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OBJECTIVES: PFKFB3 regulates glycolysis in tumor cells, might function as an oncogene, and is associated with

cancer metastasis. However, its role in gastric cancer (GC) remains largely unknown.

METHODS: PFKFB3 expression was assessed by immunohistochemistry (IHC) in GC tissues and paired

paracancerous histological normal tissues (PCHNTs). The associations of PFKFB3 expression with

clinical features and HIF-1a, Ki-67, E-cadherin, Snail, and Vimentin expression levels were assessed.

A series of in vivo and in vitro experiments were performed to investigate the effects of PFKFB3 on the

growth, migration, and invasion of GC cells.

RESULTS: We found that PFKFB3 expression was significantly higher in GC tissues compared with PCHNTs (P5
0.000). PFKFB3 expression was positively correlated with tumor size (P5 0.000), differentiation (P5
0.025), venous invasion (P 5 0.084), nerve invasion (P5 0.014), lymphatic invasion (P5 0.000),

local invasion (P5 0.000), invasive depth (P 5 0.000), nodal metastasis (P 5 0.000), tumor-node-

metastasis stage (P5 0.000), and patient survival (P5 0.000). Notably, PFKFB3 upregulation was

highly correlated with increased epithelial-mesenchymal transition (EMT) in GC samples. PFKFB3

overexpression positively modulated cell proliferation, migration, and EMT in GC cells in vitro, with
concomitant activation of NF-kB signaling. Administration of an NF-kB inhibitor attenuated PFKFB3-

inducedEMT inGCcells. PFKFB3overexpressionpromoted tumor development andEMT innudemice,

which were attenuated by PFK-15, a PFKFB3 inhibitor.

DISCUSSION: PFKFB3 could potentiate malignancy in GC cells through NF-kB pathway–mediated EMT, suggesting

PFKFB3 represents a potential target for GC therapy.

SUPPLEMENTARY MATERIAL accompanies this paper at http://links.lww.com/CTG/A644; http://links.lww.com/CTG/A645; http://links.lww.com/CTG/A646; http://

links.lww.com/CTG/A647; http://links.lww.com/CTG/A648; and http://links.lww.com/CTG/A649.
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INTRODUCTION
The incidence and mortality of gastric cancer (GC) were ranked
third and second among malignant tumors in China, represent-
ing a serious threat to human health (1). Invasion and metastasis
are the main causes of poor prognosis of GC. Tumor cell in-
filtration and distant metastasis require adequate nutrition and
energy. Therefore, tumor cells need to regulate energy metabo-
lism through metabolic reprogramming, including glycolysis,
glutamate-dependent biosynthesis, and lipid production to meet
the need for rapid growth, invasion, andmetastasis (2). Although
previous studies have shown that metabolic disorders are an
important feature of malignant tumors, it is unclear how meta-
bolic changes occur in GC and play an important role in its

tumorigenesis and progression. Therefore, exploring the meta-
bolic changes and regulatorymechanisms of GC cells is helpful to
clarify the molecular mechanism of invasion and metastasis of
GC and to provide a new strategy for anti-invasion andmetastasis
of GC based on regulation of cellular metabolism. Tumor energy
metabolism is a hot research field in recent years. In the 1920s,
OttoWarburg et al. found that glucose metabolism of tumor cells
is different from that of normal cells. Under hypoxia or even
aerobic conditions, tumor cells use glycolysis as the main way to
provide energy, known as aerobic glycolysis or Warburg effects
(3). Among most tumor cells, glucose transporter receptors,
mainly Glutl, are upregulated and glucose uptake is increased.
Meanwhile, the expression level and activity of glycolytic-related
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enzymes such as HK2, PFK-1, PKM2, LDH-A, and PDK-1 are
increased. The glycolysis ability of cancer cells is obviously enhanced
(4). It has been demonstrated that glycolysis inhibition can signifi-
cantly inhibit tumor proliferation, invasion, and metastasis, in-
dicating that glycolysis plays an important role in the tumorigenesis
and progression (5). Previous studies have confirmed that GC is one
of the malignant tumors with abnormal glycolysis (6,7).

