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Abstract
Background: Cancer cells prefer aerobic glycolysis to increase their biomass and sustain uncontrolled
proliferation. As a key glycolytic activator, phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3
(PFKFB3) has been implicated in the progression of multiple types of tumors. However, the speci�c
function and clinical signi�cance of PFKFB3 in renal cell carcinoma (RCC) remain unclear. In the present
study, we explored the role of PFKFB3 in RCC.

Methods: We analyzed the expression of PFKFB3 in clear cell renal cell carcinoma (ccRCC) tissues and its
relationship with clinical characteristics of ccRCC. Real-time PCR and Western blot analysis were used to
detect PFKFB3 expression levels in different RCC cell lines. Furthermore, we determined the glycolytic
activity by glucose uptake, lactate secretion assay and ECAR analysis. CCK-8 assay, clone formation
assay, �ow cytometry and EdU assay were performed to monitor cancer cell proliferation and cell cycle
distribution. In addition, nude mice xenograft model was used to investigate the role of PFKFB3 in tumor
growth in vivo.

Results: In this study, we found that PFKFB3 was signi�cantly up-regulated in RCC tissues and cell lines
compared with normal control. Overexpression of PFKFB3 was positively associated with advanced TNM
stage and could predict poor prognosis of ccRCC patients. Furthermore, knockdown of PFKFB3
suppresses cell glycolysis, proliferation and cell cycle G1/S transition in RCC cells. Importantly, in vivo
experiments con�rmed that PFKFB3 knockdown delayed tumor growth derived from the ACHN cell line.

Conclusion: Our results suggest that PFKFB3 plays an important role in the progression of RCC via
mediating glycolysis and proliferation, and provides a potential therapeutic target for RCC.

Introduction
The incidence of renal cell carcinoma (RCC) has been increasing, with more than 400,000 estimated new
cases and more than 170,000 deaths globally in 2018 [1]. As the most common type of RCC, clear cell
renal cell carcinoma (ccRCC) accounts for the vast majority (approximately 70–75%) [2]. Early-stage
nonmetastatic RCC can be treated by radical or partial nephrectomy, however, many patients present with
advanced disease that has a much poorer prognosis at the time of diagnosis because early-stage disease
is often asymptomatic [3]. Targeted therapy against vascular endothelial growth factor (VEGF) and novel
immunotherapy agents has been approved and used for the treatment of advanced or metastatic RCC.
However, the therapeutic effects are limited for a short time and the patients eventually relapses [4].
Hence, it is essential to better understand the molecular mechanism of the oncogenesis and progression
of RCC to provide guidance for early diagnosis and novel therapeutic strategies. Recently, new therapeutic
strategies have emerged as effective treatment options against advanced RCC through the
reprogramming of cancer cell metabolism and use of glycolysis inhibitor [5].

Rapid proliferation and glucose metabolism remodeling are hallmarks of cancer. To provide su�cient
energy and support rapid biosynthesis, cancer cells exhibit enhanced glycolysis, even in the presence of
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normal oxygen supply. This phenomenon is historically known as the Warburg effect [6–7]. Exploring the
cooperative mechanisms underlying cell proliferation and glycolysis could contribute to a better
understanding of human cancer development. During glycolysis, Phosphofructo-2-kinase/fructose-2,6-
biophosphatase 3 (PFKFB3) catalyzes the synthesis of fructose-2,6-bisphosphate (F-2,6-BP), a potent
allosteric stimulator of the key enzyme 6-phosphofructo-1-kinase 1 (PFK-1) [8]. Thus, the activation of
PFKFB3 has been linked to enhanced glycolysis. PFKFB3 has been found to be overexpressed in various
types of tumor, such as pancreatic cancer [9], breast cancer [10], and gastric cancer [11]. Upregulated
PFKFB3 levels have been proved to be associated with poorer survival statistics in patients with breast
cancer [12]. PFKFB3 plays a pivotal role in promoting cell proliferation by regulating the expression of
important cell cycle proteins: cyclin-dependent kinase-1 (CDK1) and p27 [13]. Inhibition of PFKFB3 by
genetic silence or chemical inhibitors obviously reduces glycolytic �ux, Ras-driven transformation and
tumor growth in nude mice [14–15]. Taken together, these results suggest that PFKFB3 plays important
roles in several biological processes and in the progression of human cancers. However, the oncogenic
role of PFKFB3 in RCC has been little explored.

