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Abstract
Phosphofructokinase-2/fructose-2, 6-bisphosphatase 3 (PFKFB3) catalyzes the synthesis of F2,6BP, which is an allosteric 
activator of 6-phosphofructo-1-kinase (PFK-1): the rate-limiting enzyme of glycolysis. During tumorigenesis, PFKFB3 
increases glycolysis, angiogenesis, and tumor progression. In this study, our aim was to investigate the significance of 
PFKFB3 and Ki67 in human lung adenocarcinomas and to target PFKFB3 as a therapeutic strategy. In this study, we deter-
mined the expression levels of PFKFB3 mRNA and proteins in cancerous and normal lung adenocarcinomas by quantitative 
reverse transcription PCR (qRT-PCR), Western blot analysis, and tissue microarray immunohistochemistry analysis, respec-
tively. In human adenocarcinoma tissues, PFKFB3 and Ki67 protein levels were related to the clinical characteristics and 
overall survival. Both PFKFB3 mRNA and protein were significantly higher in lung adenocarcinoma cells (all P < 0.05). A 
high expression of PFKFB3 and Ki67 were associated with the degree of differentiation, TNM staging, lymph node metas-
tasis, and survival. A high expression of PFKFB3 protein was an independent prognostic marker in lung adenocarcinoma. 
Subsequently, 1-(4-pyridinyl)-3-(2-quinolinyl)-2-propen-1-one (PFK15) was used as a selective antagonist of PFKFB3. 
Glycolytic flux was determined by measuring glucose uptake, F2,6BP, and lactate production. Cell viability, cell cycle, cell 
apoptosis, cell migration, and invasion were analyzed by MTT, flow cytometry, Western blot analysis, wound healing assay, 
and transwell chamber assay. By targeting PFKFB3, it inhibited cell viability and glycolytic activity. It also caused apoptosis 
and induced cell cycle arrest. Furthermore, the migration and invasion of A549 cells was inhibited. We conclude that PFKFB3 
bears an oncogene-like regulatory element in lung adenocarcinoma progression. In the treatment of lung adenocarcinoma, 
targeting PFKFB3 would be a promising therapeutic strategy.

Keywords  PFKFB3 · Ki67 · Lung adenocarcinoma · A549 · Prognosis · Therapy

Introduction

Lung cancer is one of the most frequently diagnosed malig-
nant tumors in the entire world, and it is also the leading 
cause of cancer-related deaths [1]. Lung adenocarcinoma 
accounts for approximately 80% of non-small cell lung can-
cer (NSCLC), and it has become the most common subtype. 
By investigating major histological types of lung cancer, we 
found that smoking and pollution are the two primary causes 
of lung cancer. However, lung adenocarcinoma frequently 
occurs in women and non-smokers; its pathophysiology does 
not have a strong correlation with smoking [2]. Lung adeno-
carcinoma is the most prevalent form of lung cancer, and its 
frequency of occurrence is increasing rapidly [3]. Its somatic 
gene aberrations have been most extensively discussed in 
previous studies [4, 5]. Several evidences indicate that lung 
adenocarcinoma and squamous cell carcinoma respond 
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differently to chemotherapy. The pathogenesis of lung ade-
nocarcinoma remains unclear till date, Therefore, several 
research studies must be extensively investigated about the 
relevant molecular mechanisms causing carcinogenesis in 
patients with lung adenocarcinoma.

The bifunctional enzyme, 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatases (PFKFBs), exhibits both 
kinase and phosphatase activities. There are four different 
genes coding different isozymes 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase (PFKFB1, PFKFB2, PFKFB3, 
and PFKFB4); the kinase/phosphatase activities and the tis-
sue expression profiles of these isozymes are completely 
different [6]. Among the PFKFB members, PFKFB3 exhib-
its greater (740-fold) kinase activity and lesser bisphos-
phatase activity. This increases the production of fructose 
2,6-biphosphate (F2,6BP), which strictly controls the gly-
colysis rate under normal and pathophysiological conditions 
[7, 8]. Previous studies have found that PFKFB3 was ubiqui-
tously expressed in different organs and tumor cells, such as 
gastric, colon, lung, breast, ovarian, and thyroid carcinomas. 
It brings about changes in metabolism, causing the prolifera-
tion and survival of tumor cells [9, 10]. This indicates that 
PFKFB3 has an oncogene-like regulatory element, and the 
high expression of PFKFB3 is an independent prognostic 
marker for the overall poor survival of patients with lung 
adenocarcinoma.

