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Platelet isoform of phosphofructokinase promotes aerobic
glycolysis and the progression of non-small cell lung cancer
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Abstract. The platelet isoform of phosphofructokinase
(PFKP) is a rate-limiting enzyme involved in glycolysis that
serves an important role in various types of cancer. The aim
of the present study was to explore the specific regulatory
relationship between PFKP and non-small cell lung cancer
(NSCLC) progression. PFKP expression in NSCLC tissues
and corresponding adjacent tissues was detected using
reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR) and immunohistochemical analysis. PFKP
expression in human bronchial epithelial cells (16HBE) and
NSCLC cells (H1299, H23 and A549) was also detected using
RT-qPCR. Cell proliferation was detected by Cell Counting
Kit-8 and colony formation assays. Transwell invasion and
wound healing assays, and flow cytometry were used to
detect cell invasion, migration and apoptosis, respectively.
The expression levels of glycolysis-associated enzymes
(hexokinase-2, lactate dehydrogenase A and glucose trans-
porter-1), epithelial-mesenchymal transition-related proteins
(N-cadherin, vimentin and E-cadherin) and apoptosis-related
proteins (caspase-3 and B-cell lymphoma-2) were detected
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by western blotting. Glucose uptake, lactate production and
the adenosine trisphosphate/adenosine diphosphate ratio
were measured using the corresponding kits. The results of
the present study demonstrated that PFKP expression was
upregulated in NSCLC tissues and cells, and PFKP expression
was related to lymph node metastasis and histological grade.
In addition, overexpression of PFKP inhibited cell apoptosis,
and promoted proliferation, migration, invasion and glycolysis
of H1299 cells, whereas knockdown of PFKP had the opposite
effects. In conclusion, PFKP inhibited cell apoptosis, and
promoted proliferation, migration, invasion and glycolysis of
NSCLC cells; these findings may lay the foundation for novel
treatments of NSCLC.

Introduction

Lung cancer is one of the major diseases endangering human
health worldwide (1). The incidence and mortality rates of
lung cancer are high, particularly non-small cell lung cancer
(NSCLC) (2,3). Invasion and metastasis are the main causes
of poor prognosis and high mortality rate in patients with lung
cancer (4). Although great efforts, such as the identification of
novel biomarkers, establishment of modified operations and
development of specific drugs, have been made in the clinical
setting, the postoperative survival rate of patients has not
significantly improved (5,6). Therefore, it is of great clinical
significance to explore the molecular mechanisms underlying
the progression of NSCLC.

Glucose metabolism is one of the most distinguishing
characteristics between normal and tumorigenic cells (7).
Tumor cells mainly rely on glycolysis to obtain energy, even in
aerobic environments; this is known as the Warburg effect (8).
A previous study revealed that the growth and survival of
tumor cells depend on the transformation from anaerobic
glycolysis to aerobic glycolysis (9). Aerobic glycolysis provides
a material basis for the survival, growth and proliferation of
tumor cells (10). Furthermore, a large amount of lactic acid
causes damage to the body, which is conducive to tumor
tissues invading adjacent normal tissues (11). In recent years,
the Warburg effect has garnered much attention in the study
of tumor development mechanisms (12,13). Although the
Warburg effect has been recognized in NSCLC (14-16), the
driving mechanism of aerobic glycolysis remains unknown.
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The platelet isoform of phosphofructokinase (PFKP) is a
rate-limiting enzyme involved in glycolysis, which can cause
the conversion of fructose 6-phosphate to fructose 1,6-bisphos-
phate (17). Enhanced activity of PFKP can increase glycolysis,
increase fatty acid oxidation, and promote DNA biosynthesis
and repair, thereby enhancing tumor cell growth, migration
and invasion (18,19). It has been reported that PFKP expres-
sion is upregulated in various types of cancer, including breast
cancer (BC) (20), hepatocellular carcinoma (HCC) (17) and
renal carcinoma (21). However, to the best of our knowledge,
the specific regulatory relationship between PFKP and NSCLC
progression remains unclear.

The present study aimed to assess the effects of PFKP on
NSCLC progression, and further investigated the effects of
PFKP on cell proliferation, apoptosis, migration, invasion and
glycolysis. The present findings may provide a basis for novel
strategies for the treatment of NSCLC.

