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Background: NSCLC (non-small cell lung cancer) has become the malignancy with the highest incidence and mortality rate
worldwide. Fructose-6-phosphate 2-kinase/fructose-2,6-bisphosphatase 4 (PFKFB4) is a key regulator of glycolysis with both kinase
and phosphatase activities. The Warburg effect, or increased glycolysis in tumors, provides the metabolic basis for cancer cell
proliferation and metastasis, and the Warburg pathway enzyme PFKFB4 is a newly identified important kinase. This study aimed to
elucidate the poor prognostic relevance of PFKFB4 in non-small cell lung cancer tissues and its relationship with immune cell
infiltration, immune cell biomarkers, and immune checkpoints.

Methods: In this study, immunohistochemical methods were used to assess PFKFB4 expression levels in 140 surgical specimens from
patients with histologically confirmed non-small cell lung cancer and to investigate the relationship between PFKFB4 expression
levels and the patients’ clinicopathological characteristics. The impact of PFKFB4 expression on prognosis was evaluated using
Kaplan—Meier survival analysis and Cox regression analysis.

Results: When compared to normal paracrine tissues, PFKFB4 expression was enhanced in lung cancer tissues, and Kaplan—Meier
survival analysis revealed that patients with high PFKFB4 expression had a worse prognosis. In NSCLC, PFKFB4 was found to be
associated with immune cell infiltration and immunological checkpoints.

Conclusion: PFKFB4 expression may be upregulated as a sign of poor prognosis in NSCLC, and PFKFB4 may be implicated not
only in the genesis and progression of NSCLC but also in its immunological control.
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Introduction

Lung cancer is one of the most common malignancies, and according to the latest global epidemiological yearbook of
tumors, it remains the most prevalent and deadliest malignancy worldwide, compared to five years ago. One of the
reasons for this is that there are no molecular markers that are highly effective in indicating the treatment or prognosis of
lung cancer.' Although there has been some improvement in the prognosis of NSCLC patients over the past two decades
with increased tobacco prevention measures and the availability of molecularly targeted drugs, improvements in outcome
and survival have only occurred in a subset of patients, and for most of the new molecularly targeted drugs, there is a lack
of clinically predictive markers to guide individualized treatment, optimize drug efficacy and prolong patient survival.
Therefore, it is important to identify new molecular markers and therapeutic targets for lung cancer.

Cancer metabolism research has revealed fresh insights into the adaptive processes of cancer cells, namely the
increased demand for energy and biosynthetic precursors that alter their metabolic activities to satisfy their own needs.”
The Warburg effect occurs when glycolysis during tumorigenesis produces significant levels of lactic and pyruvic acid,
which is a typical characteristic of aggressive cancer cells.® It is caused by increased glycolysis in the presence of
oxygen, which is accompanied by an increase in the rate of glucose transport.* Under the control of the hypoxia-inducible
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factor, high rates of glycolysis increase the production of glycolytic enzymes and glucose transport proteins (HIF).
Hypoxia is one of the most effective inducers of the expression of genes involved in maintaining cellular energy,’
especially those involved in glycolysis. Warburg pathway enzyme fructose-6-phosphate 2-kinase/fructose-2,6-bispho-
sphatase 4 (PFKFB4) is a newly identified key factor in the regulation of transcriptional reprogramming.” PFKFB4 has
been reported to be overexpressed in gastric, breast, thyroid, bladder, and colon cancer tissues; however, relatively little is
known about the function and biological role of PFKFB4 in NSCLC.

In this study, the relationship between PFKFB4, clinicopathological variables, and survival was analysed using an
immunohistochemical (IHC) approach. To learn more about the role of PFKFB4 in NSCLC diagnosis and prognosis
prediction, as well as its link to DNA methylation, immune cell infiltration, and immunological checkpoints.

