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Abstract

Background Breast cancer is the most common tumor in women worldwide. Diabetes mellitus is a global chronic
metabolic disease with increasing incidence. Diabetes mellitus has been reported to positively regulate the develop-
ment of many tumors. However, the specific mechanism of hyperglycemic environment regulating breast cancer
remains unclear. PFKFB3 (6-phosphofructose-2-kinase/fructose-2, 6-bisphosphatase 3) is a key regulatory factor of the
glycolysis process in diabetes mellitus, as well as a promoter of breast cancer. So, we want to explore the potential link
between PFKFB3 and the poor prognosis of breast cancer patients with hyperglycemia in this study.

Methods Cell culture was utilized to construct different-glucose breast cancer cell lines. Immunohistochemistry was
adopted to analyze the protein level of PFKFB3 in benign breast tissues, invasive ductal carcinoma with diabetes and
invasive ductal carcinoma without diabetes. The Kaplan-Meier plotter database and GEO database (GSE61304) was
adopted to analyze the survival of breast cancer patients with different PFKFB3 expression. Western blot was adopted
to analyze the protein level of PFKFB3, epithelial-mesenchymal transition (EMT)-related protein and extracellular
regulated protein kinases (ERK) in breast cancer cells. Gene Set Cancer Analysis (GSCA) was utilized to investigate the
potential downstream signaling pathways of PFKFB3. TargetScan and OncomiR were utilized to explore the potential
mechanism of PFKFB3 overexpression by hyperglycemia. Transfections (including siRNAs and miRNA transfection
premiers) was utilized to restrain or mimic the expression of the corresponding RNA. Cell functional assays (including
cell counting, MTT, colony formation, wound-healing, and cell migration assays) were utilized to explore the prolifera-
tion and migration of breast cancer cells.

Results In this study, we demonstrated that the expression of PFKFB3 in breast cancer complicated with hyper-
glycemia was higher than that in breast cancer with euglycemia through cell experiment in vitro and histological
experiment. PFKFB3 overexpression decreased the survival period of breast cancer patients and was correlated with a
number of clinicopathological parameters of breast cancer complicated with diabetes. PFKFB3 promoted the prolif-
eration and migration of breast cancer in a hyperglycemic environment and might be regulated by miR-26. In addi-
tion, PFKFB3 stimulated epithelial-mesenchymal transition of breast cancer in a hyperglycemic environment. In terms
of downstream mechanism exploration, we predicted and verified the cancer-promoting effect of PFKFB3 in breast
cancer complicated with hyperglycemia through RAS/MAPK pathway.
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Conclusions In conclusion, PFKFB3 could be overexpressed by hyperglycemia and might be a potential therapeutic

target for breast cancer complicated with diabetes.
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Introduction

Cancer is the second leading cause of death in human
and often leads to panic worldwide [1]. According to
the Global Cancer Observatory (https://gco.iarc.fr/),
nearly 19.29 million people were diagnosed with can-
cer for the first time and nearly 10 million died from it
in 2020. Among them, the number of breast cancer
cases were 2.26 million (11.7%) and increased by 0.1%
compared with the same period of 2018. Breast cancer-
related deaths accounted to 685,000 in 2020, ranking fifth
(6.9%) among all cancer-related deaths and increased by
0.3% compared with the same period of 2018 [2]. Breast
cancer is also the most common cause of cancer-related
deaths in women, accounting for 15.5% of female can-
cer-related deaths in 2020. As we all know, surgery com-
bined with chemoradiotherapy is the primary treatment
of breast cancer [3]. The emergence of hormone therapy
and molecular targeted therapy in recent years is also
an important milestone in the development of cancer
therapy. However, proper targeting molecules remains
urgently needed. Diabetes is a chronic metabolic disor-
der characterized by persistent hyperglycemia, among
which type 2 diabetes accounts for about 95% and is the
most common metabolic disease at present. According to
the International Diabetes Federation (https://diabetesat
las.org/), the number of diabetics reached 536.6 million
worldwide in 2021, accounting for 9.8% of the total popu-
lation and 6.7 million of them died from diabetes. As the
largest developing country, the proportion of diabetics
in China reached 10.6% of the nation’s total population
in 2021, higher than the global average level. In addi-
tion, the number of people with diabetes is predicted to
reach 783.2 million in 2045, accounting for 11.2% of the
population globally. Insulin resistance which prevents the
body from using endogenous insulin effectively, has long
been recognized as a cause of type 2 diabetes. A review
published in Nature in 2019 by Gerald I. Shulman, a dia-
betes expert, suggested that the root cause of hyperglyce-
mia is the increase of liver glycogen due to the abnormal
white adipose tissue (WAT) degradation [4].

The relationship between cancer and diabetes, two
major threats to human health, has been explored for
decades. In 1924, German biochemist Otto Warburg first
proposed the concept of Warburg effect, pointing out
that tumor cells mainly meet the material needs of vigor-
ous metabolism and rapid proliferation through glycoly-
sis rather than tricarboxylic acid cycle, even though there

is no lack of aerobic environment [5]. Statistical evidence
indicated that hyperglycemia increased the incidence of
multiple tumors and was associated with poor prognosis
of cancer patients. 5-year overall survival was lower in
tongue squamous cell carcinoma or stage IIIB-IV non-
small cell lung cancer patients with diabetes than that
in patients without diabetes [6, 7]. Studies have shown
that hyperglycemic environment indirectly promoted the
metastasis of tongue squamous cell carcinoma, pancre-
atic cancer, or gastric cancer by activating PKM2, HIF-1a,
or ENOJI, respectively [6, 8, 9]. A previous cancer preven-
tion research based on one million Americans found that
breast cancer patients with diabetes accounted for 16% of
all cancer patients with diabetes [10]. Besides, according
to the latest report, 18% of breast cancer patients also had
diabetes [11]. Breast cancer patients with diabetes had a
24 to 44% higher risk of death than those without diabe-
tes [12, 13]. Therefore, it is urgent to find appropriate tar-
geting molecules for breast cancer patients with diabetes.