Recent studies have found that Ki67 is one of the most 
familiar and widely used markers of cell proliferation. It 
is expressed in various stages of the cell cycle outside the 
G0 phase. Because it has short half-life period, it rapidly 
degrades once it is out of the cell cycle; therefore, it is used 
to determine the tumor proliferation ratio. In many patients 
with malignant tumor, the expression of Ki67 is extremely 
high. Moreover, it is closely correlated with tumorigenesis, 
development, metastasis, and prognosis of carcinoma [11, 
12].

By silencing or inhibiting PFKFB3 in tumor cells, the 
glycolysis rate and proliferation of cancer cells can be 
declined. Han reported about the overexpression of PFKFB3 
in patients with human colorectal adenoma and adenocar-
cinoma. Following the knockdown of PFKFB3 by siRNAs, 
the proliferation and migration abilities of gastric cancer 
cells decreased significantly [13]. PFK15 is a potent and 
selective PFKFB3 inhibitor, and it causes a rapid decrease 
in F2,6BP, glucose uptake, and lactate secretion. This leads 
to a decrease in the steady-state concentration of ATP, and 
an arrest cell cycle progression in lung adenocarcinoma cells 
and Jurkat T-cell leukemia cells [14].

In the present study, we determined both mRNA and pro-
tein expression of PFKFB3 in lung adenocarcinoma cells; 
then, the results were correlated with the clinical charac-
teristics and overall survival of patients. Moreover, we 
utilized PFK15 to investigate the contribution of PFKFB3 

in the development of lung adenocarcinoma. By targeting 
PFKFB3, we elicited both anti-metabolic effects and anti-
tumor progression.

Materials and methods

Patients and tissue samples

Human lung adenocarcinoma tissue samples were obtained 
from the Affiliated Hospital of Nantong University in Nan-
tong, China, with written consent of patients and ethical 
approval from the Human Research Ethics Committee. Fresh 
tissues were collected by surgical resection, and they were 
immediately stored at − 80 °C. For histological analysis, we 
collected samples from 263 patients who had undergone 
lung resection at the Affiliated Hospital of Nantong Uni-
versity from 2010 to 2015. Chemotherapy was not provided 
to these patients. Among the 263 patients included in this 
study, there were 129 male patients and 134 female patients; 
the average age of these patients was 62 years (range 39–80). 
The tumors of these patients were classified as follows: well 
differentiated (grade I; n = 28), moderately differentiated 
(grade II; n = 122), or poorly (grade III; n = 113) differenti-
ated. All the specimens were fixed in formalin and embed-
ded in paraffin. Table 1 presents the main clinicopathologi-
cal data of patients included in this study. The follow-up 
of patients was conducted until December 31, 2016. The 
primary end point was the overall survival period, which 
extended from the date of surgery until death.

Quantitative reverse transcription PCR (qRT‑PCR)

Total RNA was extracted by following the manufacturer’s 
protocol of TRIZOL reagent (Life Technologies, Carlsbad, 
USA). The amount and quality of RNA were determined by 
spectrophotometry after immediate separation. Quantitative 
real-time PCR was performed using the Bio-Rad CFX96 
system (Bio-Rad, Hercules, USA). The primer sequences 
were as follows: PFKFB3 forward primer (5′-AGC CCG 
GAT TAC AAA GAC TGC-3′) and PFKFB3 reverse primer 
(5′-GGT AGC TGG CTT CAT AGC AAC-3′). All the exper-
iments were performed in triplicate.

