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Abstract 

PFKP (Phosphofructokinase, Platelet Type isoform), as an essential metabolic enzyme, contributes to the 
high glycolysis rates seen in cancers while its role in oncogenic pathways, especially from a non-metabolic 
aspect, is not fully understood. We found that PFKP was highly expressed in NSCLC and was related to 
poor patient survival. Knockdown of PFKP significantly inhibited cell proliferation, colony formation, 
invasion, and migration of NSCLC cells. Nanoparticles-mediated PFKP silencing can inhibit tumor growth 
in vivo. Mechanistically, we found that PFKP can bind with AXL and promote its phosphorylation at Y779, 
thus activating the AXL signaling pathway and promoting MET phosphorylation. In addition, several 
glycolysis, glutaminolysis, and TCA cycle proteins were downregulated following PFKP silencing. PFKP 
has an oncogenic role in cancer progression in vitro and in vivo. Beyond its known role in glycolysis, PFKP 
also has a non-metabolic function in affecting lung cancer progression by interacting with the AXL-MET 
axis, thus indicating a potential therapeutic target for lung cancer. 

Keywords: lung cancer, glycolysis, PFKP, AXL, MET. 

Introduction 
Lung cancer is the leading cause of 

cancer-related deaths in both males and females, and 
almost one-quarter of all cancer deaths are due to lung 
cancer[1, 2]. Non-small cell lung cancer (NSCLC) 
accounts for more than 80% of all lung cancers. 
Despite improvement with new clinical management, 
the 5-year survival rate of lung cancer remains only 
19%[2]. Cancer often demonstrates distinct metabolic 

properties, with tumor cells preferring to perform 
anabolic metabolism despite its low energy 
conversion efficiency[3-5]. Several studies have 
examined how this anabolic preference contributes to 
cancer progression[6], and many glycolysis-related 
enzymes have also been reported to have 
non-metabolic activities that are essential for cellular 
function as well as cancer progression[7], suggesting 
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hyperactivation of the glycolytic pathway in cancer 
has more than just metabolic consequences. However, 
the mechanism of how the hyperactivation of the 
glycolytic pathway might contribute to cancer-related 
signaling has not been fully understood.  

PFKP (Phosphofructokinase, Platelet Type) is 
one of the three isoforms of PFK1, an enzyme that 
catalyzes the rate-limiting step of glycolysis, and its 
high expression strongly promotes cell anabolic 
metabolism[8]. PFK1 is a tetramer composed of PFKP 
(platelet isoform), PFKM (muscle isoform), and PFKL 
(liver isoform), it can be either homo tetramer or 
hetero tetramer, and the composition of the PFK1 
tetramer varies depending on the tissue and cell 
types[9]. Of these three isoforms, PFKP has been 
identified to have distinct high expression in 
tumors[10, 11]. Recently, PFKP has been reported to 
be both a mediator of cancer cell metabolism and 
promote the development and progression of many 
types of cancer[12], including breast cancer[13, 14], 
oral cancer[15], glioblastoma[16, 17], kidney 
cancer[18], and lung cancer[19, 20]. Though the 
biological functions of PFKP in lung cancer have been 
elucidated, the mechanism of its relationship with 
specific oncogenic pathways is not fully understood.  

Receptor tyrosine kinases (RTKs) play an 
important role in a variety of cellular processes 
including cell proliferation, migration, and 
metabolism, and its dysregulation is tightly related to 
multiple types of cancers including NSCLC[21]. MET 
(MET proto-oncogene, Receptor Tyrosine Kinase) and 
AXL (AXL Receptor Tyrosine Kinase, Anexelekto) 
belong to the RTK family of kinases and are important 
therapeutic targets for NSCLC[22, 23]. AXL has two 
phosphorylation sites necessary for its activation, 
Y702 and Y779. Previous studies have shown that 
Y702 mainly undergoes ligand-dependent autophos-
phorylation while Y779 phosphorylation involves the 
interaction of AXL with other kinases[24]. The 
ligand-independent Y779 phosphorylation of AXL 
can be triggered by other types of RTKs, including 
EGFR (Epidermal Growth Factor Receptor)[25], 
ErBb2[26], ErBb3[27], and MET[28, 29], while the 
activated AXL can also promote the activation of the 
interacting RTK. This heterodimerization-dependent 
activation mechanism of RTKs is widespread in 
cancers and is important for both cancer development 
and progression. 

To extend PFKP potential applications and 
facilitate translation, we developed nanoparticles 
(NPs)[30] to encapsulate PFKP siRNA. Those NPs 
leverage the disparity in reductive agent glutathione 
(GSH) concentrations between the cytoplasm and 
extracellular fluid. When NPs exposed to elevated 
cytoplasmic levels of GSH, the release of PFKP siRNA 

was triggered through a redox mechanism. This 
targeted delivery effectively suppresses PFKP 
expression in vivo, consequently impeding tumor 
growth. 

In this study, we found that the PFKP expression 
level was higher in lung cancer and correlated with 
unfavorable survival. PFKP knockdown with siRNAs 
decreased cell proliferation, colony formation, 
invasion, and migration in vitro. Further, 
NPs-mediated PFKP silencing inhibited tumor 
growth in vivo. PFKP could bind with AXL and 
promote its phosphorylation at Y779, which may 
further activate MET via the heterodimerization of 
MET and AXL. In addition, several glycolysis, 
glutaminolysis, and TCA cycle proteins were 
decreased after PFKP knockdown. These results 
indicate that PFKP may play a critical role in lung 
cancer progression not only through the metabolic 
pathway but also via an oncogenic mechanism. This 
could potentially provide a new therapeutic strategy 
for lung cancer therapy. 

Materials and Methods 
Cell lines and cell culture 

A549, H1299, H838, and H1975 cell lines were 
obtained from ATCC (Supplementary Table S1). All 
cell lines were maintained in RPMI 1640 (Gibco) 
supplemented with 10% FBS (Gibco) and 1% 
antibiotic agents and cultured at 37°C in a 5% CO2 cell 
culture incubator. For cell passage, after discarding 
the medium, plates were washed with PBS (Gibco, pH 
7.4), and digested using 0.05% trypsin-EDTA (Gibco) 
for 5 min at 37°C, before stopping the digestion by 
adding a double volume of medium. The cells were 
then centrifuged at 1000 RCF for 3 min, the 
supernatant discarded, and the cells then 
resuspended using medium before addition to new 
plates with complete medium for further culture. 

Published microarray and RNA-Seq data 
collections 

Four groups of microarray data were 
downloaded from NCBI Gene Expression Omnibus 
(Hou: GSE19188[31], Shedden: GSE68465[32], Landi: 
GSE10072[33]), TCGA and GTEx data were 
downloaded from GEPIA[34]. RNA-seq datasets were 
downloaded from three publications including Seo 
(87 AD)[35], Collisson (312 AD)[36], and 
Dhanasekaran (67 AD)[37]. Expression levels of 
transcripts were represented as reads per kilobase per 
million mapped reads (RPKM)[38]. Human protein 
expression of LUAD tissues was from the CPTAC 
database on UALCAN website[39, 40]. 
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siRNA mediated knockdown 
siRNAs were obtained from Genepharma, the 

sequences of siRNA are listed in Supplementary 
Table S2. Cells were plated at the desired 
concentration 8 hrs before transfection. siRNA was 
dissolved in ddH2O to a concentration of 1µM before 
use. RNA iMAX (Invitrogen) and siRNA were 
dissolved in OptiMEM medium (Gibco) according to 
the manufacturer’s instructions. The working 
concentration of siRNA is 10nM. The knockdown 
efficiency was tested by both Western blot and qPCR.  

Lentiviral transfection 
PFKP expression lentiviral was purchased from 

HANBIO, the vector is LV011-PHBLV-CMV- 
MCS-3FLAG-EF1-T2A-Zsgreen-Puro. PFKP gene was 
labeled with a 3x Flag tag, and the vector expresses 
Zsgreen as well. Transfection was performed 
following the manufacturer’s instructions. H1299, 
H1975, and A549 cells transfected with Flag-PFKP 
overexpression or empty vector (negative control) 
were created as stable cell lines. 

Cell proliferation assay and colony formation 
assay 

For the cell proliferation assay, cells were plated 
in 96 well plates at the desired concentrations, and 
siRNA knockdowns were performed 8 hrs after 
plating, either using PFKP-targeted siRNA or 
non-target siRNA. Five repeats were done for each 
group. Cell viability was tested after 96 hrs of 
transfection using an MTS kit (Promega) according to 
the manufacturer’s instructions.  

For colony formation assay, cells transfected 
with either PFKP-targeted siRNA or non-targeted 
siRNA were seeded in 6-well plates at a concentration 
of 500 cells per well. Cells were cultured at 37°C for 
ten days and the medium was then discarded, fixed in 
100% methanol, stained with 0.1% crystal violet 
(Solarbio), and the number of colonies counted in each 
well.  