PFKFB3 (6-phosphofructose-2-kinase/fructose-2,
6-bisphosphatase 3), also known as PFK2, IPFK2 or
iPFK-2, is a member of the fructose-2-kinase 6-phos-
phate/fructose-2, 6-diphosphatase family (PFKFB1-4)
[14]. As a bifunctional protein, PFKFB3 can promote
the synthesis and degradation of fructose-2, 6-bis-
phosphate (F2, 6BP, a key regulator of glycolysis) [15].
PFKFB3 is the most expressed PFKFB family gene in
proliferating cells and cancer cells [16]. PFKFB3 is over-
expressed in multiple solid tumors, including breast
cancer, gastric cancer, colorectal cancer and pancre-
atic cancer [17-19]. Besides, the expression of PFKFB3
was reported to promote lymph node metastasis and
increase the tumor node metastasis (TNM) stage [20].
The PFKFB3 promoter contains four response elements
that bind to hypoxia-inducible factor (HIF-1la) [21],
progesterone receptor (PR) [17], estrogen receptor (ER)
[22] and serum response factor (SRF) [23] to facilitate
gene transcription. In addition, insulin [19], inflam-
matory cytokines [24], transforming growth factor-p1
(TGF-P1) [25], lipopolysaccharide [26], and some
other growth factors can also promote the expression
of PFKFB3. The combination of PFKFB3 and PIM2 has
been reported to increase the glucose level in breast
cancer cells (glucose detection kit, Sigma, GAGO20)
[27], so what role does PFKFB3 play in breast can-
cer patients with diabetes? What are the possible
mechanisms?
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In our study, PFKFB3 expression was firstly confirmed
to be enhanced by mediums with high glucose concen-
tration and the knockdown of PFKFB3 could inhibit the
malignant phenotype of breast cancer. Then, the mecha-
nisms of PFKFB3 upregulation by high glucose concen-
tration and PFKFB3 promoting the malignant phenotype
of breast cancer were explored by online databases. Cell
experiment in vitro and histological experiment were
also adopted to verify the results based on online data-
bases. In general, we deduced that hyperglycemia might
upregulate PFKFB3 expression by inhibiting miR-26 to
promote the malignant phenotype of breast cancer.

Methods

Clinical samples

Paraffin-embedded sections of 40 cases of benign breast
tissue, 80 cases of breast invasive ductal carcinoma with
diabetes and 80 cases of breast invasive ductal carcinoma
without diabetes were obtained from the Department of
Histopathology of Ningbo Clinical Pathology Diagnosis
Center (Ningbo, Zhejiang, China). The samples selected
were all from the patients with breast tissue resection
from 2016.01 to 2021.06. Breast cancer patients with no
other underlying diseases that might affect the results
of our study were included. All patients with diabe-
tes had been diagnosed and fasting blood glucose was
higher than 7.0 mmol/L at admission. Invasive lobular
carcinoma and other less common types of breast can-
cer were excluded. The clinicopathological parameters
were obtained from Electronic Medical Records and the
pathological results. This study was reviewed by the eth-
ics committee of Ningbo Clinical Pathology Diagnosis
Center and was conducted in full accordance with the
Declaration of Helsinki (Code of Ethics of the World
Medical Association).

Immunohistochemistry (IHC)

The expression level of PFKFB3 protein in the obtained
200 breast tissues was analyzed by immunohistochemis-
try using an UltraSensitive-SP kit (Maixin-Bio, Fuzhou,
China). The operation was completely in accordance
with the kit’s instructions. The specific schedule was as
follows: primary antibody incubation time was 14-16 h
(4 C); secondary antibody incubation time was 1 h
(room temperature). Rabbit PFKFB3 polyclonal antibody
(Cat No: 13763-1-AP) was purchased from Proteintech
Group Inc. (Chicago, USA). The dilution concentration
(1:200) recommended in the instructions for use has
been verified by pre-test. The expression level of PFKFB3
was assessed by multiplying the staining intensity (0-3
points) and the percentage of nucleus-cytoplasmic stain-
ing cells (1: 0-25%, 2: 26-50%, 3: 51-75%, 4: 76—100%). A
score of 0—6 was defined as low expression and a score of
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7-12 as high expression [28]. The results of biopsy stain-
ing were synthesized after independent evaluation by
chief physicians of the breast pathology subspecialty in
the department of histopathology.

Online databases

GEO (Gene Expression Omnibus, GSE61304, https://
www.ncbi.nlm.nih.gov/geo/) and Kaplan—Meier plotter
database were utilized to analyze the survival of breast can-
cer patients with different PFKFB3 expression. The data
set GSE61304 contained the clinical parameters (includ-
ing age, tumor grade, TNM stage, and survival period) and
gene expression profile of 58 breast cancer patients, so the
survival analysis based on it were relatively reliable and
representative. TargetScan (https://www.targetscan.org/
vert_80/), OncomiR (http://www.oncomir.org), and miR-
code (http://www.mircode.org/index.php) were utilized
to explore the potential mechanism of PFKFB3 overex-
pression by hyperglycemia. As an integrated platform for
genomic, pharmacogenomic, and immunogenomic gene
set cancer analysis, Gene Set Cancer Analysis (GSCA,
http://bioinfo life.hust.edu.cn/GSCA/#/expression) could
be utilized to conduct the gene set enrichment analy-
sis (GSEA) of multiple cancers. Moreover, the potential
downstream signaling pathways of PFKFB3 could be inves-
tigated by GSEA to better reveal the mechanism.