Materials and Methods
Datasets and Data Availability

The Cancer Genome Atlas (TCGA: https://cancergenome.nih.gov) was used to extract the sex, age, survival, status,

topography, and tumor-node-metastasis (TNM) stage of lung adenocarcinoma (LUAD) and lung squamous cell carci-
noma (LUSC) samples. A total of 513 TCGA-LUAD and 501 TCGA-LUSC samples were qualified and utilized for
further analysis. Genotype-Tissue Expression (GTEx) (https://gtexportal.org/home/datasets) also collected data from

normal lung tissue samples.

Patients and Specimens

The clinical data and surgical specimens of 140 patients diagnosed with stage -1l primary non-small cell lung cancer in
the Department of Thoracic Surgery, Changzhou Second People’s Hospital, were collected retrospectively from
March 2003 to March 2006. The patients did not receive chemotherapy, radiotherapy, or other antitumor treatments
before surgery. All patients signed informed consent prior to specimen collection, and TNM staging was evaluated
according to the criteria in the International Association for the study (IAS) staging procedure. The study was approved
by the Research Ethics Review Committee of Changzhou Second People’s Hospital.

Tissue Microarray and Immunohistochemical Staining

140 surgical lung cancer carcinoma specimens were fixed using a standard process and tissue microarrays (TMAs) were
created. After that, formalin-fixed paraffin-embedded (FFPE) samples that had been archived and de-identified were
examined. A rabbit anti-PFKFB4 polyclonal antibody [ab137785] was used to detect PFKFB4 using a two-step approach
for immunohistochemical staining of TMAs for PFKFB4 (1:50; Abcam). Instead of primary antibodies, phosphate-
buffered saline was used to provide negative controls. Positive controls were created using the instructions that came with
the antibodies. The immunoreactivity score (IRS) of PFKFB4 was calculated using the proportion of positive cells and
the staining intensity (SI) (PP), IRS=SI*PP, for example. Colorless gets 0 points, pale yellow gets 1 point, brown gets 2
points, and tan gets 3 points. PP: 0 for negative cells, 1 for positive cells with a 10% chance of being positive, 2 for 11%
with a 50% chance of being positive, 3 for 51% with a 100% chance of being positive.

Correlation Analysis of PFKFB4 with Tumor Staging and Prognosis

Correlation analysis of PFKGB4 with tumor staging (T-stage, pathological stage, histological grade, AFP level) was
performed using the R package and diagnostic ROC curves were established. Survival analysis was performed using the
Kaplan - Meier method.

DNA Methylation Information for PFKFB4
The MethSurv database (https://biit.cs.ut.ee/methsurv/) was applied to analyze the DNA methylation sites of PFKFB4 in
the TCGA database. In addition, we assessed the prognostic value of CpG methylation in PFKFB4, with survival

outcome as overall survival (OS).
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Correlation Analysis of PFKFB4 with Immune Cell Infiltration and Immune
Checkpoints

The immune response of NSCLC patients to 22 PFKFB4, which includes 22 immune cell types, was assessed using data
from CIBERSORT (https://cibersort.stanford.edu/). The TIMER database was used to look for a link between PGKFB4
expression in NSCLC and immune cell infiltration and markers, as well as a link between PGKFB4 expression in

NSCLC and immunological checkpoints. Statistical significance was defined as p< 0.05.®

Statistical Analysis

SPSS version 22.0 software was used to process the data, and GraphPad Prism version 7.0 software was used to produce
the images. Count data were compared using the McNamara test, chi-square test or Wilcoxon rank-sum test, survival
analysis by Kaplan-Meier method in parallel with Log rank test, and multifactorial analysis by Cox proportional risk
model. Differences were considered statistically significant at P < 0.05.

Results

Clinicopathological Features of Patients with NSCLC

A total of 140 NSCLC and matched adjacent normal tissues were collected to analyze the expression levels of PFKFB4
for clinical features of non-small cell lung cancer. The clinicopathological characteristics of this cohort are summarized
in Tables 1 and 2. We used immunohistochemical labeling for PFKFB4 expression in tumor samples to investigate the
clinical importance of PFKFB4 in lung cancer. The majority of outer stromal cells were PFKFB4 negative. Positive
staining for PFKFB4 protein occurred mostly in the cytoplasm of non-small cell lung cancer cells (Figure 1A-D).

