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Abnormal expression of 6-phosphofructo-2-kinase/fruc-
tose-2,6-biphosphatase 4 (PFKFB4) is closely related to 
the occurrence and development of tumors, and PFKFB4 
has been shown to function as a protein kinase. How-
ever, the molecular mechanisms through which PFKFB4 
functions in glioblastoma (GBM) remain poorly under-
stood. Accordingly, in this study, we assessed the roles 
of PFKFB4 in GBM. Compared to in adjacent tissues, 
PFKFB4 was highly expressed in GBM, and its expression 
level was negatively correlated with the overall survival 
time. In addition, knockdown of PFKFB4 inhibited the 
proliferation and invasion of GBM cells and promoted 
apoptosis. In a xenograft tumor model, tumor growth 
was inhibited by knockdown of PFKFB4 using short hair-
pin RNA. Further studies demonstrated that PFKFB4 is 
involved in regulating the AKT signaling pathway. Thus, 
PFKFB4 acts as a protein kinase to regulate GBM pro-
gression by activating the AKT/forkhead box O1 path-
way, which may be a potential therapeutic target in 
GBM.
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INTRODUCTION

Glioma has the highest incidence among all tumors 
of the central nervous system, and glioblastoma (GBM) 
is the most common type of glioma (Shen et al., 2021). 
Glioma is a neuroepithelial tumor with high malignancy, 
a high recurrence rate, and poor prognosis and often ex-
hibits infiltrating rapid growth, proliferation, and strong 
invasion (Nasrollahzadeh et al., 2021). Despite advances 
in molecular diagnosis, surgical treatment, chemotherapy, 
and radiotherapy of glioma in recent years, the overall 
prognosis remains poor (“Correction to: Runx2 (Runt-
Related Transcription Factor 2) Links the DNA Damage 
Response to Osteogenic Reprogramming and Apoptosis 
of Vascular Smooth Muscle Cells,” 2021). The average 
5-year survival rate of patients with malignant glioma is 
only 4–29%, and the average survival time is approxi-

mately 1 year. Thus, glioma poses a major threat to hu-
man health (Kotowski et al., 2021).

6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 
4 (PFKFB4) is a member of the PFKFB family and is 
widely present in various types of cells. Previous stud-
ies suggested that PFKFB4 is a bifunctional enzyme that 
acts as a phosphatase and kinase to mediate the forma-
tion and degradation of fructose-2,6-diphosphate, an al-
losteric activator of fructose phosphate kinase-1 and the 
most effective stimulator of glycolysis to regulate cellular 
glycolysis levels (Yan et al., 2021; Zhang et al., 2021). In 
addition to its recognized roles in aerobic glycolysis, bio-
synthesis, and redox homeostasis, PFKFB4 is involved 
in a variety of biological processes, such as cell cycle 
regulation, autophagy, and transcriptional regulation (Lu 
et al., 2020; Wang et al., 2020). Moreover, PFKFB4 can 
function as a protein kinase. Indeed, a recent study re-
vealed that PFKFB4 transfers a phosphate group from 
ATP to Ser857 on steroid receptor activation factor 3 
(SRC-3) (Guo et al., 2020). SRC-3 is a member of the 
p160SRC family of nuclear receptor coactivators, and 
its overexpression has been detected in breast cancer, 
bladder cancer, glioma, and other solid tumors. Addi-
tionally, PFKFB4 was shown to control embryonic de-
velopment and regulate AKT signaling by phosphorylat-
ing Ser473, independently of the glycolytic functions of 
PFKFB4 (Duan et al., 2020). Furthermore, the regulation 
of AKT signaling via PFKFB4-dependent phosphoryla-
tion is essential for premigratory and migratory neural 
crest formation, and deletion of PFKFB4 results in ma-
jor defects in migration (Yi et al., 2019). PFKFB4 also 
promotes tumorigenesis and development in thyroid car-
cinoma; indeed, tumor growth, metastasis, and invasion 
were shown to be inhibited after knockout of PFKFB4. 
Mechanistically, PFKFB4 phosphorylation activates the 
AKT signaling pathway (Jiang et al., 2019). Taken togeth-
er, these findings confirm that PFKFB4 acts as a protein 
kinase to activate tumor-promoting factors and mediate 
the occurrence and development of cancer.