Western blot analysis

Tissue and cell samples were lysed in lysis buffer, and pro-
tein concentrations were determined by performing bicin-
choninic acid (BCA) protein assay (Biosharp, Guangzhou, 
China). Then, 20 μg protein samples were separated by per-
forming sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). The separated samples were elec-
troblotted onto PVDF membranes (Millipore Corporation, 
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Bedford, MA, USA). After blocking the membranes with 
5% skimmed milk in Tris-buffered saline Tween-20 (TBST) 
for 2 h, we incubated the membranes with primary anti-
bodies overnight at 4 °C. Primary antibodies were diluted 
for PFKFB3 (1:1000), cyclin D1 (1:500), cleaved caspase-3 
(1:1000), and β-Actin (1:10,000). Then, they were incu-
bated at room temperature for 1 h with the correspond-
ing secondary antibody (1:1000). Immunoreactive bands 
were visualized by chemiluminescence detection system 
(Pierce, Waltham, MA). The experiments were performed 
in triplicates.

Immunohistochemistry (IHC)

In this experiment, slices of 4 μm thickness were dewaxed in 
xylene. Then, they were rehydrated in grade ethanol. Endog-
enous peroxidase activity was blocked for 10 min. Then, 
these slices were processed in 10 mmol/L citrate buffer (pH 

6.0). To obtain the tumor antigen, these slices were heated 
to 121 °C for 20 min in an autoclave. After washing these 
slices in phosphate-buffered saline (PBS) (pH 7.2), they 
were incubated with mouse anti-human PFKFB3 antibod-
ies (diluted 1:200, Santa Cruz Biotechnology, Dallas, Texas) 
at room temperature for 2 h. After washing the slices with 
PBS, we treated the specimens with peroxidase reagent 
(DAKO, Hamburg, Germany) according to the manufac-
turer’s instructions.

Immunohistochemical evaluation

Three pathologists evaluated all the stained sections in a 
blind manner; the clinical and pathological parameters of 
patients were not considered by the three pathologists. This 
method was used to assess the expression of PFKFB3 and 
Ki-67 in the stained sections [15].

Table 1   PFKFB3 and 
Ki67 expressions and 
clinicopathologic parameters 
in 263 lung adenocarcinoma 
specimens

Statistical analyses were performed by the Pearson χ2 test, P < 0.05 was considered significant

PFKFB3 expres-
sion

χ2 P Ki-67 expression χ2 P

Low High Low High

Sex
 Male 68 61 1.657 0.218 57 72 0.154 0.710
 Female 60 74 56 78

Age (years)
 < 60 68 70 0.043 0.902 59 79 0.005 1.000
 ≥ 60 60 65 54 71

Smoke
 No 111 124 1.820 0.230 99 136 0.633 0.428
 Yes 17 11 14 14

Size (cm)
 < 3 79 81 0.081 0.801 70 90 0.103 0.799
 ≥ 3 49 54 43 60

Differentiation
 Well 23 5 42.700 < 0.001 26 2 59.195 < 0.001
 Mod 75 47 65 57
 Poor 30 83 22 91

TNM stage
 I 98 32 74.357 < 0.001 95 35 97.344 < 0.001
 II 12 44 10 46
 III 14 52 5 61
 IV 4 7 3 8
N
 0 100 32 77.884 < 0.001 96 36 99.381 < 0.001
 1 12 47 13 46
 2 16 56 4 68

5-year survival
 No 95 11 119.209 < 0.001 93 13 145.238 < 0.001
 Yes 33 124 20 137
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Cell culture and PFK15 treatment

The human lung adenocarcinoma cell line (A549) and 
human bronchial epithelioid cells (16HBE) were obtained 
from the Shanghai Institute of Cell Biology, Shanghai, 
China. They were kept in an incubator at 37 °C with 5% 
carbon dioxide, and they were maintained in high glucose 
DMEM (Gibco, Grand Island, NY, USA) supplemented 
with 10% FBS and 100 U/mL penicillin–streptomycin mix-
ture (Gibco, Grand Island, NY, USA). The cells were then 
exposed to specific concentration of PFK15 (Advanced 
Cancer Therapeutics, Louisville, KY, USA) for 24 h. Then, 
we measured the glycolytic activity, cell cycle, apoptosis, 
migration, and invasion of cells. The experiments were 
performed for 3 or 4 h, and the statistical significance was 
assessed by performing unpaired two-tail T test.

Cell viability assay

Cell viability was determined by performing MTT assay. 
Briefly, cells were seeded into 96-well plates and incubated 
with PFK15 for 24 h to perform dose-dependent analysis.