Cell invasion and migration assay 
For invasion and migration assays, cells were 

treated with siRNA for 48 hrs and transferred to 
chambers on 24 well plates at 105/0.5ml per well. The 
chambers were plated with (invasion assay) or 
without (migration assay) matrigel, 10% FBS was 
added to the lower chamber as a chemoattractant, and 
the medium above was FBS free. Cells were incubated 
at 37°C for 24 hrs, and the chambers were washed, 
fixed, and stained with crystal violet for observation 
and photographed under the microscope. All the 
groups were performed in triplicate. 

For the wound healing assay, cells were plated in 
6 well plates at 5 *108 per well, treated with siRNA, 
and cells became confluent after 48 hrs. Following 
scratching the plate with pipette tips, the plates were 
washed with PBS and FBS-free medium added. The 
pictures of the plates before and 24 hrs later were 
recorded. All the groups were performed in triplicate.  

RNA extraction and quantitative real-time 
RT-PCR 

Forty-eight hrs after siRNA-mediated 
knockdown, cells were digested, collected and RNA 
isolated using Trizol (Ambion), following the 
manufacturer’s instructions. The RNA was dissolved 
in DEPC-treated H2O (65°C for 10-15 min) and the 
concentration was determined using nanodrop 
(Thermo). The cDNA synthesis and gDNA erase 
protocol were performed using the PrimeScript RT 
reagent Kit with gDNA Eraser (Takara). Quantitative 
real-time RT-PCR (qRT-PCR) was performed using 
TB Green Premix Ex Taq ™ II (Tli RNaseH Plus) 
(Takara) with qTOWER3 (Jena). Each sample was 
analyzed in triplicate, and the housekeeping gene 
beta-actin was used as a loading control. The 
sequences of primers are listed in Supplementary 
Table S3. 

RNA-seq 
For RNA-seq, extracted RNA was sent to 

Genedenovo Biotechnology Co., Ltd (Guangzhou, 
China) for RNA-seq analysis. After the enrichment of 
poly A+ mRNA using magnetic beads with oligo 
(DT), the isolated mRNA was fragmented by 
ultrasound. The first cDNA strand was synthesized 
by reverse transcriptase (PCR) and the second strand 
was synthesized by reverse transcription polymerase 
chain (PCR). The purified double-stranded cDNA was 
treated with terminal repair, A-tail, and sequencing 
adaptor. The 200 bp cDNA was screened by AMPure 
XP beads and PCR amplification was performed. The 
PCR product was purified by AMPure XP beads, and 
finally, the library was obtained and an Agilent 2100 
Bioanalyzer was used to detect RNA integrity. 

FASTP[41] was used to do quality control for 
raw reads, the steps of reads filtering are as follows: 1) 
Remove reads with adapter. 2) Removal of reads 
containing more than 10% N. 3) Remove all a-Base 
reads. 4) Remove low-quality reads (base with mass 
value Q ≤ 20 accounts for more than 50% of the whole 
read). Subsequently, bowtie 2[42], a short reads 
alignment tool, was used to align reads to the 
ribosomal database. HISAT2[43] was used to carry 
out a comparative analysis based on a reference 
genome. According to the comparison results of 
hisat2, STRINGTIE[44] was used to reconstruct the 
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transcripts and RSEM[45] to calculate the expression 
levels of all genes in each sample. Analysis of 
differences between groups was performed by 
DESeq2[46]. 

Protein extraction and immunoblot analysis 
The cells were lysed in RIPA buffer (VETEC) 

supplemented with protease inhibitor PMSF (Cell 
Signaling Tree). The cell lysate was centrifuged, 
protein concentrations were determined using Pierce 
BCA Protein assay kit (Thermo), adding 4x SDS 
loading buffer, and then denatured at 100°C for 10 
min. The proteins were electrophoresed by a 
pre-made SDS page (GenScript) and transferred to 
PVDF membranes (Roche). The membranes were 
blocked in 5% non-fat milk (Difco) and then incubated 
with primary antibodies overnight at 4°C. The next 
day, membranes were incubated with a secondary 
antibody (Cell Signaling Tree) for 1h at room 
temperature, after washing with TBST (Boster), HRP 
substrate (Immobilon) was added before performing 
exposure. Antibodies used in the study are listed in 
Supplementary Table S4. 

Co-immunoprecipitation and mass spectrum 
analysis 

The H1299 cell line with a Flag labeled PFKP 
overexpression or empty vector (negative control) 
was used to prepare lysates. IP lysis buffer (Thermo), 
and anti-flag magnetic beads (Bimake) were added to 
the cell lysate, and subsequent procedures were done 
according to the manufacturer’s instructions. For AXL 
pull down, AXL (C89E7) (Cell Signaling Tree) 
antibody was added to the cell lysate, incubated with 
shaking overnight, and magnetic beads (Invitrogen) 
were added to the lysate, and subsequent steps were 
done according to manufacturer’s instructions. Beads 
were subsequently used for Western blot analysis and 
spectrum analysis. 

For spectrum analysis, beads after washing were 
sent to Wininnovate Bio for 60 min mass spectrum 
analysis. Proteins having 10-fold higher peak areas in 
the FLAG-PFKP group compared to the NC group 
were selected as potential significant interactors of 
PFKP. 

DIA-Mass Spectrometry 
Proteins were identified and quantified using a 

data-independent acquisition (DIA) based Mass 
Spectrometry (MS) method. A spectral library was 
created by analyzing it six times with the 
data-dependent acquisition method (DDA). Sample 
preparation involved the process of protein 
denaturation, reduction, alkylation, tryptic digestion, 
and peptide cleanup. Analytical separation was 

conducted on an Ultimate 3000 HPLC system 
(ThermoScientific). Peptides were analyzed on a 
Fusion Orbitrap mass spectrometer 
(ThermoScientific) equipped with an Easy-nLC 1200 
(ThermoScientific). Raw Data were processed and 
analyzed by Spectronaut X (Biognosys AG, 
Switzerland) with default settings to generate an 
initial target list. Qvalue (FDR) cut off on precursor 
and protein level was applied at 1%. DIA-MS was 
performed by Genedenovo Biotechnology Co., Ltd 
(Guangzhou, China).  

Immunohistochemistry of tissue microarray 
Lung cancer tissue microarray (TMA) 

(HLugA180Su08 and HLugA150CS03) was provided 
by Outdo Biotech Company. The TMA used in this 
study was approved by the Ethics Committee of 
Shanghai Outdo Biotech Company. After the 4µM 
slices on slides were dewaxed in xylene and 
rehydrated in an ethanol series to water, antigen 
retrieval was performed with sodium citrate. One 
sachet of sodium citrate (Solarbio) was dissolved in 2L 
PBS according to the instructions and heated to 
boiling in a microwave oven. Then the slides were 
added with stopping for 1 min for every 5 min of 
heating at 60% heat, repeated 3 times, and cooled 
naturally to room temperature. Endogenous 
peroxidase was blocked with hydrogen peroxide, and 
10% BSA + 10% goat serum was used to block the 
non-specific binding to other antigens. The slides 
were incubated with PFKP antibody (Cell Signaling 
Technology, 1:50 dilution) for 1hr at 37°C, followed by 
antibody detection with a goat anti-rabbit DAB 
detection kit (MaxVision). 

Preparation of nanoparticles (NPs) 
Alkyl-modified polyamidoamine dendrimer 

(G0-C14) was independently synthesized by our 
group, with specific methods described in our 
previous publication[30]. Poly lactic-co-glycolic 
acid-SS-polyethylene glycol (PLGA-SS-PEG), was 
bought from Juling Polymer Technology Co., Ltd. 
(Suzhou, China). PLGA-SS-PEG and G0-C14 were 
dissolved in N, N-dimethylformamide (DMF, 
Sigma-Aldrich) to a concentration of 30 mg/mL and 5 
mg/mL, respectively. PFKP siRNA (siPFKP) and 
Control siRNA (siNT) were diluted to 0.1 ng/μL. 
Subsequently, 200 μL of PLGA-SS-PEG, 50 μL of 
G0-C14, and 10 μL of siPFKP/siNT were mixed. The 
mixture was then slowly added dropwise to 5 mL of 
deionized water under high-speed stirring (1000 
rpm). The solution was transferred to an 
ultrafiltration membrane (EMD Millipore, MWCO 100 
K) and separated by centrifugation (2800 rpm/min). 
Following separation, the nanoparticles were washed 
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twice with 10 mL of deionized water (final volume 
less than 500 μL), and the nanoparticles (NPs) were 
collected for further use. 