PFKFB3 is an enzyme that synthesizes fructose 2,6-diphosphate
(F-2,6-DP), which participates in glycolysis and is widely found in
many cells. F-2,6-DP is the most effective PFK-1 activator and the
most potent inducer of glycolysis (8). Among all PFKFB3 isozymes,
the activity of PFKFB3 is about 700 times higher than those of
diphosphatase. Therefore, it is beneficial to cell survival, glycolysis,
and F-2,6-DP synthesis (8). It has been shown that PFKFB3 can
promote normal angiogenesis and tumor cell growth (9,10).
Meanwhile, HIF-1a and p38/MK2 signaling pathways upregulate
PFKFB3 through transcriptional regulation (11,12). Phosphoryla-
tion of serine at position 461 of PFKFB3 protein could upregulate its
expression and promote tumor cell proliferation (13). Studies have
shown that PFKFB3 expression in many tumor cells, such as co-
lorectal cancer, is significantly increased (14,15), but the role of
PFKFB3 in tumor invasion and metastasis is unclear, especially the
possible mechanism is rarely reported.

In this study, we investigated PFKFB3 expression in GC and
paired PCHNTs and constructed a GC cell model with PFKFB3
knockdown or overexpression to investigate the effects of
PFKFB3 on glycolytic, proliferation, invasion, and metastasis in
GC cells in vitro and tumorigenesis and metastasis in GC cells in
vivo. The purpose of this study was to elucidate how enhanced
PFKFB3 expression regulates glycolysis and promotes invasion
and metastasis in GC cells, providing new insights into anti-
invasive and antimetastatic therapy for GC.

MATERIAL AND METHODS

GC cell lines

Human GC cell lines (AGS, BGC-823, MGC-803, and SGC-7901
cells) were obtained from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China) and grown in RPMI-1640, sup-
plemented with 10% fetal bovine serum (FBS), 100-U/mL peni-
cillin, and 100-U/mL streptomycin at 37°C and 5% CO2.

A complete description of the Materials and Methods is in-
cluded in the Supplementary Methods (see Supplementary Dig-
ital Content 2, http://links.lww.com/CTG/A645), Supplementary
Table 1 (see Supplementary Digital Content 3, http://links.lww.
com/CTG/A646), and Supplementary Table 2 (see Supplemen-
tary Digital Content 4, http://links.lww.com/CTG/A647).

RESULTS

PFKFB3 is upregulated in GC tissues and cell lines

To evaluate PFKFB3 expression in patients with GC, we analyzed
319 samples by IHC, which showed PFKFB3 protein upregula-
tion in GC tissues at a rate of 68.0% (217/319) (Figure 1a), in
contrast to paired PCHNTs with a rate of 13.5% (43/319)
(Figure 1b), indicating a statistically significant difference (x2 5
23.361; P 5 0.000). IHC results showed that PFKFB3 was
expressed in the cytoplasm and nucleus of tumor cells and dif-
fusely distributed. The expression levels of PFKFB3 in nuclei of
tumor cells were significantly higher than those of paired
PCHNTs (Figure 1c–e). However, there was no significant dif-
ference in PFKFB3 expression in PCHNTs as compared to

noncancer controls (P , 0.05). The PFKFB3 protein was upre-
gulated in all 4 GC cell lines detected by western blot (Figure 1f).

To investigate the significance of PFKFB3 overexpression, we
analyzed the associations of PFKFB3 upregulation with clinico-
pathologic factors (Table 1).Upregulation of PFKFB3proteinwas
significantly associated with tumor size ($5 cm), poor differen-
tiation, venous invasion, etc. There was a weak association be-
tween PFKFB3 upregulation and Helicobacter pylori infection,
which was close to statistical significance. However, PFKFB3
upregulation was not associated with gender, age at diagnosis,
tumor site, and Lauren classification. Collectively, these data in-
dicated that PFKFB3 upregulation at protein level was signifi-
cantly associated with tumor progression and metastasis in GC.