PFKFB4 Expression Levels in NSCLC

The expression of PFKFB4 in NSCLC tissues was analyzed based on TCGA data. The results showed that PFKFB4
expression was upregulated in non-small cell lung cancer tissues. PFKFB4 was expressed at higher levels in lung
squamous cell carcinoma (LUSC), NSCLC, and lung adenocarcinoma (LUAD) tissues than in paired related paraneo-
plastic tissues; These differences were statistically significant (p< 0.05) (Figure 2A—C). PFKFB4 expression was not
correlated with N phase. (Figure 2D). PFKFB4 expression was significantly correlated with the T stage (Figure 2E).

Table | Characteristics of All Patients with NSCLC

Clinicopathologic Features | Number of Patients | % of Total

Age, y

<65 66 47
>65 74 53
Sex

Male 112 80
Female 28 20
Location

Left 64 46
Right 76 54
Pathologic type

Squamous cell carcinoma 80 57
Adenocarcinoma 60 43

Tumor stage

| 80 57
2 60 43
Node stage
0 15 10
1-2 125 90
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Table 2 Correlation Between PFKFB4 Expression and
Clinicopathologic Features in Patients with Non-Small Cell Lung Cancer

Characteristic Low High P value
Age, y

<65 33 (23.6%) 33 (23.6%)

>65 37 (26.4%) 37 (26.4%) 1.000
Sex

Male 53 (37.9%) 59 (42.1%)

Female 17 (12.1%) 11 (7.9%) 0.291
Location

Left 30 (21.4%) 34 (24.3%)

Right 40 (28.6%) 36 (25.7%) 0.611

Pathologic type
Squamous cell carcinoma | 45 (32.1%) 35 (25%)
Adenocarcinoma 25 (17.9%) 35 (25%) 0.124
Tumor stage
| 45 (32.1%) 35 (25%)

2 25 (17.9%) 35 (25%) 0.124
Node stage

0 10 (7.1%) 5 (3.6%)

1-2 60 (42.9%) 65 (46.4%) 0.004

Clinical stage
| 44 (31.4%) 23 (16.4%)
[I=1]] 26 (18.6%) 47 (33.6%) < 0.001

PFKFB4 expression was not correlated with Clinical stage (Figure 2F). The late survival rate was lower in non-small cell
lung cancer with high PFKFB4 expression.

Univariate and Multivariate Analyses for Prognosis in NSCLC Patients
Univariate analysis showed that high PFKFB4 expression and tumor grade was related to shorter outcome survival (OS)
in patients with NSCLC (P<0. 05). High PFKFB4 expression and tumor grade were related to shorter OS (P<0. 05). The

A

No staining Weak staining Moderate staining Strong staining

100x%

200x%

Figure | Expression of PFKFB4 in tumor tissues and para-tumor tissues. In 140 pairs of tissues, PFKFB4 was more highly expressed in tumor tissues than in para-tumor
tissues (A) no staining, (B) Weak staining, (C) Moderate staining, (D) Strong staining, PFKFB4 was mainly expressed in the cell membrane and cytoplasm of tumor cells.
Magnification, x200.
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Figure 2 Overexpression of PFKFB4 in NSCLC. (A) The expression of PFKFB4 was higher in NSCLC than in normal tissues (p<0.001), (B) The expression of PFKFB4 was
higher in LUAD than in normal tissues (p<0.001). (C) PFKFB4 expression was higher in LUSC than in normal tissues (p<0.001). PFKFB4 expression was correlated with
N stage (D), T stage (E), and pathological stage (F). Survival curves from Kaplan-Meier survival analysis by PFKFB4 expression on overall survival. (G) High PFKFB4
expression is associated with poorer prognosis in patients with NSCLC, (H) LUAD, (I) and LUSC. **p < 0.01, ***p < 0.001.

multifactorial results showed that PFKFB4 differential expression and lymph node metastasis were independent factors
influencing the OS, as listed in Table 3.