Cell culture

Human breast cancer cell lines BT474 and MCF-7 were
purchased from ATCC (the American Type Culture Col-
lection, Rockville, MD). The routine conditions for both
cell cultures were RPMI 1640 glucose-free medium (Inv-
itrogen, USA) containing 10% fetal bovine serum and 1%
antibiotics (penicillin and streptomycin, FBS, Invitrogen,
USA), cell incubator containing 5% CQO2 at 37 C. Spe-
cial treatments were: the mediums with 5.5 mM, 15 mM,
or 25 mM glucose were confected with sterile glucose
solution to culture the two breast cancer cell lines con-
tinuously until the cells were passed for 8 times, so as to
simulate different blood glucose environments in human
body and construct different-glucose breast cancer cell
lines (cells cultured with different glucose concentra-
tions were hereinafter referred to as BT474/MCEF-7—
5.5/15/25 mM (mmol/L)).

Western blot (WB)

Protein levels of PFKFB3, E-cadherin, N-cadherin,
Vimentin, total/phosphorylated-ERK 1/2 (t/p-ERK1/2),
and B-actin were tested by western blot as narrated
before [29]. The specific schedule was as follows: trans-
membrane (90 min, 300 milliampere); blocking with milk
(45 min); primary antibody incubation time was 2 h;
secondary antibody (1:10,000) incubation time was 1 h.
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Mouse monoclonal antibody against B-actin (1:50,000,
Cat No.: 66009-1-Ig), E-cadherin (1:4000, Cat No.:
60335-1-Ig), N-cadherin (1:4000, Cat No.: 66219-1-Ig),
Vimentin (1:50,000, Cat No.: 60330—-1-Ig) and rabbit
polyclonal antibodies against PFKFB3 (1:1000, Cat No.:
13763-1-AP), total-ERK 1/2 (t-ERK1/2, 1:1000, Cat No.:
11257-1-AP), and phosphorylated-ERK 1/2 (p-ERK1/2,
1:3000, Cat No.: 28733-1-AP) (all from Proteintech
Group, USA) were adopted.

Transfection

As previously narrated in our laboratory, the specific
operations were as recommended by the guidelines [29].
Lip3000 (Invitrogen, USA) were selected as transfection
reagents as recommended. All small interfering RNAs
(siRNAs), including siPFKFB3-1, siPFKFB3-2, and siNC
(negative control), and miRNA transfection primers
(miR-26-mimics-NC, miR-26-mimic, miR-26-inhibitor-
NC, and miR-26-inhibitor) were all designed and sup-
plied by GenePharma (Shanghai, China). Specific siRNA
or miRNA were siPFKFB3-1, 5-GGAGACACAUGA
UCCUUCATT-3; siPFKFB3-2, 5-GCAUCGUGUACU
AC CUGAUTT-3; siNC, 5-UUCUCCGAACGUGUC
ACGUTT-3; miR-26-mimic-NC, 5'-CAGUACUUU
UGUGUAGUACAA-3; miR-26-mimic: 5-UUCAAG
UAAUCC AGGAUAGGCU-3; miR-26-inhibitor-NC,
5-CAGUACUUUUGUGUAGUACAA -3/; miR-26-in-
hibitor, 5-AGCCUAUCCUGGAUUACUUGA A-3'.

Cell functional assays

The cell counting assay, MTT assay and colony forma-
tion assay (all as narrated earlier [30]) were used to assess
the cellular proliferation. The wound-healing assay and
cell migration assay (as narrated earlier [30]) was used to
assess the cellular metastasis. In the cell counting assay,
1 x 10° cells were taken as the initial value and planted
into 6-well plate, the number of cells were counted and
recorded at the same time for five consecutive days. In
the MTT assay, 2000 cells (MCE-7) or 5000 cells (BT474)
were taken as the initial value and planted into 96-well
plate, the absorbance of cells at 570 nm (OD570nm) was
monitored 72 h later. In the cell colony formation assay,
1500 MCE-7 cells or 2500 BT474 cells were taken as the
initial value and planted into 6-well plate. Culture plates
were collected and colony images were taken to count
the number of cell colony containing more than 100 cells
after 2 weeks. In the wound-healing assay, a 20-pl pipette
suction was used to draw a straight line when the cells
in the 6-well plate grew to 90% density and then the
shed cells were washed off with PBS. The micrographs of
wounds were taken with an Olympus microscope (Olym-
pus, Tokyo, Japan) at O h and 24 h respectively to com-
pare cell migration in different groups. In the migration
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assay, 1 x 10° cells were taken as the initial number and
mixed with medium (lack of FBS). Then the cellular mix-
ture was added into the upper chambers, medium with
5% FBS was added into the lower chambers meanwhile.
Images of cells in the upper chambers were collected 24 h
after dyed with 0.1% crystal violet (A100528; Sangon Bio-
tech) for 10 min.

Statistical analysis

All experiments were repeated for more than three times
and the average was finally showed in this study. The sur-
vival analyses were conducted with Kaplan—Meier curve.
The correlation analysis of PFKFB3 expression and clini-
cal parameters of breast cancer patients were performed
with Pearson’s chi-squared test in SPSS 26.0. Unpaired
two-tailed ¢ tests was utilized to process the experimental
results. P<0.05 was considered statistically significant.

