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Abstract
Purpose  Cutaneous melanoma is an aggressive and deadly cancer resulting from malignant transformation of cells involved 
in skin pigmentation. Glycolysis is widely implicated in cancer progression, but its precise role in melanoma has not been 
extensively studied. Here, we investigated the role of the glycolysis regulator phosphofructokinase 1 platelet isoform (PFKP) 
in melanoma progression.
Methods  PFKP expression in human melanoma tissues was analyzed by immunohistochemistry. Knockdown of PFKP by 
siRNA and overexpression of PFKP were performed to evaluate its functions in vitro. CCK-8 assay was used to assess cell 
proliferation. Glycolytic activity was determined via measurement of extracellular acidification rate (ECAR), lactic acid 
level, and ATP content. A tumor xenograft model was used to test the function of PFKP in vivo.
Results  PFKP upregulation was observed in human melanoma tissues and correlated with poor patient survival. Knockdown 
of PFKP in human melanoma cells suppressed cell proliferation and reduced ECAR, ATP levels, and lactic acid levels, while 
overexpression of PFKP displayed the opposite effects. In vivo, knockdown of PFKP in melanoma cells markedly reduced 
tumorigenesis. Inhibitory effects on cell proliferation, glycolysis, and tumorigenesis due to PFKP knockdown were further 
augmented upon treatment with the glycolysis inhibitor 2-deoxy-D-glucose (2-DG).
Conclusion  Collectively, these results indicate that PFKP expression in melanoma cells increases proliferation and glycolytic 
activity in vitro and promotes tumorigenesis in vivo, suggesting that suppression of PKFP and inhibition of glycolysis may 
potently suppress melanoma progression.
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Introduction

Melanoma is a cancer that arises due to genetic alterations in 
pigment-producing cells called melanocytes [1], and occurs 
in tissues such as the skin, leptomeninges, eye, and inner 
ear [2, 3]. Cutaneous melanoma represents approximately 
1% of all skin malignancies, yet it is responsible for 80% of 
skin cancer-related mortality, making it the deadliest type of 
skin cancer [4]. Current treatment strategies for melanoma 
include surgery, targeted therapy, chemotherapy, and immu-
notherapy [1]. Surgery can often effectively treat early-stage 
melanoma [5]. However, late-stage, metastatic melanoma is 
resistant to majority of current therapies and is associated 

with extremely poor prognosis [6, 7]. Based on recent stud-
ies, patients with metastatic melanoma have a 1-year sur-
vival rate of ~ 25% and a 2-year survival rate of 10%, with 
6-month median overall survival [8]. Thus, the identification 
of molecular factors that influence melanoma metastasis is 
crucial in developing effective therapy for this cancer.

Several signaling pathways have been identified as major 
drivers in the pathogenesis of melanoma, including MAPK, 
WNT, and PI3K, all of which play central roles in cancer 
cell proliferation and growth [9]. N-RAS and BRAF acti-
vating mutations are also observed in ~ 13–25% [10–12] 
and ~ 50% [13, 14] of cutaneous melanoma, respectively. 
More recently, it is increasingly recognized that pathways 
involved in energy metabolism, including PI3K, c-MYC, 
TP53, and HIF-1α, affect initiation and progression of skin 
cancers and determine tumor responses to targeted therapies 
[15]. Glucose metabolism provides energy source for cel-
lular activities and is critical for the normal operation of the 

 *	 Xuejun Zhang 
	 zhang.xuejun@zs-hospital.sh.cn

1	 Department of Plastic Surgery, Zhongshan Hospital, Fudan 
University, Fenglin Rd No.180, Shanghai 200032, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s12094-023-03096-7&domain=pdf
http://orcid.org/0000-0002-1757-5172


2184	 Clinical and Translational Oncology (2023) 25:2183–2191

1 3

body [16–18]. However, in tumor cells, glucose metabolism 
is altered, shifting from oxidized glucose to aerobic glycoly-
sis, a phenomenon called the Warburg effect [18, 19]. Past 
studies have uncovered a large number of metabolic profiles 
in cancer cells, in which high glycolytic activity was consist-
ently observed in fast-growing cells [20, 21]. The reliance of 
cancer cells on aerobic glycolysis—which is an ineffective 
metabolic pathway for energy metabolism—amidst avail-
ability of sufficient oxygen results in alterations of energy 
metabolism that favor cancer cell growth and proliferation.

