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Abstract 

Background: Melanoma is a highly malignant tumor, and it is characterized by high mortality. Growth 
differentiation factor 15 (GDF15) and PTEN/PI3K/AKT signaling pathway have been proved to be related with 
regulation of tumors. If GDF15 could regulate melanoma through targeting PTEN/PI3K/AKT signaling pathway 
remain unclear.  
Methods: EdU staining, wound healing, Transwell assay, and flow cytometry were performed to measure cell 
proliferation, migration, invasion, and apoptosis. GEPIA and TCGA data bases were applied to analyze the 
relationship between GDF15 and prognosis.  
Results: We found that high expression of GDF15 suggested lower survival of melanoma patients, and is 
positively linked with advanced stage through analysis with GEPIA and TCGA data bases. Knockdown of 
GDF15 greatly inhibited the migration, invasion and proliferation ability of both M14 and M21 cells, but 
promoted cell apoptosis. However, the influence of GDF15 on M14 and M21 cells were reversed by 740Y-P, 
the activator of PTEN/PI3K/AKT signaling pathway. In addition, 740Y-P significantly reversed the influence of 
sh-GDF15 on the epithelial-mesenchymal transition (EMT) related proteins expression in M14 and M21 cell 
lines. Significant higher expression of GDF15 in melanoma was observed. In addition, the inhibition of 
PTEN/PI3K/AKT signaling pathway by knocking down GDF15 was observed in both M14 and M21 cell lines. 
sh-GDF15 greatly decreased the resistance of M14 and M21 to chemotherapy drugs, docetaxel and 
doxorubicin.  
Conclusions: GDF15 regulated the cell proliferation, apoptosis, migration, invasion, and EMT process of M14 
and M21 cell lines through targeting PTEN/PI3K/AKT signaling pathway. This research provides a novel 
prevention and treatment strategy for melanoma. 
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1. Introduction 
 Melanoma is a type of skin cancer that develops 

from the pigment-producing cells known as melano-
cytes [1]. It is the most serious type of skin cancer and 
can spread to other parts of the body if not treated 
early. The incidence rate and mortality of melanoma 
are increasing year by year [2]. Melanoma treatment 
typically involves a combination of surgery, radiation 
therapy, chemotherapy, and immunotherapy [3]. 
However, for patients with advanced cancer, the 
treatment effect is poor. Seeking novel therapeutic 

strategy is necessary for the prevention and treatment 
of melanoma. 

Growth differentiation factor 15 (GDF15) has 
been shown to be upregulated in melanoma and is 
associated with poor prognosis [4]. It has been 
suggested that GDF15 may be a potential therapeutic 
target for melanoma [5]. Several studies have demon-
strated that GDF15 is involved in the regulation of cell 
proliferation, migration, and invasion in melanoma 
cells [6]. In addition, GDF15 has been shown to be 
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involved in the regulation of angiogenesis and 
immune evasion in melanoma [7]. However, the 
further regulation mechanism remains unknown. 

The PTEN/PI3K/AKT signaling pathway is a 
key pathway involved in the development and 
progression of many types of tumors [8]. The 
PTEN/PI3K/AKT pathway is activated when P 
hosphatase and ten sin homologue (PTEN), a tumor 
suppressor gene, is mutated or deleted [9]. This leads 
to increased activity of the PI3K/AKT pathway, 
which can promote cell proliferation, survival, and 
metastasis [10]. Mutations in the PTEN/PI3K/AKT 
pathway have been found in many types of cancer, 
including breast, ovarian, and prostate cancer [11]. In 
addition, the PTEN/PI3K/AKT pathway is also 
involved in the development of drug resistance in 
cancer cells [12]. For example, Berberine regulated the 
Notch1/PTEN/PI3K/AKT/mTOR pathway and 
acted synergistically with 17-AAG and SAHA in 
SW480 colon cancer cells [10]. PTEN/PI3K/Akt 
pathway alters sensitivity of T-cell acute lympho-
blastic leukemia to L-asparaginase [13]. Therefore, 
targeting this pathway may be a promising strategy 
for the treatment of cancer. We speculate that GDF15 
might regulate the development of melanoma 
through affecting PTEN/PI3K/AKT signaling 
pathway. 

Epithelial–mesenchymal transition (EMT) 
process in tumors is a process by which cancer cells 
undergo a transformation from epithelial cells to 
mesenchymal cells [14]. This process is associated 
with increased invasiveness and metastasis of the 
tumor, and is thought to be a key factor in the 
progression of cancer [15]. The EMT process is 
regulated by a variety of factors, including growth 
factors, cytokines, and transcription factors [16]. If 
GDF15 could regulate the progression of melanoma 
through affecting EMT process has not been reported. 