Forkhead box O1 (FOXO1) is a widely expressed 
transcription factor of the FOXO family and an im-
portant tumor-suppressor gene that is downregulated 
in many types of tumor tissues (Kessler et al., 2019). 
FOXO1 is degraded after AKT-dependent phosphoryla-
tion, and a reduction in FOXO1 expression promotes 
tumor cell growth and proliferation, inhibits tumor cell 
apoptosis, enhances the invasion and metastasis of tu-
mor cells, and stimulates blood vessel formation (Das-
gupta et al., 2018; Jiang et al., 2018; Lim et al., 2018). 
However, it is unclear whether PFKFB4 participates in 
phosphorylation-mediated regulation of AKT/FOXO1 
signaling as a protein kinase in glioma. 
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Accordingly, in this study, we performed RNA se-
quencing (RNA-Seq) to analyze the signaling pathways 
affected by knockdown of PFKFB4 in glioma cells. Our 
results suggest that PFKFB4 regulates AKT/FOXO1 
signaling, providing insight into the mechanisms of 
PFKFB4 function in GBM.

MATERIALS AND METHODS

Bioinformatics analysis

PFKFB4 sequencing expression data were download-
ed from The Cancer Genome Atlas (TCGA; https://
www.cancer.gov/about-nci/organization/ccg/research/
structural-genomics/tcga). Differential expression anal-
ysis was performed using the “EdgeR” package in R 
software (The R Project for Statistical Computing, Vi-
enna, Austria). The survival and prognosis of patients 
with high and low expression of PFKFB4 were ana-
lyzed using the OncoLnc database (http://www.oncol-
nc.org/).

Patients and samples

Fresh GBM tissues and paracancerous tissues were 
collected during operation. Patients who had not un-
dergone primary surgery and had not been adminis-
tered radiotherapy or chemotherapy before the oper-
ation were included in the study. Their tissues were 
stored in liquid nitrogen tanks within 2 h of surgical 
resection. The Ethics Committee of the Second Af-
filiated Hospital of Kunming Medical University ap-
proved this study. Written informed consent was ob-
tained from all donors or their close relatives before 
sample collection.

Cell culture

Human glioma cells (U87, U251, and T98G cells) and 
human cerebellar astrocytes (Hac cells) were cultured 
in Dulbecco’s modified Eagle medium (Hyclone, Lo-
gan, UT, USA). U87 cells stably expressing short hair-
pin RNA (shRNA) targeting PFKFB4 (sh-PFKFB4), 
short hairpin control (sh-control), cells overexpressing 
PFKFB4 (OE-PFKFB4), and overexpression control 
(OE-control) cells were grown in minimum essential 
medium (MEM; Biosharp, Beijing, China) supplemented 
with 10% fetal bovine serum (Gibco, Grand Island, NY, 
USA) and 1% penicillin/streptomycin (Gibco) in an in-
cubator at 37°C with 5% CO2.

Stable transfection of U87 cells with sh-PFKFB4 and 
OE-PFKFB4

Four shRNAs were cloned into the lentiviral vec-
tor pGMLV-SC5-puro using a high-purity plasmid cas-
sette (DP107; Tiangen Biotech, Beijing, China) and 
KOD-Plus-Neo DNA polymerase (Toyobo, Osaka, Ja-
pan). The sequencing results of the PFKFB4 interfer-
ence vector and negative control are shown in Table 1. 
pGMLV-SC5-puro was used as a negative control. The 
constructed lentivirus vector and auxiliary packaging 
vector plasmid were cotransfected into 293T cells with 
HG transgene reagent (Qiagen, Hilden, Germany). After 
collecting the virus-rich supernatant, U87 cells were in-
fected with the packaged lentivirus and lentivirus nega-
tive control, and stable cells were selected with puro-
mycin. Infected cells showing green fluorescence were 
detected by flow cytometry, and the infection efficiency 
was evaluated. Quantitative reverse transcription poly-
merase chain reaction (qRT-PCR) and western blotting 
were performed to detect the best interference effect of 
shRNA. Similarly, 293T cells were cotransfected with 
the constructed lentiviral vector and packaging mix, and 
the titer of lentivirus solution (15682PGMLV-CMV-
H_PFKFB4-EF1-ZsGreen1-T2A-Puro) was determined. 
U87 cells were infected with packaged lentivirus and len-
tivirus negative control, and stable strains were obtained. 
Infected cells expressing green fluorescence were detect-
ed by flow cytometry, and the infection efficiency was 
evaluated. qPCR and western blotting were conducted to 
verify the effects of transfection.