Phosphofructokinase (PFK) is an enzyme that converts 
fructose-6-phosphate to fructose-1,6-diphosphate in an irre-
versible manner [18, 19] and is a major rate-limiting enzyme 
in glycolysis. There are three isoforms of PFK, one of which 
is the platelet-specific isoform, or PFKP, which plays a cru-
cial role in several cancers, including breast cancer [22], 
glioblastoma [23], renal clear cell carcinoma [24], pancreatic 
cancer [25], and oral squamous cell carcinoma [26]. How-
ever, the precise function of PFKP in melanoma, has not 
been explored. In this study, we uncover a notable role of 
PFKP and glycolysis in promoting melanoma cell prolifera-
tion and tumorigenicity.

Materials and methods

Bioinformatics

Survival analysis was performed on UALCAN website 
(http://​ualcan.​path.​uab.​edu/​analy​sis.​html) using The Cancer 
Genome Atlas (TCGA) dataset. First, selecting the TCGA 
analysis on the main page of UALCAN website; then, typing 
PFKL, PFKM, and PFKP genes and choosing Skin cutane-
ous melanoma; after click the explore button, the related 
analysis links were exhibited including survival analysis.

Human samples

101 Human melanoma tissues were collected from Zhong-
Shan Hospital subjected to immunohistochemistry (IHC) 
to analyze PFKP protein expression. All patients provided 
signed, informed consent.

Cell culture

Human melanoma cells, including A2058, A375, SKMEL1, 
and SKMEL-28, and normal melanocytes HEMn-MP and 
HEMn-DP were provided by the cell bank of Shanghai 
Biology Institute (Shanghai, P.R. China) and maintained in 
DMEM media (Trueline, Kaukauna, WI, USA) containing 
10% FBS (Thermo Fisher Scientific), 2 mM 1-glutamine, 
and 1% penicillin/streptomycin (Solarbio, Beijing, P.R. 
China). Cells were incubated under a 5% CO2 at 37 ºC. 

A2058 and A375 were characterized as more aggressive 
phenotype with high proliferation, migration and invasion 
ability, while SKMEL-28 was characterized as less aggres-
sive phenotype.

Quantitative polymerase chain reaction (qRT‑PCR)

TRIzol Reagent (Invitrogen, Waltham, MA, USA) was used 
to extract total RNA. A cDNA synthesis kit (Thermo Fisher 
Scientific, Waltham, MA, USA) was used to reverse tran-
scribe RNA into cDNA per instructions of the manufacturer, 
and real-time PCR was carried out with the following con-
ditions: 95 °C for 10 min followed by 40 cycles of 95 °C 
for 15 s and 60 °C for 45 s. Samples were normalized to 
GAPDH, and the 2−∆∆Ct method was used to calculate rela-
tive gene expression. Data represent the average of three rep-
licates. The following primers were used: PFKP, F: 5′-TCA​
CAC​CGC​TTC​CCT​TGT​C-3′, R: 5′-CTT​CTG​CAC​GGC​CTC​
CTT​ATC-3′. GAPDH, F: 5′-AAT​CCC​ATC​ACC​ATC​TTC​
-3′, R: 5′-AGG​CTG​TTG​TCA​TAC​TTC​-3′.

Western blot

Western blot was performed as previously described. The 
following primary antibodies were used: PFKP (Ab204131, 
Abcam, UK), PCNA (Ab92552, Abcam, UK), and β-actin 
(#4970, CST, USA), followed by secondary anti-mouse IgG 
antibody (1:1000, Beyotime, Shanghai, P.R. China). An 
enhanced chemiluminescence system (Tanon, Shanghai, 
P.R. China) was used to detect protein expression.

Knockdown and overexpression

For knockdown studies, short hairpin interfering RNAs 
(shRNAs) targeting human PFKP (shPFKP-1 (site: 
212–230): 5′-CCA​AGG​TGT​ACT​TCA​TCT​A-3′; siPFKP-2 
(site 795–815), 5′-GGA​GCA​GAT​GTG​TGT​CAA​A-3′; and 
siPFKP-3 (1280–1298) 5′-GCA​ACG​TAG​CTG​TCA​TCA​
A-3′), along with a negative control siRNA (siNC, 5′-UUC​
UCC​GAA​CGU​GUC​ACG​UTT-3′) (Major Industrial Co., 
Ltd, Shanghai, China), were designed and constructed into 
pLKO.1 lentiviral plasmids. For overexpression studies, 
PFKP (NM_002627.5) cDNA was cloned into pLVX-puro 
lentiviral plasmid, and a mock plasmid was used as a nega-
tive control. Plasmid transfection into prostate epithelial 
cells was carried out using Lipofectamine 2000 per manu-
facturer’s instruction. Cells were cultured for 48 h prior to 
analysis.