In this study, bioinformatics methods were 
performed to analyze the relationship between GDF15 
expression and prognosis. Knockdown of GDF15 in 
M14 and M21 cell lines were constructed. The 
influence of GDF15 and 740Y-P on the cell 
proliferation, migration, invasion, and apoptosis were 
measured. We firstly demonstrated the regulatory 
role of GDF15 in malignant melanoma through 
targeting PTEN/PI3K/AKT pathway in both invitro 
and vivo levels. This study might provide a new 
understanding for the regulatory role of GDF15 in 
malignant melanoma. 

2. Materials and Methods 
2.1 Cell culture  

Cell lines HEM, UACC62, A375, M14, and M21, 
procured from the American Type Culture Collection 

(ATCC, USA), were utilized. These cells were 
maintained at 37°C and 5% CO2 in a humidified 
incubator. Dulbecco's Modified Eagle Medium 
(DMEM, Gibco, #12491015, Langley, OK, USA) was 
the culture medium of choice, refreshed bi-daily. 
Upon achieving 70% confluence, cells were harvested 
for subsequent experimental applications. For 
treatment, 740YP was administered at a concentration 
of 10 μM. 

2.2 EdU staining 
Cells underwent fixation with polyformalde-

hyde for 15 minutes and subsequent rinsing with PBS 
(Gibco, #10010023) for five minutes. Incubation with 
Alexa Fluor 488-conjugated anti-EdU antibody (1:500, 
Thermo, #C10337, USA) in PBS lasted one hour. 
Further, cells were treated with DAPI dye (MERCK, 
#10236276001) for one minute, followed by a final PBS 
wash. A Leica Laser Scanning Confocal Microscope 
SP8 (Heerbrugg, Germany) facilitated observation, 
and Image J software quantified staining intensity. 

2.3 Real time polymerase chain reaction 
(RT-PCR) 

RNA extraction from cells employed TRIzol 
reagent (Invitrogen, #15596026, USA). Reverse 
transcription was executed using Takara's kit 
(#639537, China), and the resultant cDNA amplified 
via qRT-PCR (SYBR green qPCR Mix, QIAGEN, 
#204243, USA) on a Bio-Rad CFX96 system. Primers 
for GDF15 and GAPDH were used, with sequences 
provided. The primers are listed as follows: GDF15 (F: 
CTCCAGATTCCGAGAGTTGC, R: CACTTCTGGC 
GTGAGTATCC), GAPDH (F: GTCCATGCCATCA 
CTGCCAC, R: AAGGCTGTGGGCAAGGTCAT).  

2.4 Western blotting 
Protein samples were isolated using RIPA buffer 

(Sigma, R0278, USA) with PMSF, and concentrations 
determined via BCA assay (Nanjing Jiancheng 
Bioengineering Institute, #A045-4-1, China). 
SDS-PAGE (10%) and subsequent wet transfer onto 
membranes (Milipore, GVWP02500, USA) preceded 
antibody incubations. Blocking utilized TBST with 
non-fat milk powder (Beyotime, #P0222, China), and 
detection was via enhanced chemiluminescence 
(Bio-Rad, #32106, USA). Antibodies against GDF15, 
β-actin, PI3K, AKT, cleaved caspase-3, Bax, 
N-cadherin, E-cadherin, vimentin, and GAPDH (all 
from abcam) were applied. GDF15 (1:1000, ab206414, 
abcam), β-actin (1:3000, ab5694, abcam), p-PI3K 
(1:2000, ab278545, abcam), PI3K (1:2000, ab302958, 
abcam), AKT (1:2000, ab238477, abcam), p-AKT 
(1:2000, ab81283, abcam), cleaved caspase-3 (1:1000, 
ab32042, abcam), bax (1:1000, ab32503, abcam), 
N-cadherin (1:2000, ab76011, abcam), E-cadherin 
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(1:2000, ab40772, abcam), vimentin (1:1000, ab92547, 
abcam), GAPDH (1:3000, ab9485, abcam). 

2.5 Transwell assay 
Cell invasion was assessed in 24-well plates 

using Transwell inserts (BD Bioscience, #3422, USA) 
with an 8.0-μm pore size, coated with matrix gel 
(Corning, #356255). Cells were seeded in FBS-free 
medium in the upper chamber, and DMEM with 10% 
FBS in the lower chamber. After 24 hours, cells were 
fixed, stained with crystal violet (Sigma-Aldrich, 
#C0775), and quantified using a Nikon Eclipse TE300 
microscope. 