Mouse xenograft model 
Nude mice were procured from GemPharmatech 

Co., Ltd (Jiangsu, China). All animal experimental 
procedures were ethically approved by the 
Institutional Animal Care and Use Committee of the 
Southern University of Science and Technology. 
H1975 cells were digested, counted, and resuspended 
in a small volume of RPMI 1640. They were then 
mixed with a low-density matrix gel (Corning) in a 4:1 
ratio. Subsequently, 100 μL of the mixture containing 
6×105 cells was injected subcutaneously into the right 
posterior axilla of each mouse to establish the lung 
cancer xenograft model. 

 In vivo biodistribution analysis  
The mouse xenograft models were randomly 

divided into two groups (n=4) when the tumor 
diameter reached approximately 1.5 cm. The two 
groups were intravenously injected with Free 
siRNA-Cy5 (Naked group) or siRNA-Cy5 loaded by 
NPs (NPs group). Each mouse received a dose of 1 
nmol of siRNA-Cy5. After 24 hours, the distribution 
of siRNA-Cy5 was observed using the IVIS® Imaging 
system (Perkin Elmer, UK). Subsequently, the mice 
were euthanized, and tumors along with major 
organs were collected. The fluorescence of the tumors 
and different organs was observed and compared 
between the two groups. 

Inhibition of tumor growth  
Following the same procedure as described 

above, a lung cancer xenograft model was established. 
Mouse xenograft models were randomly divided into 
three groups (n=6) when the tumor diameter reached 
approximately 0.5 cm. These groups received separate 
intravenous injections: NPs containing non-targeting 
siRNA (siNT), siRNA targeting PFKP (siPFKP), and 
NPs (siPFKP). Each mouse in the siPFKP group 
received a dosage of 1 nmol of siPFKP every other 
day, totaling 5 doses administered. Tumor size and 
mouse weight were monitored every 3 days. Tumor 
volume was calculated using the formula: V = 0.52 × L 
× W2 (where L represents the longest diameter and W 
represents the shortest diameter). The experimental 
endpoint was set at the largest tumor volume 
reaching 2000 mm3. At the experimental endpoint, 
mice were sacrificed, and subcutaneous tumors and 
organs were dissected, observed, and weighed. 

Statistical analysis 
All data analysis was performed using 

GraphPad Prism 8 (GraphPad software) and Excel. 
Kaplan-Meier survival curves were done in the 
GraphPad Prism 8. Heatmaps were done in cluster 3.0 
software and viewed in Tree View software. Data 
from proliferation assays and colony formation assays 
were analyzed using one-way ANOVA, with a 
p-value < 0.05 was considered statistically significant. 
Metascape[47] and DAVID[48] were used for GO, 
KEGG, and Reactome enrichment analysis, with the 
p-value cut-off set as 0.05. 

Results 
PFKP is highly expressed in cancer tissues and 
its high expression is associated with poor 
patient survival 

Cancer cells show a preferential dependence on 
glycolysis, even though it is less efficient than 
oxidative phosphorylation in terms of ATP 
production. This oxygen-independent manner called 
the Warburg effect, is essential for cancer origination 
and progression[3]. This distinct glycolysis pathway 
in cancer has been proposed as a target for cancer 
therapy[49]. However, the specific mechanism 
underlying the high activation of the glycolysis 
pathway favoring cancer progression, particularly 
those involving non-metabolism-related aspects, has 
not been elucidated. To find the potential links 
between high-level glycolysis and cancer progression, 
we analyzed the expression of 56 glycolytic genes in 
lung cancer samples from TCGA[50] lung 
adenocarcinomas (LUADs) and GTEx[51] normal 
lung tissue data to identify glycolytic genes that differ 
significantly between normal lung and lung tumor 
tissues (Fig. 1A and Table S5). Next, by combining 
data from Shedden et al. (442 LUADs[32]), we 
performed gene screening using the following three 
criteria: gene (mRNA) levels are greater than 2-fold 
higher in tumors as compared to normal tissues, 
higher levels of the genes are associated with poorer 
patient survival (p < 0.05), and genes highly expressed 
in lymph node metastasized tumors as compared 
with non-lymph node metastasized tumors (p < 0.05). 
We found that PFKP met all the three criteria very 
well. PFKP mRNA shows higher expression in LUAD 
(Fig. 1A), higher expression in tumors with lymph 
node metastatic status (Fig. 1B), and higher PFKP 
level was associated with poorer patient survival (Fig. 
1C). We next examined PFKP mRNA expressions in 
other datasets. We found PFKP expression was also 
significantly higher in tumors in data from Hou et 
al.[31] (Fig. 1D) and Landi et al.[33] (Fig. 1E). In 
Shedden data, PFKP mRNA was higher in tumors 
with Stage 2 and 3 as compared to Stage 1(Fig. 1F), 
and higher in tumors with moderate and poor 
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differentiation as compared to good differentiation 
(Fig. 1G). In addition, we further verified using TCGA 
data and observed that PFKP mRNA expression was 
higher in LUAD and LUSC (compared with matched 
normal lung tissues) (Fig. 1H), and higher expression 
was associated with poor survival in LUAD (Fig. 1I) 
and other multiple types of tumors in TCGA data 
(Fig. S1A-G).  

PFKP protein expression data from primary lung 
tumors measured by mass spectrometry was available 
on the UALCAN website[39, 40]. It was higher in lung 

adenocarcinoma as compared to normal lung tissue, 
as well as higher in poorly differentiated tumors (Fig. 
S1H and I). These data demonstrated that PFKP, as a 
glycolytic gene, may have an essential oncogenic role 
in cancers.  

Interestingly, we found that the PFKP mRNA 
level is higher in smokers than in non-smokers in 
LUAD (p < 0.001). PFKP mRNA level is also higher in 
reformed smokers (>15 years) than in non-smokers (p 
< 0.001) (Fig. S1J). 

 

 
Figure 1. PFKP shows high expression in lung cancer and correlates to poor patient prognosis. A. Scatter plot of mRNA expression for 56 glycolytic genes in lung 
adenocarcinomas (LUADs) and fold changes of tumor/normal (data from TCGA LUAD and GTEx normal). B. PFKP mRNA expression in tumors with lymph node metastasis 
status (data from Shedden et al.). C. Kaplan-Meier survival curves with a log-rank test of PFKP in Shedden data (442 LUADs). D. E. PFKP mRNA expression levels in lung tumor 
(T) and normal (N) tissue samples in data from Landi et al. and Hou et al. LCC (large cell) and SCC (squamous cell), ***: p<0.001. F. G. PFKP mRNA expression in tumors with 
stage and differentiation (data from Shedden et al. with 442 LUADs samples), **: p<0.01, ***: p<0.001. H. PFKP mRNA expression levels in LUAD, LUSC, and with matched 
normal tissue samples in data from TCGA (GEPIA web: http://gepia.cancer-pku.cn). I. Kaplan-Meier survival curves with a log-rank test of PFKP in TCGA (GEPIA web) data 
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PFKP protein expression is higher in human 
lung cancer specimens and mRNA-correlated 
genes are involved in cell cycle, glycolysis, and 
cancer-related pathways  

To determine if PFKP is important in human 
lung cancer progression, we performed PFKP protein 
expression and KEGG pathway analysis based on 
human lung specimens. We first performed 
immunohistochemical (IHC) staining for PFKP 

protein using a lung tissue microarray containing 98 
lung adenocarcinoma samples (Fig. S2A). The results 
showed that the PFKP protein was highly expressed 
in lung adenocarcinomas (Fig. 2A-G), and higher 
expression of the PFKP protein was related to poor 
patient survival in lung cancer (Fig. 2H). PFKP 
protein staining was mainly present in the cytoplasm 
which was consistent with Western blotting in Fig. 
S2B. 

 

 
Figure 2. PFKP protein expression is higher in human lung cancer specimens and mRNA-correlated genes are involved in cell cycle, glycolysis, and 
cancer-related pathways. A-F. Representative images of IHC from lung TMA with scores 0-3. The scare bar represents 100µm. G. Summary of IHC score of the TMA. H. 
Kaplan-Meier survival curves with a log-rank test of PFKP protein expression from IHC of the TMA (score 0+1 vs. 2+3). I. KEGG pathway analysis based on PFKP correlated 
genes from LUAD specimens. J. Genes in several important KEGG pathways. 