Measurement of 2‑DG glucose uptake, F2,6BP, 
and lactate

2-DG glucose uptake and F2,6BP were measured with a 
kit (Abcam, Cambridge, UK) according to the manufac-
turer’s instructions. Cells were grown to 80% confluence in 
96-well plates and added with PFK15 for 24 h. The lactate 
concentration in the medium was determined with a lactic 
acid assay kit (Shanghai Juchuang Biotechnology Corpora-
tion, China). The amount of lactate release was calculated by 
subtraction of lactate concentrations between the cell-plated 
wells and the blank wells.

Cell cycle analysis

In this experiment, A549 cells were cultured in six-well 
plates at 5 × 105 per well and incubated with PFK15 
(10 μmol/L) for 24 h. Then, cells were collected and fixed 
overnight in 70% ethanol at 4  °C. The fixed cells were 
washed and re-suspended in phosphate-buffered saline 
(PBS). Then, the cells were incubated with 800 μL pro-
pidium iodide (PI) solution (50 μg/mL) in the dark for 
30 min at 37 °C. The stained cells were analyzed and cell 
cycle distributions were calculated by flow cytometry (BD 
Biosciences).

Apoptosis analysis

Cells were cultured in six-well plates at 5 × 105 per well 
and incubated with PFK15 (10 μmol/L) for 24 h. Harvested 

cells were washed with PBS and stained with Annexin V and 
propidium iodide (Beyotime, Beijing, China).

Cell migration and invasion assay

Wound healing assay was performed as follows: A549 cells 
were seeded into a six-well plate. When cell confluence 
reached 90%, wounds were created by scraping the cells with 
a 100 μL pipette tip. After 24 h, a microscope (Olympus, 
Japan) was used to observe the migrated distance of cells.

Transwell cell invasion assay was performed as follows: 
about 2.0 × 105 cells were cultured in 0.1 mL serum-free 
medium. Then, they were treated with 10 μmol/L PFK15 at 
the top of Matrigel-coated chambers (24-well insert, 8-μm 
pore size; Corning, NY, USA). The lower chambers were 
completely filled with 10% FBS. After 24 h, we removed 
the non-invasive cells from the upper surface of the filter 
using the swab. Then, the cells were stained quantitatively 
and the five randomly selected areas were observed under a 
microscope at ×200 magnification.

Statistics

Statistical analyses were performed using SPSS 17.0 soft-
ware. All values were expressed as means ± SEM. Clinico-
pathological features, PFKFB3 expression, and Ki67 expres-
sion were analyzed by χ2 test. Kaplan–Meier curves were 
constructed. Multivariate analysis was performed by Cox’s 
proportional hazards model, and the risk ratio and its 95% 
confidence interval were recorded. P < 0.05 was considered 
to be statistically significant.

Results

High expressions of PFKFB3 mRNA and protein 
in human lung adenocarcinoma tissue

Data indicate that PFKFB3 mRNA expression was signifi-
cantly higher (P < 0.001) in the human lung adenocarcinoma 
tissue than in the corresponding normal tissue counterparts 
of 20 patients (Fig. 1a). By performing Western blot analysis 
of PFKFB3 proteins, we found that they were clearly up-
regulated in lung adenocarcinoma tissues (Fig. 1b).

Expression of PFKFB3 and Ki67 in lung 
adenocarcinoma tissue and the correlation 
with clinical pathologic features

We determined the expression of PFKFB3 and Ki67 by 
immunohistochemistry (IHC) in 263 cases of lung adenocar-
cinoma. In these patients, PFKFB3 was mainly expressed in 
the cytoplasm of the tumor but Ki67 was mainly distributed 
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in cell nucleus. In lung adenocarcinoma tissue, the expres-
sion of PFKFB3 and Ki67 was much higher than that in 
normal lung tissue (Fig. 2). Table 1 summarizes the correla-
tion of clinicopathological features with the expression of 
PFKFB3 and Ki67. We found that the expression intensity 
of PFKFB3 and Ki67 were related to the following param-
eters: histological differentiation of lung adenocarcinoma, 
tumor-node metastasis (TNM) staging, lymph node metasta-
sis, and lifetime. The positive rates of well, moderately, and 

poorly differentiated groups are as follows: well-differenti-
ated group (17.9 and 7.1%), moderately differentiated group 
(38.5 and 46.7%), and poorly differentiated group (73.5 and 
80.5%) (P < 0.001). The various TNM stages are as follows: 
stage 1 (24.6 and 26.9%), stage 2 (78.6 and 82.1%), stage 3 
(78.8 and 92.4%), and stage 4 (63.6 and 72.7%) (P < 0.001). 
Lymph node metastasis positive group (78.6 and 87.0%) was 
larger than lymph node metastasis negative group (24.2 and 
27.3%) (P < 0.001).

