μm and 100 μm. G 
Cytokine levels including IL-1β, IL-2, IL-10, TGF-β, TNF-α, and IFN-γ in lung metastases model plasma were determined by ELISA. Data are presented 
as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 versus control
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lymphangiogenesis, organogenesis, platelet production, 
and tumorigenesis as well as promotion of inflammatory 
disease and immunoevasion [15, 41]. We herein sought 
to gain a better insight into the function of PDPN and the 
potential of an antagonist in melanoma treatment. Firstly, 
we have demonstrated that PDPN expression was closely 
associated with melanoma development. Furthermore, 
we used Ph.D.TM-12 Phage Display Peptide Library to 
obtain the PDPN antagonist peptide CY12-RP2, and 
found that CY12-RP2 could significantly inhibit the mel-
anoma growth and metastasis both in vitro and in vivo.

The dysregulation of the Wnt/β-catenin signaling 
pathway is frequently associated with the development 
of melanoma [42]. Specifically, Wnt/β-catenin signal-
ing pathway related genes such as β-catenin, GSK3β, 
Anxin, and DVL are pivotal to melanocyte development 
and pathogenesis of melanoma, directing neural crest 
cell differentiation to form melanocytes and driving 
melanoma cell proliferation and invasion [43, 44]. Jiaqi 
et  al. found that Wnt/β-catenin signalosome transduc-
tion may be regulated by the various functional regions 
of PDPN, including the transmembrane and cytoplasmic 
domain [45]. In addition, the transmembrane domain of 
PDPN associates with CD44 to facilitate directional cell 
migration may require activation of Wnt signaling path-
way [21]. In our study, we found that PDPN was overex-
pressed in melanoma clinical tissue and cells, and PDPN 
could promote melanoma cell migration and invasion 
through activating the Wnt/β-catenin pathway. Treat-
ment of melanoma cells with shRNA lentivirus to knock-
down PDPN or with PDPN antagonist peptide CY12-RP2 
could inhibit the Wnt/β-catenin pathway, which sug-
gested that PDPN promoted melanoma cell proliferation, 
migration, and invasion at least partially via activation of 
the Wnt/β-catenin signaling pathway. Besides its effects 
on melanoma cells, the Wnt/β-catenin signaling pathway 
also influences the immune response, but the roles of 
Wnt/β-catenin in the melanoma immune system have not 
yet been well characterized. Intriguingly, recent findings 
have indicated that β-catenin was involved in immune 
suppression and tolerance. Overexpression of β-catenin 
in Tregs has been reported to significantly increase the 
survival of those cells [46, 47]. Furthermore, Luke et  al. 
assessed 8890 tumor samples and classified them into 
T cell-inflamed, non-T cell inflamed, and intermediate 

subtypes from TCGA database. They further found that 
Wnt/β-catenin signaling pathway activation and muta-
tions were associated with T-cell inflammatory gene by 
exon sequencing. Immunohistochemistry of tumor tis-
sues showed that β-catenin was inversely correlated 
with CD8 + T cell infiltration [48]. Consistent with our 
results, active Wnt/β-catenin signaling was inversely 
correlated with T-cell infiltration in melanoma mouse 
models. Thus, targeting the Wnt/β-catenin signaling 
pathway in immune cells (e.g., T lymphocyte, NK cells 
and macrophage) may restore the patient’s immunocom-
petence. Historical studies have shown that melanoma 
is also one of the most immunomodulatory-sensitive 
malignancies, and intensive infiltration being correlated 
to favorable prognosis [49, 50]. We speculate that there 
may be interactions between PDPN and tumor-infil-
trating immune cells. The results derived from database 
analysis demonstrated that PDPN displayed a significant 
effect on immune infiltration or polarization because of 
its positive association with increased infiltration levels 
of various immune cells (Figure S6A and E). We specu-
lated this may be due to CLEC-2 being predominantly 
expressed on platelets and bone marrow immune cells 
like T cells, macrophages, and NK cells. Moreover, PDPN 
is expressed on hematopoietic cells, including subpopu-
lations of T cells and macrophages, which is beneficial 
for CLEC-2 binding with PDPN to promote melanoma 
growth and metastasis through regulating immune cells.

