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Abstract

Purpose Although it has been reported that up-regulation of phosphofructokinase (PFK) expression is a major feature of
malignant tumors, the role of platelet type PFK (PFKP) in tumor initiation and progression is as yet poorly understood. The
objective of this study was to evaluate PFKP expression in lung cancer and its effect on glycolysis, and to explore correlations
between PFKP expression levels and clinical lung cancer patient features.

Methods PFKP mRNA expression levels in cancer tissues and adjacent normal tissues were compared using The Cancer Genome
Atlas (TCGA) database. PFKP mRNA and protein expression levels in fresh lung cancer tissues and cell lines were assessed using
quantitative real-time PCR and Western blotting. Immunohistochemistry (IHC) was used to assess PFKP expression in 150 archival
lung adenocarcinoma samples, after which follow-up data and their correlations with clinical features and patient prognosis were
evaluated. A retroviral sShRNA-mediated method was used to construct stable cell lines expressing low levels of PFKP. Glucose,
lactate and adenosine triphosphate concentrations in the cell culture supernatants were determined using enzymatic, spectrophoto-
metric and enzyme-linked immunosorbent (ELISA) assays, respectively. The effect of PFKP expression on the proliferation of lung
cancer cells was assessed using colony forming, MTT and flow cytometry assays, respectively. Finally, data from tissue samples of
533 patients with lung adenocarcinoma and 502 patients with lung squamous cell carcinoma were downloaded from the TCGA
database, after which pathway and gene correlation information was retrieved using gene set enrichment analyses.

Results We found that PFKP was highly expressed in lung cancer tissues and cell lines. Using IHC we found that PFKP was highly
expressed in primary lung adenocarcinoma tissues and that a high expression was associated with a poor prognosis. Clinical data analysis
revealed that the PFKP expression levels correlated with tumor size and patient survival. Lung cancer cell lines with decreased PFKP
expression levels showed significant decreases in glucose uptake rates, lactate levels and adenosine triphosphate concentrations. They also
exhibited significantly decreased proliferation rates, colony forming abilities and increased G2/M cell cycle phase percentages. Gene set
enrichment analysis revealed that multiple pathways, including glycolytic pathways, may be involved in the regulation PFKP.
Conclusions Our data indicate that PFKP is highly expressed in lung cancer tissues and cell lines and is associated with tumor size
and patient prognosis. As such, PFKP may serve as a prognostic biomarker. We also found that PFKP regulates the level of
glycolysis in lung cancer cells and is associated with lung cancer cell proliferation. These data may be instrumental for the design
of new lung cancer treatment options.
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Lung cancer is the leading cause of cancer-related deaths
worldwide, with an average 5-year survival rate of 16% [1].
Non—small cell lung cancer NSCLC) accounts for 80% of all
lung cancer cases and has a high incidence in underdeveloped

! Department of Thoracic Surgery, Taizhou Hospital of Zhejiang countries [2]. NSCLC local invasion (T), lymph node metas-
Province, Whenzhou Medical University, Linhai 317000, China tasis (N) and distant metastasis (M) significantly affect the
2 Whenzhou Medical University, Whenzhou 325000, China prognosis of patients, and tumor progression is inseparable

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13402-020-00508-6&domain=pdf
https://doi.org/10.1007/s13402-020-00508-6
mailto:zhucc@enzemed.com
mailto:chenbf@enzemed.com

618

Shen et al.

from energy supply. Unlike normal cells, in which oxidative
phosphorylation occurs in mitochondria, tumor cells primarily
acquire energy through glycolysis, which results in the pro-
duction of large amounts of lactic acid and small amounts of
adenosine triphosphate (ATP). This phenomenon is known as
the Warburg effect [3—5]. The Warburg effect occurs in vari-
ous tumor tissues and promotes the proliferation, invasion and
metastasis of tumor cells and their resistance to radiotherapy
and chemotherapy. Although this hampers the efficacy of cur-
rent treatment regimens, it may also indicate directions for the
development of new treatment options. Several studies have
shown that the Warburg effect and the degree of dependence
of tumor cells on it are determined by both intracellular and
extracellular environments in which lactic acid, glycolytic en-
zyme and hypoxia-inducible factor-1 levels and tumor prolif-
eration and metastasis are closely related [6—8]. Therefore, it is
of' major clinical significance to thoroughly study the involve-
ment of glycolysis in lung cancer development and to identify
new clues to inhibit its proliferation and growth.