Differential influence of PFKFB3 upregulation on survival in

patients with GC

Themedian cumulative survival of patients with resected GCwas
49.1 months. Patients with PFKFB3-overexpressing tumors had
significantly shorter median survival compared with those
showing normal or reduced PFKFB3 amounts (Figure 2a–c). Our
data showed that PFKFB3 overexpression was associated with
decreased survival time. In addition, we observed that all other
factors, except patient gender, age at diagnosis, tumor site, etc,
significantly influenced patient survival in univariate analysis (see
Supplementary Table 3, Supplementary Digital Content 5, http://
links.lww.com/CTG/A648), including tumor size, venous in-
vasion, and PFKFB3 overexpression.

In contrast to univariate analysis, multivariate analysis using
the Cox proportional hazardsmodel showed that tumor site (Cardia)
andPFKFB3overexpressionwere independent prognostic factors for
GC, in which their hazard ratio (HR) (95% confidence interval [CI])
was 1.478 (1.047–2.085) and 4.160 (2.593–6.673), respectively (see
Supplementary Table 3, Supplementary Digital Content 5, http://
links.lww.com/CTG/A648).Other factors, such aspatient gender and
age at diagnosis, were not prognostic factors.

Risk assessment of patients with GC based on

PFKFB3 expression

We performed detailed analyses of risk assessment based on
PFKFB3 expression in patients with GC (see Supplementary
Table 4, Supplementary Digital Content 6, http://links.lww.com/
CTG/A649). We used IHC scores of 0–8 and 9–12 for low to
normal and high expression levels in these assays, respectively.
Patients with high PFKFB3 expression levels had 17.6-fold ele-
vated risk of increased invasive depth (HR95%CI: 7.816–39.451),
9.3-fold higher risk of lymph node metastasis (HR 95% CI:
5.152–16.909], 11.8-fold elevated risk of either distant or lymph
node metastasis (HR 95% CI: 6.271–22.071), and 29.9-fold in-
creased risk of late stage of tumors (HR 95% CI: 14.240–50.860).
Since no cases with distant metastasis in patients with down-
regulated PFKFB3 were found, it was impossible to perform
statistical analysis. Therefore, it was not possible to assess the fold
increase of risk of distant metastasis in patients with PFKFB3
overexpression. Collectively, these data further consolidated our
findings that PFKFB3 overexpression was strongly associated
with GC progression and metastasis.

PFKFB3 expression is associated with malignant phenotypic

markers of GC

To investigate the potential function of PFKFB3 in GC pro-
gression, we analyzed HIF-1a, Ki-67, and epithelial-
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mesenchymal transition (EMT) markers, including E-cadherin,
Snail, and Vimentin, in GC samples. IHC scores revealed that
PFKFB3 overexpression was strongly associated with increased
expression levels of HIF-1a (g 5 0.813, P 5 0.000), Snail (g 5
0.712, P5 0.000), Ki-67 (g5 0.748, P5 0.000), Vimentin (g5
0.717, P5 0.000), and reduced expression of E-cadherin (g52
0.512, P 5 0.000) (see Supplementary Figure 1A–E, Supple-
mentary Digital Content 1, http://links.lww.com/CTG/A644).
These data, therefore, suggested that PFKFB3 overexpression was
associated with increased malignancy, likely contributing to the
observed aggravation of cell proliferation and metastasis in GC
tissues with increased PFKFB3 expression.

PFKFB3 promotes migration and invasion in GC cells in vitro
To investigate whether PFKFB3 directly affects the growth and
migration of GC cells, we analyzed PFKFB3 expression in SGC-
7901, MGC-803, AGS, and BGC-823 cells by real-time reverse
transcription polymerase chain reaction (RT-PCR) and western
blot, respectively. Basal PFKFB3 mRNA and protein amounts
were detected in the 4 GC cell lines (Figure 1f), which were in-
creased or decreased significantly when cells were transfected
with PFKFB3-overexpressing lentivirus or PFKFB3 shRNA (P,
0.001, Figure 3a; and P , 0.05, 3b). MTT assay showed that cell
proliferation in SGC-7901 cells was significantly enhanced by

PFKFB3 overexpression (P , 0.001, Figure 3c) and markedly
inhibited by PFKFB3 knockdown in AGS cells (P , 0.001,
Figure 3d). Consistently, colony formation in SGC-7901 cells was
also significantly increased by PFKFB3 overexpression (P ,
0.001, Figure 3e; and P , 0.01, 3g) and starkly reduced by
PFKFB3 knockdown in AGS cells (P, 0.001, Figure 3f; and P,
0.01, 3h).