Materials and methods

The Cancer Genome Atlas (TCGA) data analysis. The
mRNA gene expression data were downloaded from TCGA
LUAD datasets (https://portal.gdc.cancer.gov/). Overall
survival information of all TCGA datasets was obtained
from supplementary data (22). For differentially expressed
gene (DEG) analysis, PFKP mRNA expression in cancer
tissues and paracancerous (normal) tissues was analyzed
using the DESeq2 R package (23); the adjusted P-value for
each gene was calculated using the false-discovery rate
(FDR) method. The cut-off to detect DEGs was an FDR of
<0.05 and an absolute log2-fold change of >1. For overall
survival analysis, data analysis was performed in R package
‘survival’ (24) using the Kaplan-Meier curve method, and a
log-rank test was used to compare survival times between
two groups.

Patient and tissue samples. In the present study, NSCLC
tissues and corresponding adjacent tissues (>2 cm away
from the tumor edge) were collected from 84 patients who
underwent primary surgical resection of NSCLC between
January 2018 and December 2019 at Shandong Provincial
Hospital (Jinan, China). None of the patients received radio-
therapy or chemotherapy prior to surgical resection, and
the diagnosis of NSCLC was assessed by an experienced
pathologist. All tissue samples were stored at -80°C until
RNA extraction. The present study was approved by the
Research Ethics Committee of Shandong Provincial Hospital
(approval no. 2020-181; Jinan, China), and each patient
provided written informed consent.

Immunohistochemistry (IHC). All tissue samples were fixed
with 4% formaldehyde solution for 24 h at room temperature
and embedded in paraffin. Paraffin-embedded tissues were cut
into 4-ym sections, which were routinely dehydrated, boiled
in 0.01 M citrate buffer (pH 6.1) for 2 min for antigen retrieval
and incubated with 3% H,0, at room temperature for 15 min.
The slides were then incubated with primary antibodies against
PFKP (1:150; cat. no. ab119796), hexokinase-2 (HK-2; 1:500;
cat. no. ab209847) and pyruvate kinase M2 (PKM2; 1:500;
cat. no. ab137852) (all Abcam) at 4°C overnight. Subsequently,

the slides were incubated with a secondary antibody labeled
with horseradish peroxidase (HRP) (1:2,000; cat. nos. ab205719
or ab205718; Abcam) for 30 min at room temperature and
3'-diaminobenzidine reagent (Beijing Solarbio Science &
Technology Co., Ltd.) was added to the slides for visualization.
Finally, the sections were dehydrated, cleared with xylene and
fixed with resin. Two experienced pathologists independently
analyzed the THC results. Brown particles were considered
positive expression of PFKP, HK-2 and PKM?2.

Cell culture. Human bronchial epithelial cells (16HBE) and
NSCLC cells (H1299, H23 and A549) were purchased from
American Type Culture Collection. All cells were grown in
RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% fetal bovine serum (FBS; Gibco;
Thermo Fisher Scientific, Inc.) and cultured in an incubator
containing 5% CO, at 37°C.

Cell transfection. H1299 cells were divided into control
(without treatment), pVMV6-ENTRY [negative control (NC);
cells were transfected with pCMV6 empty plasmid] and
pVMV6-PFKP (overexpression of PFKP; cells were trans-
fected with pPCMV6-PFKP plasmid) groups. H23 cells were
divided into control (without treatment), small interfering RNA
(siRNA/si)-NC (NC; cells were transfected with NC siRNAs),
sil-PFKP (knockdown of PFKP; cells were transfected with
sil-PFKP) and si2-PFKP (knockdown of PFKP; cells were
transfected with si2-PFKP) groups. The plasmids (50 ng) and
siRNAs (50 nM) were transfected into cells (1x10* cells/well)
using Lipofectamine® 3000 (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
The pPCMV6-PFKP, pVMV6-ENTRY, siRNA and siRNA-NC
were purchased from OriGene Technologies, Inc. The
sequences for the siRNAs were as follows: si-NC sense, 5'-GGC
UACGUCCAGGAGCGCAUU-3' and antisense, 5-UGCGCU
CCUGGACGUAGCCUU-3' sil-PFKP sense, 5'-GCUCCA
UUCUUGGGACAAATT-3' and antisense, 5'-"AGAUUCUGG
AAGGAACACCTT-3" si2-PFKP sense, 5-GGUGUUCCU
UCCAGAAUCUTT-3' and antisense, 5-UUUGUCCCAAGA
AUGGAGCTT-3"; and PFKP sense, 5-GGACGCGGACGA
CTCCCGGGC-3' and antisense, 5'-GTCAGACACTCCAGG
GCTGCACATGTTCC-3'". A total of 48 h post-transfection,
follow-up experiments were conducted.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from tissues and cells using TRIzol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according
to the manufacturer's instructions. cDNA was synthesized using
the PrimeScript RT reagent kit (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
RT-qPCR was performed using the SYBR Green PCR kit
(Takara Biotechnology Co., Ltd.) and was monitored using
the CFX96 Touch Real-Time PCR Detection system (Bio-Rad
Laboratories, Inc.). The reaction conditions were as follows:
Pre-denaturation at 95°C for 3 min, followed by 40 cycles of
denaturation at 95°C for 15 sec, annealing at 58°C for 45 sec
and extension at 72°C for 31 sec. Relative mRNA expression
was analyzed using the 2°244 method (25). GAPDH was used
as an endogenous control. The primers (Table I) were synthe-
sized by Invitrogen; Thermo Fisher Scientific, Inc.
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Table I. Primer sequences.