qRT-PCR 

Primers designed using DNAMAN were synthesized 
by Sangon Biotech (Shanghai, China) and are shown in 
Table 2. RNAiso Plus (Takara, Shiga, Japan) was add-
ed to the cells to extract total RNA. A RevertAid First 
Strand cDNA Synthesis kit (Thermo Fisher Scientific, 
Waltham, MA, USA) was used to synthesize cDNA. 
qRT-PCR was conducted for 40 cycles utilizing Fast-
Start Universal SYBR Green Master Mix with ROX 
(Roche, Basel, Switzerland) with 7500 Real-Time PCR 
system (Applied Biosystems, Foster City, CA, USA). The 
expression level was normalized to that of the internal 
reference GAPDH, and the relative expression level was 
determined using the ΔΔCT method.

Western blotting 

The following antibodies were used for western blot-
ting: anti-PFKFB4 (1:3000, rabbit; Abcam, Cambridge, 

Table 1. shRNA target sequences

shRNA Sequence (5’–3’)

PFKFB4-shRNA1 GATCCGCGCGGTGAACTTTCAAAGGTCTCGAGACCTTTGAAAGTTCACCGCGCTTTTTT

PFKFB4-shRNA2 AATTAAAAAAGGCAGGAACTTCAGCAGAGATCTCGAGATCTCTGCTGAAGTTCCTGCCG

PFKFB4-shRNA3 GATCCGCTGGAGAGGCAAGAGAATGTCTCGAGACATTCTCTTGCCTCTCCAGCTTTTTT

sh-control GATCTGTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACACGTTCGGAGAATTTTTTC

Note: shRNA = short hairpin RNA; PFKFB4 = fructose-2,6-biphosphatase 4

Table 2. PCR primers

Gene Forward primer sequence Reverse primer sequence

PFKFB4 GTGATGAGGCTACGGAGGACTTC GTAATATACGATGCGGCTCTGG

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA

https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
http://www.oncolnc.org/
http://www.oncolnc.org/
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UK), anti-Bax (1:5000, rabbit; Proteintech, Rosemont, 
IL, USA), anti-phospho-AKT (Ser473) (1:2000, mouse; 
Proteintech), anti-AKT (1:1000, rabbit; Proteintech), anti-
FOXO1 (1:1000, rabbit; Cell Signaling Technology, Dan-
vers, MA, USA), and anti-β-actin (1:1000, rabbit; Cell 
Signaling Technology). Standard procedures were used 
to perform western blotting. ImageJ software (v1.5.2, 
National Institutes of Health, Bethesda, MD, USA) was 
used to perform densitometry analysis of the bands.

Cell proliferation assay

The cells (sh-control and sh-PFKFB4; OE-control 
and OE-PFKFB4) were seeded into 96-well plates (2,500 
cells/well, five plates), and the results were recorded for 
4 days. After every 24 h, the cells were incubated with 
Cell Counting Kit-8 reagent (Beyotime, Shanghai, China) 
for 4 h, and the absorbance of each well was detected at 
a wavelength of 450 nm by spectrophotometry. The final 
optical density value was determined using the follow-
ing equation: final value = measured absorbance – blank 
well absorbance. 

EdU staining assay

BeyoClick EdU-555 (Beyotime) was used to detect cell 
proliferation. We inoculated 4×105 cells (sh-PFKFB4, 
sh-control) into 6-well culture plates. EdU-labeled cells 
were fixed with 4% paraformaldehyde and permeabilized 
with 1 mL 0.3% Triton X-100 solution, followed by 
staining with Hoechst 33342. EdU staining was detected 
using an inverted fluorescence microscope (20×).

Wound healing assays

The cells (sh-control and sh-PFKFB4) were inoculated 
into 6-well culture plates, and two horizontal lines were 
drawn on the bottom of the outer surface of the plate. 
The cells were grown in MEM containing 10% fetal bo-
vine serum until reaching confluence. A sterilized 10-μL 
pipette tip was then used to scratch the surface of the 
cell layer. After washing gently with phosphate-buffered 
saline, the cells were cultured in serum-free MEM. Cell 
growth across the scratch was visualized using a bright-
field microscope at 24-h intervals. The endpoint was 
considered as the time at which the cells had grown 
across the scratch. The area of the scratch covered by 
the cells at each time point was determined using ImageJ 
software.