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

6063 

Next, we performed the Pearson correlation 
analysis between PFKP and other genes (mRNA) 
using three LUAD datasets including Seo (87 AD)[35], 
Collisson (312 AD)[36], and Dhanasekaran (67 
AD)[37]. We selected the correlated genes based on 
the average r-value of these 3 datasets. There were 564 
genes significantly positively correlated to PFKP in 
LUAD (Pearson correlation r >=0.25, n=466, p <0.001). 
We performed the KEGG pathway analysis using the 
DAVID website[48] using these 564 genes. The results 
showed that cell cycle and glycolysis/ 
gluconeogenesis pathways were on the top list. HIF-1 
signaling, P53 signaling, DNA replication, pathways 
in cancer, and metabolic pathways were also involved 
in PFKP-related genes (Fig. 2I). The genes involved in 
the cell cycle, glycolysis/gluconeogenesis, HIF-1, and 
pathways in cancer are listed in Fig. 2J. These results 
indicate that PFKP may play an important role in the 
clinical behavior of human lung cancer. 

PFKP plays an oncogenic role in lung cancer 
progression in vitro 

To explore the biological function of PFKP on 
lung cancer cells in vitro, we knocked down PFKP 
using siRNAs and verified its knockdown efficiency 
by Western blot (Fig. 3A). We found that the cell 
proliferation and colony formation were significantly 
inhibited upon PFKP knockdown (Fig. 3B-F) as 
previously reported[19]. The cell colony formations 
were significantly increased upon ectopic PFKP 
overexpression in lung cancer cell lines (Fig. 3G-J). 
Knocking down PFKP in NSCLC has been reported to 
decrease cell invasion and migration of H1299 and 
A549[20]. We performed a transwell assay and wound 
healing assay using the H838 cell line and found that 
cell invasion through Matrigel-coated membranes 
was significantly decreased upon PFKP knockdown 
as compared with the cells treated with nontarget 
control siRNA. Cell migration was also inhibited after 
the knockdown of PFKP (Fig. 3K and L). In line with 
transwell assay results, the wound healing assay 
showed that cells having PFKP silenced have a lower 
speed of healing compared with no target siRNAs 
transfected group (Fig. S3A and B). In contrast, the 
rate of wound healing in H1299 cells was accelerated 
after PFKP overexpression (Fig. S3C and D). These 
data suggest that PFKP contributes to lung cancer 
progression and metastasis through increases in cell 
proliferation, invasion, and migration. 

NPS-mediated PFKP silencing inhibits lung 
tumor growth in vivo 

The process of NPs is described in Fig. S4. We 
first explore if NPs have the potential for in vivo 
delivery due to their circulation stability and 

tumor-targeting capabilities. To explore the 
biodistribution of NPs, siRNA labeled with Cy5 was 
loaded into PLGA-SS-PEG and intravenously 
administered into a lung cancer xenograft model. As 
depicted in Fig. 4A, NPs (siRNA-Cy5) aggregated 
significantly more at the tumor site compared to the 
free siRNA group (Fig. 4A), with statistical differences 
observed (Fig. 4B). The siRNA-Cy5 loaded into 
PLGA-SS-PEG demonstrated enhanced in vivo 
stability (Fig. 4C). These findings were consistent 
upon sacrificing the mice and assessing major organs 
to evaluate the distribution of NPs (Fig. 4D and E). 
Collectively, these results suggest improved 
circulation stability and tumor-targeting capabilities 
of PLGA-SS-PEG, highlighting its potential for in vivo 
delivery. 

Next, we test whether NPs-mediated PFKP 
silencing can inhibit lung cancer growth in vivo. The 
knockdown efficiency of NPs-encapsulated siPFKP on 
PFKP was assessed in vitro, as illustrated in Fig. 4F. 
Subsequently, the impact of NPs-mediated PFKP 
silencing on lung cancer growth was evaluated using 
a mouse xenograft model. The results indicated a 
significant deceleration in tumor proliferation 
following in vivo targeted PFKP knockdown by 
NPs-encapsulated siPFKP compared to the control 
groups of NPs(siNT) and Naked(siPFKP) (Fig. 4G). 
The tumor growth curves, depicting tumor volume at 
various time points, are presented in Fig. 4H, while 
tumors from different groups are visually depicted in 
Fig. 4I, with statistically significant differences 
observed. 

Cancer-related signaling pathways and 
metabolic-related biological processes are 
regulated by PFKP uncovered by RNA-seq and 
DIA-MS analysis in lung cancer cell lines 

To further understand the potentially significant 
role of PFKP in lung cancer progression, we 
performed proteomics and genomic analysis using 
DIA-MS technology and RNA sequencing following 
PFKP knockdown with siRNAs in H838, H1299, and 
A549 lung cancer cell lines.  

In the RNA-seq analysis, we chose genes with 
more than 1.5-fold changes as differential genes upon 
PFKP knockdown and selected overlapping genes in 
both H838 and H1299 cell lines. We obtained 510 
down-regulated genes and 307 up-regulated genes 
upon silencing of PFKP (Fig. S5A-C). Subsequently, 
we performed pathway enrichment analysis using the 
DAVID website[48] using these changed genes and 
found that these 817 differential genes were mainly 
enriched in important metabolic-related biological 
processes and biological processes (Fig. S5D). 
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Figure 3. PFKP affects tumor cell proliferation, colony formation, migration, and invasion. A. siRNA efficiently was able to knock down PFKP in A549 and H838 cell 
lines (72h) measured by Western blot. B. C. Knockdown of PFKP significantly inhibited cell proliferation in A549 and H838, * p<0.05, ** p<0.01, *** p<0.001. D-F. Knockdown 
of PFKP by siRNA leads to a decrease in colony formation in H838, A549, and H1299, lower panel is the relative quantified value of the up panel, *** p<0.001. G-J. The cell colony 
formations were significantly increased upon ectopic PFKP overexpression in A549 and H838 cells, ** p<0.01. K. L. siRNA mediated PFKP knockdown leads to decreased cell 
migration and invasion in H838, the relative value on the right (L), ** p<0.01, **** p<0.0001. The scare bar represents 100µm. 



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

6065 

In the proteomics analysis using DIA-MS 
technology upon PFKP knockdown, we found that 
there are 569 down-regulated proteins, and 558 
up-regulated proteins after PFKP silencing in H1299, 
H838, and A549 cell lines. (Criteria: proteins changed 
(siPFKP/NT) in 2/3 cell lines <0.65, or up >1.5). 
KEGG pathway and GO BP analysis of these 1127 
changed proteins revealed that these proteins were 
enriched in several cancer-related signaling 
pathways, organelle organization, catabolic processes, 
and cell cycle pathways (Fig. 5A and B). Importantly, 
we found that several glycolytic proteins such as 
GLUT1 (SLC2A1, Solute Carrier Family 2 Member 1), 
PGK1 (Phosphoglycerate Kinase 1), ENO2 (Enolase 2), 
PFKFB2/4 (6-Phosphofructo-2-Kinase/Fructose-2,6- 
Biphosphatase), were down-regulated after PFKP 

knockdown (Fig. 5C). Meanwhile, several proteins 
involved in glutaminolysis and TCA cycle such as 
IDH3G (Isocitrate Dehydrogenase (NAD(+)) 3 
Non-Catalytic Subunit Gamma), PDK2 (Pyruvate 
Dehydrogenase Kinase 2), LAT1 (SLC7A5, Solute 
Carrier Family 7 Member 5) and GLS (Glytaminase) 
were also decreased upon PFKP silencing (Fig. 5D). 
When we looked at the mRNA levels of these genes 
from RNA-seq analysis, we found that the mRNAs of 
SLC2A1/GLUT1, PGK1, ENO2, IDH3G, and 
SLC7A5/LAT1 were also decreased upon PFKP 
knockdown (Fig. 5E and F). Both mRNA and protein 
of PFKM and PFKL were not affected by PFKP 
knockdown (Fig. S5E and F). 

 

 
Figure 4. NPs-mediated PFKP silencing inhibits lung tumor growth in xenograft tumor models. A. NPs (siRNA-Cy5) exhibited significantly higher aggregation at 
the tumor site compared to the free siRNA group (Naked). B. Quantitative analysis of the data presented in A (*p < 0.05). C. The siRNA-Cy5 loaded into NPs demonstrated 
enhanced in vivo stability. D. Mice were euthanized, and their internal organs were weighed, and the Cy5 signal was detected. E. Quantitative results derived from the data 
presented in Figure D and divided by organ weight. F. In cell line H1975, 72 hours after transfection using NPs, a Western blot assay was performed to detect the knockdown 
efficiency of PFKP mediated by NPs in vitro. G. Significant deceleration in tumor growth was observed following in vivo targeted PFKP knockdown by NPs-encapsulated siPFKP 
compared to the control groups of nanoparticles (siNT) and naked (siPFKP). H. The graph illustrates the tumor volume at different time points (**p < 0.01). I. Grouped scatter 
plots demonstrate that the weight of tumors after NPs-mediated PFKP knockdown was significantly less than that of controls (**p < 0.01).  
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In support of the in vitro genomic and 
proteomics data, we analyzed the expression of these 
glycolytic genes/proteins in human LUAD tissues 
based on the Seo[35], Collisson[36], and 
Dhanasekaran[37], TCGA, and CPTAC databases 
from UALCAN website[39, 40]. We first analyzed the 
correlation between PFKP and glycolytic genes 

(mRNAs) based on the LUAD database (Seo[35], 
Collisson[36], and Dhanasekaran[37]). In the Pearson 
correlation analysis, we found that 16 glycolytic genes 
(mRNAs) were correlated with PFKP expression 
(n=466, r>0.23, p<0.01) (Fig. S5G), suggesting PFKP 
expression may affect glycolytic genes’ expression.  