Primers Sequences (5'-3")

PFKP-F GGAGTGGAGTGGGCTGCTGGAG
PFKP-R CATGTCGGTGCCGCAGAAATCA
GAPDH -F TGTTG CCATCAATGACCCCTT
GAPDH -R CTCCACGACGTACTCAGCG

PFKP, platelet isoform of phosphofructokinase; F, forward; R, reverse.

Western blot analysis. Radioimmunoprecipitation assay buffer
(Thermo Fisher Scientific, Inc.) was used to extract total
proteins from NSCLC cells. A bicinchoninic acid protein assay
kit (Beyotime Institute of Biotechnology) was used to calculate
protein concentration. Total proteins (30 ug) were separated by
SDS-PAGE on 10% gels and were transferred to polyvinylidene
fluoride membranes. After blocking with 5% fat-free milk in
TBS-0.1% Tween-20for 1 hatroom temperature,the membranes
were incubated with the following primary antibodies at 4°C
overnight: PFKP (cat. no. 12746), N-cadherin (cat. no. 13116),
E-cadherin (cat. no. 3195), vimentin (cat. no. 5741), caspase-3
(cat. no. 9662) B-cell lymphoma-2 (Bcl-2; cat. no. 4223),
hexokinase-2 (HK-2; cat. no. 2867), lactate dehydrogenase A
(LDHA; cat. no. 3582), GAPDH (cat. no. 5174) (all 1:1,000;
all from Cell Signaling Technology, Inc.) and glucose trans-
porter-1 (Glut-1; cat. no. ab115730; 1:1,000; Abcam). GAPDH
was used as the internal control. Subsequently, the membranes
were incubated with HRP-conjugated goat anti-rabbit antibody
(cat. no. A0208; 1:4,000; Beyotime Institute of Biotechnology)
for 1 h at room temperature. Finally, an ECL western blotting
substrate (cat. no. 32106; Pierce; Thermo Fisher Scientific,
Inc.) was used to visualize protein bands and the specific
bands were semi-quantified using ImageJ v1.8.0 (National
Institutes of Health).

Cell proliferation and colony formation assays. Cell prolif-
eration was measured by performing the Cell Counting Kit-8
(CCK-8) assay (Beyotime Institute of Biotechnology). Briefly,
cells (2x10° cells) were seeded on 96-well plates. After seeding
for 0,24, 48,72 and 96 h, the cells were incubated with CCK-8
solution (10 ul/ml) at 37°C for 2 h in the dark. The optical
density (OD) was measured at 450 nm using a spectrophotom-
eter (Thermo Fisher Scientific, Inc.).

For the colony formation assay, cells (500 cells) were
seeded on 6-well plates and maintained in RPMI-1640
medium containing 10% FBS for 14 days. The medium was
replaced every 3 days. Before acquiring the images under the
light microscope (Olympus Corporation; magnification, x5),
the cells were fixed with 4% formaldehyde for 15 min at room
temperature and stained with 0.1% crystal violet for 20 min
at room temperature. More than 50 cells in a colony were
recorded as effective clones.

Wound healing assay. Cells were seeded on 6-well plates
and cultured to 90-100% confluence. A 200-ul pipette tip
was used to create wounds across the cell monolayer. After
incubation in a serum-free RPMI-1640 medium for 48 h, the

migration distance was observed. The wound healing rate was
calculated according to the following formula: Wound healing
rate (%) = (wound area at 0 h-wound area at 24 h)/wound area
at 0 h x100.