Results

PFKFB3 was correlated with the prognosis of breast

cancer (BC) patients and its expression could be enhanced
by hyperglycemia

The PFKFB3 expression level of benign breast tissues and
invasive ductal carcinoma with/without diabetes were
compared with IHC based on the multi-center cases
we collected to ensure the reliability of the results. The
representative images of PFKFB3 in benign breast tis-
sues and breast invasive ductal carcinoma with/without
diabetes were shown in Fig. 1A. The results showed that
the expression level of PFKFB3 in non-diabetic inva-
sive ductal carcinoma was higher than that in benign
breast tissue (P<0.001), while lower than that in dia-
betic invasive ductal carcinoma patients (P=0.031)
(Table 1). PFKFB3 expression was significantly upregu-
lated in breast cancer tissues. Likewise, the association of
PFKFB3 expression with clinicopathological parameters
from breast cancer patients were analyzed with correla-
tion analysis and the results showed that PFKFB3 expres-
sion was relevant to blood glucose level (?<0.001), lymph
node metastasis (P=0.005), and tumor stage (P<0.001)
(Table 2). The Kaplan—Meier plotter database was utilized
to study the effect of PEKFB3 expression level on the sur-
vival of breast cancer patients. According to Fig. 1B, high
PFKFB3 expression was correlated with poor progres-
sion-free survival (PFS, HR=1.28, P=0.011) and overall
survival (OS, HR=1.15, P=0.0074). The survival analy-
sis was also conducted with GEO database (GSE61304)
to verify the results based on Kaplan—Meier plotter
database and consistent results were obtained (Fig. 1C,
P=0.002). The results in Fig. 1D showed that PFKFB3
expression level was evidently enhanced with the glucose
concentration of mediums increased while the expression
of housekeeping protein (B-actin) was similar, suggesting
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Fig. 1 PFKFB3 could be enhanced by hyperglycemia and was correlated with the prognosis of BC patients. A Protein levels of PFKFB3 in benign
breast tissues and invasive ductal carcinoma with or without diabetes were detected by IHC. The magnification of the photographs was 200. B The
Kaplan—-Meier plotter database and C GEO database (GSE61304) were utilized to compare the PFS and OS of breast cancer patients with different
PFKFB3 expression levels. D The breast cancer cell lines (BT474 and MCF-7) were cultured in 1640 mediums with different concentrations of glucose
(5.5 mM, 15 mM, or 25 mM) and WB was performed to evaluate PFKFB3 expression level. *, P<0.05; **, P<0.01; ***, P<0.001
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Table 1 Expression of PFKFB3 in benign breast tissues and invasive ductal carcinoma (with and without diabetes)

PFKFB3 expression P X
Group n Low, n (%) High, n (%)
Benign breast tissues 40 31(77.5) 9(22.5)
Invasive ductal carcinoma without diabetes 80 46 (57.5) 34 (42.5) <0.001° 14.731
Invasive ductal carcinoma with diabetes 80 22 (27.5) 58(72.5) 0.031° 4639

@ Benign breast tissues and Invasive ductal carcinoma without diabetes

b Invasive ductal carcinoma with and without diabetes

Table 2 Association of PFKFB3 expression with
clinicopathological parameters from breast cancer patients
PFKFB3
expression
(n (%)) P X
Parameter n Low High
Age (years) 0618 0.249
<50 83 41 42
>50 77 35 42
Blood glucose (mmol/L) <0.001 25.664
<70 80 54 26
>7.0 80 22 58
Tumor size (cm) 0.501 0452
<2 63 32 31
>2 97 44 53
Lymph node metastasis 0.005 8.035
No 78 46 32
Yes 82 30 52
Grade 0.954 0.003
|-l 126 60 66
Il 34 16 18
Stage <0.001 38.202
|-l 92 63 29
=1V 68 13 55

P<0.05 was considered statistically significant

that high glucose environment promoted the expression
of PFKFB3 in breast cancer.

PFKFB3 overexpression might activate epithelial-
mesenchymal transition and RAS/MAPK pathways

of breast cancer in a hyperglycemic environment

Given the crucial role of PFKFB3 in breast cancer pro-
gression, GSEA (Gene Set Enrichment Analysis) was per-
formed to further investigate the downstream signaling
pathways. According to Fig. 2A, RAS/MAPK (P<0.001)
and EMT (P<0.001) were the most significant common
pathways of enrichment in breast cancer. Briefly, the
results indicated that PFKFB3 expression level might be

correlated with the activation of RAS/MAPK and EMT
pathways in breast cancer. According to Fig. 2B, PFKFB3
knockdown decreased the expression of N-cadherin,
Vimentin and p-ERK1/2, while increased the expres-
sion of E-cadherin when the fluctuation of t-ERK1/2 and
B-actin was not obvious. In other words, PFKFB3 knock-
down inhibited the EMT and RAS/MAPK pathway of
breast cancer in a hyperglycemic environment.

PFKFB3 downregulation restrained the proliferation

and migration of breast cancer in a hyperglycemic
environment

Besides, to investigate the role of PFKFB3 in the biologi-
cal behaviors of breast cancer such as proliferation and
migration in hyperglycemic environment, cell functional
experiments were carried out. The results of cellular pro-
liferation experiment (Fig. 3A: cell counting assay; Fig. 3B:
MTT assay; Fig. 3C: colony formation assay) showed
that the mitotic ability, cell viability and the capacity to
form colonies were significantly decreased after PFKFB3
knockdown in breast cancer cells; the results of cellular
migration experiment (Fig. 3D: wound-healing assay and
Fig. 3E: migration assay) showed that the migration abil-
ity of breast cancer cells was significantly decreased after
PFKFB3 knockdown. Briefly, PFKFB3 knockdown could
remarkably suppress the proliferation and migration of
breast cancer in a hyperglycemic environment.

Hyperglycemia might promote PFKFB3 expression

by miR-26 downregulation in breast cancer

TargetScan database was utilized to explore the potential
mechanism of PFKFB3 overexpression by hyperglycemia.
According to Fig. 4A, miR-26 was the most conserved
microRNA that regulates PFKFB3. In other words, miR-
26 was the most possible upstream regulatory factor of
PFKFB3. In OncomiR database, we also found that the
correlation between PFKFB3 and miR-26 is relatively
high, ranking only second to miR-106 (Fig. 4B). In miR-
code database, the consistent result was obtained that
PFKFB3 and miR-26 have a high degree of combination
conservatism in primates or mammals (Fig. 4C). Accord-
ing to Fig. 4D, PFKFB3 expression was significantly
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Fig. 2 PFKFB3 might activate epithelial-mesenchymal transition and RAS/MAPK pathways of breast cancer in a hyperglycemic environment. A
GSEA (Gene Set Enrichment Analysis) was performed to investigate the downstream signaling pathways. Pathway lists of PFKFB3 screened out by
GSEA were shown on the left, the box plots of EMT (upper) and RAS/MAPK pathway (lower) were shown on the right. B Protein levels of PFKFB3,
E-cadherin, N-cadherin, Vimentin, p-ERK1/2, and t-ERK1/2 in BT474-25 mM or MCF-7-25 mM cells after transfected with siPFKFB3-1, siPFKFB3-2 or