Transwell assays

Cell migration was evaluated using Transwell cells (pore 
size: 8.0 μm; COSTAR, Corning, Inc., Corning, NY, 
USA). The cells (sh-control and sh-PFKFB4) were add-
ed to the upper chamber at a density of 3×104 cells in 
200 µL serum-free medium. After culturing for 72 h, the 
cells were fixed in 4% paraformaldehyde for 30 min and 
then stained with crystal violet. Cotton swabs were used 
to remove cells that had not migrated through the Tran-
swell inserts, and stained cells that had migrated through 
the membrane were visualized using a microscope.

RNA-Seq

A Total RNA Extractor (TRIzol) kit (cat. no. 
B511311; Sangon Biotech) was used to extract total 
RNA from the cells (stable shPFKFB4- and sh-con-
trol-transfected U87 cells; triplicate samples were pre-
pared). A total of 2 μg RNA per sample was used as 
input material for RNA sample preparations. Sequenc-

ing libraries were generated using a Hieff NGS MaxUp 
Dual-mode mRNA Library Prep Kit for Illumina (cat. 
no. 12301ES96; Yeasen, Shanghai, China) following the 
manufacturer’s recommendations. To select cDNA frag-
ments that were 150–200 base pairs in length, the library 
fragments were purified with Hieff NGS DNA Selec-
tion Beads DNA (cat. no. 12601ES56; Yeasan). PCR 
was performed with 2× Super Canace High-Fidelity Mix, 
Primer mix, and Adapter-Ligated DNA. Finally, the PCR 
products were purified using Hieff NGS DNA Selection 
Beads, and the library quality was assessed on a Qubit 
2.0 Fluorometer (Thermo Fisher Scientific). The librar-
ies were quantified and pooled. Paired-end sequencing of 
the libraries was performed on a HiSeq NovaSeq 6000 
sequencer (Illumina, San Diego, CA, USA). The DESeq2 
package was used for differential gene expression analy-
sis (|log2 [fold-change]>1|, P<0.05), and Gene Ontol-
ogy and Kyoto Encyclopedia of Genes and Genomes 
enrichment analyses of differential expression genes were 
performed to evaluate biological functions.

Flow cytometry

Annexin Vdome 633 (lot no. NY601; Dojindo, Kum-
amoto, Japan) was used to detect apoptotic cells (sh-con-
trol and sh-PFKFB4; OE-control and OE-PFKFB4) ac-
cording to the manufacturer’s instructions. Flow cytom-
etry was performed on a BD FACS Celesta multicolor 
cell analyzer (BD Biosciences, Franklin Lakes, NJ, USA). 
FlowJo-V10 software (TreeStar, Ashland, OR, USA) was 
used to analyze the data.

Caspase-3 activity assay

A Caspase-3 Activity Assay Kit (Beyotime) was used 
to detect caspase-3 activity in sh-control and sh-PFKFB4 
cells. A microplate spectrophotometer was used to quan-
tify caspase-3 activity by measuring the absorbance at 
405 nm. Caspase-3 activity was expressed as the fold-
change in enzyme activity compared with that of the 
control.

Immune-deficient mouse experiments

This experiment complied with ARRIVE guidelines, 
the U.K. Animals (Scientific Procedures) Act, 1986 and 
associated guidelines, and EU Directive 2010/63/EU. 
Six immune-deficient male mice, each weighing 18–22 g 
(6 weeks old), were purchased from the animal room 
of Kunming Medical University (Yunnan, China). Mice 
were maintained in a specific pathogen-free facility and 
randomly assigned to two groups (three mice per group). 
Tumor cells (1.2×106 sh-PFKFB4 or sh-control cells) 
were subcutaneously injected into the left armpit skin 
(0.2 mL) over an injection time of approximately 1 min. 
After 4 weeks, the tumors were dissected, their sizes and 
weights were measured, and western blotting was per-
formed to evaluate PFKFB4 expression. 

Ethics committee approval

This study was approved by the Ethics Committee of 
the Second Affiliated Hospital of Kunming Medical Uni-
versity. Under committee supervision, samples were used 
after obtaining written informed consent from the donor 
or next of kin. 