Then,wound-healing assaywas performed to examine the role
of PFKFB3 in regulating the migration abilities of SGC-7901 and
AGS cells. PFKFB3-overexpressing SGC-7901 cells migrated
much more to the wounded region at 24 hours after wound
scratch comparedwith untreated cells (P, 0.001; Figure 4a,b). By
contrast, opposite results were achieved by PFKFB3 knockdown
in AGS cells (P, 0.001; Figure 4c,d). Furthermore, the impact of
PFKFB3 on the invasive capacities of SGC-7901 and AGS cells
was examined by Transwell invasion assay. On PFKFB3 over-
expression, significantly more SGC-7901 cells passing through
Transwell membrane were obtained compared with the control
groups (P , 0.001; Figure 4e,g). On the contrary, PFKFB3
knockdown in AGS cells resulted in significantly reduced
amounts of cells passing through Transwell membrane (P ,
0.001; Figures 4f,g). Together, these results demonstrated that
PFKFB3 promoted migration and invasion in PFKFB3-
overexpressing GC cells.

Figure 1. Expression of PFKFB3 is significantly upregulated in primary gastric carcinomas. The protein level of PFKFB3 in 319 primary gastric cancer
tissues and paired nonadjacent normal tissues as determined by IHC is shown in (a) tumor and (b) paired nonadjacent normal tissue samples (P5 0.000).
An IHC score of 0–4 is considered to be no to low expression, 5–8 considered to be normal expression, and 9–12 considered to be high expression.
Representative IHC images of PFKFB3 expression are shown for (c) high expression in cancer tissues, (d) moderate expression in cancer tissues, and (e)
low expression in normal gastric mucosa.3200 for all images. Western blot analysis of PFKFB3 expression in 4 GC cell lines is shown for (f). GC, gastric
cancer; IHC, immunohistochemistry.
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Table 1. Correlation between relative PFKEB3 expression level and clinicopathologic parameters of the patients

Variables N

PFKFB3 protein level

x
2 PLow/normal, n (%) High, n (%)

Gender

Male 219 71 148 0.064 0.801

Female 100 31 69

Age at diagnosis

,60 165 59 106 2.248 0.134

$60 154 43 111

Tumor site

Body/antrum 231 77 154 0.71 0.399

Cardia 88 25 63

Lauren classification

Intestinal 293 95 198 0.334 0.564

Diffuse 26 7 19

Helicobacter pylori

Negative 62 26 36 3.51 0.061

Positive 257 76 181

Tumor size

,5 cm 156 82 74 59.501 0.000

$5 cm 163 20 143

Differentiation

High/medium 143 55 88 5.014 0.025

Low 176 47 129

Venous invasion

No 146 63 83 15.459 0.000

Yes 173 39 134

Nerve invasion

No 126 58 68 18.919 0.014

Yes 193 44 149

Lymphatic invasion

No 73 52 21 67.704 0.000

Yes 246 50 196

Local invasion

No 159 74 85 30.922 0.000

Yes 160 28 132

Invasive depth

T1/T2 49 41 8 71.138 0.000

T3/T4 270 61 209

Nodal metastasis

No 72 51 21 64.553 0.000

Yes 247 51 196

Distant metastasis

No 303 102 201 7.918 0.005

Yes 16 0 16

TNM stage

I/II 119 85 34 135.832 0.000

III/IV 200 17 183

The x2 test was used for statistical analyses. P, 0.05 is considered statistically significant.
PFKFB3 protein high expression is defined as immunohistochemistry score $9.
TNM, tumor-node-metastasis.
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PFKFB3 modulates EMT-related molecules in GC cells