Fig. 1   The expression of PFKFB3 was detected in lung adenocar-
cinoma and normal lung tissues. a PFKFB3 mRNA expression was 
determined by qRT-PCR analysis. Lung adenocarcinoma and corre-
sponding normal tissues from 20 patients. b PFKFB3 protein expres-

sion in two representative paired samples of lung adenocarcinoma tis-
sue (T) and normal lung tissues (N). β-actin was used as a loading 
control. **P < 0.01, compared with normal

Fig. 2   Immunohistochemi-
cal analysis of PFKFB3 and 
Ki67 in lung adenocarcinoma 
and normal lung tissues. a, b 
Expression of PFKFB3 in lung 
adenocarcinoma tissue and nor-
mal lung tissue. c, d Expression 
of Ki67 in lung adenocarcinoma 
tissue and normal lung tissue
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PFKFB3 and Ki67 have a positive correlation

Lung adenocarcinoma tissues obtained from 263 cases 
were stained simultaneously with PFKFB3 and Ki67. Both 
PFKFB3 and Ki67 showed positive expression in the lung 
adenocarcinoma tissues of 118 cases. In the lung adeno-
carcinoma tissues of 17 cases, PFKFB3 showed positive 
expression but Ki67 showed negative expression. In lung 
adenocarcinoma tissues of 96 cases, both PFKFB3 and 
Ki67 showed negative expression. In lung adenocarcinoma 
tissues of 32 cases, PFKFB3 showed negative expression 
but Ki67 showed positive expression. According to Spear-
man correlation analysis, there was positive correlation 
in the expressions of PFKFB3 and Ki67 in lung adeno-
carcinoma tissues of 263 cases (r = − 0.630, P < 0.001) 
(Table 2).

PFKFB3 and Ki67 are significantly associated 
with the survival of lung adenocarcinoma patients

Survival  stat ist ics analysis  was per formed by 
Kaplan–Meier method. We found that the median of the 
survival rate of positive group was lower than that of nega-
tive group (Fig. 3). Furthermore, the factors influencing 
the prognosis of lung adenocarcinoma were determined 
by Cox proportional hazards model: a high expression 
of PFKFB3 and Ki67 was found to increase the risk of 
death in lung adenocarcinoma patients (P < 0.05, Table 3); 
therefore, PFKFB3 and Ki67 may be used considered as 
independent prognostic factors.

Table 2   Correlation of the expressions in lung adenocarcinoma 
between PFKFB3 and Ki67

PFKFB3 expression Spearman

Low High R P

Ki-67 expression
 Low 96 17 0.630 < 0.001
 High 32 118

Fig. 3   Kaplan–Meier analysis for the median of the survival rate of PFKFB3 and Ki67 in lung adenocarcinoma

Table 3   Cox proportional hazards model

Covariate SE P Exp(B) 95% CI

Age 0.208 0.060 1.479 0.984–2.224
Sex 0.204 0.768 1.062 0.712–1.585
Smoking 0.280 0.685 1.120 0.647–1.939
Size 0.214 0.225 0.771 0.507–1.173
Differentiation 0.176 0.003 0.592 0.419–0.836
TNM stage 0.935 < 0.001 0.022 0.003–0.136
N 0.803 0.078 4.122 0.854–19.884
Ki-67 0.407 0.024 2.512 1.132–5.574
PFKFB3 0.391 0.006 2.924 1.359–6.291
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PFK15 abolished the proliferation and viability 
of A549 cell