Statistics

All experiments were repeated three times indepen-
dently. GraphPad Prism 8.0 (GraphPad, Inc., La Jolla, 

https://www.ptglab.com/products/AKT1-phospho-S473-Antibody-66444-1-Ig.htm
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CA, USA) was used to produce graphs. SPSS 21.0 soft-
ware (SPSS, Inc., Chicago, IL, USA) was used for sta-
tistical analysis of the data. Measurement data were 
presented as the means ± standard deviations, and dif-
ferences between the two groups were evaluated using 
t-tests. Results with P values less than 0.05 were consid-
ered statistically significant.

RESULTS

PFKFB4 was upregulated and correlated with poor 
survival in GBM

Based on TCGA data, PFKFB4 levels in the tumor 
tissues were significantly higher than those in normal 

tissues (P<0.001; Fig. 1A). To evaluate the clinical im-
portance of PFKFB4, patients were divided into high 
and low expression groups according to the median 
risk score of PFKFB4. According to the OncoLnc 
database, patients with high expression of PFKFB4 
typically had shorter survival times (P<0.01; Fig. 1B). 
These data suggest that PFKFB4 is a poor prognostic 
factor for GBM.

The mRNA (Fig. 1C) and protein levels of PFKFB4 
(Fig. 1D) in GBM cells were higher than those in nor-
mal astrocytes (P<0.05), particularly in U87 cells. In 
fresh surgical samples, western blotting showed that 
PFKFB4 average expression was significantly higher 
in cancer tissues than in adjacent tissues (P<0.01; Fig. 
1E).

Figure 1. PFKFB4 was highly expressed in glioblastoma (GBM) and may be associated with poor patient prognosis. 
(A) Expression of PFKFB4 in normal brain tissue (n=5) and GBM tissue (n=169) using data from The Cancer Genome Atlas database. 
***P<0.001. (B) Effect of high and low expression of PFKFB4 on the survival of patients with GBM in the OncoLnc database. **P<0.01. (C, 
D) qPCR and western blotting analysis of PFKFB4 expression in GBM and normal tissues. ***P<0.001, **P<0.01, *P<0.05. (E) GBM and ad-
jacent tissues were collected as clinical samples. Western blotting was used to evaluate PFKFB4 expressio. **P<0.01.

Figure 2. Knockdown of PFKFB4 inhibited the proliferation, migration, and invasion of glioblastoma (GBM). 
(A, B) Western blotting and qPCR were used to evaluate the expression of PFKFB4 in sh-PFKFB4 and control cells. **P<0.01. (C) CCK-8 
assays were used to evaluate the effects of PFKFB4 interference on the proliferation of U87 cells. ****P<0.0001, ***P<0.001, **P<0.01, 
*P<0.05. (D) Effects of PFKFB4 interference on the percentages of EDU-positive U87 cells. ***P<0.001. (E, F) Wound healing (E) and  tran-
swell   (F) assays were used to evaluate the effects of PFKFB4 knockdown on the migration and invasion of U87 cells. ***P<0.001, *P<0.05. 
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Figure 3. RNA-Seq analysis demonstrated that knockdown of PFKFB4 affected protein kinase activity, DNA repair, and apoptosis.
(A) Principal component analysis diagram. The red square represents the group of sh-control U87 cells, and the blue circle represents the 
sh-PFKFB4 group. The scale of the horizontal and longitudinal coordinates is the relative distance. The two groups of cells were classified 
clearly. (B) Differential analysis of three sh-PFKFB4 and three sh-control stable U87 cell lines revealed 359 differentially expressed genes, 
with 196 downregulated (green) and 163 upregulated (red) genes. (C) Heatmaps showing the correlations of PFKFB4 with the top 50 
gene expression signatures in RNA-Seq analysis. Rows represent genes, and columns represent samples. (D, E) Gene Ontology (GO) en-
richment analyses of differentially expressed genes from RNA-Seq of U87 cells with PFKFB4 knockdown. In the GO Chord plot (D), differ-
entially expressed genes are shown on the left, different GO terms are on the right, and the colored ribbon connected to the genes rep-
resents enrichment of the gene in this GO term. In the bar plot (E), the left side represents the GO terms, the horizontal axis represents 
the gene counts, and color represents the P value. (F) Kyoto Encyclopedia of Genes and Genomes enrichment analyses of differentially 
expressed genes based on RNA-Seq of U87 cells with PFKFB4 knockdown. The left side of the dot plot shows the pathway names, and 
the right side shows the gene ratio. The horizontal axis represents the P value. (G) Effects of PFKFB4 knockdown on caspase-3 activity. 
**P<0.01. (H) Effects of PFKFB4 knockdown on apoptosis rates in U87 cells. ***P<0.001. 
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PFKFB4 promoted growth and migration in GBM cells