 

 
Figure 5. Metabolism and cancer-related signaling pathways are regulated by PFKP uncovered by RNA-seq and DIA-MS analysis in lung cancer cell lines. 
GO BP (A) and KEGG (B) analysis of down and upregulated proteins after PFKP knockdown as measured by DIA-MS. H1299, H838, A549 proteins changed (siPFKP/NT) in 2/3 
cell lines, down <0.65, 569 proteins, up >1.5, 558 proteins. C. D. Several glycolytic proteins and glutaminolysis and TCA cycle proteins were decreased upon PFKP knockdown 
measured by DIA-MS in lung cancer cell lines. E. F. Several glycolytic mRNAs glutaminolysis and TCA cycle mRNAs were decreased upon PFKP knockdown measured by 
RNA-seq in lung cancer cell lines. 
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Next, we analyzed the mRNA expression status 
of the top 6 PFKP-correlated glycolytic genes in 
human LUAD tissues based on the TCGA databases 
from the UALCAN website[39, 40]. We found that 
these 6 genes (mRNAs) were increased in LUAD as 
compared to normal lung tissues (p<0.001) (Fig. 
S5H-M), which has the same direction as PFKP 
mRNA (higher in LUAD). We also analyzed the 
protein expression status of the top 4 PFKP-correlated 
glycolytic proteins in human LUAD tissues based on 
the CPTAC protein databases from the UALCAN 
website[39, 40]. We found that these 4 proteins were 
increased in LUAD as compared to normal lung 
tissues (p<0.001) (Fig. S5N-Q), which has the same 
direction as PFKP protein (higher in LUAD). 

Taken together, by combining DIA-MS, Co-IP, 
and RNA-seq analysis, we found that the metabolism 
and cancer-related signaling pathways were involved 
in PFKP regulation. Importantly, three major 
transporters, GLUT1 for glucose, LAT1 for glutamine, 
and MCT1 for lactate were regulated by PFKP 
through either direct binding and/or transcriptional 
regulation (Fig. S5R). 

AXL binding to both PFKP and MET 
PFKP has been reported to directly interact with 

EGFR[16], which is also a receptor tyrosine kinase. To 
define potential PFKP interacting proteins, we 
performed co-immunoprecipitation (Co-IP) and mass 
spectrum analyses. In H1299 cells transfected with 
Flag-labeled PFKP, we performed a pull-down of 
PFKP using anti-Flag magnetic beads, and the 
interacting proteins were then measured by mass 
spectrometry. We found that 157 proteins are having a 
1.5-fold change (area over-flag-PFKP/vector) with 
p-value > 20 (-log10) (Supplementary Table S6). To 
our surprise, the EGFR protein was not presented in 
the list of PFKP interactors, but another receptor 
tyrosine kinase, tyrosine-protein kinase receptor UFO 
(AXL) emerged (Fig. 6A, Supplementary Table S6). 
We also found that glucose transport GLUT1 and 
lactate transport MCT1 may potentially bind to PFKP 
(Supplementary Fig. S6A-C, Supplementary Table 
S6). In addition, several solute carrier family members 
and several ras-related proteins were uncovered with 
this PFKP Co-IP MS assay (Supplementary Table S6). 
AXL, a member of the TAM (Tyro3, Axl, Mer) family, 
has been reported to have oncogenic functions in 
multiple types of cancers and is involved in many 
signal transduction cascades in response to its ligand 
growth arrest-specific 6 (GAS 6)[52]. GAS 6 activation 
is related to EGFR inhibitor resistance in lung 
cancer[53] and is a therapeutic target for clinical 
treatment[54]. We further confirmed the interaction 
between PFKP and AXL using Co-IP with Flag 

antibody and Western blot assays in H1299 cells 
transfected with Flag-PFKP. As shown in Fig. 6B, 
PFKP binds to AXL but not MET. We further verified 
the interaction between endogenous PFKP and AXL 
as well in H1299 cells without Flag-PFKP transfection 
(Fig. 6C). It was reported that AXL and MET can 
interact with each other[28, 29], next, we performed 
Co-IP pull-down using an AXL antibody, and in line 
with our Flag pull-down result, it shows that AXL 
interacts with both PFKP and MET in H1299 cells 
transfected with Flag-PFKP (Fig. 6D), or in H1299 
cells without Flag-PFKP (Fig. 6E). These results 
suggest that AXL binds with PFKP and MET in 
NSCLC. 

By Western blot analysis, we found that MET 
Tyr 1234/5 phosphorylation was significantly 
suppressed in H1299 and A549 cell lines (Fig. 6F). 
Further, we stably overexpressed PFKP using 
lentiviral transfection in H1299, which had relatively 
low expression of PFKP (Fig. S6D, data from 
CCLE[55]), and found that MET phosphorylation 
level was increased upon overexpression of PFKP 
(Fig. 6G). MET is a potential therapeutic target in 
NSCLC and can promote lung cancer progression 
through multiple mechanisms including increased 
cancer cell survival, growth, and invasiveness[56]. 
MET mutations are prevalent in NSCLC patient 
tumors[57]. It was reported that MET 
phosphorylation at Tyr 1234/5 is essential for MET 
pathway activation[58]. While MET mRNA level 
remained unchanged upon PFKP knockdown as 
measured by RT-PCR (Fig. 6H and S6E), suggested 
that PFKP regulates MET via MET phosphorylation 
rather than via transcriptional regulation.  

We also tested several other oncogenic proteins 
such as STAT3, mTOR, NF-kB, NOTCH1, AKT, 
KRAS, and RAF, and no changes were found after 
PFKP silencing (Fig. S6F). 

PFKP promotes MET phosphorylation via 
enhancing AXL 779Y phosphorylation 

We found that PFKP interacts with AXL and 
promotes MET phosphorylation. It was previously 
reported that AXL and MET interact with each other, 
and this interaction can promote phosphorylation of 
both receptors[28, 29], referred to as the receptor 
tyrosine kinase hetero interaction. We thus postulated 
that PFKP promotes MET phosphorylation through 
an AXL-dependent mechanism rather than direct 
interaction. We performed Co-IP using anti-AXL 
pull-down and found that, as previously reported, 
AXL binds to MET. We also found that PFKP protein 
expression was only present in the cytoplasm. 

AXL is known to have mainly two 
phosphorylation sites for its activation, which are 



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

6068 

Y702 and Y779. Phosphorylation at Y702 is thought to 
be related to ligands for AXL, and GAS6, whereas the 
Y779 phosphorylation was found to be 
ligand-independent and can heterodimerize with 
many other kinases, including MET[29], EGFR[59], 
ErBb3[27], and HER2[26]. To test PFKP’s effect on 
AXL activation, we performed Western blot analyses 
and found that AXL Y779 phosphorylation was 

inhibited upon PFKP knockdown and increased 
following PFKP overexpression. By contrast, Y702 
was not affected (Fig. 6I, J). This implies that AXL 
phosphorylation at Y779 is related to MET 
phosphorylation. There was no significant change in 
AXL total protein or mRNA after PFKP knockdown 
(Fig. 6I and K). 

 

 
Figure 6. AXL binding to both PFKP and MET. A. PFKP Co-immunoprecipitation (Co-IP) followed by mass spectrometry indicates that the peptide of AXL was pulled 
down by PFKP. B. Western blot after pull down using anti-flag antibody Co-IP verified that PFKP binds to AXL but not MET. C. PFKP Co-IP pull down using anti-PFKP antibody 
shows that endogenous PFKP binds to AXL in H1299 cells without Flag-PFKP transfection. D. AXL Co-IP pull down using anti-AXL antibody shows that AXL interacts with PFKP 
and MET in H1299 cells with Flag-PFKP. E. AXL Co-IP pull down using anti-AXL antibody shows that AXL binds to MET in H1299 cells. F. PFKP silencing by siRNA leads to 
p-MET protein decrease in H1299 and A549 cell lines. G. overexpression of PFKP increases p-MET protein in H1299 cells. H. MET mRNA was not changed after PFKP 
knockdown measured by qRT-PCR. Ns, not significant. I. PFKP knockdown leads to AXL p-779 phosphorylated protein being decreased in A549 and H838 cells. J. 
Overexpression of PFKP (Flag-PFKP) leads to AXL p-779 phosphorylated protein increase while total AXL and p-702 proteins remain unchanged in H1299 cells. K. AXL mRNA 
was not changed upon PFKP knockdown. Ns, not significant. 