The conversion of fructose 6-phosphate to fructose 1,6-di-
phosphate, which is catalyzed by phosphofructokinase 1
(PFK-1), is the first key step in glycolysis. PFK-1 is a complex
tetrameric enzyme that contains three subtypes: platelet type
(PFKP), muscle type (PFKM) and liver type (PFKL) [9, 10].
Although up-regulation of PFK expression is a major feature
of malignant tumors, the role of PFKP in tumor initiation and
progression, as well as cancer-related phenotypic changes, are
poorly understood. Previous studies have shown that PFKP
expression may be associated with tumor type, i.e., its expres-
sion has been found to be low in seminomas and embryonal
carcinomas [11] and to be high in human breast tumor cells
[12]. It has also been found that PFKP regulates the glucose
metabolism and phenotypic reorganization of glioma stem
cells [13]. As yet, however, it is not clear whether alterations
in PFKP expression and glucose metabolism are associated
with lung cancer. Here, we measured the PFKP mRNA and
protein expression levels in primary lung cancer tissues and
cell lines and evaluated correlations between PFKP expres-
sion and clinicopathologic features including the prognosis
of lung cancer patients. We also downregulated the expression
of PFKP in lung cancer cells and assessed its effect on glycol-
ysis in these cells. Additionally, we investigated the effect of
PFKP expression on lung cancer cell colony formation, pro-
liferation and cell cycle progression.

2 Materials and methods
2.1 Cell lines and culture
The normal human bronchial epithelial cell line HBE and the

lung adenocarcinoma cell lines NCI-1975, A549, NCI-
H1650, H358, H827 and H2228 were obtained from the
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Guangzhou Institute of Respiratory Diseases, State Key
Laboratory of Respiratory Diseases. The cells were cultured
in Dulbecco’s modified eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and antibiotics.

2.2 Clinical specimens and data collection

Thirty fresh lung adenocarcinoma specimens excised by tho-
racic surgery from July 2014 to June 2015 were randomly
collected and divided into cancerous tissues and adjacent
non-cancerous tissues (more than 5 cm from the tumors) for
protein extraction. Paraffin-embedded lung cancer specimens
(150 cases from June 2010 to June 2012) that were confirmed
pathologically were collected from the tissue bank of Taizhou
Hospital of Zhejiang Province. For all cases complete follow-
up data were available. The patient data are listed in Table 1.
Normal lung tissues were derived from benign lung lesion
specimens. Written informed consent was obtained from all
patients or their family members.

2.3 TCGA data retrieval and analysis

PFKP mRNA expression data from cancer tissues and para-
cancerous tissues were downloaded from The Cancer Genome
Atlas (TCGA) database (https://cancergenome.nih.gov/), after
which data analyses were performed using the R language.

2.4 Quantitative real time PCR (qRT-PCR)

Total RNA of cells and tissues was extracted using the TRIzol
method and reverse-transcribed into cDNA using a cDNA
synthesis kit (TaKaRa, Japan). Primers were designed using
Primer 5.0 software and synthesized by Invitrogen. PCR was
performed with SYBR GREEN on an ABI 7300 plus real-
time system. The primer sequences used were as follows:

Table 1 Correlations between PFKP expression levels and

clinicopathological features in patients with lung cancer

Patient characteristics PFKP expression p value

Low High

Gender Male 33 46 0.72*
Female 28 43

Age (years) <60 27 45 0.62"
>60 34 44

Size <3cm 48 44 <0.001""
>3 cm 13 45

N classification Yes 31 42 0.78*
No 30 47

Survival Alive 48 55 0.035"
Deceased 13 34

“p<0.05, " p<00L,* p>005
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GAPDH-forward AATCCCATCACCATCTTCCA,
GAPDH-reverse CCTGCTTCACCACCTTCTTG, PFKP-
forward TCGGTCTCTCCAAGTTTGTGC, PFKP- reverse
TTCCGTTGTCCACCAATCTGA. The data were normal-
ized using the 2-A ACt method. The PFKP mRNA expression
levels in HBE cells and control samples were set at 1, after
which relative PFKP abundances were calculated.

2.5 Western blot analysis

Tumor tissue samples were rapidly grinded using a grinding
rod until powdered with continuous liquid nitrogen addition.
Protein concentrations were determined using a BCA protein
kit (Biyuntian Bio-technology Co., Shanghai, China). Next,
the proteins were separated by SDS-PAGE and transferred to
polyvinylidene fluoride membranes. After blocking with 5%
bovine serum albumin, the membranes were incubated with a
specific primary antibody overnight at 4 °C, washed with tris-
buffered saline and incubated with a secondary antibody for
1 h. Finally, proteins were visualized by LAS 500 using
an enhanced chemiluminescent chromogenic reagent.
The Western blot results were processed using Image J
software. The relative PFKP protein expression level
was determined by the gray value of PFKP versus the
gray value of the internal reference «-tubulin. The anti-
bodies used were anti-PFKP (ab204131, Abcam) and
anti-«-tubulin (ab210797, Abcam).