Stable-knockdown PFKFB4 cell lines were construct-
ed using lentivirus. The best interference effect was de-
tected using shRNA3 (Supplemental Fig. 1A, B at htt-
ps://ojs.ptbioch.edu.pl/index.php/abp/). Therefore, the 
PFKFB4-shRNA3 U87 cell line was selected for follow-
up studies. Western blotting and qRT-PCR confirmed 
that PFKFB4 was effectively knocked down (Fig. 2A, 
B). Compared with the control cell line, U87 cells trans-
fected with stable sh-PFKFB4 showed growth inhibition 
(Fig. 2C, D). Moreover, wound healing and Transwell 
assays showed that migration and invasion were signifi-
cantly inhibited after knockdown of PFKFB4 (Fig. 2E, 
F). We also established stable PFKFB4-overexpressing 
U87 glioma cells, which was confirmed through western 
blotting and qPCR analyses (Supplemental Fig. 2A, B). 
Compared with the control cell line, PFKFB4-overex-
pressing cells showed no obvious changes in survival or 
apoptosis (Supplemental Fig. 2C, D at https://ojs.ptbi-
och.edu.pl/index.php/abp/).

Knockdown of PFKFB4 affected protein phosphokinase 
activity, DNA repair, and apoptosis

To further explore the roles of PFKFB4 in GBM, 
RNA-Seq analysis was performed in U87 cells stably 
transfected with sh-PFKFB4 or sh-control. The principal 
component analysis results of the two groups showed 
similarities between the cell lines (Fig. 3A). In PFKFB4-
knockdown cells, we identified 359 differentially ex-
pressed genes, with 196 downregulated and 163 upreg-
ulated genes (Fig. 3B), which were visualized in a heat 
map (Fig. 3C). According to the Gene Ontology (GO) 
annotations, PFKFB4 was significantly associated with 
protein phosphatase activator activity, DNA replication, 
and ATPase activity (Fig. 3D, E). Additionally, Kyoto 

Encyclopedia of Genes and Genomes (KEGG) analy-
sis of the RNA-Seq results indicated that different genes 
were enriched in the phosphatidylinositol 3-kinase/AKT, 
FOXO, and tumor necrosis factor signaling pathways 
(Fig. 3F). As verification of these activities, we observed 
that knockdown of PFKFB4 enhanced caspase-3 ac-
tivity and apoptosis rates (Fig. 3G, H), suggesting that 
PFKFB4 inhibited apoptosis in GBM.

PFKFB4-dependent AKT signaling was essential for 
glioma development

Western blotting showed that phospho-AKT levels 
were decreased after inhibition of PFKFB4, whereas 
there were no significant differences in the expression 
of total AKT (Fig. 4A). During the occurrence and de-
velopment of glioma, PFKFB4 phosphorylation may ac-
tivate AKT, which then enters the nucleus, leading to 
activation of FOXO1 phosphorylation; FOXO1 is then 
transferred from the nucleus to the cytoplasm, where it 
is degraded, thereby inhibiting apoptosis and promot-
ing proliferation in cancer cells. When PFKFB4 was in-
hibited, FOXO1 accumulated in the nucleus, leading to 
increased Bax and caspase-3 expression (Fig. 4B). This 
result is consistent with the findings of RNA-seq analy-
sis. Thus, the PFKFB4/AKT/FOXO1 signaling pathway 
may be important in the occurrence and development of 
GBM.

Finally, to explore the tumor-promoting effects 
of PFFKB4 in vivo, we established an animal mod-
el by xenotransplantation. The tumor volume and 
body weights of mice were significantly lower in the  
shPFKFB4 group than the control group (P<0.001; 
Fig. 4C, D), consistent with our in vitro experimental 
results. Moreover, PFKFB4 average expression was low 
in transplanted tumors derived from shPFKFB4 cells 
(P<0.05; Fig. 4E).