 



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

6069 

To explore the relationship between PFKP’s 
regulation of AXL and MET, we performed rescue 
experiments. In the H1299 cell line, phosphorylated 
MET increased upon PFKP overexpression, which 
was significantly rescued by siRNA-mediated AXL 
knockdown (Fig. 7A). Interestingly, we found that 
PFKP protein is also decreased after AXL silencing 
suggesting that AXL may affect PFKP expression 
although we don’t know the underlying mechanism 
in this study. Next, we performed a colony formation 
assay to test the oncogenic role of AXL and MET and 
found that the colony formation was decreased upon 
AXL or MET knockdown by siRNAs (Fig. 7B). We 
also performed the rescue experiments to 

demonstrate that depletion of AXL (using siRNA) or 
MET (using siRNA) could counteract partly the colon 
formation effect of ectopic PFKP overexpression in 
H1299 cells (Fig. S7A). 

We next performed the RNA-seq and KEGG 
pathway analysis upon MET silencing by siRNAs in 
H1299, H1975, and PC-9 lung cancer cell lines. There 
were 798 genes decreased after MET knockdown. 
KEGG analysis of these genes indicated that the TNF 
signaling pathway, pathways in cancer, JAK-STAT 
signaling pathway, MAPK signaling pathways, and 
Focal adhesion pathways were on the top list (Fig. 7C 
and Fig. S7B) suggesting that MET has important 
roles in the oncogenic process.  

 

 
Figure 7. PFKP promotes MET phosphorylation via enhancing AXL 779Y phosphorylation. A. overexpression of PFKP leads to an increase of phosphor-MET 
(p-MET), which is rescued by AXL knockdown. B. Knockdown of AXL and MET by siRNAs leads to a decrease in colony formation in lung cancer cells. C. KEGG analysis of 798 
down-regulated genes after MET knockdown as measured by RNA-seq in H1299, H1975, and PC-9 cell lines, genes changed (siMET/NT <0.65) in 2/3 cell lines. D. Model of PFKP 
promotes MET phosphorylation by interacting with AXL and promoting its phosphorylation at Y779, and the activation of AXL and MET signaling pathway promotes cancer 
progression.  
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We analyzed the mRNA and protein expression 
status of MET and AXL in human LUAD tissues 
based on the TCGA and CPTAC databases from the 
UALCAN website[39, 40]. We found that MET 
mRNAs and protein were increased in LUAD as 
compared to normal lung tissues (p<0.001) (Fig. 
S7C-E), which has the same direction as PFKP mRNA 
and protein (higher in LUAD). Unexpectedly, AXL 
mRNAs and protein were decreased in LUAD as 
compared to normal lung tissues (p<0.001) (Fig. S7F, 
G). This may indicate that AXL plays an oncogenic 
role through protein modification rather than its level 
in lung cancer, but the exact reason needs further 
investigation. 

AXL interacting with PFKP was not reported 
previously, so we looked at whether these 
PFKP-regulated genes/proteins uncovered in this 
study have potential protein-protein interaction 
networks, interestingly we found that they were 
connected in one network with PFKP, except AXL and 
MET, using the String website (Fig. S7H).  

Taken together, these results demonstrated that 
PFKP promotes MET phosphorylation through 
binding to and enhancing AXL Y779 phosphorylation 
(Fig. 7D). The mechanism of how PFKP regulates 
AXL Y779 phosphorylation is unknown and needs 
further investigation. PFKP plays critical roles in not 
only metabolic processes but also in non-metabolic 
pathways for lung cancer progression. 

Discussion 
In this study, we demonstrated that the 

glycolytic enzyme PFKP is highly expressed in 
multiple types of cancers and significantly contributes 
to poor patient survival. In addition, the knockdown 
of PFKP impaired cell proliferation, migration, 
invasion, and colony formation in lung cancer 
indicating that PFKP plays an oncogenic role in lung 
cancer. 

To explore the role of PFKP in tumor growth in 
vivo, we exploited and synthesized a kind of 
nanoparticle system (NPs) encapsulating PFKP 
siRNAs using PLGA-SS-PEG and a G0-14 compound 
previously developed by our team[30]. The 
encapsulation within the NPs substantially enhances 
siRNA stability in vivo and facilitates its cytoplasmic 
release, effectively suppressing PFKP expression in 
vivo. Concurrently, the enhanced permeability and 
retention effect (EPR effect) within tumor tissues[60, 
61], facilitates the accumulation and retention of 
nano-sized particles within tumor tissues. These NPs, 
a kind of biodegradable polymeric nanoparticles, 
efficiently encapsulate siRNAs and respond to GSH, 
triggering the release of siRNA. Then the released 
siRNAs target PFKP knockdown. This mechanism 

significantly enhances the targeted inhibitory effect on 
PFKP expression in tumors, ultimately impeding 
tumor growth in vivo. 

Mechanistically, we found that PFKP has both 
metabolic and non-metabolic roles in cancer 
progression. PFKP can bind to AXL and promote AXL 
phosphorylation at Y799, this activation of AXL 
further leads to phosphorylation of MET through 
receptor tyrosine kinase hetero-interaction, and the 
activation of MET and AXL pathways contribute to 
NSCLC progression. In addition, PFKP can regulate 
not only the glycolysis pathway but also 
glutaminolysis and TCA cycle signaling. This is in line 
with previous reports regarding how metabolic 
enzymes could affect cell signaling in a non-canonical 
way[7], and our results provide further evidence for 
the important role of metabolic enzymes in cell 
signaling transduction. 

PFKP has previously been reported to have roles 
in several oncogenic signaling pathways including 
PI3K-AKT[16] and beta-catenin[62]. Further, PFKP 
undergoes TRIM21-mediated polyubiquitylation and 
degradation, and this degradation can be abolished 
either by AKT-mediated stabilization of PFKP[17] or 
mechanical stress-induced TRIM21 sequestering[63], 
both mechanisms can lead to enhanced glycolysis and 
tumorigenesis. PFKP can translocate to the nucleus 
and stimulate CXCR4 expression in T cell 
malignancy[11]. These results imply that PFKP is a 
key player not only in cancer cell glucose metabolism 
but also in cancer-related signaling pathways. 

AXL is an important therapeutic target in 
multiple types of cancers[54], and it has important 
functions in promoting cell proliferation, invasion, 
and migration[64]. AXL activation is also an 
important mechanism of NSCLC resistance to EGFR 
inhibitors[53], and targeting both AXL and other 
RTKs provides a strong response in multiple 
cancers[65-67]. In addition to canonical 
ligand-dependent activation, AXL can undergo 
heterodimerization with other RTKs for its activation, 
and thus promote activation of the interactor[25-28]. 
While Y702 phosphorylation is primarily 
ligand-dependent, the Y779 phosphorylation site is 
tightly related to AXL heterodimerization with other 
RTKs. In this study, we found that PFKP binds with 
AXL, and AXL Y779 phosphorylation is decreased 
upon PFKP knockdown, suggesting that PFKP’s 
binding may promote AXL phosphorylation at Y779, 
however, it is still not clear the underlying 
mechanisms. Further, in vitro kinase assays are 
needed for further exploration of these events. 

AXL undergoes hyperglycosylation 
modification[68], and in line with previous reports, 
we found two main protein forms of AXL in NSCLC, 
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one being at 120kD and the other at 140kD. It has been 
reported that the Y779 phosphorylation mainly exists 
in the 140kD form, and 140kD AXL is the main player 
in RTK heterodimerization[29]. In our study, we 
found that the 140kD form AXL also dominates the 
interaction with PFKP, which is consistent with our 
hypothesized PFKP-AXL-MET axis mechanism. In 
addition, as a glycolytic enzyme, PFKP expression is 
increased in a high glucose environment[69], as are 
AXL glycosylation levels[68]. Thus, a high glucose 
concentration, on one hand, can promote the 
expression of PFKP but also can promote AXL 
glycosylation, both mechanisms can induce AXL Y779 
phosphorylation and subsequent MET activation. 
This suggests a novel and powerful mechanism for 
how high glucose levels may contribute to cancer and 
why cancer cells are more dependent on glucose than 
normal cells[70]. Taken together, PFKP is an oncogene 
with significant non-metabolic oncogenic functions, 
which acts through binding and promoting AXL Y779 
phosphorylation, and activating MET by subsequent 
Y1234/5 phosphorylation, thereby regulating cell 
proliferation, invasion, migration, and colony 
formation.  