sINC were detected using western blot. 3-actin was detected as control. *, P<0.05; **, P<0.01

enhanced in breast cancer cells transfected with miR-
26-inhibitor, while miR-26-mimic decreased PFKFB3
expression. Besides, we also found that miR-26-inhibitor

could promote the epithelial-mesenchymal transition of
breast cancer cells, while miR-26-mimic had the opposite
effect. Based on the results above, we could deduce that
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PFKFB3 overexpression by hyperglycemia might be by
the way of miR-26 downregulation in breast cancer.

miR-26 downregulation accelerated the proliferation

and migration of breast cancer in a hyperglycemic
environment

Cell functional experiment was conducted to better
reveal the effect of miR-26 on breast cancer. In cell count-
ing assay (Fig. 5A), MTT assay (Fig. 5B) and colony for-
mation assay (Fig. 5C), the proliferation was significantly
promoted by miR-26-inhibitor, while miR-26-mimic had
the opposite effect. In wound-healing assay (Fig. 5D) and
migration assay (Fig. 5E), miR-26-inhibitor enhanced
the migration of BT474 and MCEF-7 cultured in medium
with 25 mM glucose, while miR-26-mimic had the oppo-
site effect. Briefly, miR-26 inhibited the proliferation
and migration of breast cancer cells in a hyperglycemic
environment.

Discussion
With the alteration of human living standard and life-
style, metabolic syndrome represented by hyperglycemia
has gradually become a serious global health concern.
According to statistics, about 10% of the world’s popula-
tion is diabetic. Besides, as a well-known global chronic
killer, one person dies of diabetes every 5 s and the dam-
age seems to be more severe in developing countries [31].
Could there be a link between this invisible damage and
the more familiar visible damage of cancer? The hyper-
glycemic environment has been proved to promote the
occurrence and development of gastric cancer, colorec-
tal cancer, hepatocellular carcinoma, pancreatic cancer,
and lung cancer through a variety of signaling pathways
[8]. As the most common tumor in women, breast cancer
have also been found to be adversely affected by hyper-
glycemia in occurrence and progression [13, 32, 33]. Met-
formin is the first-line drug for the treatment of diabetes
that can effectively decrease the blood glucose level [34],
what is more exciting is that it can enhance the therapeu-
tic effect of cancer treatment [35]. This discovery plays a
positive role in improving the prognosis of breast cancer
patients with hyperglycemia, which also provides new
sights for cancer treatment: inhibiting tumor biological
behaviors by blocking or attenuating glycolysis activity.
As we all know, the rate-limiting step in glycolysis
determines the metabolic efficiency of carbohydrates.
Fructose-6-phosphate is converted to fructose-1, 6-bis-
phosphate under the unidirectional catalysis of 6-phos-
phofructokinase-1 (PFK-1), which is irreversible and
therefore an essential rate-limiting step in glycolysis.
PFK-1 is therefore one key enzyme of glycolysis process
[36]. Allosteric activators including AMP, ADP and fruc-
tose-2, 6-bisphosphate (FRU-2, 6-P2) can bind to PFK-1
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to increase the activity of PFK-1, among which FRU-2,
6-P2 is the most effective one [37, 38]. Meanwhile, the
protein encoded by PFKFB3 can promote the synthesis of
FRU-2, 6-P2 to increase its concentration in the micro-
environment, which indirectly enhances glycolysis. In
ALK (anaplastic lymphoma kinase)-positive non-small
cell lung cancer, PFKFB3 is a downstream molecule of
ALK-STAT3 signaling pathway that positively regu-
lates the glycolysis level and plays a carcinogenic role
in tumor cells [39]. The PFKFB3/AKT/ERCC1 (Exci-
sion repair cross-complementation group 1) pathway
has been reported to promote the progression of hepa-
tocellular carcinoma by enhancing DNA repair in the
process of glycolysis [40]. The Kaplan Meier plotter is a
powerful database to explore the correlation between the
expression of particular gene and survival in more than
30,000 samples from 21 tumor types including breast
cancer. The results of survival analysis presented in this
study are based on Kaplan—Meier plotter database with
strong reliability. Our results suggested that PFKFB3 was
overexpressed and promoted the proliferation as well as
migration in breast cancer with diabetes.