Figure 4. PFKFB4/AKT/FOXO1 pathway regulated glioblastoma progression. 
(A) Western blot analysis of the effects of PFKFB4 knockdown on phopsho-AKT, total AKT, FOXO1, and Bax protein levels. **P < 0.01. (B) 
Mechanism of the PFKFB4/AKT/FOXO1 pathway in GBM. FOXO1 inhibits apoptosis by increasing downstream caspase-3 activity and Bax 
expression in the nucleus. When PFKFB4 phosphorylation activates AKT, the latter enters the cell nucleus, resulting in FOXO1 phospho-
rylation and translocation from the nucleus to the cytoplasm for degradation. (C, D) Animal experiments showing the effects of PFKFB4 
knockdown on tumor volume (C) and weight (D). ***P<0.001. (E) Western blotting of PFKFB4 expression in tumor tissues from the xeno-
graft model. *P<0.05.

https://ojs.ptbioch.edu.pl/index.php/abp/
https://ojs.ptbioch.edu.pl/index.php/abp/
https://ojs.ptbioch.edu.pl/index.php/abp/
https://ojs.ptbioch.edu.pl/index.php/abp/
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DISCUSSION

PFKFB4 regulates the concentration of the intracellu-
lar allosteric glycolysis activator fructose-2,6-diphosphate 
(Gao et al., 2018; Ostrom et al., 2017). Recently, high 
expression of PFKFB4 was observed in many tumors, 
suggesting that this protein has an important role in the 
initiation and progression of cancer (Figueiredo et al., 
2017; Pegoraro et al., 2015; Pranckeviciene & Bunevicius, 
2015). Additionally, high PFKFB4 expression is associ-
ated with a shorter overall survival time and more fre-
quent metastasis (Strohecker et al., 2015; Yi et al., 2019; 
Zhao et al., 2015). Many reports have also described the 
role of PFKFB4 in brain tumors. For example, downreg-
ulation of PFKFB4 leads to decreased lactic acid levels 
and ATP production in brain cancer stem cells, thereby 
inducing apoptosis (Minchenko et al., 2014). Additionally, 
the PFKFB3/PFKFB4 mRNA ratio in isocitrate dehydro-
genase wild-type glioblastoma (7.7:1) is lower than that 
in isocitrate dehydrogenase mutant low-grade astrocy-
toma (36.5:1), suggesting that the ratio is related to the 
degree of malignancy, patients with a higher PFKFB3/
PFKFB4 mRNA ratio (14 months) show a significantly 
longer overall survival time than patients with a lower 
ratio (9 months) (Omuro & DeAngelis, 2013). 

RNA-Seq can be used to study differences in gene 
expression at the whole-genome level, enabling accurate 
quantification, high repeatability, a wide detection range, 
and reliable analyses. This new approach has revolution-
ized systematic analyses of pathways and has gradually 
become a leading experimental technology in the study 
of cancer biology. Thus, RNA-Seq is expected to yield 
new targets for tumor gene therapy, facilitating the accu-
rate detection of cancer. In our study, RNA-seq showed 
that in the shPFKFB4 group, the expression of xanthine 
dehydrogenase, adenosine monophosphate deaminase 1, 
and 6-phosphofructokinase 1 genes were downregulat-
ed, thus inhibiting glycolysis and the pentose phosphate 
pathway, whereas the expression of FOXO1 and Bax 
was upregulated. The annotation of GO terms showed 
that the regulation of PFKFB4 may affect DNA replica-
tion and DNA binding, which is closely related to tumor 
proliferation and apoptosis (Yun et al., 2012). PFKFB4 
plays an important role in the Warburg effect of vari-
ous malignant tumor cells and can promote glycolysis 
and the pentose phosphate pathway (Lu et al., 2020; 
Yan et al., 2021), which enables cancer cells to synthe-
size DNA in a microenvironment with a limited oxygen 
supply. Furthermore, cancer cells continue to proliferate 
while producing lactic acid to acidify the adherent tis-
sue, thus accelerating metastasis. The pentose phosphate 
pathway directly participates in the production of nico-
tinamide adenine dinucleotide and the synthesis of nu-
cleic acid and DNA, which lead to the growth of cancer 
cells (Goidts et al., 2012). knockdown PFKFB4 in pros-
tate cancer cells can induce their apoptosis and Inhibit 
the growth of tumors in vivo (Ros et al., 2012). RNA-seq 
showed that PFKFB4 is involved in the phosphorylation 
activity, and combined with the results of the KEGG 
pathway enrichment analysis, it showed that PFKFB4 
activated the PI3K/AKT and FOXO signaling pathways 
(Fig. 3F). Western blotting confirmed that shPFKFB4 
could significantly inhibit the activation of AKT phos-
phorylation and that the expression of the tumor sup-
pressor FOXO1 increased in shPFKFB4 cells (Fig. 4A). 
The regulatory effect of PFKFB4 on AKT has been re-
ported (Duan et al., 2020; Yi et al., 2019). however, there 
are only a few studies on this regulatory mechanism 
in tumors, and ours is one such study. The PFKFB4/

AKT/FOXO1 pathway plays an important regulatory 
role in the occurrence and development of gliomas.