Transwell invasion assay. Transwell chambers (pore size,
8 um; Corning, Inc.) were used to investigate the invasive
ability of the cells. Briefly, a total of 200 pl cell suspension
containing 1x10° cells was added to the upper chamber, which
was coated with Matrigel, and 600 xl medium containing
10% FBS was added to the lower chamber. After incubation
for 48 h in a CO, incubator at 37°C, cotton swabs were used
to remove cells from the upper surface. Subsequently, the cells
were fixed with 2% paraformaldehyde for 10 min at room
temperature and stained with 0.1% crystal violet for 10 min
at room temperature. Finally, the number of invasive cells was
calculated in five random fields under an inverted light micro-
scope (Olympus Corporation; magnification, x100).

Flow cytometric analysis of apoptosis. Cell apoptosis
was detected by performing flow cytometry using an
Annexin V-FITC/PI apoptosis kit (BD Biosciences). Briefly,
cells were resuspended in binding buffer (500 ul) and adjusted
to 1x10° cells/ml, and Annexin V (5 pl) and PI (5 ul) were
added to the buffer. After incubation for 15 min at room
temperature in the dark, the apoptotic rate was analyzed by
flow cytometry (Accuri C6 Plus; BD Biosciences).

Detection of glucose uptake, lactate production and the
adenosine triphosphate (ATP)/adenosine diphosphate (ADP)
ratio. The glucose test kit (cat. no. K686-100), lactate assay kit
(cat. no. K627-100) and ApoSENSOR™ ADP/ATP ratio biolu-
minescence assay kit (cat. no. K255-200) were purchased from
BioVision, Inc. For the glucose uptake and lactate production
assays, cells (2.5x10° cells) were seeded in 6-well plates. After
culturing for 0 and 48 h, glucose uptake and lactate production
were measured according to the manufacturer's instructions.
Glucose uptake was referred to as the difference between the
initial (0 h) and final (48 h) glucose levels, and lactate produc-
tion was referred to as the difference between the final (48 h)
and initial (0 h) lactate levels. To detect the ATP/ADP ratio,
cells (1x10* cells) were seeded on a luminometer plate and
incubated with nucleotide-releasing buffer. Subsequently, the
ATP Monitoring Enzyme (1 pl) was added to the luminom-
eter plate. After incubation for 1 and 10 min, sample values
were recorded (the value recorded at 1 min was recorded as
A, whereas the value recorded at 10 min was recorded as B).
Finally, ADP-converting enzyme (1 ul) was added, and the
sample values were recorded (the value was recorded as C)
after incubation for 2 min at room temperature. The ATP/ADP
ratio was calculated according to the following formula:
ATP/ADP ratio = A/(C-B).

Statistical analysis. Data are presented as the mean + standard
deviation. GraphPad Prism 7.0 (GraphPad Software, Inc.) and
SPSS 15.0 statistical software (SPSS, Inc.) were used for the
statistical analyses. The ¥ test was used to analyze the asso-
ciation between PFKP expression and the clinicopathological
parameters of patients. The paired Student's t-test was used
for comparisons between the two groups. One-way analysis
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Figure 1. Upregulation of PFKP expression in NSCLC tissue and cells. (A) PFKP expression in NSCLC tissues and normal tissues was analyzed using data
from TCGA. (B) Survival analysis based on TCGA data. (C) RT-qPCR was used to detect the mRNA expression levels of PFKP in NSCLC and corresponding
adjacent tissues (normal) (n=84). (D) Immunohistochemical analysis was used to detect PFKP expression in NSCLC and corresponding adjacent tissues
(normal) (n=84); scale bar, 200 ym. “P<0.01 vs. normal tissues. (E) RT-qPCR was used to detect the mRNA expression levels of PFKP in 16HBE cells and
NSCLC cells (H1299, H23 and A549). (F) Western blotting was used to detect the protein expression levels of PFKP in 16HBE cells and NSCLC cells (H1299,
H23 and A549). Data are presented as the mean + SD from three independent experiments. "P<0.05, “P<0.01 vs. 16HBE cells. PFKP, platelet isoform of
phosphofructokinase; NSCLC, non-small cell lung cancer; TCGA, The Cancer Genome Atlas; RT-qPCR, reverse transcription-quantitative PCR.