Cell proliferation

Cell Counting Kit-8 (CCK-8) (Signalway Antibody, Mary-
land, USA) was used to quantify proliferation. Following 0, 
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12, 24, and 48 h in culture, cells were given CCK-8 solution-
containing media (1:10) and incubated for 1 h. Cell prolifer-
ation was determined by measuring optical densities (ODs) 
at 450 nm wavelength on a microplate reader (Pulangxin, 
Beijing, P.R. China). Each experiment was conducted in 
triplicates.

ATP and lactic acid analysis

The concentrations of ATP and lactic acid were analyzed 
using commercial kits (Nanjing Jiancheng Bioengineer-
ing Institute, Nanjing, China) following instructions from 
the manufacturers. Briefly, treated cells were collected 
and diluted accordingly. After setting the blank control 
and standard control, the samples were incubated with the 
reagent provided in the kit accordingly. Finally, the ATP 
and lactic acid level were determined by measuring ODs at 
636 nm and 530 nm, respectively.

Glycolytic assay

A2058, A375, and SKMEL-28 cells were plated into 24-well 
plates, washed, then cultured in XF Base Medium contain-
ing L-glutamine (2 mM) and glucose (25 mM). An XFe24 
Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, 
MA) was used to measure extracellular acidification rate 
(ECAR).

Immunohistochemistry (IHC)

F r e s h ly  o b t a i n e d  t i s s u e  b l o ck s  ( No r m a l ly 
1.0 cm × 1.0 cm × 0.2 cm) were fixed with 10% formalin 
and embedded in a mold, then sliced, and conventionally 
de-waxed into water. Immunohistochemistry was performed 
as previously described and images were obtained using a 
microscope. Positive areas of PFKP (ab110283, Abcam, 
UK) were calculated.

Xenograft model

Nude mice (4–6 weeks old) from the Shanghai Laboratory 
Animal Company were randomly divided into two groups: 
shNC and shPFKP. SKMEL-1 cells transfected with 100 µL 
shNC or shPFKP (5 × 106 cells) were injected into nude mice 
(n = 6 in each group) subcutaneously. After tumor formation 
on day 12, tumor growth in both groups was monitored until 
day 33. On day 33, tumor samples were collected and tumor 
weight (g) recorded. PCNA expression was evaluated by 
IHC using antibody against Rb PCNA (10205-2-AP, Pro-
teintech, USA). Care of animal and experimentation were 
approved by the ethics committee of ZhongShan Hospital. 
All procedures were performed according to internationally 
accepted ethical guidelines.

Statistical analysis

GraphPad Prism Software Version 7.0 (La Jolla CA, USA) 
was used for data statistics and analysis. Data were shown 
as mean ± SD and represented three replicates. t test analysis 
was used to compare data between two groups. A one-way 
analysis with Tukey’s post hoc test was used to compare 
data among multiple groups. A p value < 0.05 was deemed 
statistically significant.

Results

PFKP is upregulated in human melanoma tissues

Using the TCGA database, we analyzed different phospho-
fructokinase (PFK) enzymes, including PFKL, PFKM, and 
PFKP, in melanoma tissues and their correlation with patient 
survival. As shown in Fig. 1A, PFKL expression did not 
show significant correlation with melanoma patient survival. 
Similarly, no significant correlation was noted between 
PFKM expression and melanoma patient survival (Fig. 1B). 
On the other hand, increased PFKP expression strongly 
correlated with reduced survival of melanoma patients 
(Fig. 1C). Immunohistochemistry confirmed upregulation 
of PFKP in melanoma tissues compared with corresponding 
para-cancerous tissues (Fig. 1D), suggesting a potential role 
in melanoma progression.

