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Simple Summary: Bladder cancer is one of the most common malignant tumors of the urinary
system, and its treatment is mainly surgical resection, supplemented by chemotherapy after surgery.
Postoperative chemotherapy can significantly reduce the tumor recurrence rate and improve the
prognosis of bladder cancer patients. However, chemotherapy resistance is one of the major challenges
in the treatment of bladder cancer. Therefore, we conducted a series bioinformatic analyses and
functional experiments to reveal the novel role of NXPH4 in bladder cancer. We found NXPH4 not
only influenced the proliferation, migration, invasion ability of cancer cells, but also affected the level
of glycolysis and reactive oxygen species and further promoted the gemcitabine resistance of bladder
cancer. Our research has found a novel molecule that may play an important part in the neoplasia,
which may provide another angle in the treatment of bladder cancer.

Abstract: Bladder cancer is one of the most prevalent kinds of cancer worldwide, and resistance to
gemcitabine is a major problem for patients. The pathogenesis of bladder cancer and mechanism of
resistance to chemotherapy remain to be explored. Through bioinformatics analysis, we first found
that NXPH4 was independently related to the prognosis of patients with bladder cancer. Through
wound healing assays, transwell invasion assays, and plate clone formation assays, we found that
NXPH4 promoted the proliferation, migration, and invasion of bladder cancer cells. The induced
gemcitabine resistance cell line also showed a higher expression of NXPH4. A glycolytic activity
assay demonstrated that the expression of NXPH4 was positively related to glycolysis. A higher
level of reactive oxygen species caused by enhanced levels of NXPH4 was found in gemcitabine-
resistant cell lines. NDUFA4L2, glycolysis, and reactive oxygen species were shown to be essential
for NXPH4-regulated functions through rescue assays in cell lines. The roles of NXPH4-regulated
glycolysis, gemcitabine resistance, and NDUFA4L2 were validated in vivo as well. Our results imply
that NXPH4 contributes to the proliferation, migration, and invasion of bladder cancer by maintaining
the stability of NDUFA4L2 and consequently activating reactive oxygen species and glycolysis.

Keywords: NXPH4; bladder cancer; bioinformatics; drug resistance; prognosis

1. Introduction

As one of the most prevalent kinds of cancers, bladder cancer is diagnosed in
430,000 patients and is reported to cause 170,000 deaths annually around the world, causing
a heavy burden for both patients and countries [1]. Tumors are divided into nonmuscle-
invasive bladder cancer (NMIBC) and muscle-invasive bladder cancer (MIBC) according to
the location of the tumor cells [2]. Owing to the development of sequencing technology
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in recent decades, our treatments for bladder cancer have become more personalized and
effective. Additionally, advancements in sequencing technology are deepening our under-
standing of the pathogenesis of bladder cancer and leading us to focus more on targeted
therapies based on molecular characterization [3]. However, to date, while the five-year
overall survival rate for patients with NMIBC is about 90%, most patients experience
recurrence after one–two years of treatment, decreasing their quality of life. Additionally,
the five-year overall survival rate for patients with MIBC is only about 60%, which may not
be satisfactory. Therefore, new targeted therapy intended to increase the overall survival
rate and decrease complications is essential. Neurexophilin-4 (NXPH4) is one member of
the neurexophilin family that also includes NXPH1, NXPH2, and NXPH3. They all share
a common structure consisting of five domains [4,5]. The function of NXPH4 has rarely
been studied in recent decades [6,7]. Through bioinformatic analysis, we first found that it
was strongly associated with the prognosis of patients with bladder cancer. Therefore, we
further conducted experiments to explore the underlying mechanism of the influence of
NXPH4 on bladder cancer.

2. Materials and Methods
2.1. Sample Selection

From September 2020 to May 2021, 34 pairs of bladder cancer tissues and adjacent
normal tissues were collected from confirmed patients in Wuhan Union Medical College
Hospital. All tissue samples were stored in liquid nitrogen for subsequent studies. All
tissue samples were verified by pathologists from Wuhan Union Medical College Hospital.
All patients and their families signed informed consent forms, and this study was approved
by the hospital ethics committee (approval number: I2020I IEC-J (022)).

2.2. Data Collection and Processing

We downloaded various kinds of transcriptome data on different cancers from The
Cancer Genome Atlas (TCGA) in count format. Using R tools, we transformed the format
into transcripts per kilobase of exon model per million mapped reads. In addition, the
corresponding clinical and prognostic information including the age, race, overall survival,
disease-free survival, and progression-free survival time of patients with bladder cancer
was also obtained. The duplicated samples were removed in order to increase the accuracy
of the analysis results.

2.3. The Baseline Data of Patients with Bladder Cancer from TCGA

We calculated the numbers and proportions of the patients with bladder cancer from
different T stages, N stages, M stages, pathologic stages, radiation therapy, primary therapy
outcomes, races, ages, histologic grades, and subtypes. We present the results in Table S1.

2.4. The Exploration of the Expression Levels of NXPH4 in Patients with Different Status

Utilizing the processed transcriptome and clinical data of the TCGA-BLCA cohort,
we contrasted the expression levels of NXPH4 in bladder cancer tissues with non-paired
and paired normal bladder tissues. Moreover, we investigated the differential expression
levels of NXPH4 in patients with diverse cancers and corresponding normal tissues. The
difference level was measured in patients from the TCGA-BLCA cohort with distinct
survival outcomes, which indicated the results of overall survival, progression-free survival,
and disease-specific survival. We also investigated the correlation between the expression
of NXPH4 and the races, and primary therapy outcomes of patients with bladder cancer.
R package ggplot2 was used for the visualization of the discrepant expression levels of
NXPH4.
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2.5. The Prognostic Value of NXPH4, Gene Set Enrichment Analysis, and the Infiltration Level of
Immune Cells

We performed Kaplan–Meier analyses to study the possible influence of NXPH4
on the results of the survival of patients with bladder cancer from TCGA. According to
the median value of the expression levels of NXPH4, the patients were divided into two
groups—the NXPH4-Low and NXPH4-High groups. We contrasted the overall survival,
progression-free survival and disease-specific survival of patients in these groups with
the R packages survminer and survival. Owing to the limitations of the Kaplan–Meier
analyses, we proceeded to conduct univariate and multivariate Cox analyses to confirm
the prognosis value of NXPH4. After dividing the patients with bladder cancer into two
groups through the expression of NXPH4, we conducted gene set enrichment analyses
with the R package clusterProfiler. The infiltration levels of various kinds of immune cells
between NXPH4-Low and NXPH4-High group patients were calculated through the GSVA
package.

2.6. Cell Culture and Establishment of Resistant Cell Line

Bladder cancer (BIU-87, 5637, T24, and RT112) cells were purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA). The cells were grown in RPMI-1640
(Gibco, Waltham, MA, USA) with 10% fetal bovine serum (FBS, Gibco) in an atmosphere
of 5% carbon dioxide at 37 ◦C. To acquire gemcitabine-resistant T24 cells and 5637 cells,
the cells were exposed to a medium supplemented with GEM at an initial concentration
of 0.1 µM in RPMI-1640 plus 10% FBS and incubated for 24 h. Then, the residual viable
cells were expanded over 5 days in RPMI-1640 plus 10% FBS. Second and third rounds
of selection were performed in a similar manner with increasing concentrations of GEM
(0.5 µM, 1.0 µM, 2.0 µM, 4.0 µM, 8.0 µM, and 20 µM). Finally, we found that the resistant
T24 cells could be stably cultured in RPMI-1640 plus 10% FBS with GEM at 10 µM.

A Cell Counting Kit-8 (CCK-8) assay was performed for the gemcitabine sensitivity
assay. To determine the IC50, bladder cancer cells were cultured in 96-well plates containing
fresh RPMI-1640 medium with approximately 5 × 103 cells per well. After administering
the corresponding concentration of the drug to each well, the culture was left for 48 h.
Then, the absorbance was accurately measured at 450 nm using a microplate reader after
incubating for another 2 h at 37 ◦C.

2.7. Glycolytic Activity Assay

We treated the cells with 2-NBDG for 1 h and then conducted a fluorescence-activated
cell sorting analysis using a flow cytometer to quantify the glucose uptake capacity of
the cells based on the fluorescence intensity. The cells were seeded in a 6-well plate and
incubated for 24 h at 37 ◦C. Then, a lactic acid detection kit was used to determine the
concentration of lactic acid in the culture medium. The production of lactic acid is expressed
as the concentration of lactic acid per 1 × 104 cells. At the same time, the pH of the culture
medium was measured using a pH meter.