To investigate whether EMT contributes to the enhanced GC cell
migration and invasion induced by PFKFB3 overexpression, we
examined the effect of PFKFB3on the expression of EMTmarkers
in SGC-7901 and AGS cells using real-time RT-PCR and western
blot. In SGC-7901 cells, PFKFB3 overexpression resulted in
downregulation of the epithelialmarker E-cadherin, concomitant
with upregulation of the mesenchymal markers N-cadherin and
Vimentin at both mRNA and protein levels (P , 0.001,
Figure 5a,b). Then, we explored the effect of PFKFB3 on the
expression of EMT-related transcription factors in SGC-7901
cells. PFKFB3 overexpression significantly increased the mRNA
and protein levels of Snail and Twist, but not Zeb1, in SGC-7901
cells (P, 0.01, Figures 5a,b). The opposite results were achieved
by knockdown of PFKFB3 in AGS cells (P , 0.01, Figure 5c,d).
Together, these data suggested that PFKFB3 overexpression
could confer GC cells with EMT-like features, which might be
responsible for PFKFB3-induced GC cell migration and invasion.

NF-kB pathway is involved in PFKFB3-induced EMT process in

GC cells

To assess whether NF-kB signaling pathway is involved in the
effects of PFKFB3 onGC cells, anNF-kB inhibitor, helenalin, was
used. Helenalin pretreatment abolished PFKFB3-mediated down-
regulationof E-cadherin andupregulationofN-cadherin, Snail, and
Twist in SGC7901 and AGS cells (Figure 5b,d). Since Matrix Met-
allo Proteinase (MMP) family members are involved in tumor in-
vasion and metastasis and can be regulated by NF-kB pathway, we
further investigated the effect of PFKFB3 on MMPs. Western blot
indicated that PFKFB3 overexpression would upregulate MMP2,
MMP9, and MMP14 in SGC7901 cells (see Supplementary
Figure 2A, Supplementary Digital Content 1, http://links.lww.com/

CTG/A644). Moreover, pretreatment of SGC-7901 cells with hel-
enalin significantly suppressed PFKFB3-induced alterations of
MMPs. Conversely, downregulation of PFKFB3 expression by
shRNA or helenalin could downregulate the expression ofMMP-2,
MMP-9, andMMP-14 in AGS cells (see Supplementary Figure 2B,
Supplementary Digital Content 1, http://links.lww.com/CTG/
A644). Together, these data indicated that NF-kB pathway con-
tributed to PFKFB3-induced EMT in GC cells.

Figure 2. Correlation of the PFKFB3 expression level with survival of
patients with gastric cancer. The Kaplan-Meier curves of overall survival
(OS), in patients with gastric cancer, treated with primary gastrectomy
according to the expression level of PFKFB3. OS is shown in (a) and its
stratifications based on different tumor-node-metastasis stages are shown
in (b) stage I/II and (c) stage III/IV. IHC, immunohistochemistry.

Figure 3. Effect of PFKFB3 on proliferation of gastric cancer cells. The
mRNA level of PFKFB3 in PFKFB3-overexpressing or PFKFB3-specific
shRNA gastric cancer cells was detected by quantitative RT-PCR. All data
are shown asmean6 SD and *P, 0.05; ***P, 0.001 (a and b). The cell
growth rate was measured by MTTassay with OD490 nm in gastric cancer
cells (PFKFB3-overexpressing or PFKFB3-specific shRNA). All data are
shown asmean6SD and **P,0.01; ***P, 0.001 (c and d). The colony
formation assay in gastric cancer cells (PFKFB3-overexpressing or
PFKFB3-specific shRNA) (e and f). All data are shown as mean 6 SD
and **P , 0.01; ***P , 0.001 (g and h). RT-PCR, reverse transcription
polymerase chain reaction.
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Inhibition of PFKFB3 enhances the sensitivity of