PFKP silencing inhibited human melanoma cell 
proliferation and glycolytic activity

We examined PFKP mRNA expression in different human 
melanoma cell lines, including A2058, A375, SKMEL-1, 
and SKMEL-28, compared to HEMn-MP and HEMN-DP 
normal melanocytes. As indicated in Figure S1A, upregula-
tion of PFKP mRNA was noted in all 4 melanoma cell lines 
compared to HEMn-MP and HEMn-DP normal melano-
cytes (Figure S1A–B), with A375 cells displaying the high-
est mRNA expression of PFKP, followed by A2058 (Figure 
S1A). We, therefore, used these two cell lines to knockdown 
PFKP in vitro to further evaluate the functions of PFKP. 
As shown in Figure S1C–D, knockdown of PFKP using 
three different short interfering RNAs (shRNAs) dramati-
cally decreased PFKP mRNA and protein levels (p < 0.001), 
indicating efficiency of knockdown.

We then evaluated how PFKP knockdown affected 
cell proliferation in  vitro. As shown by cell-counting 
kit (CCK)-8 assay, silencing of PFKP strongly inhibited 
proliferation of A375 and A2058 cells (Fig. 2A–B) after 
48 and 72 h (p < 0.001). In addition, PFKP knockdown 
suppressed the growth of melanoma cells as indicated by 
colony-forming assay (Fig. 2C). Consistent with its role 
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in glycolysis, knockdown of PFKP significantly reduced 
the levels of lactic acid and ATP (Fig. 2D) and extracel-
lular acidification rate (ECAR, p < 0.001). Together, these 
results demonstrate that PFKP increases proliferation and 
glycolytic activity of human melanoma cells.

Knockdown of PFKP suppressed tumorigenic 
properties of melanocytes in vivo

To probe the function of PFKP in vivo, stable SKMEL-1 
cells with or without PFKP knockdown were generated by 
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Fig. 1   PFKP expression is elevated in human melanoma tissues. A–C 
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expressing shPFKP or shNC, respectively. Cells were then 
injected into nude mice (n = 6 in each group) subcutane-
ously. After formation of tumors on day 12, tumor growth 
in both groups was monitored until day 33, on which day 
mice were sacrificed and tumors were harvested. Interest-
ingly, knockdown of PFKP in SKMEL-1 cells slowed down 
tumor growth (p < 0.001) in vivo (Fig. 3A), resulting in 
decreased size of tumors (Fig. 3B) and reduced tumor weight 
(Fig. 3C, p < 0.001). Moreover, PFKP knockdown resulted 
in decreased expression of the proliferating cell nuclear 
antigen (PCNA), as shown by immunostaining and Western 
blot (Fig. 3D–E). These data demonstrate that PFKP induces 
tumorigenicity of melanoma cells in vivo.

PFKP overexpression stimulated proliferation 
and glycolysis of human SKMEL‑28 cells

To further establish the functions of PFKP in regulating cell 
proliferation and glycolysis, we used the human melanoma 
cell line SKMEL-28, which displayed the lowest mRNA and 
protein levels of PFKP among melanoma cell lines examined 

(Figure S1A-B), to generate stable cells with PFKP over-
expression or control vector. Increased mRNA and protein 
levels of PFKP in PFKP-overexpressing SKMEL-28 cells 
confirmed efficiency of overexpression (Figure S1E–F).

PFKP overexpression markedly enhanced proliferation 
of SKMEL-28 cells after 72 h (Fig. 4A,  p < 0.001), and 
resulted in increased colony formation (Fig. 4B). Moreover, 
overexpression of PFKP in SKMEL-28 cells elevated the 
levels of lactic acid and ATP (Fig. 4C–D,  p  < 0.001), and 
increased ECAR (Fig. 4E), indicating regulation of glyco-
lysis by PFKP.

Inhibition of glycolysis augmented the effects 
of PFKP knockdown in vitro

To determine how inhibition of glycolysis affected PFKP-
mediated functions, human A375 cells were treated with the 
glycolysis inhibitor 2-deoxy-D-glucose (2-DG). As shown 
in Fig. 5A, treatment with 2-DG inhibited proliferation of 
A375 cells at 48 h and 72 h compared to vehicle-treated 
cells, and further decreased proliferation in A375 cells with 
PFKP knockdown (p < 0.001). Likewise, treatment with 
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2-DG reduced ATP and lactic acid levels in A375 cells 
(Fig. 5B–C), and further reduced these levels in A375 cells 
with PFKP knockdown (p < 0.001). Furthermore, 2-DG 
treatment markedly diminished ECAR in A375 cells and 
even more dramatically in A375 cells with PFKP knock-
down (Fig. 5D), indicating that inhibition of glycolysis and 
knockdown of PFKP can potently inhibit melanoma cell 
proliferation and glycolysis.