2.8. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from cells and tissues according to the manufacturer’s
instructions. An ultraviolet spectrophotometer was used to measure the concentration and
purity of RNA at 260/280 nm. We used a Primer-Script One-Step RT-PCR Kit (TaKaRa) to
reverse transcribe cDNA from RNA. The real time PCR analyses were performed using
SYBR on a 7500 Real Time PCR System (Applied Biosystems, CA, USA). The relative
expression was normalized to the expression of GAPDH using the 2−∆∆Ct method. The
primer sequences were synthesized by Biotech (Shanghai, China) and are listed in Table S2.
All experiments were performed in triplicate.
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2.9. Western Blot Assay and Co-Immunoprecipitation

Western blot analyses were performed as previously described [8]. Briefly, protein
samples lysed from bladder cancer cells or tissues were denatured, electrophoretically
separated in 10% polyacrylamide gels, and transferred to poly (vinylidene difluoride)
membranes (Millipore, Burlington, MA, USA). The blots were then probed with primary
antibodies against NDUFA4L2 (1:200, Abcam, Cambridge, UK), NXPH4 (1:1000, Abmart,
Berkeley Heights, NJ, USA), and GAPDH (1:1000, Cell Signaling Technology, Danvers,
MA, USA). The grayscale of the indicated protein was measured with the software Image J
(NIH Image, Maryland, USA). For co-immunoprecipitation, the collected cells were mixed
by pipetting with a pre-chilled native lysate NETN (20 mM pH8.0 Tris HCl, 100 mM
NaCl, 1 mM EDTA, 0.5% Nonidet P-40) and supplemented with protease inhibitors. The
supernatant was incubated with antibodies overnight at 4 ◦C, followed by protein A/G
plus agarose beads for 4 h at 4 ◦C. The immunoprecipitates were collected by centrifuging
the samples and washing 5 times with lysis buffer. Western blotting is usually performed
in the order of Co-IP group, Input1, Marker, IP group, and Input2.

2.10. Wound Healing and Transwell Invasion Assays

For the wound-healing assay, bladder cancer cells were seeded in 12-well plates until
80–90% confluence and then scratched by micropipette tip and cultured with serum-free
medium for 48 h. Cell migration images were acquired at 0, 24, and 48 h after scratching.
All experiments were conducted in triplicate.

To measure the invasion ability of bladder cancer cells, transwell invasion assays were
performed using chambers (8 mm, BD Biosciences) coated with Matrigel (BD Biosciences,
Shanghai, China). A total of 200 ul of bladder cancer cells resuspended with serum-
free RPMI-1640 was loaded into the top of the chamber, while the lower chamber was
loaded with 700 µL medium containing 30% FBS. After 24 h, the invading bladder cells
on the bottom of the membrane were fixed and stained with violet crystalline. Finally, the
invading cells in the lower chamber from five random fields were accurately counted via
the microscopic assessment of five fields at a magnification of ×40.

2.11. CCK-8 Assay

Transfected cell suspensions were seeded on 96-well plates. We placed plates in
incubators for 24, 48, 72, or 96 h (37 ◦C, 5% CO2). We added 10 µL of CCK solution to each
well. After 2 h of incubation, a microplate analyzer was used to read the absorbance of
each well at 450 nm.

2.12. Plate Clone Formation Assay

Stable transfected bladder cancer cells were cultured for two weeks on 6-well plates
(0.5 × 103/well). Cell clumps were washed with PBS and cells with 4% polyformaldehyde
were fixed for 25–30 min. This was followed by 1% violet crystalline for 20–30 min after
discarding the solution. Finally, a microscope was used to observe the number of colonies
in each well.

2.13. Transfection

siRNAs targeting NXPH4 and NDUFA4L2, as well as siRNA negative controls, were
provided by RiboBio (Guangzhou, China). The NDUFA4L2 overexpression vector (pcDNA-
NDUFA4L2) and empty vector came from GeneChem (Shanghai, China), 1.6 mg of which
were transfected to 12-well plates. The NXPH4 overexpression vector and empty vector
came from WZ Biosciences (Shandong, China). Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA) and Opti-MEM (Gibco) were used for cell transfection according to the manufac-
turers’ instructions. Protein and total RNA were extracted 48–96 h after transfection for
further assays. The siRNA sequences are shown in Table S3.
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2.14. Immunohistochemical Staining

Immunohistochemical staining (IHC) was performed as previously described [9].
Briefly, human bladder tissue specimens were fixed in formalin and then embedded in
paraffin and sliced. Sections were deparaffinized, blocked with goat serum, and then
incubated with anti-NXPH4 (1:150) or anti-NDUFA4L2 (1:100) overnight at 4 ◦C. After
30 min incubation with horseradish-peroxidase-conjugated secondary antibody, the slices
were counterstained with hematoxylin.

2.15. Intracellular ROS Levels

The intracellular ROS content of each group was determined using a reactive oxygen
species detection kit (Byotime) according to the manufacturer’s protocol. Fluorescence
microscopy was used to detect the DCF fluorescence distribution of cells. Green fluorescent
spots indicated positive cells.

2.16. Cell Proliferation

A Cell-Light EdU DNA Cell Proliferation Kit (Beyotime, Shanghai, China) was used
to test cell proliferation according to the manufacturer’s protocol. Briefly, cells in the
logarithmic growth phase were seeded in 96-well plates, followed by cell fixation, EdU
labeling, Apollo staining, and DNA staining. Finally, an Olympus microscope (Olympus,
Tokyo, Japan) was used to acquire images.

2.17. Xenograft Tumor Model

BALB/c male nude mice (HFK Bio-Technology Co., Ltd., Beijing, China) were kept
under specific pathogen-free conditions. Transfected T24 cells (5 × 106) were suspended
in 100 µL serum-free medium and subcutaneously injected into the back of 6-week-old
BALB/c male nude mice. Tumor volumes were measured every 3 days using the formula
V = 0.5 × L (length) × W2 (width). The mice were euthanized 36 days after the injection of
the cells. Solid tumor tissues were obtained and the weight was measured. The Animal
Research Committee of the Academic Medical Center at Huazhong University of Science
and Technology approved all animal experiments. The Institutional and Animal Care and
Use Committee guidelines were obeyed to ensure ethical animal treatment (Permission
No: 655).

2.18. Statistical Analyses

All data are given as the mean ± standard deviation (SD) and were generated from
three independent experiments. Student’s t-tests or χ2 tests using SPSS version 19.0
were utilized to analyze the results (SPSS Inc., Chicago, IL, USA) and GraphPad Prism 8
(GraphPad Software Inc., La Jolla, CA, USA) was used to present the results. p < 0.05 was
considered to be statistically significant.

3. Results
3.1. The Expression Patterns of NXPH4 across 33 Kinds of Cancers from TCGA and Its Expression
in Patients with Bladder Cancer from Different Groups

As Figure 1A suggests, we found that the transcriptome level of NXPH4 was elevated
in bladder cancer tissues in contrast to normal bladder tissues. This was also observed
in the paired cancer and normal tissues (Figure 1B). Consequently, we researched the
expression levels of NXPH4 in other kinds of cancers and discovered that NXPH4 was
raised in cervical squamous cell carcinoma, endocervical adenocarcinoma, cholangiocarci-
noma, breast invasive carcinoma, colon adenocarcinoma, esophageal carcinoma, head and
neck squamous cell carcinoma, kidney chromophobe, kidney renal clear cell carcinoma,
glioblastoma multiforme, lung adenocarcinoma, and liver hepatocellular carcinoma, while
in some kinds of cancers it was decreased or there was no significant difference between the
normal and cancer tissues (Figure 1C). This suggests that NXPH4 may be an oncogene in
some kinds of tumors while it may prevent the occurrence of tumor cells in other kinds of
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cancers. Moreover, we observed that among the patients with bladder cancer who received
formal therapy, the patients experiencing progressive disease had higher levels of NXPH4
than patients experiencing complete responses (Figure 1D). In addition, it was found that
compared with patients with lower grades of bladder cancer, patients with higher grades
of bladder cancer had higher levels of NXPH4 (Figure 1E). When it came to the correlation
between NXPH4 and survival outcomes, we found that in the fields of overall survival
events, disease-specific events, and progress-free interval events, patients who had died
all had higher levels of NXPH4 (Figure 1F–H). This indicated that NXPH4 may exert an
influence on the prognosis of patients with bladder cancer. Finally, we created a receiver
operating characteristic curve to judge whether NXPH4 could be used as a biomarker to
distinguish between the normal bladder and cancer tissues. The area under the curve was
0.902, showing that this molecule may be a potential biomarker.
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response, patients with progressive disease had higher levels of NXPH4. (E) The patients with bladder
cancer of higher grade also experience higher expression of NXPH4 (F–H). Patients experiencing OS,
DSS, and PFI have higher expression of NXPH4. (I) The receiver operating characteristics of NXPH4
in bladder cancer tissues and normal bladder tissues, * p < 0.05; ** p < 0.01; *** p < 0.001.
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3.2. The Expression of NXPH4 Is Elevated in Acquired Gemcitabine-Resistant Bladder Cancer Cell
Lines and Mediates Gemcitabine Resistance through Enhancing Both Intracellular Reactive Oxygen
Species and Glycolysis