DDP chemotherapy

PFK15 is a powerful inhibitor of PFKFB3. By inhibiting the en-
zyme activity of PFKFB3, the glycolysis rate and the synthesis of
ATP are reduced (16,17). AGS cells were treated with PFKFB3
inhibitor PFK15 concentration gradient for 24 hours. It can be
observed that PFKFB3 inhibitor PFK15 treatment at the con-
centration of 10 mm can significantly reduce the content of ATP
in AGS cells (Figure 6a). The results of flow cytometry showed

that PFK15, an inhibitor of PFKFB3 alone, could not effectively
induce apoptosis of AGS cells. However, in the experimental
group treated with DDP, the combined use of PFKFB3 inhibitor
PFK15 could significantly enhance the apoptosis level of tumor
cells induced byDDP. Consistent with the experimental results of
knockout PFKFB3, inhibition of PFKFB3 can significantly en-
hance the sensitivity of tumor cells to chemotherapy with DDP
and can improve the effect of DDP treatment on apoptosis of
tumor cells (Figure 6b).

Figure 4. PFKFB3 regulates the migration of gastric cancer cells. The wound-healing assay in gastric cancer cells (PFKFB3-overexpressing or PFKFB3-
specific shRNA) (a and c). All data are shown as mean 6 SD and ***P , 0.001 (b and d). The Transwell assay in gastric cancer cells (PFKFB3-
overexpressing or PFKFB3-specific shRNA) (e and f). All data are shown as mean6 SD, ***P, 0.001 (g).
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The subcutaneous tumor model of AGS nude mice was
established to observe the effect of combined use of PFKFB3 in-
hibitor PFK15 and DDP on the growth of nude mice. The nude
mice were randomly divided into 4 groups with 4 mice in each
group: control group, PFKFB3 inhibitor PFK15 treatment group,
DDP treatment group, and PFKFB3 inhibitor PFK15/DDP
combined treatment group. During the experiment, 1 mouse
died in the PFKFB3 inhibitor PFK15 treatment group, DDP
treatment group, and PFKFB3 inhibitor PFK15/DDP combined
treatment group, respectively. After 30 days of treatment, the
mice were killed, the subcutaneous tumors were collected,
weighed, and the volume was measured and recorded, as shown
in Figure 6c. The results of tumor weight and volume in nude
mice showed that PFKFB3 inhibitor PFK15/DDP combined
treatment could significantly inhibit the growth of tumor in nude
mice compared with the DDP treatment group, and the tumor
weight was lighter, and the tumor volume was smaller in the
PFKFB3 inhibitor PFK15/DDP combined treatment group
(Figure 6d,e). RT-PCR analysis of tumor in nude mice showed
that PFKFB3 inhibitor PFK15 combined with DDP could

significantly upregulate the expression of E-cadherin and
downregulate the expression of N-cadherin, Twist, Snail,
Vimentin, HIF-1a, and MMP9 (Figure 7a), suggesting that
PFKFB3 inhibitor PFK15 combined with DDP could inhibit the
EMT process mediated by PFKFB3 through NF-kB and inhibit
the growth andmetastasis of GC. The results also suggest that the
application of PFKFB3 inhibitor PFK15 in mice could further
enhance the therapeutic effect of DDP chemotherapy on nude
mouse xenograft in vivo.

DISCUSSION
Glycolysis is the main energy source of tumor cells, and PFKFB is
an important regulator of glycolysis (5,6,18,19). Recent studies
have shown that PFKFB family members play an important role
in tumorigenesis and progression through metabolic remodeling
(20,21). PFKFB3 also plays an important role in the invasion and
metastasis of some human cancers (9,10). However, little is
known about the role of PFKFB3 in GC. Here, we showed that
PFKFB3 was significantly overexpressed in GC tissues compared
with PCHNTs. The expression of PFKFB3 in GC cells was