2.6 Bioinformatics analysis 
GEPIA (http://gepia.cancer-pku.cn/) and 

TCGA (https://www.cancer.gov/about-nci/ 
organization/ccg/research/structural-genomics/tcga
) and were used to analyze role of GDF15 in survival 
and prognosis of melanoma patients. GEPIA and 
TCGA data bases were used mainly to analyze the 
prognosis, expression of GDF15 in melanoma tissues, 
the relationship between GDF15 and advanced tumor 
stage, and the expression of GDF15 in normal skin 
tissues. 

2.7 Cell transfection 
The cells were seeded in a culture dish. 

sh-GDF15 and sh-NC were designed and obtained 
from Realgene (Shanghai, China). The plasmids 
transfection was conducted with lipofectamine 2000 
(#11668019, Invitrogen, US). The transfection 
effectiveness was quantified by measuring the mRNA 
level of GDF15 through RT-PCR after 48 h, and 
protein expression of GDF15 with western blotting 
after 96 h. Then, the transient transfection was 
constructed. pcDNA-GDF15 and control vectors were 
diluted with culture medium without serum to the 
final incubation concentration (50 nM). 

2.8 Wound healing 
The cells were plated and incubated for 24 h in 

12-well plate (#3513, Corning). 1 mL tip was used to 
make straight line in the middle of well, and the 
distance between cells was captured. After 24 h, the 
distance between wound was tested again, and 
migrated distance was calculated with Image J 
software.  

2.9 Flow cytometry 
The cells were cultured as described in part 2.1, 

and transfected with related vectors as described in 
part 2.7. The cells were digested with trypsin 
(#108444, Sigma-Aldrich) and cells were washed with 
PBS (#10010023, Gibco) containing propidium iodide 

and Annexin V-FITC (Beyotime, #C1062L, China). 
The cells were incubated for 30 min in the dark, and 
analyzed with a flow cytometer.  

2.10 CCK8 assay 
The cells were seeded in a 96-well plate at a 

density of 2,000 cells per well. The cells were 
incubated for 24 h at 37°C in a humidified atmosphere 
containing 5% CO2. 100 μL CCK-8 reagent (Beyotime, 
#C0038, China) were added to each well and cells 
were incubated for 2 h at 37°C. The absorbance of each 
well at 450 nm was measured. 

2.11 Statistical analysis 
The data were represented as mean ± standard 

deviation. Results were statistically analyzed with 
SPSS (Version 18). p-value < 0.05 was set as statistical 
difference. T-test and ANOVA tests were applied in 
this research for statistical analysis. 

3. Results 
3.1 Increased GDF15 expression correlates 
with reduced survival in melanoma patients 
and is positively associated with advanced 
disease stages  

Analysis using the GEPIA and TCGA databases 
revealed a negative correlation between GDF15 
expression and survival rates in melanoma patients 
(Figure 1 A). A significantly higher GDF15 expression 
was observed in melanoma patients compared to 
controls (Figure 1 B). GDF15 expression levels were 
positively associated with tumor stage progression 
(Figure 1 C). Furthermore, elevated GDF15 levels 
were detected in melanoma tissues (Figure 1 D-E) and 
specific cell lines (UACC62, M14, A375, and M21) 
(Figure 1 F) as compared to normal skin tissues and 
the HEM cell line, with samples sourced from our 
hospital. 

3.2 The knockdown of GDF15 substantially 
inhibited the PI3K/AKT signaling pathway in 
both M14 and M21 melanoma cell lines 

Constructed knockdown vectors for miR-424-3p 
were successfully transfected into UACC62 and A375 
cell lines (Figure 2 A). The sh-GDF15 was observed to 
significantly inhibit the PI3K/AKT signaling pathway 
in M14 and M21 cell lines (Figure 2 B-C). Subsequent 
experiments explored whether activation of the 
PTEN/PI3K/AKT pathway by 740Y-P could 
counteract the effects of sh-GDF15, revealing that 
740Y-P notably reversed the impact of sh-GDF15 
(Figure 2 B-C). 
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Figure 1. Elevated expression of GDF15 indicates lower survival of melanoma patients, and is positively linked with advanced stage. (A) Higher expression of 
GDF15 suggests poor prognosis of patients through analysis with GEPIA data base; (B) Significant higher protein expression of GDF15 in melanoma tissues was found through 
analysis with GEPIA data base; (C) Higher expression of MSN is positively correlated with advanced tumor stage; (D) The protein expression of GDF15 in melanoma tissues was 
greatly increased; (E) The mRNA level of GDF15 in melanoma tissues was significantly increased; (F) The protein expression of GDF15 in A375, UACC62, M14, and M21 cell lines 
was significantly promoted compared with group HEM cell line (n=5); * indicates p<0.05. ANOVA tests was applied in this research for statistical analysis. 