In the present study, we detected the expression of PFKFB3 in 90 ccRCC patients and analyzed the
correlation of PFKFB3 level with clinicopathological features and prognosis. Furthermore, we investigated
whether PFKFB3 knockdown inhibits glycolytic activity and cell proliferation in vitro and in vivo.

Methods And Materials

Patients and tissue samples
The tissue microarray (TMA) including 90 pairs of ccRCC tissues and matched adjacent tissues was
purchased from Shanghai Outdo Biotech Company. All patients were pathologically diagnosed with
ccRCC and received no additional treatment before surgery. Patients were further divided into subgroups
using the TNM stage classi�cation (stage I, II, III and IV) and Fuhrman grade system (Grade I, II, III and IV).
This study was conducted in compliance with the Declaration of Helsinki and approved by the Ethics
Committee of the A�liated Hospital of Xuzhou Medical University. Informed consent was obtained from
all subjects.

Immunohistochemistry (IHC)
IHC assays were performed as previously described [16]. Anti-PFKFB3 (1:250, Abcam, ab181861), and
anti-Ki67 antibodies (1:250, Abcam, ab15580) were used. Because PFKFB3 protein is primarily located in
the nucleus, we applied H-score to assess the immunoreactivity of PFKFB3 according to the staining
intensity and percentage. Staining intensity in cells was scored 0~3 (negative; weak; moderate; intense)
and this value was multiplied by the percentage (0%~100%) of cells staining positively to generate an H-
score (range, 0~300). Each slide was independently assessed and averaged by two pathologists without
prior knowledge of patient data.
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Cell culture
The human RCC cell lines were obtained from the American Type Culture Collection (ATCC). Cells were
cultured in RPMI-1640 (HyClone) supplemented with 10% fetal bovine serum (Invitrogen) and 1%
penicillin/streptomycin (HyClone) at 37℃ with 5% CO2.

Lentiviral vector construction and transduction
Lentiviral vectors carrying shRNA targeting PFKFB3 (sh PFKFB3) were designed and synthesized by
GenePharma (Shanghai, China). Lentiviruses carrying shRNA targeting �re�y luciferase (sh Ctrl) were
used as the control. Cells were transduced with the lentiviruses and selected with puromycin as
previously described [17]. Finally, the stable cell lines were veri�ed using Western blot.

RNA isolation and Real-time quantitative PCR
RNA was extracted using TRIzol (Invitrogen) and cDNA was synthesized using the RevertAid First Strand
cDNA Synthesis kit (Takara, Japan). Real-time PCR was carried out on ABI-7500 using SYBR® Premix Ex
Taq™ (Takara, Japan). β-actin was used as the internal control gene. The primers used in this study were
as follows: PFKFB3 forward 5’-GGCC GCATCGGGGGCGACTC-3’ and reverse 5’-TTGCGTCTCAGCTC
AGGGAC-3’; β-actin forward 5’-GGGACCTGACTGACTAC-3’ and reverse 5’-TCATACTCCTGCTTGCTGAT-3’.
The results were normalized to β-actin expression and the fold changes were calculated using the 2-ΔΔCT

method.

Western blot analysis
Western blot analysis was performed as described previously [16]. Cells were lysed in RIPA buffer. The
protein concentrations were normalized with a BCA assay kit (Thermo Fisher Scienti�c, USA). β-actin was
used as the loading control. Anti-PFKFB3 (1:1000, Abcam, ab181861) and anti-β-actin antibodies (1:3000,
Abcam, ab179467) were used in this study.

Glucose uptake and lactate secretion analysis
Glucose and lactate concentrations were measured using a Glucose Colorimetric Assay Kit (BioVision,
USA) and a Lactate Assay Kit (BioVision, USA), respectively, according to the manufacturer’s instructions.
Statistical differences were calculated compared with the negative control group.