Interestingly, not only were several glycolytic 
proteins such as PGK1, ENO1, and PFKFB4 affected 
by PFKP, but also glutaminolytic and TCA cycle 
enzymes such as GLS and IDH3 may also be 
regulated by PFKP. Finally, three major transporters, 
GLUT1, LAT1, and MCT1 may be also regulated by 
PFKP through either direct binding and/or 
transcriptional regulation. 

In conclusion, PFKP is highly expressed in lung 
cancer and significantly contributes to poor patient 
survival. PFKP silencing decreased cell proliferation, 
migration, invasion, and colony formation in NSCLC. 
NPs-mediated PFKP silencing inhibited tumor 
growth in vivo. PFKP plays critical roles in metabolic 
and non-metabolic pathways for lung cancer 
progression. PFKP could be a potential novel 
biomarker for NSCLC. The PFKP-AXL-MET axis 
interaction could also be a potential therapeutic target 
in patients with NSCLC. 

Supplementary Material 
Supplementary figures and tables.  
https://www.ijbs.com/v20p6056s1.pdf 

Acknowledgments 
This work was supported in part by the 

Shenzhen Municipal Science and Technology 
Innovation Commission Foundation in China 
(JCYJ20220530114415036, JCYJ20210324104800001 to 
G.C.); the National Natural Science Foundation of 
China (NSFC) (32070625 to G.C., 32100459 to X.Z.). 

Author contributions  
HZ, YS, and GC conceived, designed the 

experiments, and GC wrote the original draft; YS, HZ, 
HF, JC, YL, YL, ZZ, YD, SC, XZ, and HR performed 
the experiments, analyzed data and discussion; WS, 
QM, and GC conceptualization, supervision, and 
funding acquisition. All authors read and approved 
the final manuscript. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I, et al. 

Global cancer statistics 2022: GLOBOCAN estimates of incidence and 
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 2024; 
74: 229-63. 

2. Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA Cancer J Clin. 
2024; 74: 12-49. 

3. Warburg O. On respiratory impairment in cancer cells. Science. 1956; 124: 
269-70. 

4. Yang J, Shay C, Saba NF, Teng Y. Cancer metabolism and carcinogenesis. Exp 
Hematol Oncol. 2024; 13: 10. 

5. Wang C, Luo D. The metabolic adaptation mechanism of metastatic 
organotropism. Exp Hematol Oncol. 2021; 10: 30. 

6. Lunt SY, Vander Heiden MG. Aerobic Glycolysis: Meeting the Metabolic 
Requirements of Cell Proliferation. Annu Rev Cell Dev Bi. 2011; 27: 441-64. 

7. Snaebjornsson MT, Schulze A. Non-canonical functions of enzymes facilitate 
cross-talk between cell metabolic and regulatory pathways. Exp Mol Med. 
2018; 50: 1-16. 

8. Mor I, Cheung EC, Vousden KH. Control of glycolysis through regulation of 
PFK1: old friends and recent additions. Cold Spring Harb Symp Quant Biol. 
2011; 76: 211-6. 

9. SanchezMartinez C, Aragon JJ. Analysis of phosphofructokinase subunits and 
isozymes in ascites tumor cells and its original tissue, murine mammary 
gland. Febs Lett. 1997; 409: 86-90. 

10. Sanchez-Martinez C, Estevez AM, Aragon JJ. Phosphofructokinase C isozyme 
from ascites tumor cells: Cloning, expression, and properties. Biochem Bioph 
Res Co. 2000; 271: 635-40. 

11. Gao X, Qin S, Wu Y, Chu C, Jiang B, Johnson RH, et al. Nuclear PFKP 
promotes CXCR4-dependent infiltration by T cell acute lymphoblastic 
leukemia. J Clin Invest. 2021; 131: e143119. 

12. Lang L, Chemmalakuzhy R, Shay C, Teng Y. PFKP Signaling at a Glance: An 
Emerging Mediator of Cancer Cell Metabolism. Adv Exp Med Biol. 2019; 1134: 
243-58. 

13. Moon JS, Kim HE, Koh E, Park SH, Jin WJ, Park BW, et al. Kruppel-like Factor 
4 (KLF4) Activates the Transcription of the Gene for the Platelet Isoform of 
Phosphofructokinase (PFKP) in Breast Cancer. J Biol Chem. 2011; 286: 
23808-16. 

14. Yeerken D, Hong R, Wang Y, Gong Y, Liu R, Yang D, et al. PFKP is 
transcriptionally repressed by BRCA1/ZBRK1 and predicts prognosis in 
breast cancer. Plos One. 2020; 15: e0233750. 

15. Chen GH, Liu HC, Zhang YD, Liang JF, Zhu Y, Zhang M, et al. Silencing PFKP 
inhibits starvation-induced autophagy, glycolysis, and epithelial 
mesenchymal transition in oral squamous cell carcinoma. Exp Cell Res. 2018; 
370: 46-57. 

16. Lee J-H, Liu R, Li J, Wang Y, Tan L, Li X-J, et al. EGFR-Phosphorylated Platelet 
Isoform of Phosphofructokinase 1 Promotes PI3K Activation. Mol Cell. 2018; 
70: 197-210.e7. 

17. Lee J-H, Liu R, Li J, Zhang C, Wang Y, Cai Q, et al. Stabilization of 
phosphofructokinase 1 platelet isoform by AKT promotes tumorigenesis. Nat 
Commun. 2017; 8: 949. 

18. Liu B, Li F, Liu M, Xu Z, Gao B, Wang Y, et al. Prognostic Roles of 
Phosphofructokinase Platelet in Clear Cell Renal Cell Carcinoma and 
Correlation with Immune Infiltration. Int J Gen Med. 2021; 14: 3645-58. 

19. Shen J, Jin Z, Lv H, Jin K, Jonas K, Zhu C, et al. PFKP is highly expressed in 
lung cancer and regulates glucose metabolism. Cell Oncol (Dordr). 2020; 43: 
617-29. 

20. Wang F, Li L, Zhang Z. Platelet isoform of phosphofructokinase promotes 
aerobic glycolysis and the progression of non‑small cell lung cancer. Mol Med 
Rep. 2021; 23: 10. 

21. Zhang N, Li Y. Receptor tyrosine kinases: biological functions and anticancer 
targeted therapy. MedComm (2020). 2023; 4: e446. 



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

6072 

22. Spagnolo CC, Ciappina G, Giovannetti E, Squeri A, Granata B, Lazzari C, et al. 
Targeting MET in Non-Small Cell Lung Cancer (NSCLC): A New Old Story? 
Int J Mol Sci. 2023; 24: 10119. 

23. Zaman A, Bivona TG. Targeting AXL in NSCLC. Lung Cancer (Auckl). 2021; 
12: 67-79. 

24. Linger RMA, Keating AK, Earp HS, Graham DK. TAM receptor tyrosine 
kinases: biologic functions, signaling, and potential therapeutic targeting in 
human cancer. Adv Cancer Res. 2008; 100: 35-83. 

25. Vouri M, Croucher DR, Kennedy SP, An Q, Pilkington GJ, Hafizi S. Axl-EGFR 
receptor tyrosine kinase hetero-interaction provides EGFR with access to 
pro-invasive signalling in cancer cells. Oncogenesis. 2016; 5: e266. 

26. Goyette M-A, Duhamel S, Aubert L, Pelletier A, Savage P, Thibault M-P, et al. 
The Receptor Tyrosine Kinase AXL Is Required at Multiple Steps of the 
Metastatic Cascade during HER2-Positive Breast Cancer Progression. Cell 
Rep. 2018; 23: 1476-90. 

27. Revach OY, Sandler O, Samuels Y, Geiger B. Cross-Talk between Receptor 
Tyrosine Kinases AXL and ERBB3 Regulates Invadopodia Formation in 
Melanoma Cells. Cancer Res. 2019; 79: 2634-48. 

28. Salian-Mehta S, Xu M, Wierman ME. AXL and MET crosstalk to promote 
gonadotropin releasing hormone (GnRH) neuronal cell migration and 
survival. Mol Cell Endocrinol. 2013; 374: 92-100. 

29. Li W, Xiong X, Abdalla A, Alejo S, Zhu L, Lu F, et al. HGF-induced formation 
of the MET-AXL-ELMO2-DOCK180 complex promotes RAC1 activation, 
receptor clustering, and cancer cell migration and invasion. J Biol Chem. 2018; 
293: 15397-418. 

30. Xu X, Xie K, Zhang XQ, Pridgen EM, Park GY, Cui DS, et al. Enhancing tumor 
cell response to chemotherapy through nanoparticle-mediated codelivery of 
siRNA and cisplatin prodrug. Proc Natl Acad Sci U S A. 2013; 110: 18638-43. 