According to the results above, we can speculate that the expression level of NXPH4
may be closely related to the survival outcomes of patients with bladder cancer. According
to the results above, we can speculate that higher expression levels of NXPH4 may be
closely related to worse survival outcomes (overall survival, disease-specific survival,
progress-free interval) for patients with bladder cancer. The Kaplan–Meier analysis showed
that even in different groups of patients with bladder cancer the patients with lower levels
of NXPH4 had better prognoses than patients with higher levels. In the outcomes of overall
survival, disease-specific survival, and progress-free interval, we observed that the patients
with higher levels of NXPH4 experience have worse prognoses (Figure 2A–C). Owing
to the fact that the Kaplan–Meier analysis is a method that only considers one variation,
we conducted univariate and multivariate Cox regression analyses. The results showed
that the expression of NXPH4 and N stage were independent indicators for the survival
outcomes of patients with bladder cancer (Figure 2D,E). The gene set enrichment analysis
showed that the expression level of NXPH4 was associated with glycolysis, which led us to
conduct subsequent experiments (Figure 2F). Additionally, we found different infiltration
levels of B cells, CD8 T cells, dendritic cells, mast cells, neutrophils, and T cells between the
NXPH4-High and NXPH4-Low groups (Figure 2G).

3.3. High Level of NXPH4 Is Associated with Worse Prognosis in Bladder Cancer

To verify the expression levels of NXPH4 in bladder cancer (BC) tissues, qRT-PCR
(reverse transcription-quantitative polymerase chain reaction) and WB (Western blotting)
were performed. It was shown that the expression of NXPH4 was obviously elevated in
tumor tissues in comparison with their para-cancer counterparts, normal bladder (NB)
tissues (Figure 3A,B). The immunohistochemistry (IHC) results of cancer or corresponding
adjacent normal tissues also suggested that NXPH4 was upregulated in bladder cancer
tissues (Figure 3C). Moreover, we confirmed that the mRNA and protein levels of NXPH4
were higher in bladder cancer cell lines (BIU-87, 5637, RT112, and T24) than in the normal
bladder cell line SV-HUC-1 by qRT-PCR and WB (Figure 3D,E). Generally speaking, these
results indicate that NXPH4 is overexpressed in bladder cancer tissues.

To explore the effect of NXPH4 on the biological behaviors of bladder cancer, blad-
der cancer cell lines were transfected with si-NXPH4 or NXPH4 plasmid to down- or
up-regulate the expression of NXPH4. The mRNA and protein expression levels markedly
decreased or increased in T24 and 5637 cells compared with the corresponding negative
controls (Figure 4A,B). The CCK-8 assays suggested that the downregulation and upregula-
tion of NXPH4 in tumorous cells inhibited and promoted cell proliferation, respectively
(Figure 4C). The colony formation assays also confirmed this result (Figures 4D and S1A).
Furthermore, the transwell assays and wound healing assays indicated that the level of
NXPH4 was positively correlated with the invasion and migration abilities of the cells,
respectively (Figures 4E,F and S1B,C). The above results indicate that NXPH4 promotes the
proliferation, migration, and invasion of bladder cancer cells, which is significant in the
tumor metastasis cascade.

3.4. NXPH4 Was Upregulated in BC Tissues and Cells, Promoting the Proliferation, Invasion, and
Migration of BC Cells in Vitro

In view of the fact that among the specimens we collected, 15 patients experienced
relapses even after using gemcitabine, we examined the expression level of NXPH4 between
the relapse tissue and the initial tumor tissue and found that NXPH4 was significantly
elevated at the level of mRNA and protein when the patients experienced relapses. Thus,
to better mimic the resistance of bladder cancer to gemcitabine chemotherapy, we induced
gemcitabine-resistant bladder cancer cell lines, named T24GEM-R and 5637GEM-R, which
are resistant to gemcitabine, by alternating exposure of T24 cells and 5637 cells to different
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concentrations of gemcitabine. Both T24GEM-R and 5637GEM-R cells showed significantly
increased resistance to GEM compared to parental cells (Figure 5A).

Cancers 2022, 14, x  8 of 23 
 

 

 
Figure 2. The prognostic value of NXPH4 and its possible mechanism. (A–C) Kaplan–Meier analysis 
for patients with bladder cancer in the fields of overall survival, disease-specific survival, and pro-
gression-free interval. (D,E) Univariate and multivariate analysis of the influence of some indicators 
on the overall survival of patients with bladder cancer. (F) Gene-set enrichment analysis after divid-
ing groups by NXPH4 expression. (G) The relative levels of B cells, CD8 T cells, dendric cells, mast 
cells, neutrophils, and T cells between patients from the high-NXPH4 group and low-NXPH4 group, 
* p < 0.05; ** p < 0.01; *** p < 0.001. 

3.3. NXPH4 Was Upregulated in BC Tissues and Cells, Promoting the Proliferation, Invasion, 
and Migration of BC Cells In Vitro 

To verify the expression levels of NXPH4 in bladder cancer (BC) tissues, qRT-PCR 
(reverse transcription-quantitative polymerase chain reaction) and WB (Western blotting) 
were performed. It was shown that the expression of NXPH4 was obviously elevated in 
tumor tissues in comparison with their para-cancer counterparts, normal bladder (NB) 
tissues (Figure 3A,B). The immunohistochemistry (IHC) results of cancer or correspond-
ing adjacent normal tissues also suggested that NXPH4 was upregulated in bladder cancer 
tissues (Figure 3C). Moreover, we confirmed that the mRNA and protein levels of NXPH4 
were higher in bladder cancer cell lines (BIU-87, 5637, RT112, and T24) than in the normal 
bladder cell line SV-HUC-1 by qRT-PCR and WB (Figure 3D,E). Generally speaking, these 
results indicate that NXPH4 is overexpressed in bladder cancer tissues. 

Figure 2. The prognostic value of NXPH4 and its possible mechanism. (A–C) Kaplan–Meier analy-
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Figure 3. NXPH4 expression is elevated in BC tissues and cell lines. (A) NXPH4 expression was
assessed by qRT-PCR in 34 BC and paired NB tissues. The horizontal line indicates the median value.
(B) NXPH4 expression was assessed by Western blot in BC and paired NB tissues. (C) IHC staining
of NXPH4 was performed in the tumor sections of NB and BC patients. (D,E) Both qRT-PCR and
Western blot analyses of NXPH4 expression in bladder cancer cell lines (T24, 5637, RT112, and BIU-87)
compared with a SV-HUC-1 normal human bladder cell line. * p < 0.05; ** p < 0.01; *** p < 0.001, the
original western blot figures were showed in Figure S6.

To identify whether NXPH4 affects the drug sensitivity of bladder cancer cell lines, we
compared the expression of NXPH4 between parental T24/5637 and T24GEM-R/5637GEM-
R cells with qPCR and WB. Notably, the expression of NXPH4 was significantly higher in
T24GEM-R and 5637GEM-R cells than that in parental cells (Figure 5B), which was consis-
tent with the elevated NXPH4 expression in bladder cancer tissues of patients resistant to
chemotherapy with gemcitabine. To further investigate the biological role of NXPH4 in
gemcitabine-resistant bladder cancer cell lines, we knocked down the expression of NXPH4
in T24GEM-R and 5637GEM-R cell lines and found that it reversed the chemoresistance of
T24GEM-R and 5637GEM-R cells as shown by GEM-R cell survival (Figure 5C). Conversely,
the overexpression of NXPH4 enhanced T24 and 5637 cells’ viability (Figure 5C). Taken
together, these results imply that NXPH4 is highly expressed in GEM-R cells and promotes
gemcitabine resistance in GEM-R cells.