Extracellular acidi�cation rate (ECAR) analysis
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The glycolysis capacity was determined using a Seahorse XF Glycolysis Stress Test Kit (Agilent, Santa
Clara, USA) according to the manufacturer’s instructions. In brief, 4×104 cells were seeded in 96-well
plates and incubated overnight. After washing the cells with Seahorse buffer, 10 mmol/L glucose, 1
mmol/L oligomycin, and 100 mmol/L 2-deoxy-glucose (25 mL of each) were added to measure the ECAR.
ECAR values were calculated and normalized to the cell number.

Cell proliferation and cell cycle analysis
Cell proliferation was examined by Cell Counting Kit-8 (CCK-8) assay, colony formation assay, cell cycle
analysis and 5-ethynyl-2-deoxyuridine (EdU) incorporation assay, as described previously [18]. Cell cycle
analysis was conducted using FACS cytometry (Beckman Coulter, USA).

Tumor xenograft growth in nude mice
Animal experiments were conducted as described previously [19]. Four-week-old male BALB/c nude mice
were obtained from Sun Yat-sen University Experimental Animal Center. A total of 5×106 ACHN cells
transduced with either sh Ctrl and sh PFKFB3 were injected subcutaneously into the dorsal thighs of
mice. The tumor sizes were recorded regularly every week and the tumor volume (mm3) was calculated
as follows: Volume=0.5×length×width2. After �ve weeks, mice were sacri�ced by CO2 inhalation, then the
tumor nodules were dissected, weighed and sectioned, followed by IHC analysis. This study was
approved by the Experimental Animal Care Commission of Sun Yat-sen University. All procedures
performed in this study were in accordance with the ethical standards of the institutional ethics
committee and with the NC3Rs ARRIVE guidelines.

Statistical analysis
The data were presented as the mean±SD from at least three independent experiments. Statistical
analysis was performed using SPSS 16.0 software. The differences between groups were calculated
using Student’s t test or one-way ANOVA. Survival analyses were performed using the Kaplan-Meier
method and assessed using the log-rank test. All the statistical teste were two-sided, P 0.05 were
considered statistically signi�cant.

Results

PFKFB3 protein is overexpressed in human ccRCC
specimens and positively correlates with advanced TNM
stage and poor prognosis of ccRCC patients
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Using IHC, we detected the expression levels of PFKFB3 protein in ccRCC tissues and tumor-adjacent
normal tissues. As shown in Fig.1a-b, we demonstrated that immunostaining signals of PFKFB3 were
strong in the nucleus of ccRCC cells but weak in normal renal tissues. The H-score of the ccRCC tissues
and tumor-adjacent normal tissues were 131.52±5.61 and 72.36±4.55, respectively, and the difference
between the two tissue types was statistically signi�cant (Fig.1c). By analyzing the relationship between
the expression levels of PFKFB3 and pivotal clinicopathological features of ccRCC patients, we found
that the PFKFB3 expression level was higher in more advanced TNM stages (ANOVA P 0.01, Stage I/II vs
III/IV, P 0.01, Fig.1d), while increased expression of PFKFB3 in higher Fuhrman grades was observed, but
not statistically signi�cant (ANOVA P=0.1156, Grade I/II vs III/IV, P=0.1302, Fig.1e). Additionally, we
explored the prognostic value of PFKFB3, patients were classi�ed into two groups: low PFKFB3
expression group (H-score the median, n=41) and high PFKFB3 expression (H-score the median, n=41 ),
eight patients were excluded because of loss of follow-up. Kaplan-Meier analysis showed that ccRCC
patients with high PFKFB3 expression exhibited worse overall survival (Fig.1f). Moreover, multivariate Cox
analysis indicated that PFKFB3 was an independent prognostic factor in ccRCC patients (Table 1).