Previous studies have reported that PFK15 is a specific 
small-molecule antagonist of PFKFB3, which inhibits the 
proliferation and metabolism of various cancer cells at a 
relatively low concentration [14]. Since PFKFB3 was related 
to the expression of Ki-67 and histological differentiation in 
lung adenocarcinoma specimens, we proposed that PFKFB3 

might also have an influence on cell proliferation and viabil-
ity of lung adenocarcinoma cells. We found that the expres-
sion of PFKFB3 was clearly down-regulated in A549 cells, 
which were treated with different concentrations of PFK15 
for 24 h (Fig. 4a), and we observed that cell viability of 
A549 lung adenocarcinoma cells was inhibited by PFK15 
in a dose-dependent manner (Fig. 4B). Moreover, PFK15 
decreased the viability of normal human bronchial epithe-
lioid cells (16HBE) by < 10%. In these cells, PFK15 also 
inhibited the expression of PFKFB3 protein by < 10%. These 
findings suggest that PFK15 induces little cytotoxicity in 
normal cells.

PFK15 inhibits glycolytic activity in A549

Previous studies have reported that PFKFB3 regulates high 
glycolytic activity in individual tumor cells [16]. Therefore, 
we examined the metabolic effects of PFK15 on 2DG glu-
cose uptake, F2,6BP, and lactate production in A549 cells. 
The results indicate that 2DG glucose uptake, intercellular 
level of F2,6BP, and lactate production decreased in A549 
cells, which were exposed to PFK15 (10 μmol/L) for 24 h 
(Fig. 5).

PFK15 causes apoptosis in A549 lung 
adenocarcinoma cells

PFKFB3 expression is quite important for maintaining an 
anti-apoptotic state [17]. After treating A549 cells with 
PFK15, we analyzed them by flow cytometry. The results 
indicated that PFK15 induced apoptosis in A549 cells 
(Fig. 6a). Following PFK15 treatment, we observed changes 
in apoptosis-associated proteins in A549 cells.. For example, 
caspase 3 protein levels were down-regulated, and cleaved 
caspase-3 protein levels were up-regulated in A549 cells, 
which were treated with PFK15 (Fig. 6b).

Fig. 4   Effect of PFK15 on cell proliferation and viability. A549 cells 
were exposed to the indicated concentrations of PFK15, after 24  h. 
a Expression of PFKFB3 in A549 lung adenocarcinoma cells was 
evaluated by Western blot. b The viability was determined by MTT. 
*P < 0.05, compared with controls

Fig. 5   Effect of PFK15 on 
glycolytic activity. A549 cells 
were exposed to the indicated 
concentrations of PFK15, after 
24 h. a Glucose uptake was 
analyzed using 2-DG6P. b The 
intercellular concentration of 
F2,6BP. c Intercellular lactate 
production. *P < 0.05, com-
pared with controls
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PFK15 induces cell cycle arrest and reduces 
the expression of cyclin D1 protein

Previous studies have established that PFKFB3 expression 
plays an important role in cell cycle progression [17, 18]. 
For example, cells with knockdown PFKFB3 gene showed 
higher cell percentage during the S phase of the cell cycle 
[19]. Therefore, we performed flow cytometry to investi-
gate whether PFK15 induced cell cycle changes in A549 
cells. By treating A549 cells with PFK15 for 24 h, we 
observed cell cycle arrest at the G0/G1 phase: the percent-
age of cells in the G0/G1 phase significantly increased to 
49.34% in A549 cells treated with PFK15. In contrast, the 
percentage of cells in the G0/G1 phase was only 33.91% 
in the control group (P < 0.05) (Fig. 7a). Simultaneously, 
we determined the expression level of G0/G1 regulatory 
protein. We observed that the expression level of cyclin 
D1 was significantly reduced in A549 cells treated with 
PFK15 for 24 h (Fig. 7b).

PFK15 inhibits cell migration and invasion of A549 
cells

More than 90% of cancer-related deaths occur due to 
invasive and metastatic complications; however, cancer 
metastasis is one of the major challenges in cancer treat-
ment [20]. Therefore, wound healing assays and a tran-
swell chamber system were performed to confirm the 
anti-migration and anti-invasion properties of PFK15 in 
lung adenocarcinoma cells, respectively. We found that 
the migratory and invasive ability of A549 cells was sig-
nificantly reduced when they were treated with PFK15 
(10 μmol/L) for 24 h. This indicates that tumor metastasis 
in A549 cells can be halted by blocking PFKFB3 (Fig. 8).