 

3.3 Concurrent treatment with 740Y-P 
markedly enhanced cell proliferation, 
migration, and invasion, which were initially 
diminished by sh-GDF15 

Cell proliferation in M14 and M21 was assessed 
using EdU staining and CCK8 assays. sh-GDF15 
markedly reduced cell proliferation (Figure 3 A-C), a 
decline that was reversed upon treatment with 740Y-P 
(Figure 3 A-C). Similarly, cell migration and invasion, 
assessed via wound healing and Transwell assays, 
respectively, were significantly inhibited by GDF15 
knockdown but were restored following 740Y-P 
treatment (Figure 4 A-D). 

3.4 The effects of sh-GDF15 on cell apoptosis 
and chemotherapy resistance were mitigated 
by 740Y-P 

Increased cell apoptosis induced by sh-GDF15 
was diminished following 740Y-P treatment (Figure 5 
A-B). Additionally, the elevated levels of 
pro-apoptotic proteins Bax and cleaved caspase-3 

observed post-sh-GDF15 transfection were reduced 
with 740Y-P treatment (Figure 5 C-D). Furthermore, 
sh-GDF15 was found to decrease chemotherapy 
resistance in M14 and M21 cell lines to agents like 
docetaxel and doxorubicin, an effect that was 
counteracted by 740Y-P administration (Figure 6 
A-D). 

3.5 740Y-P significantly counterbalanced the 
impact of sh-GDF15 on the expression of 
EMT-related proteins in M14 and M21 cell lines 

Treatment with sh-GDF15 resulted in decreased 
Vimentin and N-cadherin expression and increased 
E-cadherin levels in both M14 and M21 cell lines 
(Figure 7 A-B). However, simultaneous treatment 
with 740Y-P notably reversed these effects (Figure 7 
A-B). These findings indicate that sh-GDF15 might 
regulate melanoma progression through the PTEN/ 
PI3K/AKT pathway. In vivo validation confirmed 
sh-GDF15's tumor growth suppression (Figure 7 C), 
reinforcing our conclusions. 
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Figure 2. Knockdown of GDF15 greatly suppressed PI3K/AKT signaling pathway in both M14 and M21 cell lines. (A) Knockdown vectors of GDF15 were 
constructed in both M21 and M14 cell lines (n=3); (B) The inhibition of PI3K/AKT signaling pathway by sh-GDF15 was reversed by 740Y-P in M14 cell line (n=3); (C) The inhibition 
of PI3K/AKT signaling pathway by sh-GDF15 was reversed by 740Y-P in M21 cell line (n=3). * indicates p<0.05. T-test and ANOVA tests were applied in this research for 
statistical analysis. 

 
Figure 3. 740Y-P significantly promoted the decreased cell proliferation caused by sh-GDF15. (A) The cell proliferation was investigated with EdU staining method; 
(B) The EdU staining data were analyzed (n=3); (C) The cell proliferation was measured with CCK8 assay (n=3). * indicates p<0.05. ANOVA tests was applied in this research 
for statistical analysis. 
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Figure 4. 740Y-P significantly promoted the decreased cell migration and invasion caused by sh-GDF15. (A) The cell migration was investigated with wound 
healing method; (B) The migrated distance was analyzed (n=3); (C) The cell invasion was measured with Transwell assay; (D) The invasive cells were counted (n=3). * indicates 
p<0.05. ANOVA tests was applied in this research for statistical analysis. 

 
Figure 5. The increased cell apoptosis caused by sh-GDF15 was inhibited by 740Y-P. (A) The cell apoptosis was measured with flow cytometry; (B) The apoptosis 
cells were analyzed (n=3); (C) The apoptosis related proteins were measured with western blot; (D) The protein bands were analyzed (n=3). * indicates p<0.05. ANOVA tests 
was applied in this research for statistical analysis. 