Recent studies have focused on the function of tumor metabolism, especially glycoly-
sis, which is reported to play a role in promoting tumor drug resistance [10–12]. GEM-R
bladder cancer cells showed increased glucose uptake, lactate production, and cell medium
acidification (Figure 5D). Nevertheless, after treatment with 2-DG (inhibitor of glycolysis),
GEM-R cells failed to resist the toxicity of gemcitabine, which demonstrated that GEM-R
cells have an increased dependence on glycolysis (Figure 5E). Interestingly, the knockdown
of NXPH4 significantly inhibited, while the overexpression of NXPH4 promoted, the gly-
colysis level of GEM-R bladder cancer cell lines (Figure 5F,G). Meanwhile, the cell viability
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of GEM-R bladder cancer cells induced by NXPH4 overexpression could be inhibited by
2-DG, BAY-876 (inhibitor for GLUT1), or oxamate (inhibitor of LDHA) (Figures 5H,I and
S2A).
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(A) NXPH4 knockdown or overexpression efficiency in T24 and 5637 cells was analyzed by qRT-PCR.
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(B) NXPH4 knockdown or overexpression efficiency in T24 and 5637 cells was analyzed by Western
blot. (C,D) The effect of NXPH4 knockdown or overexpression on T24 and 5637 cell proliferation was
measured via CCK-8 and colony formation assay. Five microscopic fields were chosen at random and
averaged. (E,F) The effect of NXPH4 knockdown or overexpression on invasion and migration was
analyzed using Transwell and wound healing assays in T24 cells, respectively. The lower histogram
represents relative cell number while the representative images are shown on the top panel. Five
microscopic fields were chosen at random and averaged. See Figure S4 also. * p < 0.05; ** p < 0.01; ***
p < 0.001, the original western blot figures were showed in Figure S6.

Reactive oxygen species (ROS) are the key mediators of many signaling cascades
associated with cell proliferation and transformation and are closely connected to the
occurrence of glycolysis. In fact, significantly higher levels of ROS were detected in resistant
cells compared with parental cells with a reactive oxygen species kit (Figure 6A). We found
that silencing of NXPH4 suppressed ROS production in T24GEM-R and 5637GEM-R cells,
whereas NXPH4 overexpression increased ROS levels in T24 and 5637 cells (Figure 6B).
Similarly, high expression of NXPH4 in T24GEM-R and 5637GEM-R cells also increased the
level of ROS, and the level of ROS was also significantly increased under the stimulation
of GEM (Figures 6C and S3A). To test whether ROS are responsible for the enhanced
tumorigenic properties of NXPH4 in bladder cancer, we blocked the production of ROS
with the antioxidant N-acetylcysteine (NAC). In T24GEM-R and 5637GEM-R cells with
overexpressed levels of NXPH4, NAC treatment greatly reduced the glycolytic phenotype
(Figures 6D, E, and S3B,C). In addition, NAC also reduced the colony number of NXPH4-
expressed cells (Figures 6F and S3D). Taken together, these results suggest that NXPH4
regulates intracellular ROS and promotes GEM resistance in bladder cancer cells in a
glycolytic manner.

3.5. NDUFA4L2 Is a Downstream Target of NXPH4

In order to deeply explore the mechanism of NXPH4 in bladder cancer, we searched
for possible targets of NXPH4 by bioinformatic analysis. We screened out several possible
downstream molecules and further validated their candidacy with experiments (Figure 7A).
We calculated the expression correlation coefficient between the possible downstream
molecules and NXPH4 with the RNA-seq data of patients from the TCGA-BLCA cohort.
Among these molecules, the expression levels of NDUFA4L2, IRX4, WNT3A, LGALS7B,
and OTOP3 are the most closely related to the expression of NXPH4. After the knockdown
of the expression of NXPH4 in bladder cancer cell lines, we found that only the expression of
NDUFA4L2 was influenced while others were not (Figure 4A). Additionally, we consistently
found that patients with bladder cancer that had higher expression levels of NDUFA4L2
also experienced worse prognosis results (Figure 7D–G). In addition, NDUFA4L2 has also
been reported to regulate the process of glycolysis. Moreover, by analyzing the clinical
samples we collected we also found that NXPH4 was associated with NDUFA4L2, which
was consistent with the TCGA results (Figure 7H). Therefore, we reasonably speculated
that NDUFA4L2 was a downstream of NXPH4.
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Figure 5. The expression of NXPH4 is elevated in acquired gemcitabine-resistant bladder cancer cell
lines and mediates gemcitabine resistance through enhancing glycolysis. (A) Gemcitabine sensitivity
assay showed a higher 50% maximal inhibitory concentration (IC50) value of gemcitabine in T24GEM-
R and 5637GEM-R cells compared to parental cells. (B) NXPH4 expression was assessed by qRT-PCR
and Western blot in T24 and 5637 cells treated with or without GEM (10 µM), followed by cell viability
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assay. (C,D) The influence of overexpressed and knockdown of NXPH4 on the cell survival when
treated with gemcitabine and relative glycolysis levels in parental and GEM-R BC cells were assessed
by assays of glucose uptake (left), lactate production (middle), and medium acidification (right).
(E) Cells were cultured in normal or with 2-DG (5 mM) treatment conditions, with or without GEM
(10 µM), followed by cell viability assays. (F–I) Cells were transfected with siNC, siNXPH4, empty
vector, or NXPH4 plasmid, followed by glucose uptake assays (left) and lactate production assays
(right). (J) Cells were transfected with empty vector plasmid or NXPH4 overexpression plasmid and
cultured with or without 2-DG (5 mM), BAY-876 (50 nM), or oxamate (20 mM) treatment, followed
by cell viability assays and colony formation assays. Values are significant at * p < 0.05, ** p < 0.01,
and *** p < 0.001 as indicated. N.S. means the difference is not significant. The original western blot
figures were showed in Figure S6.

We then investigated whether NXPH4 could interact with NDUFA4L2. To this end,
co-immunoprecipitation assays were conducted with lysates of cells transfected with
HA-NXPH4 and GFP-mRFP-NDUFA4L2. Immunoprecipitation (IP) and immunofluores-
cence (IF) analysis indicated that NXPH4 directly bound and colocalized with NDUFA4L2
(Figure 7I,J). Moreover, NXPH4 knockdown significantly suppressed NDUFA4L2 expres-
sion at the protein level (Figure 7K). To assess the possible effect that NXPH4 exerts on the
protein level of NDUFA4L2, NDUFA4L2 protein was measured in the presence of the pro-
teasome inhibitor cycloheximide. The results showed that the stability of the NDUFA4L2
protein was decreased by NXPH4 knockdown in T24 and 5637 cells (Figure 7L). Therefore,
we thought that NXPH4 might bind to NDUFA4L2 and protect it from degradation. Fur-
thermore, the proteasome inhibitor MG132 could rescue NDUFA4L2 protein levels from
inhibition by NXPH4 downregulation in T24 and 5637 cells (Figure 7M). All this indicates
that NXPH4 might regulate NDUFA4L2 expression at the protein level.

3.6. NXPH4 Promotes ROS Production and Glycolysis-Dependent Gemcitabine Resistance by
Regulating NDUFA4L2

Considering that NDUFA4L2 is associated with oxidative stress and glycolysis in
various diseases, we speculated that NXPH4 promotes drug resistance in bladder cancer
cells by regulating oxidative stress and glycolysis through NDUFA4L2. Indeed, we found
that NDUFA4L2 expression was increased in drug-resistant cells and that knockdown of
NXPH4 significantly suppressed NDUFA4L2 expression at the protein level (Figures 8A,B
and S5A,B). While the effect caused by knockdown of NXPH4 was different following the
overexpression of NDUFA4L2, the oxidative stress, chemoresistance, and elevated level of
glycolysis caused by the overexpression of NXPH4 were suppressed by NDUFA4L2 silenc-
ing (Figures 8C,D and S5C,D). Consistently, the overexpression of NDUFA4L2 dampened
the reduction in ROS, attenuated chemoresistance, and downregulation of glycolysis levels
caused by NXPH4 silencing (Figures 8E,F and S5E,F). The results of the EDU experiments
indicate that the expression level of NDUFA4L2 can affect the proliferation level of T24 and
5637 cells (Figures 8G and S4G). In addition, silencing NDUFA4L2 also reduces the colony
numbers of cells with NXPH4 overexpression (Figures 8H and S5H). Taken together, these
results suggest that NDUFA4L2 is an important target for NXPH4 to function in GEM-R
bladder cancer cells.