of variance with Tukey's post-hoc test was used to compare
multiple groups. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Upregulation of PFKP expression in NSCLC tissue
and cells, and its association with clinicopathological
parameters. According to TCGA data, PFKP expres-
sion was higher in NSCLC tissues compared with that in
normal tissues (P=2.22x107'; Fig. 1A). In addition, although
overall survival did not exhibit a significant difference,
Kaplan-Meier survival analysis revealed that the overall
survival in patients with NSCLC and high PFKP expression
was shorter than that in patients with NSCLC and low PFKP
expression (P=0.063; Fig. 1B). These data suggested that
PFKP may be associated with poor prognosis in NSCLC.
The present study further examined PFKP expression in
NSCLC and corresponding adjacent tissues (normal) using
RT-qPCR and IHC. As shown in Fig. 1C and D, PFKP expres-
sion in NSCLC tissues was upregulated compared with that
in normal tissues (P<0.01). According to the median mRNA

expression of PFKP, patients with NSCLC were divided into
high expression and low expression groups. Subsequently,
the association between PFKP expression and patient
clinicopathological parameters was assessed. As shown in
Table II, PFKP expression was associated with lymph node
metastasis and histological grade (both P<0.01), but there
was no significant association between PFKP expression and
other clinical characteristics (P>0.05). Furthermore, PFKP
expression was detected in 16HBE cells and NSCLC cells
(H1299, H23 and A549) using RT-qPCR and western blot-
ting. As shown in Fig. 1E and F, compared with those in
16HBE cells, PFKP expression levels were upregulated in
NSCLC cells (P<0.05). Moreover, H23 cells expressed rela-
tively high levels of PFKP, whereas H1299 cells expressed
relatively low levels of PFKP; therefore, H1299 and H23
cells were used in subsequent experiments.

PFKP promotes the proliferation of NSCLC cells. To
examine the effects of PFKP on NSCLC cells, H1299 cells
were transfected with pCMV6-PFKP plasmid, and H23 cells
were transfected with siRNA-PFKP. The results of RT-qPCR
(Fig, 2A) revealed that the mRNA expression levels of PFKP
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Table II. Association of PFKP expression with the clinicopathological parameters of patients.
PFKP expression
Clinicopathological parameters No. of cases High Low P-value
Sex 0.182
Male 50 28 22
Female 34 14 20
Age (years) 0.382
<60 44 24 20
=60 40 18 22
Tumor size (cm) 0.374
<3 34 15 19
=3 50 27 23
Lymph node metastasis 0.009*
No 40 14 26
Yes 44 28 16
Histological grade <0.001°
I 38 10 28
II-111 46 32 14

Data were assessed by ¥ test. “P<0.01, °P<0.001 vs. high PFKP expression group. PFKP, platelet isoform of phosphofructokinase.
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Figure 2. PFKP promotes the proliferation of non-small cell lung cancer cells. (A) mRNA expression levels of PFKP in H1299 and H23 cells were determined
by reverse transcription-quantitative PCR. (B) Viability of H1299 and H23 cells was detected by Cell Counting Kit-8 assay. (C) Colony formation assay was
used to detect the proliferation of H1299 and H23 cells. Data are presented as the mean + SD from three independent experiments. ““P<0.01 vs. control group;
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density; si, small interfering RNA; NC, negative control.
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were downregulated in the sil-PFKP and si2-PFKP groups
(P<0.01), whereas the mRNA expression levels of PFKP were
upregulated in the pCMV6-PFKP group (P<0.01), compared
with in the control and si-NC or pPCMV6-ENTRY groups. The
results indicated that transfection was successful. Moreover,
the mRNA expression levels of PFKP in the sil-PFKP group
were significantly decreased compared with the si2-PFKP
group (P<0.01; Fig. 2A); therefore, sil-PFKP was used in
subsequent experiments. The effects of PFKP on the prolifera-
tion of NSCLC cells were assessed using CCK-8 and colony
formation assays. As shown in Fig. 2B, the OD450 value in
the sil-PFKP group was lower than that in the control and
si-NC groups (P<0.01); however, the OD450 value in the
pCMV6-PFKP group was higher than that in the control and
pCMV6-ENTRY groups (P<0.01). Moreover, similar results
were obtained from the colony formation assay (P<0.01;
Fig. 2C).