Figure 5. PFKFB3 regulated the expression of EMT-related molecules in GC cells. Real-time RT-PCR and western blot analyses revealed PFKFB3
overexpression significantly promoted the expression of N-cadherin, Vimentin, Snail, and Twist, inhibited E-cadherin at both mRNA and protein levels in
SGC-7901 cells, whereas the expression of Zeb1 did not show obvious changes (a and b). All data are shown asmean6 SD, ***P, 0.001 (a). SGC-7901
cells with stable PFKFB3 overexpression were pretreated with 1-mM helenalin for 60 minutes. Western blot analysis showed that helenalin pretreatment
could suppressed PFKFB3-induced the expression of EMT-relatedmolecules in SGC-7901 cells (b). RT-PCR and western blot analyses revealed PFKFB3
knockdown expression significantly inhibited the expression of N-cadherin, Vimentin, Snail, and Twist, promoted E-cadherin at both mRNA and protein
levels in SGC-7901 cells, whereas the expression of Zeb1 did not show obvious changes (c and d). All data are shown asmean6 SD, **P, 0.01; ***P,
0.001 (c). AGScellswith PFKFB3shRNAwere incubatedwith 100-ng/mLNF-kBp65 for 24hours, or AGScellswith stable PFKFB3knockdownexpression
were transfected with NF-kB p65–overexpressing lentivirus. Western blot analysis showed that NF-kB p65 treatment could rescue PFKFB3 knockdown
expression-mediated the expression of EMT-related molecules in AGS cells (d). EMT, epithelial-mesenchymal transition; RT-PCR, reverse transcription
polymerase chain reaction.
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overexpressed even under normoxic conditions. Furthermore, in
vitro experiments showed that PFKFB3 overexpression signifi-
cantly potentiated GC cell migration and invasion by promoting
EMT. Moreover, PFKFB3-induced EMT in GC cells was com-
pleted through upregulation of Snail and Twist, which depend on
NF-kB signaling activation. The results demonstrated a causal
role of PFKFB3 in GC cell migration and invasion, which was
further confirmed by the nude mouse xenograft model in vivo.
However, the limitation of the study is that its exact molecular
mechanism has not been fully elucidated and needs to be further
explored in the future.

Previous studies have shown that PFKFB3 is overexpressed in
colon cancer, which is associated with poor clinical outcomes

(14,15,22,23). However, the level of PFKFB3 expression in GC
and its significance remain elusive. Here, IHC analysis of a large
cohort of 319 patients with GC demonstrated that PFKFB3 ex-
pression was significantly higher in tumor tissues compared with
PCHNTs. The percentage of GC samples with grade 2 and the
amounts of PFKFB3-overexpressing cells (IHC score $9) were
significantly higher in GC tissues (68.0%, 217/319) compared
with PCHNTs (13.5%, 43/319), whereas the percentage of sam-
pleswith grade 1 (IHC score 0–8)was significantly lower in tumor
tissues (32.0%, 102/319) compared with PCHNTs (86.5%,
276/319).

In vitro experiments found that PFKFB3 overexpresssion
could markedly increase the migratory and invasive abilities of
GC cells, with overt downregulation of the epithelial marker
E-cadherin and upregulation of the mesenchymal marker
N-cadherin, especially upregulation of transcription factors Snail
and Twist, which are pivotal inducers of EMT (20,21,24,25). Snail
andTwist have been reported tomediate EMT, resulting in tumor
progression and poor survival in patients withGC (17,26,27). Our
results showed that PFKFB3 overexpression led to significantly
increased expression levels of Snail and Twist, but not Zeb1.
These findings strongly suggested that PFKFB3 overexpression
induced EMT through Snail and Twist upregulation, thereby
favoring GC cell migration and invasion. Moreover, we found
that PFKFB3 overexpression could upregulate MMP2, MMP9,
and MMP14, indicating that increased expression of MMPs is
involved in the mechanism by which PFKFB3 promotes tumor
invasion and migration through the NF-kB pathway. Collec-
tively, these findings suggest that PFKFB3 plays a key role in the
process of GC metastasis.

Our data further revealed that PFKFB3 induced NF-kB p65
upregulation, indicating NF-kB signaling activation (28).
Moreover, pharmacological inhibition of the NF-kB pathway
attenuated PFKFB3-induced expression of EMT-related
markers in GC cells in vitro. Therefore, it is reasonable to
assume that NF-kB is involved in PFKFB3 overexpression-
mediated invasion, migration, and EMT in GC cells. The nude
mouse xenograft model in vivo further confirmed that PFKFB3
promotes GC growth and metastasis through NF-kB–
mediated EMT process.