MicroRNA has become a novel research focus in recent
years and miRNAs targeting PFKFB3 deserves further
study. In this research, we found that miR-26 was the
most probable upstream regulatory factor of PFKFB3
by comprehensive analysis of TargetScan and OncomiR
online databases, which was further verified in MiR-
code database. The tumor suppressive effect of miR-26/
PFKFB3 has been confirmed in osteosarcoma, in which
miR-26b inhibits the proliferation and metastasis of oste-
osarcoma cells and stimulates cell apoptosis by inducing
PFKFB3 downregulation. The concentration of glycoly-
sis-related molecules such as GLUT-1 also decreases cor-
respondingly [41]. In addition, miR-26/PFKFB3 was also
shown to play a similar role in gastric cancer patients
with diabetes [42]. In our study, mediums with different
concentration of glucose were utilized to confirm the
induction of high glucose on PFKFB3 expression. Our
results also indirectly indicated that high glucose upregu-
lated PFKFB3 expression by miR-26 downregulation. To
further explore the function of PFKFB3 in breast Cancer,
GSEA was conducted to screen out several pathways with
statistical significance in GSCA. Our results indicated
that the promoting effect of PFKFB3 on epithelial-mes-
enchymal transformation in breast cancer is compelling
and the RAS/MAPK is especially a statistically recog-
nized possible pathway. MAPK is a well-known signaling
pathway in cellular molecular biology that regulates cel-
lular biological behaviors [43, 44]. Abnormally activated
MAPK/ERK pathway have been found in a variety of
tumors [45]. The MAPK/ERK pathway has been reported
to negatively affect the prognosis of breast cancer and is
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associated with the adriamycin-resistance of breast can-
cer [46, 47]. As previously mentioned, metformin, a first-
line drug for diabetes, was previously found to inhibit the
development of breast cancer and improve the survival of
breast cancer patients after immunotherapy [35]. Inter-
estingly, while exploring the specific mechanism of met-
formin in decreasing blood glucose level and even cancer
inhibition, some researchers found that MAPK signaling
pathway could be inhibited by metformin and pancreatic
aquaporin 7 (AQP7) was then reactivated to allow insulin
secretion [48]. These results suggested that MAPK path-
way may function in the regulation of glycolysis, which is
corresponded with our results in this study.

The mechanism of poor prognosis in breast cancer
patients with hyperglycemia is complex. Hyperglycemic
environment has been demonstrated to trigger the HIF1
pathway by upregulating the expression of HIF1-a, which
ultimately leads to anti-apoptotic cell response. Exces-
sive secretion of insulin can stimulate the synthesis of
insulin-like growth factor (IGF-1), which can promote
cell mitosis and inhibit apoptosis [49]. In addition, insulin
resistance leads to an increase in free estrogen, which has
been linked to postmenopausal breast cancer, by inhibit-
ing the production of sex hormone-binding proteins [50].
In this study, we proved the cancer-promoting effect of
PFKFB3 in hyperglycemic breast cancer cells by regulat-
ing PFKFB3 expression starting from glycolysis pathway,
but there are still some limitations: first, it might be inap-
propriate to simulate the hyperglycemic environment in
the human body with hyperglucose mediums; second,
the regulatory effects of PFKFB3 on RAS/MAPK path-
way should be confirmed by co-immunoprecipitation
assay; last, an hyperglycemic animal model should be
established to further verify the results in vitro.

Conclusion

In conclusion, our study confirmed that PFKFB3 expres-
sion was correlated with the glucose level, lymph node
metastasis, and tumor stage of breast cancer patients.
Besides, hyperglycemia might enhance PFKFB3 expres-
sion by miR-26 down-regulation to promote the prolifer-
ation and migration of breast cancer via activating RAS/
MAPK signaling pathway. Appropriate management of
blood glucose level is vital for improving the prognosis of
breast cancer patients with hyperglycemia.
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PFKFB3 6-Phosphofructose-2-kinase/fructose-2, 6-bisphosphatase 3
EMT Epithelial-mesenchymal transition

t/p-ERK  Total/phosphorylated-Extracellular regulated protein kinases
WAT White adipose tissue

TNM Tumor node metastasis

IHC Immunohistochemistry

GEO Gene Expression Omnibus

Page 12 of 13

GSCA Gene Set Cancer Analysis

WB Western blot

NC Negative control

BC Breast cancer

PFS Progression-free survival

oS Overall survival

ALK Anaplastic lymphoma kinase

ERCC1 Excision repair cross-complementation group 1

Acknowledgements
Not applicable.

Authors’ contributions

XC and JC: experimental design, online data analysis, tissue study and cellular
experiments. JC: IHC. SZ and LC: data analysis. XJ and CW: manuscript editing.
All authors reviewed the manuscript. The author(s) read and approved the
final manuscript.

Funding
This work was supported in part by grants from the Medical science and
technology program in Ningbo (2021Y29).

Availability of data and materials
All data related to the results of this study are available within the article.

Declarations

Ethics approval and consent to participate
This experiment was reviewed by the ethics body of Ningbo Clinical Pathol-
ogy Diagnosis Center.

Consent for publication
All authors consent for the publication of this manuscript.

Competing interests
The authors declare no competing interests.

Author details

'Department of Histopathology, Ningbo Clinical Pathology Diagnosis Center,
Ningbo 315000, Zhejiang, China. 2Department of Experimental Pathology,
Ningbo Clinical Pathology Diagnosis Center, Ningbo 315000, Zhejiang, China.
3Department of Cytopathology, Ningbo Clinical Pathology Diagnosis Center,
Ningbo 315000, Zhejiang, China.

Received: 13 December 2022 Accepted: 18 March 2023
Published online: 28 March 2023

References

1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global
cancer statistics, 2012. CA Cancer J Clin. 2015;65(2):87-108.

2. BrayF, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mor-
tality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2018,68(6):394-424.

3. WangL, YuX,Wang C, Pan S, Liang B, Zhang Y, et al. The anti-ErbB2
antibody H2-18 and the pan-PI3K inhibitor GDC-0941 effectively inhibit
trastuzumab-resistant ErbB2-overexpressing breast cancer. Oncotarget.
2017,8(32):52877-88.

4. Roden M, Shulman Gl. The integrative biology of type 2 diabetes. Nature.

2019,576(7785):51-60.

Warburg O. On the origin of cancer cells. Science. 1956;123(3191):309-14.

Wang W, He Q, Yan W, Sun J, Chen Z, Liu Z, et al. High glucose enhances

the metastatic potential of tongue squamous cell carcinoma via the

PKM2 pathway. Oncotarget. 2017,8(67):111770-9.

7. LiX FangH, Zhang D, Xia L, Wang X, Yang J, et al. Long-term survival analysis
of patients with stage llIB-IV non-small cell lung cancer complicated by
type 2 diabetes mellitus: a retrospective propensity score matching analysis.
Thorac Cancer. 2022;13(23):3268-73.

o w



Cheng et al. World Journal of Surgical Oncology

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

(2023) 21:112

LiW, Liu H, Qian W, Cheng L, Yan B, Han L, et al. Hyperglycemia aggravates
microenvironment hypoxia and promotes the metastatic ability of pancre-
atic cancer. Comput Struct Biotechnol J. 2018;16:479-87.