PFKP promotes migration, invasion and epithelial -mesen-
chymal transition (EMT) of NSCLC cells. Transwell invasion
and wound healing assays were used to detect the invasion
and migration of NSCLC cells. As shown in Fig. 3A and B,
overexpression of PFKP increased the wound healing rate and
number of invasive cells among H1299 cells compared with
those in the control and pCMV6-ENTRY groups (P<0.01),
whereas knockdown of PFKP decreased the wound healing
rate and number of invasive cells among H23 cells compared
with those in the control and si-NC groups (P<0.01). In addi-
tion, western blot analysis (Fig. 3C) demonstrated that the
protein expression levels of N-cadherin and vimentin were
significantly lower in the sil-PFKP group than those in the
control and si-NC groups (P<0.01), whereas the protein expres-
sion levels of E-cadherin were increased (P<0.01). When PFKP
expression was upregulated, the protein expression levels of
N-cadherin and vimentin were increased compared with those
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in the control and pCMV6-ENTRY groups (P<0.01), whereas
the protein expression levels of E-cadherin were decreased
(P<0.01).

PFKP inhibits apoptosis of NSCLC cells. Apoptosis of H23
and H1299 cells was detected using flow cytometry. As shown
in Fig. 4A, overexpression of PFKP decreased the apoptotic
rate in H1299 cells compared with that in the control and
pCMV6-ENTRY groups (P<0.01), whereas an opposite trend
in apoptotic rate was observed in the sil-PFKP group of
H23 cells. Moreover, the expression levels of apoptosis-related
proteins (caspase-3 and Bcl-2) were detected using western
blot analysis. As presented in Fig. 4B, overexpression of
PFKP reduced the protein expression levels of caspase-3 and
increased the protein expression levels of Bcl-2 in H1299 cells
compared with those in the control and pCMV6-ENTRY
groups (P<0.01), whereas the opposite results were observed
in the sil-PFKP group of H23 cells.

PFKP promotes glycolysis of NSCLC cells. The present study
also investigated the effect of PFKP on glucose metabolism.
The results revealed that overexpression of PFKP enhanced
glucose uptake, lactate production and the ATP/ADP ratio
in H1299 cells compared with those in the control and
pCMV6-ENTRY groups (P<0.01), whereas knockdown
of PFKP reduced glucose uptake, lactate production and
the ATP/ADP ratio in H23 cells compared with those in
the control and si-NC groups (P<0.01; Fig. SA-C). Moreover,
the expression levels of glycolysis-associated enzymes (HK-2,
LDHA and Glut-1) were detected using western blot analysis.
As shown in Fig. 5D, overexpression of PFKP increased the
protein expression levels of HK-2, LDHA and Glut-1 in H1299

cells compared with those in the control and pPCMV6-ENTRY
groups (P<0.01), whereas knockdown of PFKP decreased
the protein expression levels of HK-2, LDHA and Glut-1 in
H23 cells compared with those in the control and si-NC groups
(P<0.01).

PFKP may increase the expression of HK-2 and PKM2
and regulate glycolysis in NSCLC specimens. To further
determine the clinical significance of PFKP in glycolysis,
the expression of glycolysis-associated enzymes (HK-2 and
PKM?2) was detected in patient samples (NSCLC and corre-
sponding adjacent tissues) using IHC. As shown in Fig. 6,
the expression levels of HK-2 and PKM?2 were significantly
higher in NSCLC tissues than those in normal tissues
(P<0.01). These results suggested that PFKP may increase
the expression of HK-2 and PKM2, and regulate glycolysis
in NSCLC.

Discussion

NSCLC presents as fatal malignant tumors, and =65% of
patients with NSCLC exhibit cancer progression with local
advanced or metastatic features (26). PFKP is a second
rate-limiting enzyme that has an important role in glycolysis
and affects tumor progression (27). In the present study, PFKP
expression was revealed to be upregulated in NSCLC tissues
and cells, and was associated with lymph node metastasis and
histological grade. In addition, the present findings demon-
strated that overexpression of PFKP inhibited cell apoptosis,
and promoted proliferation, migration, invasion, EMT and
glycolysis in NSCLC cells, whereas knockdown of PFKP had
the opposite effect.
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To develop novel treatment strategies for cancer, accu-
mulating evidence has demonstrated that biomarkers are
associated with cancer progression (28,29). Previously, it has
been reported that the expression of PFKP is upregulated in
most types of cancer and is associated with prognosis (30).
In addition, it has been reported that the expression of PFKP
in oral squamous cell carcinoma tissues is higher than that in
adjacent noncancerous tissues, and that it is associated with
differentiation and lymph node metastasis (31). Lee et al (30)