The effect of chemotherapy with DDP is limited by the drug
resistance of tumor cells. How to improve the sensitivity of
DDP chemotherapy to patients is an urgent problem to be
solved. PFK15 is a powerful inhibitor of PFKFB3, known as the
PKFKB3 inhibitor PFK15, reduces F2,6-DP, glucose uptake,
and intracellular ATP levels in leukemia cells and lung ade-
nocarcinoma cells, and also yields antitumor effects that are
comparable with approved chemotherapeutic agents (16,17).
Our results demonstrated that the combined use of PFKFB3
inhibitor PKF15 in GC cells can enhance the apoptosis induced
by DDP in vitro. The results in vivo showed that the combined
use of PFKFB3 inhibitor PFK15 could further enhance the
inhibitory effect of DDP chemotherapy on the growth of
subcutaneous tumor in nude mice, suggesting that targeted
inhibition of PFKFB3 may become a new clinical treatment
strategy.

In conclusion, we demonstrated that PFKFB3 is significantly
overexpressed in GC, and PFKFB3 overexpression could lead
directly to migration, invasion, and EMT in GC cells through
NF-kB signaling pathway (Figure 7b). Therefore, PFKFB3-
NF-kB may have a critical role in regulating the metastatic

Figure 6. Combined use of cisplatin (DDP) and PFK15 is more efficient in
inhibiting xenograft tumor growth than single treatment. PFK15 treatment
could significantly reduce ATP content in cells. All data are shown asmean
6 SD, *P , 0.05; **P , 0.01; (a). Combined use of PFK15 could
significantly enhance the apoptosis of AGS cells induced by DDP. All
data are shown as mean 6 SD, *P , 0.05; **P , 0.01 (b).
Representative images of the tumors isolated from the mice. 1#–4#,
Ctrl; 5#–7#, PFK15 treatment group; 8#–10#, DDP treatment group;
11#–13#, DDP/PPK15 combined treatment group (c). The weight of
the tumors from nude mice. All the data were shown as mean 6 SD,
*P , 0.05; **P , 0.01; ***P , 0.001 (d). The volume of the tumors
from nude mice. All the data were shown as mean 6 SD, *P , 0.05;
**P, 0.01; ***P, 0.001 (e). The same experiment was performed 2
times with similar results. n.s., no significant.
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potential of GC cells, providing an attractive therapeutic target
for GC.
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Figure 7. Combined application of PFK15 could significantly promote the inhibition of tumor progress and metastasis by DDP in nude mice. Real-time
RT-PCR analyses revealed DDP/PPK15 combined treatment significantly promoted the expression of E-cadherin and inhibited N-cadherin,
Vimentin, Snail, Twist, NF-kB p65, MMP9, and HIF-1a in nude tumors. All the data were shown as mean 6 SD, *P , 0.05; **P , 0.01; ***P ,
0.001 (a). A schematic model of PFKFB3 promotes GC growth and metastasis through NF-kB–mediated EMT process, and the application of a
PFKFB3 inhibitor could further enhance the therapeutic effect of DDP chemotherapy on GC (b). GC, gastric cancer; RT-PCR, reverse transcription
polymerase chain reaction.
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Study Highlights

WHAT IS KNOWN

3 PFKFB3 regulates glycolysis in tumor cells, might function as
an oncogene, and is associated with cancer metastasis.
However, its role in gastric cancer (GC) remains largely
unknown.

3 The role of PFKFB3 in GC remains largely unknown, in
particular, whetherPFKFB3 is auseful therapeutic target inGC.

WHAT IS NEW HERE

3 Our research first showed that PFKFB3 is significantly
overexpressed in GC and PFKFB3-NF-kBmay have a critical
role in regulating the metastatic potential of GC, providing an
attractive therapeutic target for patients with GC.

TRANSLATIONAL IMPACT

3 Exploration the role of PFKFB3 in the laboratory setting may
contribute to the understanding of underlying molecular
mechanisms and may inspire the development of novel
targeted therapeutic strategies for patients with GC.
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