31. Hou J, Aerts J, den Hamer B, van Ijcken W, den Bakker M, Riegman P, et al. 
Gene expression-based classification of non-small cell lung carcinomas and 
survival prediction. Plos One. 2010; 5: e10312. 

32. Shedden K, Taylor JMG, Enkemann SA, Tsao M-S, Yeatman TJ, Gerald WL, et 
al. Gene expression-based survival prediction in lung adenocarcinoma: a 
multi-site, blinded validation study. Nat Med. 2008; 14: 822-7. 

33. Landi MT, Dracheva T, Rotunno M, Figueroa JD, Liu H, Dasgupta A, et al. 
Gene expression signature of cigarette smoking and its role in lung 
adenocarcinoma development and survival. Plos One. 2008; 3: e1651. 

34. Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: a web server for cancer 
and normal gene expression profiling and interactive analyses. Nucleic Acids 
Res. 2017; 45: W98-W102. 

35. Seo JS, Ju YS, Lee WC, Shin JY, Lee JK, Bleazard T, et al. The transcriptional 
landscape and mutational profile of lung adenocarcinoma. Genome Res. 2012; 
22: 2109-19. 

36. Collisson EA, Campbell JD, Brooks AN, Berger AH, Lee W, Chmielecki J, et al. 
Comprehensive molecular profiling of lung adenocarcinoma. Nature. 2014; 
511: 543-50. 

37. Dhanasekaran SM, Balbin OA, Chen GA, Nadal E, Kalyana-Sundaram S, Pan 
JC, et al. Transcriptome meta-analysis of lung cancer reveals recurrent 
aberrations in NRG1 and Hippo pathway genes. Nat Commun. 2014; 5: 5893. 

38. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ, et al. 
Transcript assembly and quantification by RNA-Seq reveals unannotated 
transcripts and isoform switching during cell differentiation. Nature 
Biotechnology. 2010; 28: 511-U174. 

39. Gillette MA, Satpathy S, Cao S, Dhanasekaran SM, Vasaikar SV, Krug K, et al. 
Proteogenomic Characterization Reveals Therapeutic Vulnerabilities in Lung 
Adenocarcinoma. Cell. 2020; 182: 200-25 e35. 

40. Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton CJ, 
Ponce-Rodriguez I, Chakravarthi B, et al. UALCAN: A Portal for Facilitating 
Tumor Subgroup Gene Expression and Survival Analyses. Neoplasia. 2017; 19: 
649-58. 

41. Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ 
preprocessor. Bioinformatics. 2018; 34: i884-i90. 

42. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat 
Methods. 2012; 9: 357-9. 

43. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low 
memory requirements. Nat Methods. 2015; 12: 357-60. 

44. Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL. 
StringTie enables improved reconstruction of a transcriptome from RNA-seq 
reads. Nat Biotechnol. 2015; 33: 290-5. 

45. Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data 
with or without a reference genome. BMC Bioinformatics. 2011; 12: 323. 

46. Love MI, Huber W, Anders S. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014; 15: 550. 

47. Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, et al. 
Metascape provides a biologist-oriented resource for the analysis of 
systems-level datasets. Nat Commun. 2019; 10: 1523. 

48. Sherman BT, Hao M, Qiu J, Jiao XL, Baseler MW, Lane HC, et al. DAVID: a 
web server for functional enrichment analysis and functional annotation of 
gene lists (2021 update). Nucleic Acids Res. 2022; 50: W216-W21. 

49. Ganapathy-Kanniappan S, Geschwind J-FH. Tumor glycolysis as a target for 
cancer therapy: progress and prospects. Mol Cancer. 2013; 12: 152. 

50. Weinstein JN, Collisson EA, Mills GB, Shaw KRM, Ozenberger BA, Ellrott K, 
et al. The Cancer Genome Atlas Pan-Cancer analysis project. Nat Genet. 2013; 
45: 1113-20. 

51. Human genomics. The Genotype-Tissue Expression (GTEx) pilot analysis: 
multitissue gene regulation in humans. Science (New York, NY). 2015; 348: 
648-60. 

52. Demarchi F, Verardo R, Varnum B, Brancolini C, Schneider C. Gas6 
anti-apoptotic signaling requires NF-kappa B activation. The Journal of 
biological chemistry. 2001; 276: 31738-44. 

53. Zhang Z, Lee JC, Lin L, Olivas V, Au V, LaFramboise T, et al. Activation of the 
AXL kinase causes resistance to EGFR-targeted therapy in lung cancer. Nat 
Genet. 2012; 44: 852-60. 

54. Shen Y, Chen X, He J, Liao D, Zu X. Axl inhibitors as novel cancer therapeutic 
agents. Life Sci. 2018; 198: 99-111. 

55. Barretina J, Caponigro G, Stransky N, Venkatesan K, Margolin AA, Kim S, et 
al. The Cancer Cell Line Encyclopedia enables predictive modelling of 
anticancer drug sensitivity. Nature. 2012; 483: 603-7. 

56. Su W, Feng S, Chen X, Yang X, Mao R, Guo C, et al. Silencing of Long 
Noncoding RNA MIR22HG Triggers Cell Survival/Death Signaling via 
Oncogenes YBX1, MET, and p21 in Lung Cancer. Cancer Res. 2018; 78: 3207-19. 

57. Drilon A, Cappuzzo F, Ou S-HI, Camidge DR. Targeting MET in Lung Cancer: 
Will Expectations Finally Be MET? J Thorac Oncol. 2017; 12: 15-26. 

58. Ferracini R, Longati P, Naldini L, Vigna E, Comoglio PM. Identification of the 
major autophosphorylation site of the Met/hepatocyte growth factor receptor 
tyrosine kinase. J Biol Chem. 1991; 266: 19558-64. 

59. Saxena M, Liu S, Yang B, Hajal C, Changede R, Hu J, et al. EGFR and HER2 
activate rigidity sensing only on rigid matrices. Nat Mater. 2017; 16: 775-81. 

60. Ikeda-Imafuku M, Wang LL, Rodrigues D, Shaha S, Zhao Z, Mitragotri S. 
Strategies to improve the EPR effect: A mechanistic perspective and clinical 
translation. J Control Release. 2022; 345: 512-36. 

61. Sun R, Xiang J, Zhou Q, Piao Y, Tang J, Shao S, et al. The tumor EPR effect for 
cancer drug delivery: Current status, limitations, and alternatives. Adv Drug 
Deliv Rev. 2022; 191: 114614. 

62. Lee JH, Shao F, Ling JJ, Lu S, Liu R, Du LY, et al. Phosphofructokinase 1 
Platelet Isoform Promotes beta-Catenin Transactivation for Tumor 
Development. Front Oncol. 2020; 10: 211. 

63. Park JS, Burckhardt CJ, Lazcano R, Solis LM, Isogai T, Li LQ, et al. Mechanical 
regulation of glycolysis via cytoskeleton architecture. Nature. 2020; 578: 621-+. 

64. Zhu S, Liu G, Fu W, Hu J, Fu K, Jia W. promotes the proliferation, invasion and 
migration of Wilms' tumor and can be used as a prognostic factor. Onco 
Targets Ther. 2017; 10: 955-63. 

65. Zhou L, Liu XD, Sun M, Zhang X, German P, Bai S, et al. Targeting MET and 
AXL overcomes resistance to sunitinib therapy in renal cell carcinoma. 
Oncogene. 2016; 35: 2687-97. 

66. Byers LA, Diao L, Wang J, Saintigny P, Girard L, Peyton M, et al. An 
epithelial-mesenchymal transition gene signature predicts resistance to EGFR 
and PI3K inhibitors and identifies Axl as a therapeutic target for overcoming 
EGFR inhibitor resistance. Clin Cancer Res. 2013; 19: 279-90. 

67. Tian Y, Zhang Z, Miao L, Yang Z, Yang J, Wang Y, et al. Anexelekto (AXL) 
Increases Resistance to EGFR-TKI and Activation of AKT and ERK1/2 in 
Non-Small Cell Lung Cancer Cells. Oncol Res. 2016; 24: 295-303. 

68. Cavet ME, Smolock EM, Ozturk OH, World C, Pang JJ, Konishi A, et al. 
Gas6-Axl receptor signaling is regulated by glucose in vascular smooth muscle 
cells. Arterioscl Throm Vas. 2008; 28: 886-91. 

69. Sanchez-Calabuig MJ, Fernandez-Gonzalez R, Hamdi M, Smits K, 
Lopez-Cardona AP, Serres C, et al. A high glucose concentration during early 
stages of in vitro equine embryo development alters expression of genes 
involved in glucose metabolism. Equine Vet J. 2021; 53: 787-95. 

70. Hay N. Reprogramming glucose metabolism in cancer: can it be exploited for 
cancer therapy? Nat Rev Cancer. 2016; 16: 635-49. 