2.6 Immunohistochemistry (IHC)

Paraffin-embedded specimens were dewaxed with xylene, hy-
drated using an ethanol gradient and exposed to microwave
antigen retrieval. Next, a hydrogen peroxide methanol solu-
tion was added (one drop at a time), after which the specimens
were incubated with a primary antibody at 4 °C overnight.
After rewarming, a horseradish peroxidase conjugated sec-
ondary antibody was added and DAB was developed. The
intensity and extent of IHC staining were independently
assessed by two pathologists, and their mean values were
recorded. The target protein expression results were evaluated
by combining the staining intensity with the staining range.
The staining intensity was scored from 1 to 4: negative, 1
point; weakly positive, 2 points; positive, 3 points; strongly
positive, 4 points. The staining range was scored as follows:
Four different fields of view were randomly selected under a
high-power microscope (200%), after which the total number
of cells and the number of cytoplasmic positive cells were
counted and the percentages of positive cells were scored from
1 to 4: 0% to 25%, 1 point; 26% to 50%, 2 points; 51% to
75%, 3 points; 76% to 100%, 4 points. The final staining score
(expressed in p) was calculated by multiplying the staining
intensity of the section by the staining range, defined as four
levels: -, p<4;+,4>p<8;++, 8§>p=<12; +++, [12>p<16.

The symbols — and + indicate negative or weakly positive ex-
pression, whereas ++ and +++ indicate positive expression.

2.7 Construction of stable cell lines expressing low
levels of PFKP

The NSCLC cell lines NCI-H1650 and A549 were infected
with the retroviral vector pSUPER that harbored a PFKP-
shRNA. After infection, cell lines stably expressing low levels
of PFKP were selected in culture medium containing puromy-
cin (0.5 pg/ml).

For glucose oxidase-peroxidase (GOD-POD), spectropho-
tometric, enzyme-linked immunosorbent assay (ELISA), col-
ony formation and MTT procedures: see Supplementary
Material.

2.8 Cell cycle analysis by flow cytometry

A single-cell suspension was added to a 2 ml round-bottom
centrifuge tube and washed by centrifugation (1500 rpm,
5 min), after which the supernatant was discarded. Next,
2 ml pre-cooled 70% alcohol was added and the cells were
fixed at 4 °C for 30 min. Subsequently, RNase A (working
concentration 20 pg/ml) was added to degrade the RNA and
propidium iodide (PI) solution was added (working concen-
tration 50 pg/ml), followed by incubation at room temperature
for 30 min in the dark. Finally, the cells were mixed, passed
through a 300-mesh screen and added to a flow tube for cyto-
metric detection.

2.9 TCGA data analysis

The HTSeq-FPKM datasets of lung adenocarcinoma (LUAD)
and lung squamous cell carcinoma (LUSC) were downloaded
from the cancer genome atlas (TCGA) database. Information
on RNA expression levels in 533 LUAD and 502 LUSC spec-
imens was retrieved. We used gene set enrichment analysis
(GSEA) 4.0.3 software for our analyses. To this end, HTSeqg-
FPFM mRNA expression data of the 533 LUAD cases were
imported into the GSEA software. According to the expression
profile data, we set the first 50% of the samples of PFKP ex-
pression as high-expression group and the last 50% of the sam-
ples as low-expression group. The GSEA enrichment analysis-
specific parameter settings were: ¢5.bp.v7.0.symbols.gmt;
number of permutations: 1000; collapse dataset to gene sym-
bols: false; enhancement statistic: weighted; and metric for
ranking genes: signal-to-noise metric. The same method was
used to analyze the data of the 502 LUSC cases.

2.10 Statistical analyses

For all statistical analyses the SPSS 16.0 software package
was used. Measured data were expressed as x> = SD. A paired

@ Springer



Shen et al.

620
a P=0.0022
300 ¢
§ .
@
g
:Q 200
x
13
- [
E® 500k v
g ©
= ]
€ ol _4endess "E-'
Normal LUAD

b P=0.0007

. 200 ¢~

e

2 150

- o o

?& "

S 100}

4 a

ES .

| =

s . ol i ..:..l
Normal LUSC

Fig. 1 Up-regulation of PFKP mRNA in lung adenocarcinoma (a) and lung squamous cell carcinoma (b) tissues, p < 0.05

sample t-test was used to compare groups. A X test was used
to count data. Survival curves were drawn using the Kaplan-
Meier method. A log-rank test was used to compare survival
rates of two groups. Statistical significance was indicated by
p<0.05.

3 Results

3.1 PFKP mRNA is highly expressed in lung cancer
tissues and cell lines

Data from 31 patients with lung adenocarcinoma (LUAD) and
17 patients with lung squamous cell carcinoma (LUSC) were
retrieved from the TCGA database and PFKP mRNA expres-
sion levels were compared in lung cancer tissues and normal
adjacent tissues. Paired t-test analysis revealed that the PFKP
mRNA levels in LUAD (Fig. 1a) and LUSC (Fig. 1b) tissues
were higher than those in the adjacent normal tissues. This
difference was statistically significant (p < 0.05).