3.7. NXPH4-NDUFA4L2 Pathway Is Essential for Gemcitabine Resistance of Bladder Cancer Cells
In Vivo

We performed xenograft mouse models to further reveal the effects of the NXPH4/
NDUFA4L2 pathway on chemotherapy resistance in bladder cancer in vivo. Consistent
with our previous in vitro results, the overexpression of NXPH4 significantly abolished
the inhibitory effects of GEM treatment in parental bladder cancer cell-derived groups,
as indicated by the increased tumor size and tumor weight (Figure 9A). Nevertheless,
the treatment of 2-DG suppressed the GEM resistance induced by the overexpression of
NDUFA4L2 (Figure 9B). Similarly, NXPH4 knockdown inhibited GEM resistance in GEM-
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R BC cell-derived xenografts, which could be partly reversed by the overexpression of
NDUFA4L2 (Figure 9C). IHC assays of GEM-R BC cell-derived xenografts showed that the
expression of NDUFA4L2 could be downregulated by NXPH4 knockdown (Figure 9D).
Thus, the results above elucidated that NXPH4/NDUFA4L2 was a potential target for the
treatment of GEM-resistant bladder cancer.
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Figure 6. The expression of NXPH4 is elevated in acquired gemcitabine-resistant bladder cancer
cell lines and mediates gemcitabine resistance through enhancing both intracellular reactive oxygen
species and glycolysis. (A) The relative oxidized DCF (2’,7’-Dichlorofluorescein) levels between
parental bladder cancer cell lines and gemcitabine-resistant cell lines. (B) The influence of knockdown
and overexpression of NXPH4 on the relative oxidized DCF levels in parental or gemcitabine-
resistant T24 and 5637 cell lines. (C) Overexpression of NXPH4 and the stimulation of gemcitabine
increased the level of reactive oxygen species in gemcitabine-resistant T24 cell lines. (D,E) The use
of the antioxidant N-acetylcysteine blocked the glycolysis level caused by the overexpression of
NXPH4. (F) The use of the antioxidant N-acetylcysteine decreased the colony numbers caused by the
overexpression of NXPH4. * p < 0.05; ** p < 0.01; *** p < 0.001. The original western blot figures were
showed in Figure S6.
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expressed genes between low-NXPH4 and high-NXPH4 groups. (B) The Spearman’s correlation
coefficient between the differentially expressed genes and NXPH4. (C) The Spearman’s correlation
coefficient between NDUFA4L2 and NXPH4. (D) The expression of NDUFA4L2 is elevated in bladder
cancer. (E–G) Higher expression of NDUFA4L2 predicts worse prognosis results in the fields of overall
survival, disease-specific survival, and progress-free interval. (H) The correlation between the level of
NXPPH4 and NDUFA4L2 in 34 human bladder cancer patient tissues. (I,J) Co-immunoprecipitation
and immunofluorescence show that NXPH4 directly binds to NDUFA4L2. (K) The knockdown of
NXPH4 also decreases the expression of NDUFA4L2 at the protein level. (L,M) NXPH4 influences the
stability of NDUFA4L2 at the protein level. * p < 0.05; ** p < 0.01; *** p < 0.001. The original western
blot figures were showed in Figure S6.
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Figure 8. NXPH4 promotes ROS production and glycolysis-dependent gemcitabine resistance by
regulating NDUFA4L2. (A) Western blot of NDUFA4L2 in T24 parental and gemcitabineresistant
cell lines. (B,C) Cells were transfected with siNXPH4 or NXPH4 plasmid, followed by siNDUFA4L2
or NDUFA4L2 plasmid to detect the influence of NXPH4 on the crucial proteins of glycolysis.
(D,E) Knockdown and overexpression of NDUFA4L2 reversed the effect of the overexpression and
knockdown of NXPH4 on the level of reactive oxygen species. (F) Cells were transfected with siNC
or siNXPH4, or co-transfected with NDUFA4L2 plasmid, followed by CCK8 assays, 2-NBDG uptake
assays, and lactate production assays.(G,H) NDUFA4L2 reversed the proliferative effect caused by
NXPH4 with EDU and colony assays in the gemcitabine-resistant T24 cell line. * p < 0.05; ** p < 0.01;
*** p < 0.001. N.S. means the difference is not significant. The original western blot figures were
showed in Figure S6.
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Figure 9. NXPH4/NDUFA4L2 pathway is essential for GEM resistance of BC cells in vivo.
(A–C) Subcutaneous implantation mouse models were established using parental or GEM-R BC cells
transfected with lentivirus containing NXPH4 plasmid and siNXPH4 and/or NDUFA4L2 plasmid.
Growth curve (A), representative images (B), and tumor weight (C) of xenografts (n = 5) in the eight
treatment groups for 36 days are shown. (D) IHC staining of NDUFA4L2 was performed in the tumor
sections from mouse models that were established using parental or GEM-R BC cells transfected with
lentivirus containing NXPH4 plasmid and siNXPH4. * p < 0.05; ** p < 0.01; *** p < 0.001. N.S. means
the difference is not significant.

4. Discussion

Several articles have reported on the structure and function of NXPH4 in certain bio-
logical processes [7]. Xiangling Meng et al. [6] stressed the significant role of neurexophilin
4 in modulating specific cerebellar synapses and motor functions. It is believed to bind
to α-neurexin and to have the function of regulating signal transduction in the brain [13].
However, no research has found that the expression level of this molecule is associated
with the prognosis of patients with bladder cancer. With the advancements in bioinformat-
ics technologies, we can gain easily overlooked but useful information from large-scale
data more conveniently. Through an analysis of the transcriptome data of patients from
TCGA with 33 kinds of cancers, we found the distinct expression patterns of NXPH4 across
multiple cancers and specifically explored its clinical relevance in bladder cancer. We found
that patients with high disease progress and high grades of bladder cancer had higher
expression levels of NXPH4 in contrast to those patients with complete responses and lower
grades of bladder cancer. Additionally, in this way, we first found the possible relationship
between NXPH4 and the survival outcome of patients with bladder cancer and revealed
the underlying mechanism with a series of experiments.

The possibility of proliferation, invasion, and migration have been proven to be signifi-
cant factors for the survival and metastasis of tumor cells. Therefore, our research conducted
a CCK-8 assay, wound scratch assay, and transwell invasion assay to judge whether NXPH4
influences these abilities of tumor cells. Additionally, we proved that NXPH4 is an onco-
gene through these experiments. In another field, resistance to chemotherapy exerts a
great impact on the results of the prognosis of patients with bladder cancer [14,15]. Von
der Maase and Hurst C have both stressed the significant role of reducing chemoresis-
tance in the treatment of bladder cancer [16,17]. Gemcitabine is one of the most prevalent
chemotherapy agents [18]. Additionally, after we induced the gemcitabine-resistant cell
line, we examined the expression level of NXPH4 between parental and GEM-R cells and
found that elevated NXPH4 promoted chemoresistance.
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It has been widely reported that glycolysis plays a significant role in the chemotherapy
resistance of tumor cells [19–22]. For example, Xiaoduan Li et al. proved that CTSLP8
mediates chemotherapy resistance by modulating cellular glycolysis in ovarian cancer [23].
The research of Mengxin Li also showed that RSL3 enhances the antitumor effect of cisplatin
on prostate cancer cells by causing glycolysis dysfunction [24]. We conducted GSEA
analyses and the result indicate that the expression of NXPH4 promotes the glycolysis of
tumor cells. Consequently, we detected the glycolysis level in the gemcitabine-resistant
T24 and 5637 cell lines. We found that in contrast to T24 and 5637, both T24GEM-R and
5637GEM-R have higher levels of 2-NBDG uptake and lactate production. Therefore,
we speculated that NXPH4 promotes gemcitabine resistance through elevated glycolysis.
Additionally, in the subsequent experiment, we found when we added 2-DG, which can
inhibit glycolysis, the drug resistance of T24GEM-R and 5637GEM-R was reversed, which
confirmed our suspicions. Glycolysis is crucial in the proliferation of cells [25–27]. Yanhen
Zhou et al. have proven that rabeprazole can inhibit cell proliferation in gastric epithelial
cells by targeting glycolysis [28]. Fan Wu et al. also demonstrated that the STK25-induced
inhibition of aerobic glycolysis could suppress cell proliferation in colorectal cancer [29].
Based on the abovementioned results, we also examined the impact of glycolysis on
the proliferation ability in our research and found that NXPH4 promotes proliferation
through glycolysis. In conclusion, our results indicate that NXPH4 promotes proliferation
and chemoresistance through glycolysis. However, the mechanism and the interactions
between NXPH4 and other molecules are still unknown at this time.

ROS have been reported to influence the level of glycolysis in many studies [30–34].
Therefore, we examined the ROS levels between parental bladder cancer cells and
gemcitabine-resistant cells and found higher levels of ROS in the drug-resistant cells.
Moreover, to explore the impact that NXPH4 exerts on the level of ROS, both knockdown
and overexpression of NXPH4 were examined. We found that lower expression of NXPH4
decreased the level of ROS while higher expression of NXPH4 showed the opposite. After
using the ROS inhibitor NAC, the impact NXPH4 exerted on glycolysis was reversed. These
results indicate that NXPH4 promotes glycolysis through elevated ROS levels.