2‑DG treatment further reduced tumorigenicity 
of PFKP‑silenced melanoma cells in vivo

Finally, we examined how 2-DG treatment affected tumori-
genicity of melanoma cells in vivo. Stable SKMEL-1 cells 
with or without PFKP knockdown that were subjected to 
either vehicle or 2-DG treatment were injected subcutane-
ously into nude mice, then tumor growth was monitored for 
33 days. 2-DG treatment strongly suppressed tumor cell 
proliferation (Fig. 6A,  p  < 0.001), resulting in significantly 
reduced tumor size (Fig. 6B). The effect on melanoma cell 
proliferation was observed even more dramatically in com-
bination with PFKP knockdown (Fig. 6C), indicating that 

inhibition of glycolysis and suppression of PFKP expression 
have a potent combined effect in blocking tumorigenicity.

Discussion

Previous studies have emerged demonstrating a key role of 
the glycolysis regulator PFKP in cancer development, as 
observed in studies on breast cancer, bladder cancer, gli-
oma, pancreatic cancer, and renal cell carcinoma [22–26]. 
Our study uncovered that FPKP also plays a central role in 
melanoma progression. Specifically, we found that PFKP 
expression was elevated in human melanoma tissues, and 
higher expression level of PFKP was observed in A375 cell 
line which was characterized as more aggressive pheno-
type according to Melanoma Aggressiveness Score, while 
lower PFKP was observed in SKMEL-28 cell line which 
was characterized as less aggressive phenotype, indicating 
the oncogene role of PFKP. Moreover, inhibition of PFKP 
strongly inhibited melanoma cell proliferation and glyco-
lysis in vitro, while overexpression of PFKP displayed the 
converse effects. In vivo, knockdown of PFKP reduced 
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tumorigenicity, and this effect was further augmented 
upon 2-DG treatment, indicating that inhibition of PFKP 
and glycolysis potently suppressed melanoma progression. 
Consistently, PFKP has been found to be highly evaluated in 
breast cancer and lung cancer, associated with poor survival. 
Hence, our results add to the growing body of evidence sup-
porting tumor-promoting function of PFKP.

Melanoma is an extremely aggressive tumor that dis-
plays metabolic plasticity [27]. During cancer progres-
sion, malignant melanocytes can generate ATP levels via 
cytosolic and mitochondrial compartments, but mostly 
rely on glycolysis for energy to sustain tumor develop-
ment and immune escape [27]. Evidence supports that 
metabolism is a critical player in the emergence of drug-
resistant cells [15], so combining targeted therapies with 
drugs that target factors involved in energy metabolism 
may yield promising results for melanoma treatment. Our 

results demonstrate that PFKP increases proliferation and 
glycolytic activity of melanoma cells in vitro, as well as 
promotes melanoma cell tumorigenicity in vivo. Thus, our 
data add to the body of evidence indicating tumor-pro-
moting function of PFKP likely via regulation of glucose 
metabolism [28–30]. Moreover, our findings underscore 
the potential of PFKP as a target for cancer therapy.

Our findings raise important questions for future study. 
For instance, the upstream regulator or mechanism respon-
sible for the upregulation of PFKP in melanoma tissues 
requires investigation. In breast cancer, it has been noted 
that BRCA1/ZBRK1 transcriptionally represses PFKP 
[31] while in glioblastoma, it has been demonstrated that 
protein kinase B (AKT) stabilizes PFKP to promote tum-
origenesis [23]. Whether these proteins are involved in 
regulating PFKP expression in melanoma remains to be 
investigated. The identification of proteins and molecular 
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Fig. 5   Inhibition of glycolysis augmented the effects of PFKP knock-
down in vitro. A Proliferation of shNC- or shPFLP-expressing A375 
cells ± 2-DG treatment was evaluated by CCK-8 assay. *p < 0.05, 
***p < 0.001. B–C Treatment with 2-DG decreased ATP and lac-

tic acid levels in shPFKP-transfected A375 cells. ***p < 0.001 
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factors that interact with PFKP will be a critical step 
toward understanding how this protein can be targeted for 
cancer treatment.
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