Xu X, Chen B, Zhu S, Zhang J, He X, Cao G, et al. Hyperglycemia promotes
Snail-induced epithelial-mesenchymal transition of gastric cancer via
activating ENO1 expression. Cancer Cell Int. 2019;19:344.

Campbell PT, Newton CC, Patel AV, Jacobs EJ, Gapstur SM. Diabetes and
cause-specific mortality in a prospective cohort of one million U.S. adults.
Diabetes Care. 2012;35(9):1835-44.

. Larsson SC, Mantzoros CS, Wolk A. Diabetes mellitus and risk of breast

cancer: a meta-analysis. Int J Cancer. 2007;121(4):856-62.

Liao S, Li J, Wei W,Wang L, Zhang Y, Li J, et al. Association between diabetes
mellitus and breast cancer risk: a meta-analysis of the literature. Asian Pac J
Cancer Prev. 2011;12(4):1061-5.

Boyle P, Boniol M, Koechlin A, Robertson C, Valentini F, Coppens K,

et al. Diabetes and breast cancer risk: a meta-analysis. Br J Cancer.
2012;107(9):1608-17.

Hirschey MD, DeBerardinis RJ, Diehl AME, Drew JE, Frezza C, Green MF, et al.
Dysregulated metabolism contributes to oncogenesis. Semin Cancer Biol.
2015:35(Suppl):5129-50.

Hers HG, Van Schaftingen E. Fructose 2,6-bisphosphate 2 years after its
discovery. Biochem J. 1982,206(1):1-12.

Bartrons R, Simon-Molas H, Rodriguez-Garcia A, Castano E, Navarro-Sabate
A, Manzano A, et al. Fructose 2,6-Bisphosphate in Cancer Cell Metabolism.
Front Oncol. 2018;8:331.

Novellasdemunt L, Obach M, Millan-Arino L, Manzano A, Ventura F, Rosa JL,
et al. Progestins activate 6-phosphofructo-2-kinase/fructose-2,6-bisphos-
phatase 3 (PFKFB3) in breast cancer cells. Biochem J. 2012;442(2):345-56.
Bobarykina AY, Minchenko DO, Opentanova IL, Moenner M, Caro J, Esumi H,
et al. Hypoxic regulation of PFKFB-3 and PFKFB-4 gene expression in gastric
and pancreatic cancer cell lines and expression of PFKFB genes in gastric
cancers. Acta Biochim Pol. 2006;53(4):789-99.

Riera L, Manzano A, Navarro-Sabate A, Perales JC, Bartrons R. Insulin induces
PFKFB3 gene expression in HT29 human colon adenocarcinoma cells.
Biochim Biophys Acta. 2002;1589(2):89-92.

Marotta LL, Aimendro V, Marusyk A, Shipitsin M, Schemme J, Walker SR,

et al. The JAK2/STAT3 signaling pathway is required for growth of CD44(+)
CD24(-) stem cell-like breast cancer cells in human tumors. J Clin Invest.
2011;121(7):2723-35.

Wei L, Zhang L, Yang L, Wang X, Zhao C, Zhao D. Protective effect of
mesenchymal stem cells on isolated islets survival and against hypoxia
associated with the HIF-1alpha/PFKFB3 pathway. Cell Transplant.
2022;31:9636897211073128.

Imbert-Fernandez Y, Clem BF, O'Neal J, Kerr DA, Spaulding R, Lanceta L, et al.
Estradiol stimulates glucose metabolism via 6-phosphofructo-2-kinase
(PFKFB3). J Biol Chem. 2014;289(13):9440-8.

Novellasdemunt L, Bultot L, Manzano A, Ventura F, Rosa JL, Vertommen D,
et al. PFKFB3 activation in cancer cells by the p38/MK2 pathway in response
to stress stimuli. Biochem J. 2013;452(3):531-43.

Chesney J, Mitchell R, Benigni F, Bacher M, Spiegel L, Al-Abed Y, et al. An
inducible gene product for 6-phosphofructo-2-kinase with an AU-rich
instability element: role in tumor cell glycolysis and the Warburg effect. Proc
Natl Acad Sci U S A. 1999,96(6):3047-52.

Cavalier MC, Kim SG, Neau D, Lee YH. Molecular basis of the fructose-
2,6-bisphosphatase reaction of PFKFB3: transition state and the C-terminal
function. Proteins. 2012;80(4):1143-53.

Ruiz-Garcia A, Monsalve E, Novellasdemunt L, Navarro-Sabate A, Manzano
A, Rivero S, et al. Cooperation of adenosine with macrophage Toll-4 receptor
agonists leads to increased glycolytic flux through the enhanced expression
of PFKFB3 gene. J Biol Chem. 2011;286(22):19247-58.

Lu C, Qiao P, SunY, Ren C, Yu Z. Positive regulation of PFKFB3 by PIM2 pro-
motes glycolysis and paclitaxel resistance in breast cancer. Clin Transl Med.
2021;11(4):e400.

He B, Pan H, Zheng F, Chen S, Bie Q, Cao J, et al. Long noncoding RNA
LINC00930 promotes PFKFB3-mediated tumor glycolysis and cell prolifera-
tion in nasopharyngeal carcinoma. J Exp Clin Cancer Res. 2022;41(1):77.
Ding K, Tan S, Huang X, Wang X, Li X, Fan R, et al. GSE1 predicts poor survival
outcome in gastric cancer patients by SLC7A5 enhancement of tumor
growth and metastasis. J Biol Chem. 2018;293(11):3949-64.

30.