suggested that PFKP expression in human glioblastoma
(GBM) specimens may be upregulated compared with that in
normal human brain tissue, and PFKP expression was shown
to be increased in primary GBM cells. Consistent with these
previous results, the present study demonstrated that PFKP
expression was upregulated in NSCLC tissues and cells, and
was associated with lymph node metastasis and histological
grade. These findings suggested that PFKP may have an
important role in the carcinogenesis of NSCLC.
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Phosphofructokinase-1 (PFK-1) is a key rate-limiting
enzyme that has a critical role in the glycolytic pathway (32).
PFK-1 has three isoforms: Liver isoform of phosphofructo-
kinase (PFKL), muscle isoform of phosphofructokinase and
PFKP (33). It has been reported that knockdown of PFK-1
expression may inhibit cancer cell proliferation and tumori-
genicity (34). Yang et al (35) demonstrated that knockdown
of PFKL inhibited cell growth and colony formation in H460
and H1299 cells, whereas overexpression of PFKL promoted
cell growth and colony formation. Moreover, a study by
Wang et al (21) indicated that knockdown of PFKP suppressed
cell proliferation, promoted apoptosis and induced cell cycle
arrest in kidney cancer cells. In the present study, overexpres-
sion of PFKP promoted cell proliferation, inhibited apoptosis,
reduced the protein expression of caspase-3 and increased the
protein expression of Bcl-2 in H1299 cells, whereas knock-
down of PFKP in H23 cells had the opposite effect. Taken
together, these findings indicated that PFKP may promote cell
proliferation and inhibit apoptosis of NSCLC cells.

Metastasis is the main cause of death in patients with
cancer (36). EMT is reported to be an important cause of distal
metastases of malignant tumors (37). Accumulating evidence has
demonstrated that metastatic potential can be enhanced by acti-
vating EMT in numerous types of cancer, including HCC (38),
BC (39) and cervical cancer (40). The present study revealed
that overexpression of PFKP decreased the protein expression
levels of E-cadherin, and increased the protein expression levels
of N-cadherin and vimentin, whereas knockdown of PFKP
had the opposite effect. In addition, overexpression of PFKP
increased the wound healing rate and number of invasive cells
among H1299 cells, but knockdown of PFKP decreased the
wound healing rate and number of invasive cells among H23
cells. These results suggested that PFKP may promote migra-
tion, invasion and EMT in NSCLC cells.

The Warburg effect serves a critical role in tumor devel-
opment (41). Aerobic glycolysis is the main energy supply
mode for tumor cells (42). During glycolysis, glucose is
converted to pyruvate to accumulate lactate, which is
accompanied by ATP production (43,44). Moreover, a
number of enzymes (including HK2, GLUT1, LDHA and
PKM2) are involved in glycolysis (45,46). Wang et al (21)
reported that knockdown of PFKP reduced glucose uptake
and lactate production in kidney cancer cells. In the
present study, the results revealed that overexpression of
PFKP enhanced glucose uptake, lactate production and the
ATP/ADP ratio, and increased the protein expression of
HK-2, LDHA and Glut-1 in H1299 cells, whereas knock-
down of PFKP reduced glucose uptake, lactate production
and the ATP/ADP ratio, and decreased the protein expres-
sion of HK-2, LDHA and Glut-1 in H23 cells. Moreover,
the present results showed that the expression levels of
HK-2 and PKM2 in NSCLC tissues were higher than those
in normal tissues. These results suggested that PFKP may
promote the protein expression of HK-2, LDHA, Glut-1 and
PKM2, and regulate glycolysis in NSCLC.

In conclusion, PFKP expression in NSCLC tissues and
cells was upregulated, and was associated with lymph node
metastasis and histological grade. Moreover, PFKP inhibited
cell apoptosis, and promoted proliferation, migration, inva-
sion and glycolysis in NSCLC cells. Although Kaplan-Meier

survival analysis of TCGA data was performed in the present
study, further studies, such as Kaplan-Meier survival analysis
of clinical data, are required to investigate the prognostic
value of PFKP. However, the present study provides a deeper
understanding of NSCLC progression, which may provide a
foundation for the treatment of NSCLC.
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