The tumor-infiltrating lymphocytes (TILs) are closely 
correlated with tumor checkpoint blockade immuno-
therapy [51]. In solid tumor microenvironment, various 
regulatory pathways regulate the chemokines, immu-
nomodulatory enzymes, T regulatory cells, and mac-
rophages to impair the accumulation and function of 
TILs [52]. Hatzioannou et al. found that PDPN-express-
ing lymph node stromal cells (LNSCs) could promote 
melanoma growth through elimination of TILs. Block-
ing the PDPN + LNSCs by LTbR-Ig could increase the 
infiltration and proliferation of CD4 + TILs and inhibit 
melanoma development [53]. Development of PDPN tar-
geted therapeutics may be a useful method to enhance 
the effects of immunotherapy in melanoma. To this end, 
the PDPN antagonist peptide, CY12-RP2, was obtained 
and validated to bind specifically with PDPN. In  vitro 
studies utilizing CY12-RP2 resulted in a decrease in cell 

Fig. 8 CY12-RP2 modifies the proportion of T cells in the spleen and lung of mice. A, B The percentage of CD4 + T cells, CD8 + T cells, 
and CD4 + CD25 + Foxp3 + Treg cells in the spleen and lung of BALB/c mice were detected by flow cytometry. C Statistical analysis was performed 
to count the percentage of CD4 + T cells, CD8 + T cells, and CD4 + CD25 + Foxp3 + Treg cells in the spleen and lung of BALB/c mice with lung 
metastases. D, E Representative triple immunofluorescence of T cells (CD4 + T cells, CD8 + T cells) and CD4 + Foxp3 + Treg cells in the spleen (D) 
and lung (E) of pulmonary metastasis model. The power field scale bar, 20 μm and 100 μm

(See figure on next page.)
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proliferation, migration, invasion of melanoma cells, and 
an increase the anti-tumor capacity of PBMC in mela-
noma cells. For the in vivo studies, we found that CY12-
RP2 could not only inhibit the melanoma growth, but 
also suppress the melanoma lung metastasis. Moreover, 
both the FACS and immunofluorescence assays showed 
that CY12-RP2 targeting PDPN was positively correlated 
with T cell (CD4 + , CD8 + T cells) infiltration and nega-
tively correlated with Treg cells infiltration (Fig.  8A-E). 
These results imply that CY12-RP2 may exercise its anti-
tumor effects through increasing the infiltration and pro-
liferation of TILs.

Macrophages are the main type of immune cells in 
the tumor microenvironment, which can be divided 
into two types: M1 and M2 macrophages [54]. The M1 
macrophage exert a proinflammatory effect and secrete 
cytokines, like IL-6 and IL-12, to inhibit tumor growth 
through phagocytosis, proinflammatory response, and 
activation of immune response [54]. M2 macrophages are 
characterized by markers such as CD206 + , CD163 + , 
CD86-, and can induce the suppression of the immune 
response through production of IL-10 and TGF-β [55]. 
Tumor-associated macrophages (TAMs) are closely cor-
related with M2 polarization, which can promote tumor 
growth and metastasis through release of platelet-derived 
growth factor and vascular endothelial growth factor 
[56]. The Wnt/β-catenin pathway is important for mono-
cyte-to-macrophage differentiation and macrophages 
M2 polarization. Yang et al. found that there is abundant 
nuclear β-catenin accumulation in M2 CD68 + mac-
rophages from human HCC biopsies, and decreasing 
the level of β-catenin in M2 macrophages could inhibit 
HCC growth [57]. Therefore, targeting TAMs to repro-
gram M2 macrophage to repolarize into M1 is a prom-
ising useful method for tumor immunotherapy. In our 
study, the peptide CY12-RP2 could block the Wnt/β-
catenin signaling pathway, increase the proportion of 
CD11b + CD86 + M1-like macrophages, and decrease the 
proportion of CD11b + CD206 + M2-like macrophages 
and the level of IL-2, IL-10, and TGF-β. These results 
imply that CY12-RP2 could inhibit the melanoma growth 
and metastasis through reprograming the TME. CY12-
RP2 may be developed into a therapeutic to improve the 
efficacy of immunotherapy for treating melanoma.

Conclusions
Taken altogether, our study investigated the role of PDPN 
in melanoma, and confirmed that PDPN could promote 
melanoma growth and metastasis through activating 
the Wnt/β-catenin pathway. We then developed a novel 
PDPN antagonistic peptide drug, CY12-RP2, through 
phage display technology. CY12-RP2 could inhibit mel-
anoma cell growth and metastasis in  vivo and in  vitro 

through Wnt/β-catenin pathway blockade. In addi-
tion, CY12-RP2 could abrogate the immunosuppressive 
effects of PDPN on immune cells. These results elucidate 
an important role of PDPN in maintaining melanoma 
growth and progression, and provide a novel therapeutic 
peptide CY12-RP2 for melanoma treatment.
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