NDUFA4L2 has been widely reported to induce glycolysis [35–39]. We found elevated
protein levels of NDUFA4L2 in both T24GEM-R and 5637GEM-R. After the overexpression
and knockdown of NXPH4 in T24GEM-R and 5637GEM-R, we found associated upregula-
tion and downregulation of NDUFA4L2, respectively, indicating that NXPH4 may function
through the regulation of NDUFA4L2. VHL, PKM2, GLUT1, and HK2 are crucial target
genes for NDUFA4L2 [39] and are responsible for a series of biological processes such as
cell survival and apoptosis [40]. In order to confirm our hypothesis, we detected the protein
levels of these genes after NXPH4 knockdown. Fortunately, the results were consistent
with our suspicions. To confirm that NDUFA4L2 could dampen the effect of NXPH4
on glycolysis and cell proliferation, we examined the cell survival, 2-NBDG uptake, and
lactate production under different conditions. The results can be seen in Figures 8E–H and
S8E–H. We thus proved that NXPH4 mediates glycolysis and cell proliferation through the
NDUFA4L2 signaling pathway.

In vitro experiments alone are not enough. Therefore, we consequently conducted
experiments to further confirm the theory in vivo. We found that the expression of NXPH4
and NDUFA4L2 and the level of glycolysis have a great influence on the tumor size and
tumor weight originating in mice, which is consistent with the theory proven in vitro.

5. Conclusions

In summary, our research found a new molecule, NXPH4, which influences the prog-
nosis of patients with bladder cancer, and revealed that NXPH4 promotes progression,
metastasis, and gemcitabine resistance in bladder cancer by enhancing glycolysis through
modulating the expression of NDUFA4L2.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers14153782/s1, NXPH4 Promotes Gemcitabine Resistance in Bladder Cancer by Enhanc-
ing Reactive Oxygen Species and Glycolysis Activation through Modulating NDUFA4L2. Figure S1:
Knockdown or overexpression of NXPH4 altered the proliferation, invasion, and migration of 5637
bladder cancer cells. (A) The effect of NXPH4 knockdown or overexpression on cell proliferation
in 5637 cell lines was measured via colony formation assay. Five microscopic fields were chosen at
random and averaged. (B,C) The effect of NXPH4 knockdown or overexpression on invasion and mi-
gration was analyzed using Transwell and wound healing assays, respectively, in 5637 cell lines. Five
microscopic fields were chosen at random and averaged; Figure S2: The glycolysis inhibitors reverse
the proliferative and gemcitabine-resistant effect caused by the overexpression of NXPH4. (A) Cells
were transfected with empty vector plasmid or NXPH4 overexpression plasmid and cultured with or
without 2-DG (5 mM), BAY-876 (50 nM), or oxamate (20 mM) treatment, followed by colony formation
assays; Figure S3: NXPH4 promotes glycolysis by enhancing the level of reactive oxygen species.
(A) Overexpression of NXPH4 and the stimulation of gemcitabine increased the level of reactive
oxygen species in gemcitabine-resistant 5637 cell lines. (B,C) The use of antioxidant N-acetylcysteine
blocked the glycolysis level caused by the overexpression of NXPH4 in gemcitabine-resistant 5637
cell lines. (D) The use of antioxidant N-acetylcysteine decreased the colony numbers caused by the
overexpression of NXPH4 in gemcitabine-resistant 5637 cell lines; Figure S4: NDUFA4L2 is a Down-
stream target of NXPH4. (A) Western blot of NDUFA4L2, IRX4, WNT3A, LGALS7B, and PTPRZ1
OTOP3 in T24 cell lines; Figure S5: NXPH4 promotes ROS production and glycolysis-dependent
gemcitabine resistance by regulating NDUFA4L2. (A) Western blot of NDUFA4L2 in 5637 parental
and gemcitabine-resistant cell lines. (B,C) Cells were transfected with siNXPH4 or NXPH4 plasmid,
followed by siNDUFA4L2 or NDUFA4L2 plasmid to detect the influence of NXPH4 on the crucial
proteins of glycolysis. (D,E) Knockdown and overexpression of NDUFA4L2 reversed the effect of
the overexpression and knockdown of NXPH4 on the level of reactive oxygen species. (F) Cells
were transfected with siNC or siNXPH4, or co-transfected with NDUFA4L2 plasmid, followed by
CCK8 assays, 2-NBDG uptake assays, and lactate production assays. (G,H) NDUFA4L2 reversed the
proliferative effect caused by NXPH4 with EDU and colony assays in the gemcitabine-resistant 5637
cell line. * p < 0.05; ** p < 0.01; *** p < 0.001. N.S. means the difference is not significant; Figure S6: the
original western blot figures; Table S1: The baseline data of patients with bladder cancer from TCGA;
Table S2: Primer Sequences used for qRT-PCR; Table S3: The sequence of siRNA.
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Abbreviations

BC Bladder cancer
NB Normal bladder
N Normal
T Tumor
TCGA The Cancer Genome Atlas;
OS Overall survival
DSS Disease Specific Survival
PFI Progression Free Interval
CR Complete Response;
PR Partial Response;
SD Stable Disease;
PD Progressive Disease;
GSEA Gene Set Enrichment Analysis;
KM analysis Kaplan-Meier analysis;
GEM Gemcitabine;
T24-GEM-R Gemcitabine resistant T24;
5637GEM-R Gemcitabine resistant 5637
IC50 Half maximal inhibitory concentration.
ROS Reactive oxygen species

References
1. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2021. CA Cancer J. Clin. 2021, 71, 7–33. [CrossRef] [PubMed]
2. Moch, H.; Cubilla, A.L.; Humphrey, P.A.; Reuter, V.E.; Ulbright, T.M. The 2016 WHO Classification of Tumours of the Urinary

System and Male Genital Organs—Part A: Renal, Penile, and Testicular Tumours. Eur. Urol. 2016, 70, 93–105. [CrossRef]
[PubMed]

3. Modlich, O. Identifying superficial, muscle-invasive, and metastasizing transitional cell carcinoma of the bladder: Use of cDNA
array analysis of gene expression profiles. Clin. Cancer Res. 2004, 10, 3410–3421. [CrossRef] [PubMed]

4. Markus, M.; Südhof, T. Neurexophilins Form a Conserved Family of Neuropeptide-Like Glycoproteins. J. Neurosci. 1998, 18,
3630–3638.

5. Petrenko, A.; Ullrich, B.; Missler, M.; Krasnoperov, V.; Rosahl, T.W.; Südhof, T.C. Structure and Evolution of Neurexophilin. J.
Neurosci. 1996, 16, 4360–4369. [CrossRef]

6. Meng, X.; McGraw, C.M.; Wang, W.; Jing, J.; Yeh, S.-Y.; Wang, L.; Lopez, J.; Brown, A.M.; Lin, T.; Chen, W.; et al. Neurexophilin4
is a selectively expressed α-neurexin ligand that modulates specific cerebellar synapses and motor functions. eLife 2019, 8.
[CrossRef] [PubMed]

7. Yang, Z.; Wei, B.; Qiao, A.; Yang, P.; Chen, W.; Zhen, D.; Qiu, X. A novel EZH2/NXPH4/CDKN2A axis is involved in regulating
the proliferation and migration of non-small cell lung cancer cells. Biosci. Biotechnol. Biochem. 2021, 86, 340–350. [CrossRef]

8. An, Q.; Zhou, L.; Xu, N. Long noncoding RNA FOXD2-AS1 accelerates the gemcitabine-resistance of bladder cancer by sponging
miR-143. Biomed. Pharmacother. 2018, 103, 415–420. [CrossRef] [PubMed]

9. Ganguly, K.; Bhatia, R.; Rauth, S.; Kisling, A.; Atri, P.; Thompson, C.; Vengoji, R.; Krishn, S.R.; Shinde, D.; Thomas, V.; et al.
Mucin 5AC Serves as the Nexus for β-Catenin/c-Myc Interplay to Promote Glutamine Dependency during Pancreatic Cancer
Chemoresistance. Gastroenterology 2022, 162, 253–268.e13. [CrossRef] [PubMed]

10. Wu, H.; Du, J.; Li, C.; Li, H.; Guo, H.; Li, Z. Kaempferol Can Reverse the 5-Fu Resistance of Colorectal Cancer Cells by Inhibiting
PKM2-Mediated Glycolysis. Int. J. Mol. Sci. 2022, 23, 3544. [CrossRef] [PubMed]