Relationship Between PFKFB4 Expression and NSCLC Survival

The study’s follow-up began in April 2005 and continued until April 2013, with a median follow-up of 96 months. The
difference in survival time between NSCLC patients with high and low PFKFB4 expression was investigated using
Kaplan-Meier survival analysis. The results showed that patients with NSCLC with high PFKFB4 expression, LUSC,
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Table 3 Univariate and Multivariate Cox Regression Analyses of Various Prognostic Parameters in
Patients with NSCLC

Characteristics | Total(N) Univariate Analysis Multivariate Analysis
Hazard Ratio P value Hazard Ratio P value
(95% CI) (95% ClI)

Age 140 1.529 (1.007-2.321) 0.046 1.277 (0.835-1.954) 0.259
Sex 140 0.785 (0.457-1.347) 0.379

Pathology 140 0.881 (0.581-1.337) 0.552

T 140 2.324 (1.015-5.322) 0.046 1.940 (0.836—4.503) 0.123
N 140 2.294 (1.515-3.474) <0.001 2.182 (1.023-4.655) 0.043
Clinical stage 140 1.934 (1.269-2.949) 0.002 0.839 (0.386—1.824) 0.658
PFKFB4 140 2.136 (1.402-3.254) <0.001 1.789 (1.156-2.769) 0.009

Notes: T for extent of the primary tumor; N for involvement of lymph nodes.

and LUAD had longer survival than those with low PFKFB4 expression, and the difference was highly statistically
significant (p < 0.01) (Figure 2G-I).

Diagnostic Value of PFKFB4 Expression in NSCLC

We calculated the area under the curve subject to the working characteristic curves, which were 0744 (95% confidence
interval: 0.714-0.774) in NSCLC (Figure 3A), 0.869 (95% confidence interval: 0.837-0.900) in LUSC (Figure 3B), and 0.692
(95% confidence interval: 0.646—0.739) in LUAD (Figure 3C). These results indicated that PFKFB4 expression had good
specificity and sensitivity for the diagnosis of NSCLC, LUSC, and LUAD. We then plotted PFKFB4 as a risk score on a bar
graph and added each score to get the overall score; greater total scores indicated worse prognoses (Figure 3D). The calibration
plots for the 1-, 3-, and 5-year forecasts were likewise closer to the actual data, demonstrating that the PFKFB4 prognostic
model was accurate in predicting the prognosis of NSCLC patients (Figure 3E).

Methylation of PFKFB4 in Patients with Non-Small Cell Lung Cancer

In NSCLC patients, the MethSurv tool was utilized to investigate PFKFB4 methylation levels and the predictive value
of each particular CpG. MethSurv findings revealed 33 methylated CpG sites, with the highest levels of DNA
methylation found at cg21141812, c¢g207321140, cg25845890, and cgl6902559 (Figure 4) (p<0.05). Patients with
hypermethylation of PFKFB4 at these CpG sites exhibited a lower overall survival rate than those with hypermethyla-
tion of PFKFB4.