To verify whether the expression of PFKP was also up-
regulated in lung cancer cell lines, the PFKP mRNA levels

[\

Relative PFKP
mMRNA expression
A

in a series of lung cancer cell lines and a normal human bron-
chial epithelial (HBE) cell line were measured by qRT-PCR.
We found that compared to the normal HBE cell line, the
PFKP mRNA levels were significantly up-regulated in the
following Iung cancer cell lines: PC-9, NCI-H1650, NCI-
H520, NCI-H460, H1975, HCC827 and A549 (Fig. 2a).
This result was statistically significant (p < 0.05). In addition,
we found that the PFKP mRNA expression levels were higher
in eight fresh LUAD tissue samples compared to their adja-
cent normal tissue samples (Fig. 2b). These results are consis-
tent with those of the TCGA, i.e., the expression of PFKP in
lung cancer tissues is up-regulated.

3.2 PFKP protein is highly expressed in lung cancer
tissues and cell lines

Western blot analyses were used to detect PFKP protein ex-
pression in lung cancer tissues and cell lines; x-tubulin was
used as an internal reference. We found that the PFKP expres-
sion levels were significantly higher in the lung cancer cell
lines PC-9, NCI-H1650, NCI-H520, NCI-H460, H1975,
HCCS827 and A549, compared to that in normal HBE cells
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Fig. 2 Up-regulation of PFKP mRNA in a lung cancer cell lines (a) and lung adenocarcinoma tissues (b), p <0.05
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Fig. 3 High levels of PFKP expression in lung cancer cell lines (a) and lung adenocarcinoma (T) tissues (b)

(Fig. 3a). In order to confirm the high PFKP expression level
in lung cancer tissues, we examined PFKP protein expression
levels in 30 fresh lung adenocarcinoma tissues and adjacent
normal tissues. By doing so, we found that the PFKP expres-
sion levels were significantly increased in the lung adenocar-
cinoma tissues compared to those in the adjacent normal tis-
sues (Fig. 3b).

3.3 PFKP protein expression levels correlate
with clinicopathological features and prognosis

In total 150 archival lung adenocarcinoma specimens (cancer-
ous and para-cancerous tissues) with clinical follow-up data
were assessed by IHC. We found that 89 cases were positive
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Fig. 4 High expression of PFKP in lung adenocarcinomas as measured
by IHC (a). The expression of PFKP in lung adenocarcinomas was
associated with prognosis: the PFKP high-expression group had a poor

for PFKP expression, with a positivity rate of 66%. Of these,
45 were strongly positive, 34 were positive and 10 were weak-
ly positive. In contrast, we found that PFKP expression in the
adjacent tissues was weakly positive or negative, indicating
that the expression of PFKP was significantly higher in the
lung adenocarcinomas than in the adjacent normal tissues
(Fig. 4a), which was statistically significant (p < 0.05).

A x* test was used to assess whether the PEKP expression
levels (strongly positive and medium positive results were
placed in a high-expression group; weakly positive and nega-
tive results were placed in a low-expression group) were as-
sociated with clinical and pathologic features of the lung can-
cer patients. We found that the PFKP expression level was
correlated with tumor size and survival, which was
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prognosis (overall survival) compared to the low-expression group (b),
p=0.001. A positive correlation was found between PFKP and Ki67
expression in lung adenocarcinomas (¢ and d), p =0.001
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Fig. 5 The expression of PFKP at the mRNA (a) and protein (b) levels
was significantly lower in the PFKP-RNAi#1 and PFKP-RNAi#2 cell
lines than the wild-type NCI-H1650 and A549 cell lines (negative

statistically significant (p <0.05) (Table 1). Conversely, we
found that the expression level was not related to age, gender
or regional lymph node metastasis status (p > 0.05).

In order to assess correlations between PFKP protein expres-
sion levels and patient prognosis, complete follow-up data of
109 patients with lung adenocarcinomas were analyzed. We
found that 72 patients (66.06%) survived and 37 patients
(32.94%) died during the follow-up period. The x? test revealed

NCI-H1650 AS49

NCIH1650 AS49

controls). In the PFKP-RNAi#1 and PFKP-RNAi#2 cell lines the glucose
uptake rates (c), lactic acid levels (d) and ATP concentrations (e) were
decreased compared to the negative controls, p <.05

that the PFKP protein expression level was correlated with the
survival status of the patients, which was statistically significant
(p=0.033). The 5-year survival rate was 78.4% (40/51) for the
low-expression group and 48.3% (28/58) for the high-
expression group. Survival curves were plotted using the
Kaplan-Meier method, and the log-rank test was used to com-
pare differences in survival rates between the two groups (Fig.
4b). The results indicated that the survival time of patients with

Fig. 6 siRNA-mediated PFKP i RNAi-vector
expression silencing in NCI- RNAI- PFKP- PFKP-

H1650 and A549 lung cancer Vector RNAi#1 RNAi#2 . PFKP-RNAi#1
cells inhibited their colony D PFKP-RNAi#2
forming capacities compared to 60

the negative (RNAi-vector)
controls, p <0.05

NCI-H1650

A549
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a low PFKP protein expression was significantly longer than
that of patients with a high PFKP protein expression (5-year
survival rates were 67% and 36%, respectively), suggesting that
patients with a low expression have a good prognosis, whereas
those with a high expression have a poor prognosis. This dif-
ference was statistically significant (p = 0.001).