Fig. 6   Role of PFK15 on cell apoptosis. A549 cells were exposed 
to the 10 μmol/L PFK15, after 24 h. a Cells were analyzed by flow 
cytometry after stained with Annexin V and PI. The apoptotic cells 

(Annexin V+/PI+) were quantified. b The apoptosis-associated pro-
teins were analyzed by Western blot. *P < 0.05, compared with con-
trols
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Discussion

Presently, NSCLC accounts for approximately 80% of all 
lung cancer cases. Lung adenocarcinoma has become the 
most common subtype, accounting for 75% of NSCLC 
cases [21]. There have been many advancements in the 
treatment of lung cancer over the years, but the prognosis 
of NSCLC has not improved significantly till date. Even 
today, the 5-year survival rate is only 15% in lung cancer 
patients [22]. Previous studies have found that lung adeno-
carcinoma inclined to grow and spread faster than lung squa-
mous cell carcinoma (SqCC), accounting for nearly half of 
all lung cancer cases [23]. However, the molecular mecha-
nisms involved in the carcinogenesis and progression of lung 
adenocarcinoma remain unclear till date. Therefore, some 
new biomarkers of lung adenocarcinoma must be identified 
such that they accurately identify biological characteristics 
of lung adenocarcinoma. These new biomarkers would be 
beneficial for the diagnosis, treatment, and prognosis of lung 
adenocarcinoma.

Among the four isoforms of PFKFB family, the most 
important one is PFKFB3 because it has several pharmaceu-
tical applications. In the pharmaceutical industry, scientists 
have found that the levels of PFKFB3 mRNA and proteins 
are significantly greater in tumors than in normal tissues 
[24]. Recent studies have shown that PFKFB3 is associ-
ated with the migration and growth of breast cancer [25] 
and bladder cancer [26]. Although scientists have not been 
able to completely elucidate the precise mechanism through 

which a high expression of PFKFB3 is elicited in human 
cancer cells, they have proved that HIF-1α promotes the 
transcription of PFKFB3 mRNA in human cancer cells [27, 
28]. Scientists have proved that cancer cell glucose metabo-
lism is reduced with the knockout of PFKFB3 gene. Thus, 
this enzyme serves as a promising target for anti-cancer 
therapy in tumors. Recently, molecular modeling has been 
used to develop novel small-molecule inhibitors, which are 
capable of competitively inhibiting PFKFB3 enzyme activ-
ity [29].

In previous studies, scientists have presented data to prove 
that PFKFB3 plays an important role in accelerating glyco-
lysis, angiogenesis, and tumor progression [6]. Some studies 
have reported that PFKFB3 influences glucose metabolism 
by participating in glycolysis. Moreover, PFKFB3 has a sig-
nificant control of the cell cycle, apoptosis, tumor growth, 
and invasiveness in gastric cancer [16]. Moreover, apoptosis 
of cancer cells can be achieved by suppressing the expres-
sion of PFKFB3. This would also help us to suspend cell 
cycles. Interestingly, the selective antagonist of PFKFB3 
inhibits the growth of transplanted tumor in some animal 
models [14].

In this work, we determined the expression of PFKFB3 
mRNA and proteins in both malignant and normal lung 
adenocarcinoma tissues. We found that PFKFB3 mRNA 
level was significantly higher in lung adenocarcinoma tis-
sues. Similarly, PFKFB3 protein level was higher in lung 
adenocarcinoma tissues than in normal lung tissues. Next, 
we detected the expression of PFKFB3 and Ki67 in lung 
adenocarcinoma specimens of 263 cases. We found that the 
positive rate of PFKFB3 and Ki67 was significantly related 
to the following parameters: differentiation of tumors, TNM 
staging, lymph node metastasis, and 5-year survival rate; 
however, it was not related to the age, gender, and size of 
tumor. The findings of survival analysis were as follows: in 
the group showing positive expression of PFKFB3 and Ki67, 
the median of survival time of patients was lower than that 
of patients in the negative expression group. This implies 
that the level of malignancy of lung adenocarcinoma and 
its prognosis can be understood by clinically detecting the 
expression of PFKFB3 and Ki67 in patients. Therefore, high 
expression of PFKFB3 and Ki67 is an independent prognos-
tic marker for poor overall survival in lung adenocarcinoma.