Table 1
Correlation between the PFKFB3 level and the overall survival of ccRCC

patients
Clinical Variables HR 95% CI P-value

Univariate analysis      

Age (≥60 vs 60) 1.875               1.152-3.149 0.015

Gender (Male vs Female) 1.267               0.589-2.627  0.365

TNM stage ( /  vs / ) 3.396               2.133-5.548  0.001

Furhman grade ( /  vs / ) 2.376               1.116-4.385  0.003

PFKFB3 (High vs Low) 1.715               1.232-2.540 0.001

Multivariate analysis      

Age (≥60 vs 60) 1.394               0.925-2.214 0.065

TNM stage ( /  vs / ) 2.674               1.878-3.794 0.001*

Furhman grade ( /  vs / ) 1.751               1.130-2.812 0.009*

PFKFB3 (High vs Low) 1.358               1.028-2.791 0.001*

PFKFB3 expression levels are higher in RCC cells
To investigate the role of PFKFB3 in RCC progression, we �rst used qRT-PCR and Western blot analysis to
detect the mRNA and protein levels of PFKFB3 in an immortalized normal human proximal tubule
epithelial cell line (HK-2) and a panel of RCC cell lines (ACHN, Caki-2, A498, 786-0, OS-RC-1). As shown in
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Figure 2A, the mRNA expression levels of PFKFB3 were upregulated in the RCC cell lines compared with
HK-2 cells. In addition, Western blot analysis results indicated that PFKFB3 protein expression levels were
higher in RCC cells than in normal HK-2 cells, and the difference was statistically signi�cant (Fig.2b-c).

Knockdown of PFKFB3 inhibits glycolysis in RCC cells
Considering PFKFB3 is a key protein that regulates cell glycolysis, we further explored the effects of
PFKFB3 knockdown on glycolysis in RCC cells. In this study, we performed loss-of-function experiments
by PFKFB3 shRNA. ACHN and A498 cells were selected because they had the highest PFKFB3 mRNA
expression among the RCC cell lines (Fig.2a). The knockdown e�ciency of PFKFB3 was con�rmed by
Western blot (Fig.3a-b). As shown in Fig.3c-d, knockdown of PFKFB3 in ACHN and A498 cells strikingly
reduced the glucose intake and lactate secretion capacity. Moreover, the extracellular acidi�cation rate
(ECAR) of RCC cells was measured using a Seahorse XF24e Extracellular Flux Analyzer, we found that
basal glycolysis, maximal glycolytic capacity and glycolytic reserve of ACHN and A498 cells were
restrained after transfection of PFKFB3 shRNA (Fig.3e-g), which insinuated that glycolytic potency of RCC
cells might be attenuated by PFKFB3 shRNA. Taken together, our data indicated that PFKFB3 is
functionally important in aerobic glycolysis of RCC cells.

Down-regulation of PFKFB3 suppresses proliferation and
G1/S transition in RCC cells
To further elucidate the functional role of PFKFB3 in cell proliferation, ACHN and A498 cells were
transfected with the indicated PFKFB3 shRNA as mentioned before. The CCK-8 assay revealed that
PFKFB3 knockdown obviously reduced the cell proliferation ability of ACHN and A498 cells (Fig.3a-b).
Moreover, the colony formation assay con�rmed that both ACHN and A498 cells formed fewer and
smaller colonies after transfection of PFKFB3 shRNA (Fig.3c-d).  

To dissect the biological events accompanying the alterations of cell proliferation caused by PFKFB3,
and FACS was applied to analyze the distribution of cell cycle phases. As shown in Fig.4e-f, knockdown
of PFKFB3 in ACHN and A498 cells displayed a signi�cant increase in the percentage of cells in G1-phase
but decreased proportions of S-phase cells. In addition, EdU incorporation assay demonstrated that ACHN
and A498 cells contained less EdU-positive cells with newly synthesized DNA after transfection of
PFKFB3 shRNA (Fig.4g-h). Therefore, these data suggested that PFKFB3 might accelerate the G1/S
transition of cell-cycle progression and consequently promoted the proliferation of RCC cells.