To further study the relationship between PFKP protein
expression and the development of lung cancer, IHC was used
to analyze the expression of PFKP in conjunction with the cell
proliferation marker Ki67 in patient-derived lung cancer tis-
sues (Fig. 4c and d). We found that there was a positive cor-
relation between PFKP and Ki67 expression, suggesting that a
high PFKP protein expression may be associated with a high
proliferation rate in lung cancer cells.

a
500
§Aoo
@
Esoo
S 200
2
“  j00
Eo A A )
0 1 2 3

NCI-H1650

3.4 Establishment of stable cell lines exhibiting a low
PFKP expression

Stable NCI-H1650 and A549 cell lines with a low PFKP ex-
pression were generated using viral shRNA transfections.
Next, RNA and protein were extracted from stably
transfected and control cells after which the PFKP
levels were detected by qRT-PCR and Western blotting,
respectively. We found that the PFKP expression in the
stably transfected lung cancer cell lines (PFKP-RNAi#1
and PFKP-RNAi#2) was significantly lower at both the
mRNA (Fig. 5a) and protein (Fig. 5b) levels compared
to those in the negative control cells. The difference
was statistically significant (p <0.05).
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Fig. 8 siRNA-mediated PFKP expression silencing inhibits the proliferation of lung cancer cells. The abilities of the NCI-H1650 (a) and the A549 (b)
cells to proliferate after PFKP silencing were significantly reduced compared to the negative controls
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3.5 Effect of PFKP expression on glucose metabolism
in lung cancer cells

In the stably transfected lung cancer cell lines the glucose
uptake rate was found to be significantly decreased in the
PFKP low-expression group compared to the negative control
group (Fig. 5¢). The glucose uptake rates of the NCI-H1650-
derived cell lines PFKP-RNAi#1 and PFKP-RNAi#2 were
0.52 and 0.45 times those of the negative control group, re-
spectively. A paired t-test revealed that there was a statistically
significant difference in glucose uptake rates between the low
PFKP expression group and the negative control group (p =
0.01 and 0.008, respectively). Similar results were obtained
with the A549-derived cell lines with a low PFKP ex-
pression, i.e., the glucose uptake rates of the PFKP-
RNAi#1 and PFKP-RNAi#2 cells were 0.61 and 0.5
times that of the negative control group, respectively.
A paired t-test revealed that there was a statistically
significant difference in glucose uptake rates between
the low PFKP expression group and the negative control
group (p=0.04 and 0.02, respectively).

We also found that the lactic acid levels in the culture media
ofthe low PFKP expression groups were significantly reduced
compared to those in the negative control groups (Fig. 5d)
(p<0.05). The lactic acid levels of the NCI-H1650-derived
cell lines PFKP-RNAi#1 and PFKP-RNAi#2 were 0.62 and
0.4 times those of the negative control group, respectively. A
paired t-test revealed that these differences were statistically
significant (p =0.01 and 0.003, respectively). Similar results
were obtained with the low PFKP expression A549-derived
cell lines, i.e., the lactic acid levels of PFKP-RNAi#1 and
PFKP-RNAi#2 cells were 0.63 and 0.5 times those of the
negative control group, respectively. A paired t-test revealed
that these differences were statistically significant (p =0.01
and 0.005, respectively).

Additionally, we found that the ATP concentrations in the
PFKP low-expression groups were significantly reduced com-
pared to those in the negative control groups (Fig. 5e). The
ATP concentrations of the NCI-H1650-derived cell lines
PFKP-RNAi#1 and PFKP-RNAi#2 were 0.43 and 0.42 times
those of the negative control group, respectively. A paired t-
test revealed that these differences were statistically
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Fig. 9 Compared to the negative controls, the proportion of G2/M-phase cells in the NCI-H1650 (a) and A549 (b) lung cancer cell lines expressing low

levels of PFKP was significantly reduced
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significant (p =0.004 for both groups). Similar results were
obtained with the PFKP low-expression A549-derived cell
lines. The ATP concentrations of PFKP-RNAi#1 and PFKP-
RNAi#2 were 0.71 and 0.52 times those of the negative con-
trol group, respectively. A paired t-test revealed that these
differences were a statistically significant (p =0.042 and
0.005, respectively).