11. Tantai, J.; Pan, X.; Chen, Y.; Shen, Y.; Ji, C. TRIM46 activates AKT/HK2 signaling by modifying PHLPP2 ubiquitylation to promote
glycolysis and chemoresistance of lung cancer cells. Cell Death Dis. 2022, 13, 285. [CrossRef] [PubMed]

12. Li, Q.; Sun, H.; Luo, D.; Gan, L.; Mo, S.; Dai, W.; Liang, L.; Yang, Y.; Xu, M.; Li, J.; et al. Lnc-RP11-536 K7.3/SOX2/HIF-1α
signaling axis regulates oxaliplatin resistance in patient-derived colorectal cancer organoids. J. Exp. Clin. Cancer Res. 2021, 40, 238.
[CrossRef]

13. Liu, J.; Anurag, M.; Sekhar, R.; Andrew, W.M.; Gang, R.; Gabby, R. Structural Plasticity of Neurexin 1α: Implications for its Role
as Synaptic Organizer. J. Mol. Biol. 2018, 430, 4325–4343. [CrossRef]

14. Semenza, G.L. Hypoxia-inducible factors: Mediators of cancer progression and targets for cancer therapy. Trends Pharmacol. Sci.
2012, 33, 207–214. [CrossRef] [PubMed]

15. Wigerup, C.; Påhlman, S.; Bexell, D. Therapeutic targeting of hypoxia and hypoxia-inducible factors in cancer. Pharmacol. Ther.
2016, 164, 152–169. [CrossRef] [PubMed]

http://doi.org/10.3322/caac.21654
http://www.ncbi.nlm.nih.gov/pubmed/33433946
http://doi.org/10.1016/j.eururo.2016.02.029
http://www.ncbi.nlm.nih.gov/pubmed/26935559
http://doi.org/10.1158/1078-0432.CCR-03-0134
http://www.ncbi.nlm.nih.gov/pubmed/15161696
http://doi.org/10.1523/JNEUROSCI.16-14-04360.1996
http://doi.org/10.7554/eLife.46773
http://www.ncbi.nlm.nih.gov/pubmed/31524598
http://doi.org/10.1093/bbb/zbab217
http://doi.org/10.1016/j.biopha.2018.03.138
http://www.ncbi.nlm.nih.gov/pubmed/29674277
http://doi.org/10.1053/j.gastro.2021.09.017
http://www.ncbi.nlm.nih.gov/pubmed/34534538
http://doi.org/10.3390/ijms23073544
http://www.ncbi.nlm.nih.gov/pubmed/35408903
http://doi.org/10.1038/s41419-022-04727-7
http://www.ncbi.nlm.nih.gov/pubmed/35354796
http://doi.org/10.1186/s13046-021-02143-x
http://doi.org/10.1016/j.jmb.2018.08.026
http://doi.org/10.1016/j.tips.2012.01.005
http://www.ncbi.nlm.nih.gov/pubmed/22398146
http://doi.org/10.1016/j.pharmthera.2016.04.009
http://www.ncbi.nlm.nih.gov/pubmed/27139518


Cancers 2022, 14, 3782 22 of 23

16. Von der Maase, H. Gemcitabine and cisplatin versus methotrexate, vinblastine, doxorubicin, and cisplatin in advanced or
metastatic bladder cancer: Results of a large, randomized, multinational, multicenter, phase III study. J. Clin. Oncol. 2000, 18,
3068–3077. [CrossRef] [PubMed]

17. Hurst, C.; Rosenberg, J.; Knowles, M. SnapShot: Bladder Cancer. Cancer Cell 2018, 34, 350–350.e1. [CrossRef] [PubMed]
18. Von Der Maase, H.; Sengelov, L.; Roberts, J.; Ricci, S.; Dogliotti, L.; Oliver, T.; Moore, M.; Zimmermann, A.; Arning, M. Long-Term

Survival Results of a Randomized Trial Comparing Gemcitabine Plus Cisplatin, with Methotrexate, Vinblastine, Doxorubicin,
Plus Cisplatin in Patients with Bladder Cancer. J. Urol. 2006, 175, 482. [CrossRef]

19. Jiang, X.; Guo, S.; Wang, S.; Zhang, Y.; Chen, H.; Wang, Y.; Liu, R.L.; Niu, Y.J.; Xu, Y. EIF4A3-induced circARHGAP29 promotes
aerobic glycolysis in docetaxel-resistant prostate cancer through IGF2BP2/c-Myc/LDHA signaling. Cancer Res. 2022, 82, 831–845.
[CrossRef] [PubMed]

20. Wang, S.; Zeng, F.; Liang, S.; Wang, Q.; Wen, Y.; Wang, Q.; Zhang, J.; Li, M.; Fang, S.; Wei, T.; et al. lncRNA Linc00173 modulates
glucosemetabolism and multidrug chemoresistancein SCLC: Potential molecular panel for targeted therapy. Mol. Ther. 2021,
S1525-0016(21)00574-8. [CrossRef]

21. Jia, G.; Wang, Y.; Lin, C.; Lai, S.; Dai, H.; Wang, Z.; Dai, L.; Su, H.; Song, Y.; Zhang, N.; et al. LNCAROD enhances hepatocellular
carcinoma malignancy by activating glycolysis through induction of pyruvate kinase isoform PKM2. J. Exp. Clin. Cancer Res.
2021, 40, 299. [CrossRef] [PubMed]

22. Zheng, X.; Liu, R.; Zhou, C.; Yu, H.; Luo, W.; Zhu, J.; Liu, J.; Zhang, Z.; Xie, N.; Peng, X.; et al. ANGPTL4-Mediated Promotion of
Glycolysis Facilitates the Colonization of Fusobacterium nucleatum in Colorectal Cancer. Cancer Res. 2021, 81, 6157–6170. [CrossRef]

23. Li, X.; Zhang, Y.; Wang, X.; Lin, F.; Cheng, X.; Wang, Z.; Wang, X. Long non-coding RNA CTSLP8 mediates ovarian cancer
progression and chemotherapy resistance by modulating cellular glycolysis and regulating c-Myc expression through PKM2. Cell
Biol. Toxicol. 2021, 1–19. [CrossRef] [PubMed]

24. Li, M.; Chen, X.; Wang, X.; Wei, X.; Wang, D.; Liu, X.; Xu, L.; Batu, W.; Li, Y.; Guo, B.; et al. RSL3 enhances the antitumor effect of
cisplatin on prostate cancer cells via causing glycolysis dysfunction. Biochem. Pharmacol. 2021, 192, 114741. [CrossRef] [PubMed]

25. Huang, Y.; Chen, Z.; Lu, T.; Bi, G.; Li, M.; Liang, J.; Hu, Z.; Zheng, Y.; Yin, J.; Xi, J.; et al. HIF-1α switches the functionality of
TGF-β signaling via changing the partners of smads to drive glucose metabolic reprogramming in non-small cell lung cancer. J.
Exp. Clin. Cancer Res. 2021, 40, 398. [CrossRef] [PubMed]

26. Qi, C.-L.; Huang, M.-L.; Zou, Y.; Yang, R.; Jiang, Y.; Sheng, J.-F.; Kong, Y.-G.; Tao, Z.-Z.; Feng, H.-Y.; Hua, Q.-Q.; et al. The
IRF2/CENP-N/AKT signaling axis promotes proliferation, cell cycling and apoptosis resistance in nasopharyngeal carcinoma
cells by increasing aerobic glycolysis. J. Exp. Clin. Cancer Res. 2021, 40, 390. [CrossRef]

27. Lu, S.; Han, L.; Hu, X.; Sun, T.; Xu, D.; Li, Y.; Chen, Q.; Yao, W.; He, M.; Wang, Z.; et al. N6-methyladenosine reader IMP2
stabilizes the ZFAS1/OLA1 axis and activates the Warburg effect: Implication in colorectal cancer. J. Hematol. Oncol. 2021, 14, 188.
[CrossRef] [PubMed]

28. Zhou, Y.; Chen, S.; Yang, F.; Zhang, Y.; Xiong, L.; Zhao, J.; Huang, L.; Chen, P.; Ren, L.; Li, H.; et al. Rabeprazole suppresses cell
proliferation in gastric epithelial cells by targeting STAT3-mediated glycolysis. Biochem. Pharmacol. 2021, 188, 114525. [CrossRef]