PFKFB3 knockdown inhibits RCC tumor growth in vivo
To test the impact of PFKFB3 on the tumor growth in vivo, ACHN cells with PFKFB3 shRNA were injected
into nude mice tumors subcutaneously. As expected, the tumors with PFKFB3 knockdown displayed a
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marked reduction in tumor volume and weight compared with the control group (Fig.5a-c). Furthermore,
immunohistochemical staining con�rmed that PFKFB3 knockdown decreased the levels of the cell
proliferation marker Ki-67 (Fig.5d-e). These results are consistent with our in vitro experimental results.
Taken together, our data indicated that downregulation of PFKFB3 effectively suppresses the RCC tumors
in vivo.

Discussion
Cancer cells reprogram glucose metabolism toward aerobic glycolysis to increase their biomass and
maintain uncontrolled proliferation. PFKFB3 acts as a major regulator of high glycolytic �ux in cancers by
catalyzing the synthesis of fructose 2,6-biphosphate, which activates 6-phosphofructo-1-kinase. Several
recent studies have indicated that PFKFB3 was highly expressed in multiple human cancers [9–11], while
there are few reports on the expression of PFKFB3 in RCC. In this study, we detected the expression of
PFKFB3 in 100 ccRCC patients and found that the levels of PFKFB3 expression were upregulated in
ccRCC tissues compared to tumor-adjacent normal tissues. Moreover, overexpression of PFKFB3 in
ccRCC tissues was positively associated with tumor stage but independent of tumor grade, suggesting
that PFKFB3 played critical roles in cancer cells by linking glycolysis to cell proliferation.

Most of the literature has reported that increasing PFKFB3 promotes tumorigenesis and proliferation [20–
22]. However, experiment result in astrocytoma cells is inconsistent. Zscharnack et al. [23] found that
PFKFB3 splice variant UBI2K4 was downregulated in high-grade astrocytoma compared to low-grade
astrocytoma and corresponding non-neoplastic brain tissue. Overexpression of UBI2K4 suppressed cell
viability and anchorage-independent growth of U87 cells. Therefore, further study is needed to elaborate
the exact role of PFKFB3 in different cancer cells. In the present study, endogenous PFKFB3 expression in
all RCC cell lines tested was strikingly higher than that in the normal human proximal tubule epithelial cell
line HK-2. Because of the very high basal level of PFKFB3 in all kinds of RCC cells, we performed loss-of-
function experiments in vitro and in vivo by silencing PFKFB3 expression to investigate the biological
effect of PFKFB3. Among these various RCC cell lines, the two with the highest mRNA expression of
PFKFB3 were selected. Our loss-of-function studies demonstrated that PFKFB3 inhibition signi�cantly
decreased glycolysis and proliferation in RCC cells both in vitro and in vivo. Moreover, we found that
PFKFB3 knockdown blocked the G1/S transition in RCC cells, suggesting that this inhibition may prevent
cancer cell proliferation. A previous study reported that silencing of PFKFB3 inhibited glycolysis and
induced G2 phase cell cycle arrest in HeLa cells [24]. Although the glycolytic role of PKFFB3 in cancer
progression has been the subject of numerous functional studies, some scholars have also focused on
the functions of PFKFB3 beyond glycolysis. For example, Yalcin et al. [13] found that PFKFB3 knockdown
triggered cell cycle arrest in G1 phase and caused an elevated expression of p27 protein in HeLa cells,
and the effect of siRNA silencing of PFKFB3 was reversed by co-siRNA silencing of p27. It is well known
that p27 is a potent suppressor of the G1/S transition and activator of apoptosis [25]. Other studies have
also shown that PFKFB3 was transported to the nucleus in cancer cells and ectopic expression of wild-
type PFKFB3 in the nucleus promoted cell proliferation without an effect on glycolysis [26]. These results
suggested that the role of PFKFB3 in tumorigenesis was dependent on not only its function of regulating
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glucose metabolism, but also its function of controlling cell cycle. The detailed relationship between
these phenomena and the speci�c molecular mechanism of PFKFB3 still needed to be further explored.