3.6 PFKP expression affects colony formation,
proliferation and cell cycle progression of lung cancer
cells

We found that the colony forming abilities of the stably
transfected lung cancer cell lines PFKP-RNAi#1 and PFKP-
RNAi#2 exhibiting PFKP silencing were reduced compared
to those of the negative control groups (Fig. 6). A paired t-test
revealed that the differences were statistically significant
(p <0.05). Subsequent plate colony formation experiments
revealed that PFKP expression silencing inhibited the colony
forming ability of both lung cancer cell lines (Fig. 7), i.e.,
compared to the negative control group fewer PFKP-
RNAi#1 and PFKP-RNAi#2 colonies in the PFKP low-

expression groups of both the NCI-H1650 and A549 cell lines
were noted. A paired t-test revealed that these differences were
statistically significant (p < 0.05).

Using a MTT assay, we found that PFKP expression silenc-
ing also inhibited the proliferation of lung cancer cells. The
stably transfected NCI-H1650 (Fig. 8a) and A549 (Fig. 8b)
cell lines exhibited reduced abilities to proliferate compared to
the respective negative control groups. A paired t-test revealed
that these differences were statistically significant for both the
NCI-H1650- and A549-derived cell lines (p < 0.05).

To further investigate correlations between low PFKP
expression and lung cancer cell cycle parameters, flow
cytometry was used. We found that the proportion of
G2/M cells in the lung cancer cell lines NCI-H1650
(Fig. 9a) and A549 (Fig. 9b) exhibiting a low PFKP
expression was significantly reduced compared to those
in the negative control groups. This result indicates in-
hibition of tumor cell proliferation. The G2/M cell cycle
phase percentages were 32.05% and 29.97% in the NCI-
H1650-derived PFKP-RNAi#1 and PFKP-RNAi#2 cell
lines, respectively, whereas the G2/M cell cycle phase
percentage in the negative control cells was 44.26%.

Table 2 Top ten signaling pathways enriched in LUAD/LUSC tissues related to PFKP

Rank  Name of pathway ES NES NOMp-val FDRg-val FWER p-val
LUAD
1 GLYCOLYTIC PROCESS THROUGH FRUCTOSE 6 PHOSPHATE 079  2.64  0.000 0.000 0.000
2 MITOTIC CHROMOSOME CONDENSATION 0.68  2.62 0.000 0.000 0.000
3 CYTOKINETIC PROCESS 059 245 0.000 0.000 0.000
4 RRNA TRANSCRIPTION 0.69 244  0.000 0.000 0.000
5 REGULATION OF TRANSCRIPTION INVOLVED IN G1 S 071 243 0.000 0.000 0.000
TRANSITION OF MITOTIC CELL CYCLE
6 POSITIVE REGULATION OF UBIQUITIN PROTEIN 054 242 0.000 0.000 0.000
TRANSFERASE ACTIVITY
POSITIVE REGULATION OF DNA REPLICATION 0.65 2.37 0.000 0.000 0.000
8 NUCLEOBASE BIOSYNTHETIC PROCESS 0.68 233 0.000 0.000 0.000
REGULATION OF MITOCHONDRION ORGANIZATION 0.38 2.26 0.000 0.000 0.000
10 RETROGRADE VESICLE MEDIATED TRANSPORT 046 225 0.000 0.000 0.000
GOLGI TO ENDOPLASMIC RETICULUM
LUSC
1 GLYCOLYTIC PROCESS 059  3.05 0.000 0.000 0.000
2 CARBOHYDRATE PHOSPHORYLATION 0.74 247 0.000 0.000 0.000
3 CARBOHYDRATE CATABOLIC PROCESS 048 233 0.000 0.000 0.000
4 RESPONSE TO ACTIVITY 032 228 0.000 0.000 0.000
5 PURINE NUCLEOSIDE MONOPHOSPHATE BIOSYNTHETIC 055 225 0.000 0.000 0.000
PROCESS
6 MONOSACCHARIDE CATABOLIC PROCESS 061 222 0.000 0.000 0.000
7 REGULATION OF AUTOPHAGY OF MITOCHONDRION 059  2.19 0.000 0.000 0.000
8 HEXOSE CATABOLIC PROCESS 0.60 2.14  0.000 0.000 0.000
9 POSITIVE REGULATION OF PROTEIN DEACETYLATION 047  2.09 0.000 0.000 0.000
10 POSITIVE REGULATION OF AUTOPHAGY OF MITOCHONDRION  0.69  2.05 0.000 0.000 0.000
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Table 3  GSEA details of GLYCOLY TIC PROCESS THROUGH FRUCTOSE 6 PHOSPHATE/GLYCOLYTIC PROCESS pathways in LUAD and
LUSC tissues

Probe RANK METRIC SCORE RUNNING ES CORE ENRICHMENT

LUAD: GLYCOLYTIC PROCESS THROUGH FRUCTOSE 6 PHOSPHATE

PFKP 1.068 0.1814 Yes
GAPDH 0.536 0.2724 Yes
TPIl 0.473 0.3528 Yes
ALDOA 0.415 0.4229 Yes
GPI 0.405 0.4914 Yes
PKM 0.401 0.5596 Yes
PGAM1 0.373 0.6219 Yes
PGK1 0.334 0.6752 Yes
HK2 0.253 0.6985 Yes
ENO2 0.252 0.7409 Yes
ENO1 0.238 0.7751 Yes
PFKM 0.184 0.7720 Yes
GALKI1 0.177 0.7973 Yes
LUSC: GLYCOLYTIC PROCESS