Many studies have focused on the roles of PFKFB4 
in tumors. PFKFB4 is a key multifunctional regulatory 
factor with important roles in tumor metabolism prolif-
eration, metastasis, autophagy, and apoptosis. PFKFB4 
can enhance the migration/invasion ability of breast can-
cer cells, both in vitro and in vivo, by inducing hyaluronan 
synthase 2 expression and hyaluronan production (Stro-
hecker et al., 2015). In addition, PFKFB4 can be used 
as a molecular fulcrum to combine glycolysis with au-
tophagy and can be a promising target for tumor thera-
py. PFKFB4 knockout in prostate cancer cells increased 
p62 and reactive oxygen species levels and autophagy 
flux, thus affecting the growth of cancer cells (Zhang 
et al., 2011). Recently, a study reported downregulation 
of PFKFB4 inhibits the SRC3/AKT/mammalian target 
of rapamycin pathway, resulting in autophagy to pro-
mote tumor cell apoptosis (Jeon et al., 2011). Bruceine 
A, a quassinoid isolated from dried fruits, can inhibit cell 
cycle arrest and apoptosis mediated by the PFKFB4/ 
glycogen synthase kinase 3β pathway in pancreatic cancer 
(Yalcin et al., 2009). Additionally, PFKFB4 is involved 
in regulating apoptosis in melanoma and hepatocellular 
carcinoma cells (Minchenko et al., 2005b; Valera et al., 
2007). Based on previous studies and our RNA-Seq re-
sults, we focused on the regulatory relationships between 
PFKFB4 and AKT. Our results showed that PFKFB4 
activates the AKT signaling pathway in glioma cells, con-
sistent with previous studies of embryonic development 
(Duan et al., 2020). Moreover, FOXO1 has been shown 
to exert antitumor effects in many cancers, including 
antiproliferative and pro-apoptotic effects (Kessler et 
al., 2019). Decreased AKT activity and FOXO1 phos-
phorylation result in the suppression of FOXO1 trans-
fer from the nucleus to the cytoplasm, thereby block-
ing degradation and increasing nuclear accumulation of 
FOXO1 (Minchenko et al., 2005a), resulting in increased 
caspase-3 and Bax expression (Pilkis et al., 1995) which 
induces apoptosis in glioma cells. Our study suggests 
that PFKFB4/AKT/FOXO1 signaling regulates glioma 
development and progression.

Regulation of AKT by PFKFB4 may be involved in 
drug resistance in glioma. Temozolomide is still the only 
first-line anti-glioma chemotherapeutic drug available on 
the market. This drug can be administered orally and can 
cross the blood-brain barrier; however, temozolomide 
also activates the AKT pathway and can cause insensi-
tivity or resistance in glioma cells. Some studies showed 
that combination treatment with the inhibitor Y294002 
with temozolomide can significantly increase apoptosis 
rates and reduce cell invasiveness via inhibition of AKT 
phosphorylation and Bcl-2 expression, thereby increasing 
cytotoxicity in tumors (Rousseau & Hue, 1993). Thus, in 
future studies, we aim to evaluate the combined effects 
of the PFKFB4 inhibitor 5-(n-(8-methoxy-4-quinolyl)
amino)pentyl nitrate and temozolomide in the treatment 
of glioma. 

Overall, our findings provide important insight into 
the rarely studied roles of PFKFB4 in glioma. We con-
firmed that PFKFB4 functions as a protein kinase to reg-
ulate GBM progression by activating the AKT/FOXO1 
pathway. Additionally, knockdown of PFKFB4 blocked 
the phosphorylation of AKT, resulting in increased 
FOXO1 and Bax expression, enhanced caspase-3 activ-
ity, decreased cell proliferation and migration ability, and 
increased apoptosis in cancer cells. Taken together, these 
findings suggest that PFKFB4 is a promising therapeutic 
target for treating glioma.
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