PFK15 is a novel small-molecule antagonist of PFKFB3. 
By pharmacologically inhibiting PFKFB3 via PFK15, it 
suppressed tumor growth, cell proliferation, apoptosis, and 
glycolytic flux in head and neck SCC. Moreover, metastasis 
of head and neck SCC was alleviated with this strategy [9]. 
The kinase activity of PFKFB3 was inhibited by treating 
it with PFK15. This reduced the activation and aggressive 
capacity of rheumatoid arthritis in vitro, and it suppressed 
experimental arthritis in vivo [30]. Moreover, AML cell 
proliferation was synergistically blunted by rapamycin and 

Fig. 7   PFK15 suppresses cell cycle progression. A549 cells were 
exposed to the 10 μmol/L PFK15, after 24 h. a Cell cycle distribu-
tion was analyzed by flow cytometry. b The expression level of G0/
G1 regulatory protein was determined by Western blot. *P < 0.05, 
compared with controls
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PFK15 [31]. The directional migration of endothelial cells 
also decreased following the inhibition of PFKFB3 [32, 33]. 
We treated A549 cells with PFK15 for 24 h, and we found 
that the expression of PFKFB3 was clearly down-regulated. 
Furthermore, it inhibited cell viability and glycolytic activ-
ity, caused apoptosis, induced cell cycle arrest, inhibited 
migration, and invasion of A549 cells.

We chose PFKFB3 as our target for several reasons. 
Firstly, PFKFB3 might be a biomarker for the early detec-
tion of lung adenocarcinoma. However, the expression and 
clinical significances of PFKFB3 have not been reported 
previously in a large sample of patients with lung adeno-
carcinoma. Secondly, PFKFB3 is one of the novel kinases 
involved in cell metabolism in recent years. Research stud-
ies have confirmed that glycolysis, angiogenesis, and tumor 
progression increase whenever there is an overexpression 
of PFKFB3. Scientists have not been able to completely 

elucidate the mechanism through which the expression of 
PFKFB3 is increased significantly in human lung adeno-
carcinoma. Our study has yet very clearly elucidated what 
is the mechanism in which PFKFB3 and Ki67 interact to 
lead to the malignant progression of tumors. Reports about 
the interaction between PFKFB3 and Ki67 in human lung 
adenocarcinoma are very limited at home and abroad.

In conclusion, tumor formation, development, and metas-
tasis of human adenocarcinoma are significantly increased 
due to the expression of PFKFB3. Consequently, the malig-
nant degree of human adenocarcinoma increases, leading 
to poor prognosis of patients showing an overexpression of 
PFKFB3. Therefore, an overexpressed PFKFB3 may serve 
as a preventive, therapeutic, and prognostic biomarker for 
lung adenocarcinoma. But we need to further investigate 
the specific mechanism responsible for the overexpression 
of PFKFB3 in human adenocarcinoma tissues. Interestingly, 

Fig. 8   PFK15 inhibits the migratory and invasion abilities of A549 
cells. A549 cells were exposed to the 10 μmol/L PFK15, after 24 h. 
a The effects of PFK15 on the migratory of A549 cells were tested by 
wound healing assays. b The quantitative data of the wound healing 

assays. c The effects of PFK15 on the invasion of A549 cells were 
tested by transwell chamber system. d The quantitative data of the 
transwell chamber system. *P < 0.05, compared with controls
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we confirmed that PFK15 exhibits anti-glycolytic effect. In 
addition, we established that the anti-tumor activities of 
PFK15 were associated with cell apoptosis, cell cycle block, 
cell migration, and invasion in lung adenocarcinoma cells. 
Our findings suggest that PFK15 is a promising anti-cancer 
drug molecule, which can be used for treating lung adeno-
carcinoma. These results provide rationale for the develop-
ment of agents like PFK15, which selectively inhibit the 
PFKFB3 and act as antineoplastic agents. The findings of 
this study need to be further investigated in further studies.
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