PFKP 1.080 0.1133 Yes
PFKFB3 0.348 0.1496 Yes
ALDOA 0.292 0.1801 Yes
ENO1 0.289 0.2104 Yes
PGAM1 0.277 0.2395 Yes
ENO2 0.232 0.2628 Yes
PFKFB4 0.229 0.2869 Yes
HK2 0.229 0.3110 Yes
GPI 0.217 0.3334 Yes
PKM 0.209 0.3544 Yes
PGAM4 0.191 0.3730 Yes
PGK1 0.189 0.3925 Yes
DHTKDI1 0.183 0.4109 Yes
ALDOC 0.175 0.4276 Yes
LDHA 0.175 0.4460 Yes
HK1 0.174 0.4641 Yes
HIF1A 0.164 0.4790 Yes
TPI1 0.160 0.4947 Yes
PFKL 0.154 0.5089 Yes
ENTPD5 0.150 0.5231 Yes
GAPDH 0.141 0.5331 Yes
NUP188 0.110 0.5217 Yes
HKDCl1 0.104 0.5254 Yes
PFKM 0.101 0.5336 Yes
NUP205 0.100 0.5433 Yes
PGM2L1 0.096 0.5469 Yes
NUP210 0.095 0.5558 Yes
PRKAA2 0.093 0.5634 Yes
PGM1 0.092 0.5703 Yes
ZBTB7A 0.088 0.5723 Yes
NUP93 0.081 0.5666 Yes
ENO3 0.079 0.5709 Yes
POMI121C 0.075 0.5703 Yes
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Table 3 (continued)

Probe RANK METRIC SCORE RUNNING ES CORE ENRICHMENT
POMI121 0.074 0.5769 Yes

PRKAG3 0.073 0.5815 Yes

EIF6 0.073 0.5881 Yes

OGDH 0.072 0.5922 Yes

GCK 0.069 0.5917 Yes

MYOG 0.067 0.5923 Yes

3.7 Identification of pathways involved
in the regulation of PFKP expression

GSEA pathway enrichment was used to analyze mRNA ex-
pression data of the top 50% and bottom 50% of lung adeno-
carcinoma (LUAD) and lung squamous cell carcinoma
(LUSC) cells exhibiting PFKP expression. We found that mul-
tiple pathways may be involved in the regulation of PFKP
expression (Table 2). In LUAD cells, we found that the
GLYCOLYTIC PROCESS THROUGH FRUCTOSE 6
PHOSPHATE and other pathways were significantly enriched
in the PFKP high-expression group (Table 2). Genes related to
the GLYCOLYTIC PROCESS THROUGH FRUCTOSE 6
PHOSPHATE pathway, i.e., PFKP, GAPDH, TPI1,
ALDOA, GPI, PKM, PGAMI, PGK1, HK2, ENO2, ENOI,
PFKM and GALK1, were more abundantly expressed in the
PFKP high-expression group than in the low-expression
group (Table 3). In LUSC cells, the GLYCOLYTIC
PROCESS and other signaling pathways were significantly
enriched in the PFKP high-expression group (Table 2).
Genes related to the GLYCOLYTIC PROCESS pathway,
i.e., PFKP, PFKFB3, ALDOA, ENO1, PGAMI1, ENO2,
PFKFB4, HK2, GPI, PKM, PGAM4, PGK1, DHTKDI,
ALDOC, LDHA, HKI1, HIF1A, TPI1, PFKL, ENTPDS,
GAPDH, NUP188, HKDCI1, PFKM, NUP205, PGM2L1,
NUP210, PRKAA2, PGMI1, ZBTB7A, NUP93, ENO3,
POM121C, POM121, PRKAG3, EIF6, OGDH, GCK and
MYOG were more abundantly expressed in the PFKP high-
expression group than in the low-expression group (Table 3).

4 Discussion

PFKP is known to be an important mediator of cell metabo-
lism and to play an important role in the processes of tumor-
igenesis and metastasis [14]. Wang et al. [15] conducted a
study evaluating the role of PFKP mRNA expression and
the occurrence of single-nucleotide polymorphisms and found
that PFKP may function as an oncogene in lung cancer. Here,
we found that PFKP mRNA and protein were highly
expressed in lung cancer tissues and cell lines, suggesting that
PFKP may promote their growth. We also found that in lung

adenocarcinoma cells that stably expressed reduced levels of
PFKP, the ability of the cells to metabolize glucose was de-
creased. Additionally, we used a large number of clinical lung
cancer tissue samples to assess correlations between PFKP
expression and clinicopathologic features, including patient
prognosis and survival rates. Our results indicate that PFKP
may serve as a new prognostic marker for lung cancer. We
also performed pathway enrichment and gene correlation
analyses based on TCGA data and found that both lung ade-
nocarcinomas and lung squamous cell carcinomas may be
enriched in PFKP through glycolysis-related pathways.