PFKFB4 Expression About Immune Cell Infiltration and Immune Checkpoints

Using the CIBERSORT algorithm to observe the clustering of 22 tumor immune cells in NSCLC tissues (Figure 5A),
there were significant differences in the proportion and subpopulation distribution of the above tumor immune cells in the
high and low PFKFB4 expression groups (Figure 5B). TIMER was used to evaluate the link between PFKFB4
expression and purity-regulated immune cell infiltration (B cells, CD4+ T cells, CD8+ T cells, DCs, neutrophils, and
macrophages) (Figure 5C). Furthermore, we found that PFKFB4 plays an important role in the immune infiltration of
B cells and dendritic cells in LUAD and that B cells and dendritic cells are factors associated with cumulative survival of
LUAD (Figure 5D). PDCD-1 and CTLA-4 are important immunological checkpoints for tumor immune evasion.
PFKFB4 may be a predictive marker in NSCLC, and we investigated the connection between PFKFB4 and PDCD-1
and CTLA-4 in the TIMER and TCGA databases during our follow-up analysis. PFKFB4 was found to be strongly and
positively linked with PDCD-1 and CTLA-4 in patients with NSCLC (Figure 6A and B).
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Figure 3 (A—C) ROC curves of PFKFB4 expression in NSCLC, LUAD and LUSC. (D) Line graph of NSCLC prognostic model. (E) NSCLC prognostic model |-year and
3-year 5-year calibration curves.

PFKFB4 Expression-Rich Gene Set

Bioinformatics screening of PFKFB4 co-expressed genes and their functions yielded 981 genes co-expressed with
PFKFB4 (Figure 7A and B), and GO analysis showed that these genes were involved in the following biological
processes: cell mitosis, cell cycle regulation, cell cycle checkpoint, DNA damage checkpoint, tumor necrosis factor
production, regulation of MAP kinase activity, leukocyte migration, lymphocyte migration, lymphocyte aggregation,
neutrophil migration, etc. (Figure 7C-H).

Discussion

PFKFB4 is a member of the PFKFB family, which includes PFKFB1, PFKFB2, PFKFB3, and PFKFB4. PFKFB4
is located on chromosome 3 (region p21 to p22) and encodes an isozyme originally found in testicular tissue that
is a key regulator of the glycolytic process.” The important role in tumorigenesis of the tumor metabolizing
enzyme PFKFB4, which regulates glucose metabolism, is reprogrammed in cancer cells. The metabolic under-
pinning for cancer cell growth and metastasis is increased tumor glycolysis (Warburg effect).'” Patients with high
PFKFB4 expression in their breast cancer have a bad prognosis, and it has been established to be an independent
breast cancer prognostic factor.'' PFKFB4 is a possible molecular target for gastric cancer because it inhibits the
production of oncogenes and assures the proliferation, migration, and invasion of gastric cancer cells.'”> PFKFB4
is overexpressed in small cell carcinoma tissues of the prostate, promotes glucose degradation, and maybe an

International Journal of General Medicine 2022:15 https:

6347

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhou et al Dovepress
|
e e .
S B N S | | | MR B ethnicty ethnicity
race [Not Evaluated]
BMI 08 [Unknown]
age ¢ HISPANIC OR LATINO
even 0.6/ NOT HISPANIC OR LATINO
= €g04876072  ,race
[Unknown]
ASIAN
€g14592491 | 02[ g AcK OR AFRICAN AMERICAN
WHITE
cg16986746 BMI
(18.9,24]
(24,28.2]
cg00706444 (28.2,32.8]
(32.8,67.8]
cg01364498 age
(51,62)
(62,68]
cg19348001 (68,76]
(76,90]
cg10107836 event
Alive
l Dead
691 7281763 Relation_to_UCSC_CpG_lIsland
Island
€g16902559 N_Shelf
N_Shore
Open_Sea
€g26029248 S_Shore
UCSC_RefGene_Group
1stExon
Cg 1 4564247 1stExon;5'UTR
3UTR
€g25845890 Body
TSS1500
TSS200
cg10319474
cg04498104
cg08568670
¢g20732160
cg21141812
ACaddiadddddidiidaddcdddidadaddaaddddddddadddiidddasadasgasdaaa
B eiiiiiieiiiianeeTagigToeagToeasreassaagieaeeees
B T T T33375577753357055373570973%853:27%3558555¢875237753¢57%8%3%
S I I L Lt L I
|: [
ae
89
25
T
H]
=5

Figure 4 Visualization between methylation levels and PFKFB4 expression.

important molecular target.'* one mechanism for the pro-tumor effects of PFKFB4 is its ability to regulate

glycolytic flux under normoxic and hypoxic conditions. Furthermore, PFKFB4 has been found to promote

tumor progression through a glycolysis-independent mechanism, and enzymes of the core metabolic pathway

are important for the development of cancer cells.