There were some limitations in our study. For example, we detected the expression levels of PFKFB3 in a
panel of RCC cells lines, but no one with a low basal level of endogenous PFKFB3 was found. Therefore,
gain-of-function analysis was not performed because the results could not re�ect the biological function
of PFKFB3 well in the RCC cells. Additionally, the exact molecular mechanism of PFKFB3 on the
proliferation of RCC cells remains elusive. Further research on this issue may bring new ideas and
strategies for the diagnosis and treatment of RCC.

Conclusion
In summary, we demonstrated that PFKFB3 is upregulated in RCC tissues and cell lines. Overexpression
of PFKFB3 is positively associated with advanced TNM stage and poor prognosis of ccRCC patients.
PFKFB3 knockdown suppresses glycolysis, proliferation, and blocked the G1/S transition in RCC cells.
Our �ndings suggest that PFKFB3 plays an important role in the progression of RCC, and provides a
potential therapeutic target for RCC.
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Figure 1

PFKFB3 protein is overexpressed in human ccRCC specimens and positively correlates with advanced
TNM stage and poor prognosis of ccRCC patients. (a) Representative images of adjacent normal tissues
with low expression of PFKFB3. Scale bar, 100 μm. (b) Representative images of ccRCC tissues with high
expression of PFKFB3. Scale bar, 100 μm. (c) A plot of the H-score of PFKFB3 in ccRCC tissues and
adjacent normal tissues. (ccRCC=131.52±5.61 vs. Normal=72.36±4.55, P 0.01). (d-e) H-score of PFKFB3
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in different stages (TMN) and grades (Fuhrman) of ccRCC patients. (f) Kaplan-Meier analysis of overall
survival time in ccRCC cases based on PFKFB3 expression. The results are presented as the mean±SD. *,
P 0.05; **, P 0.01.

Figure 2

PFKFB3 expression levels are higher in RCC cells. (a) PFKFB3 mRNA levels in a panel of RCC cell lines
(ACHN, Caki-2, A498, 786-O and OS-RC-1) and in normal human proximal tubule epithelial cell line (HK-2)
were determined by qRT-PCR. β-actin was used as the intern control gene. (b-c) Protein levels of PFKFB3
in RCC cells were determined by Western blot analysis. β-actin was used as the intern control protein. The
results are presented as the mean±SD. *, P 0.05; **, P 0.01.
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Figure 3

Knockdown of PFKFB3 inhibits glycolysis in RCC cells. (a-b) After shRNA transfection, Western blot
analysis was used to con�rm the knockdown of PFKFB3 in ACHN and A498 cells. (c-d) Measurement of
relative glucose uptake and lactate secretion in transfected ACHN and A498 cells. (e-f) ECAR levels were
detected in transfected ACHN and A498 cells using an XF Extracellular Flux Analyzer. (g) Glycolysis
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capacity was further quanti�ed by ECAR analysis. The results are presented as the mean±SD. *, P 0.05;
**, P 0.01.

Figure 4

Downregulation of PFKFB3 suppresses proliferation and G1/S transition in RCC cells. (a) CCK-8 assays
were used to determine the viability of the indicated cells. (b-c) Representative images and relative
quanti�cation of crystal violet-stained cell colonies analyzed by colony formation assay. (d) Flow
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cytometry assays were performed to analyze cell cycle distribution of the indicated cells. (e) Statistical
analysis of the indicated cells (%) in each cell cycle phase. (f-g) Representative micrographs and
quanti�cation of EdU-incorporated cells in the indicated cells. The results are presented as the mean±SD.
*, P 0.05; **, P 0.01.

Figure 5
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PFKFB3 knockdown inhibits RCC tumor growth in vivo. (a) Representative images of ACHN cell-based
tumor formation in mice under different conditions. (b) Statistical analysis of ACHN cell-based tumor
volumes in nude mice. (c) Statistical analysis of ACHN cell-based tumor weight in nude mice. (d)
Representative IHC images of PFKFB3 and Ki-67 in randomly selected ACHN cell-based tumors from each
group. Scale bar, 50 μm. (e) Quanti�cation of IHC staining of Ki-67 in ACHN cell-based tumors. The
results are presented as the mean±SD. *, P 0.05; **, P 0.01.