PFKP has been reported to promote aerobic glycolysis,
tumor cell proliferation and tumor growth. In human glioblas-
toma, for example, phosphorylation of PFKP S386 has been
found to increase the expression level of PFKP, thereby pro-
moting aerobic glycolysis, cell proliferation and growth of
brain tumors [16]. Also, phosphorylation of PFKP Y64 has
been found to increase GLUT1 expression, thereby promoting
the Warburg effect as well as brain tumor formation and cell
proliferation [17]. Another study revealed that the PFKP
mRNA expression level was significantly up-regulated in pa-
tients with renal clear cell carcinoma [18]. Our current study
shows that the PFKP mRNA and protein levels are signifi-
cantly increased in lung cancer tissues and cell lines.
Furthermore, we observed a positive correlation between
PFKP protein expression and expression of the cell prolifera-
tion marker protein Ki67 in lung adenocarcinomas.

Changes in energy metabolism are known to play impor-
tant roles in the development of cancer [4, 19, 20]. The ability
to accelerate the uptake and oxidation of glucose is a charac-
teristic of most malignancies. Glycolysis is the main energy
supply route for rapidly proliferating tumor cells, it allows
them to adapt to hypoxia and to increase their malignant po-
tential [21]. Silencing of PFKP has been found to inhibit
hunger-induced autophagy, glycolysis and epithelial mesen-
chymal transition (EMT) in oral squamous cell carcinoma
[22]. In fact, a 18F-deoxyglucose-PET/CT method is widely
used clinically to measure glucose uptake rates in order to
discriminate between benign and malignant lesions [23, 24].
We found that a reduced PFKP expression resulted in de-
creased glucose concentrations, lactic acid levels and ATP
concentrations in the cell culture supernatants. This finding
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underscores the notion that PFKP can inhibit glycolysis in
lung cancer cells, thus inhibiting tumor growth. Presently,
increasing attention is focusing on the role of glycolysis in
the ability of tumors to escape from the immune system.
Using glycolysis as the main mode of energy supply, as in
lung cancer, provides favorable conditions for cancer growth
by selective regulation of the tumor microenvironment (TME)
[25]. Lactic acid produced by glycolysis, for example, accu-
mulates outside the cell thereby altering the TME by generat-
ing an acidic pH that is detrimental to normal cells. Note that
this acidic TME confers resistance to cancer treatment
and is a major obstacle to its success [26]. The above
studies indicate that the expression of PFKP is related
to glycolysis in lung cancer cells, suggesting that PFKP
may affect the occurrence and development of lung can-
cer by affecting the glucose metabolic level of lung
cancer cells. In addition, through GSEA enrichment
analysis, we identified PFKP-mediated pathways and
genes involved in glycolytic pathways.

We also found that the proliferation rate of lung cancer cells
expressing low levels of PFKP was significantly decreased
and that the colony forming ability of the cells was significant-
ly reduced. We also found that a low PFKP expression signif-
icantly reduced the percentage of G2/M cells, indicative of
proliferation inhibition of lung cancer cells. A previous study
of'renal clear cell carcinoma showed that reducing the expres-
sion of PFKP not only inhibited the proliferation of cancer
cells by inducing cell cycle arrest and apoptosis, but also led
to obstruction of glycolysis, both in vitro and in vivo [18].
Recent studies also showed that PFKP-mediated metabolic
reprogramming enhanced the invasiveness and metastasis of
hypoxic breast cancer cells [27]. Our results suggest that
PFKP expression inhibition can reduce the proliferative ability
of lung cancer cells. Therefore, PFKP may be a potential ther-
apeutic target for lung cancer.

PFKP is not only related to glycolysis and tumor prolifera-
tion, but it also affects tumor development and prognosis. A
recent study suggested that abnormal PKFP hypermethylation
may be a prognostic biomarker for prostate cancer [28]
Phosphorylation of PFKP S386 has also been associated with
a poor prognosis in human glioblastoma [16], and breast cancer
patients with high PFKP expression have been reported to have
a poor prognosis [29]. Through the analysis of polymorphisms
in non-small cell lung cancer (NSCLC) glycolytic-related
genes, Lee et al. [30] found that PFKM rs11168417C > T and
PFKP rs1132173C > T variants were significantly associated
with the prognosis of NSCLC patients. We found that a high
PFKP expression was correlated with tumor size and patient
survival, i.e., patients with a high PFKP expression had larger
tumor lesions and exhibited higher mortality rates by the end of
the follow-up time. These results indicate that PFKP protein
levels may serve as prognostic markers in patients with lung
adenocarcinoma.
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