11

We have demonstrated through immunohistochemical

experiments that PFKFB4 is an independent prognostic factor in non-small cell lung cancer. the higher the

level of PFKFB4 expression, the worse the prognosis and the more rapid the progression of cancer. The ability

of PFKFB4 expression to distinguish tumor from normal tissue and to predict survival at 1, 3, and 5 years
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Figure 5 (A) 22 immune cells correlated with NSCLC. (B) Assessment of differences in 22 immune cell subtypes between PFKFB4 high and low expression groups using the
CIBERSORT algorithm. (C) Correlation of PFKFB4 expression levels with B cells, CD8T cells, CD4T cells, macrophages, neutrophils and dendritic cells in NSCLC. (D)
Cumulative survival rates of B cells, CD8T cells, CD4T cells, macrophages, neutrophils and dendritic cells in NSCLC. *p < 0.05, ***p < 0.001.
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Figure 6 (A and B) Correlation of PFKFB4 expression with PDCD-| and CTLA-4 expression in NSCLC.

suggests that PFKFB4 could be a useful diagnostic and prognostic biomarker for HCC. DNA methylation is
a common epigenetic process found in all cancer types.'* Aberrant DNA methylation, which is linked to abnormal
gene expression, is one of the hallmarks of cancer. Hypomethylation and activation of metastatic genes are
characteristic of cancer cells, and hypomethylation levels of oncogenes can activate high expression of oncogenes,
promoting tumor development and suggesting poor patient prognosis.'> We looked into the link between PEKFB4
DNA methylation levels and prognosis in HCC patients. Hypermethylation at 33 CpG sites was linked to a lower
chance of survival, with the greatest DNA methylation levels found at cg21141812 and cg207321140.

The immune microenvironment is quite important for tumor development, immunotherapy is a hot topic in
today’s society and immunotherapy is helpful in NSCLC.'® Our study suggests that PFKFB4 positively correlates
with a variety of immune cells such as B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and
dendritic cells in NSCLC. In addition, the biomarkers of these invading immune cells were likewise strongly
linked with PFKFB4.'” PFKFB4 may represent the status of the immunological milieu in NSCLC and play
a significant role in immune modulation, according to these findings. Immune checkpoint inhibitors are popular
cancer treatment, thus we looked into the link between PFKFB4 and immune checkpoints.'® The findings revealed
that PFKFB4 expression in NSCLC was positively linked with PD-1 and CTLA-4, implying that inhibiting
PFKFB4 could increase the efficacy of immune checkpoint inhibitors in NSCLC."” PFKFB4 and its associated
genes are involved in tumor development, including cell cycle, glycolysis, autophagy, transcriptional regulation,
and endothelial tyrosine kinase, according to enrichment analysis.’® Furthermore, via modulating autophagy,
PFKFB4 can interact with endothelial tyrosine kinases to control chemoresistance in lung cancer.

However, the biological functions of PFKFB4 in lung cancer cells are still unclear. The proliferation and aggres-
siveness of tumor cells often determine the prognosis of patients. PFKFB4 is a potential novel molecular target for the
treatment of NSCLC, as its overexpression and hypomethylation levels are indicative of poor overall survival and

malignant tumor progression, and are mainly involved in the regulation of signaling pathways such as glycolysis
and P53.

Conclusion
This suggests that high expression of PFKFB4 in non-small cell lung cancer tissues may contribute to the unlimited

proliferation of cancer cells, and therefore inhibition of PFKFB4 expression may be a potential target for the treatment of
NSCLC.
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Figure 7 (A-B) Enrichment analysis of co-expressed genes. (C—H) GSEA results show differential enrichment between high PFKFB4 expression and low PFKFB4

expression.
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