 Journal of Cancer 2024, Vol. 15 

 
https://www.jcancer.org 

1121 

 
Figure 6. sh-GDF15 greatly decreased the resistance of M14 and M21 to chemotherapy drugs. (A) The decreased of M14 resistance to docetaxel by sh-GDF15 was 
reversed by 740Y-P (n=3); (B) The decreased of M14 resistance to doxorubicin by sh-GDF15 was reversed by 740Y-P (n=3); (C) The decreased of M21 resistance to docetaxel 
by sh-GDF15 was reversed by 740Y-P (n=3); (D) The decreased of M21 resistance to doxorubicin by sh-GDF15 was reversed by 740Y-P (n=3). * suggests p <0.05. ANOVA tests 
was applied in this research for statistical analysis. 

 

4. Discussion 
GDF15 is a cytokine that has been found to be 

upregulated in a variety of tumor types, including 
breast, colorectal, and lung cancer [17]. It has been 
suggested to play a role in tumor progression and 
metastasis, as well as in the regulation of cell 
proliferation and apoptosis [18]. Studies have also 
suggested that GDF15 may be involved in the 
regulation of angiogenesis, inflammation, and 
immune responses in different types of tumors [19]. It 
was reported that GDF15 was overexpressed in 
melanoma cells and was associated with depth of 
tumor invasion and metastasis [4], which is in line 
with our findings. However, GDF15 might play 
different regulatory role in other kinds of tumors. 
GDF15 could inhibit the growth and bone metastasis 
of lung adenocarcinoma A549 cells through 
TGF‑β/Smad signaling pathway [20]. Therefore, the 

regulatory role of GDF15 in tumors is complicated, 
and needs to be further explored. 

The PTEN/PI3K/AKT signaling pathway has 
been proved to play a key role in the regulation of 
melanoma [21]. Activation of PI3K and AKT can lead 
to increased cell growth, increased cell migration, and 
increased resistance to apoptosis, all of which are 
associated with melanoma progression [22]. In 
addition, PI3K and AKT activation can lead to 
increased expression of pro-angiogenic factors, which 
can promote tumor growth and metastasis [23].  

GDF15 has been shown to regulate the 
PTEN/PI3K/AKT signaling pathway in different 
tumors [24]. In the present study, we demonstrated 
that knockdown of GDF15 remarkably inhibited the 
PTEN/PI3K/AKT signaling pathway and malignant 
melanoma. In addition, activation of PTEN/PI3K/ 
AKT signaling pathway by 740Y-P greatly reversed 
the influence of GDF15 on melanoma, indicating that 
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GDF15 might affect the development of melanoma via 
targeting PTEN/PI3K/AKT signaling pathway. 
Previous study indicated that GDF15 could suppress 
apoptosis in cancer cells by in-activating the caspase 
cascade, which is in line with our data. 

EMT related proteins including N-cadherin, 
E-cadherin, and Vimentin have been believed to play 
a vital in the tumor metastasis [25]. High expression of 
N-cadherin is closely linked with tumor metastasis by 
promoting cell-cell adhesion and migration. Vimentin 
and E-cadherin have been found to be involved in the 
regulation of tumor cell motility, invasion and 
metastasis [26, 27]. We proved that sh-GDF15 
remarkably suppressed the levels of N-cadherin and 
Vimentin, but elevated E-cadherin. However, the 
relegation of GDF15 in EMT related proteins was 
reversed by treatment with 740Y-P. 

There are some limitations in this research. 
Firstly, what causes overexpression of GDF15 in 
melanoma cells remain unclear. Secondly, how 
GDF15 regulate various hallmarks of cancer is not 
clear. Meanwhile, the mechanisms by which knock-
down of GDF15 can affect EMT process is not clear. 

5. Conclusion 
In summary, we proved that sh-GDF15 could 

suppress the cell proliferation, migration, invasion, 
and EMT process of M14 and M21 cell lines through 
targeting PTEN/PI3K/AKT signaling pathway. The 
influences of sh-GDF15 on cell apoptosis and 
resistance to chemotherapy were reversed by 740Y-P. 
Meanwhile, the suppression of tumor growth by 
sh-GDF15 was validated in vivo level. This research 
might provide a novel prevention and treatment 
strategy for melanoma. 

 
Figure 7. 740Y-P significantly reversed the influence of sh-GDF15 on EMT related proteins expression in M14 and M21 cell lines. (A) The expression levels of 
Vimentin, E-cadherin, and N-cadherin were measured with western bolt; (B) The expression levels of Vimentin, E-cadherin, and N-cadherin were analyzed (n=3); (C) 
Represented tumor growth images were shown and the tumor weight was analyzed (n=5). * means p <0.05. T-test and ANOVA tests were applied in this research for statistical 
analysis. 
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