3.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 13 of 13

Cheng X, Wang X, Wu Z,Tan S, Zhu T, Ding K. CORO1C expression is associ-
ated with poor survival rates in gastric cancer and promotes metastasis

in vitro. FEBS Open Bio. 2019;9(6):1097-108.

Ogle GD, James S, Dabelea D, Pihoker C, Svennson J, Maniam J, et al. Global
estimates of incidence of type 1 diabetes in children and adolescents:
results from the International Diabetes Federation Atlas, 10th edition. Diabe-
tes Res Clin Pract. 2022;183:109083.

Garcia-Esquinas E, Guino E, Castano-Vinyals G, Perez-Gomez B, Llorca J, Altzi-
bar JM, et al. Association of diabetes and diabetes treatment with incidence
of breast cancer. Acta Diabetol. 2016;53(1):99-107.

Zhao XB, Ren GS. Diabetes mellitus and prognosis in women with breast
cancer: a systematic review and meta-analysis. Medicine (Baltimore).
2016;95(49):e5602.

Stumvoll M, Goldstein BJ, van Haeften TW. Type 2 diabetes: principles of
pathogenesis and therapy. Lancet. 2005;365(9467):1333-46.

Ma R, Yi B, Riker Al, Xi Y. Metformin and cancer immunity. Acta Pharmacol
Sin. 2020;41(11):1403-9.

Claus TH, EI-Maghrabi MR, Regen DM, Stewart HB, McGrane M, Kountz PD,
etal. The role of fructose 2,6-bisphosphate in the regulation of carbohydrate
metabolism. Curr Top Cell Regul. 1984;23:57-86.

Van Schaftingen E. Fructose 2,6-bisphosphate. Adv Enzymol Relat Areas Mol
Biol. 1987;59:315-95.

Rider MH, Bertrand L, Vertommen D, Michels PA, Rousseau GG, Hue L.
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase: head-to-head
with a bifunctional enzyme that controls glycolysis. Biochem J. 2004;381(Pt
3):561-79.

Hu M, Bao R, Lin M, Han XR, AiYJ, GaoYY, et al. ALK fusion promotes meta-
bolic reprogramming of cancer cells by transcriptionally upregulating
PFKFB3. Oncogene. 2022;41(40):4547-59.

ShiWK, Zhu XD, Wang CH, Zhang YY, Cai H, Li XL, et al. PFKFB3 blockade
inhibits hepatocellular carcinoma growth by impairing DNA repair through
AKT. Cell Death Dis. 2018:9(4):428.

Du JY, Wang LF, Wang Q, Yu LD. miR-26b inhibits proliferation, migration,
invasion and apoptosis induction via the downregulation of 6-phosphof-
ructo-2-kinase/fructose-2,6-bisphosphatase-3 driven glycolysis in osteosar-
coma cells. Oncol Rep. 2015;33(4):1890-8.

He X, Cheng X, Ding J, Xiong M, Chen B, Cao G. Hyperglycemia induces
miR-26-5p down-regulation to overexpress PFKFB3 and accelerate
epithelial-mesenchymal transition in gastric cancer. Bioengineered.
2022;13(2):2902-17.

Kolch W. Coordinating ERK/MAPK signalling through scaffolds and inhibi-
tors. Nat Rev Mol Cell Biol. 2005;6(11):827-37.

Dhillon AS, Hagan S, Rath O, Kolch W. MAP kinase signalling pathways in
cancer. Oncogene. 2007;26(22):3279-90.

Herrero A, Pinto A, Colon-Bolea P, Casar B, Jones M, Agudo-lbanez L, et al.
Small molecule inhibition of ERK dimerization prevents tumorigenesis by
RAS-ERK pathway oncogenes. Cancer Cell. 2015;28(2):170-82.
Bartholomeusz C, Gonzalez-Angulo AM, Liu P, Hayashi N, Liuch A,
Ferrer-Lozano J, et al. High ERK protein expression levels correlate with
shorter survival in triple-negative breast cancer patients. Oncologist.
2012;,17(6):766-74.

McCubrey JA, Steelman LS, Chappell WH, Abrams SL, Wong EW, Chang F,
et al. Roles of the Raf/MEK/ERK pathway in cell growth, malignant transfor-
mation and drug resistance. Biochim Biophys Acta. 2007;1773(8):1263-84.
He X, Gao F, Hou J, Li T, Tan J, Wang C, et al. Metformin inhibits MAPK
signaling and rescues pancreatic aquaporin 7 expression to induce insulin
secretion in type 2 diabetes mellitus. J Biol Chem. 2021;297(2):101002.
Durrani IA, Bhatti A, John P.The prognostic outcome of “type 2 diabetes
mellitus and breast cancer”association pivots on hypoxia-hyperglycemia
axis. Cancer Cell Int. 2021;21(1):351.

Gallagher EJ, LeRoith D. Epidemiology and molecular mechanisms tying
obesity, diabetes, and the metabolic syndrome with cancer. Diabetes Care.
2013;36 Suppl 2(Suppl 2):5233-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Hyperglycemia induces PFKFB3 overexpression and promotes malignant phenotype of breast cancer through RASMAPK activation
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Clinical samples
	Immunohistochemistry (IHC)
	Online databases
	Cell culture
	Western blot (WB)
	Transfection
	Cell functional assays
	Statistical analysis

	Results
	PFKFB3 was correlated with the prognosis of breast cancer (BC) patients and its expression could be enhanced by hyperglycemia
	PFKFB3 overexpression might activate epithelial–mesenchymal transition and RASMAPK pathways of breast cancer in a hyperglycemic environment
	PFKFB3 downregulation restrained the proliferation and migration of breast cancer in a hyperglycemic environment
	Hyperglycemia might promote PFKFB3 expression by miR-26 downregulation in breast cancer
	miR-26 downregulation accelerated the proliferation and migration of breast cancer in a hyperglycemic environment

	Discussion
	Conclusion
	Acknowledgements
	References