29. Wu, F.; Gao, P.; Wu, W.; Wang, Z.; Yang, J.; Di, J.; Jiang, B.; Su, X. STK25-induced inhibition of aerobic glycolysis via GOLPH3-
mTOR pathway suppresses cell proliferation in colorectal cancer. J. Exp. Clin. Cancer Res. 2018, 37, 144. [CrossRef] [PubMed]

30. Wu, Z.; Huang, H.; Han, Q.; Hu, Z.; Teng, X.-L.; Ding, R.; Ye, Y.; Yu, X.; Zhao, R.; Wang, Z.; et al. SENP7 senses oxidative stress to
sustain metabolic fitness and antitumor functions of CD8+ T cells. J. Clin. Investig. 2022, 132, e155224. [CrossRef] [PubMed]

31. Feng, P.; Yang, Q.; Luo, L.; Sun, Y.; Lv, W.; Wan, S.; Guan, Z.; Xiao, Z.; Liu, F.; Li, Z.; et al. The kinase PDK1 regulates regulatory T
cell survival via controlling redox homeostasis. Theranostics 2021, 11, 9503–9518. [CrossRef]

32. Dong, F.; Li, R.; Wang, J.; Zhang, Y.; Yao, J.; Jiang, S.-H.; Hu, X.; Feng, M.; Bao, Z. Hypoxia-dependent expression of MAP17
coordinates the Warburg effect to tumor growth in hepatocellular carcinoma. J. Exp. Clin. Cancer Res. 2021, 40, 121. [CrossRef]
[PubMed]

33. Willson, J.A.; Arienti, S.; Sadiku, P.; Reyes, L.; Coelho, P.; Morrison, T.; Rinaldi, G.; Dockrell, D.H.; Whyte, M.K.B.; Walmsley, S.R.
Neutrophil HIF-1α stabilization is augmented by mitochondrial ROS produced via the glycerol 3-phosphate shuttle. Blood 2022,
139, 281–286. [CrossRef]

34. Labuschagne, C.F.; Cheung, E.C.; Blagih, J.; Domart, M.-C.; Vousden, K.H. Cell Clustering Promotes a Metabolic Switch that
Supports Metastatic Colonization. Cell Metab. 2019, 30, 720–734.e5. [CrossRef] [PubMed]

35. Chen, S.-J.; Hoffman, N.E.; Shanmughapriya, S.; Bao, L.; Keefer, K.; Conrad, K.; Merali, S.; Takahashi, Y.; Abraham, T.; Hirschler-
Laszkiewicz, I.; et al. A Splice Variant of the Human Ion Channel TRPM2 Modulates Neuroblastoma Tumor Growth through
Hypoxia-inducible Factor (HIF)-1/2α. J. Biol. Chem. 2014, 289, 36284–36302. [CrossRef] [PubMed]

36. Zhang, D.; Wang, Y.; Shi, Z.; Liu, J.; Sun, P.; Hou, X.; Zhang, J.; Zhao, S.; Zhou, B.P.; Mi, J. Metabolic Reprogramming of
Cancer-Associated Fibroblasts by IDH3α Downregulation. Cell Rep. 2015, 10, 1335–1348. [CrossRef] [PubMed]

37. Apanovich, N.; Apanovich, P.; Mansorunov, D.; Kuzevanova, A.; Matveev, V.; Karpukhin, A. The Choice of Candidates in Survival
Markers Based on Coordinated Gene Expression in Renal Cancer. Front. Oncol. 2021, 11, 615787. [CrossRef] [PubMed]

38. Yuan, Y.; Gao, H.; Zhuang, Y.; Wei, L.; Yu, J.; Zhang, Z.; Zhang, L.; Wang, L. NDUFA4L2 promotes trastuzumab resistance in
HER2-positive breast cancer. Ther. Adv. Med. Oncol. 2021, 13, 17588359211027836. [CrossRef] [PubMed]

http://doi.org/10.1200/JCO.2000.18.17.3068
http://www.ncbi.nlm.nih.gov/pubmed/11001674
http://doi.org/10.1016/j.ccell.2018.07.013
http://www.ncbi.nlm.nih.gov/pubmed/30107181
http://doi.org/10.1016/S0022-5347(05)00370-8
http://doi.org/10.1158/0008-5472.CAN-21-2988
http://www.ncbi.nlm.nih.gov/pubmed/34965937
http://doi.org/10.1016/j.ymthe.2021.11.003
http://doi.org/10.1186/s13046-021-02090-7
http://www.ncbi.nlm.nih.gov/pubmed/34551796
http://doi.org/10.1158/0008-5472.CAN-21-2273
http://doi.org/10.1007/s10565-021-09650-9
http://www.ncbi.nlm.nih.gov/pubmed/34510316
http://doi.org/10.1016/j.bcp.2021.114741
http://www.ncbi.nlm.nih.gov/pubmed/34428443
http://doi.org/10.1186/s13046-021-02188-y
http://www.ncbi.nlm.nih.gov/pubmed/34930376
http://doi.org/10.1186/s13046-021-02191-3
http://doi.org/10.1186/s13045-021-01204-0
http://www.ncbi.nlm.nih.gov/pubmed/34743750
http://doi.org/10.1016/j.bcp.2021.114525
http://doi.org/10.1186/s13046-018-0808-1
http://www.ncbi.nlm.nih.gov/pubmed/29996891
http://doi.org/10.1172/JCI155224
http://www.ncbi.nlm.nih.gov/pubmed/35143421
http://doi.org/10.7150/thno.63992
http://doi.org/10.1186/s13046-021-01927-5
http://www.ncbi.nlm.nih.gov/pubmed/33832535
http://doi.org/10.1182/blood.2021011010
http://doi.org/10.1016/j.cmet.2019.07.014
http://www.ncbi.nlm.nih.gov/pubmed/31447323
http://doi.org/10.1074/jbc.M114.620922
http://www.ncbi.nlm.nih.gov/pubmed/25391657
http://doi.org/10.1016/j.celrep.2015.02.006
http://www.ncbi.nlm.nih.gov/pubmed/25732824
http://doi.org/10.3389/fonc.2021.615787
http://www.ncbi.nlm.nih.gov/pubmed/34046336
http://doi.org/10.1177/17588359211027836
http://www.ncbi.nlm.nih.gov/pubmed/34276814


Cancers 2022, 14, 3782 23 of 23

39. Laursen, K.B.; Chen, Q.; Khani, F.; Attarwala, N.; Gross, S.S.; Dow, L.; Nanus, D.M.; Gudas, L.J. Mitochondrial Ndufa4l2 Enhances
Deposition of Lipids and Expression of Ca9 in the TRACK Model of Early Clear Cell Renal Cell Carcinoma. Front. Oncol. 2021,
11, 783856. [CrossRef] [PubMed]

40. Icard, P.; Shulman, S.; Farhat, D.; Steyaert, J.-M.; Alifano, M.; Lincet, H. How the Warburg effect supports aggressiveness and
drug resistance of cancer cells? Drug Resist. Updates 2018, 38, 1–11. [CrossRef] [PubMed]

http://doi.org/10.3389/fonc.2021.783856
http://www.ncbi.nlm.nih.gov/pubmed/34970493
http://doi.org/10.1016/j.drup.2018.03.001
http://www.ncbi.nlm.nih.gov/pubmed/29857814

	Introduction 
	Materials and Methods 
	Sample Selection 
	Data Collection and Processing 
	The Baseline Data of Patients with Bladder Cancer from TCGA 
	The Exploration of the Expression Levels of NXPH4 in Patients with Different Status 
	The Prognostic Value of NXPH4, Gene Set Enrichment Analysis, and the Infiltration Level of Immune Cells 
	Cell Culture and Establishment of Resistant Cell Line 
	Glycolytic Activity Assay 
	Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 
	Western Blot Assay and Co-Immunoprecipitation 
	Wound Healing and Transwell Invasion Assays 
	CCK-8 Assay 
	Plate Clone Formation Assay 
	Transfection 
	Immunohistochemical Staining 
	Intracellular ROS Levels 
	Cell Proliferation 
	Xenograft Tumor Model 
	Statistical Analyses 

	Results 
	The Expression Patterns of NXPH4 across 33 Kinds of Cancers from TCGA and Its Expression in Patients with Bladder Cancer from Different Groups 
	The Expression of NXPH4 Is Elevated in Acquired Gemcitabine-Resistant Bladder Cancer Cell Lines and Mediates Gemcitabine Resistance through Enhancing Both Intracellular Reactive Oxygen Species and Glycolysis 
	High Level of NXPH4 Is Associated with Worse Prognosis in Bladder Cancer 
	NXPH4 Was Upregulated in BC Tissues and Cells, Promoting the Proliferation, Invasion, and Migration of BC Cells in Vitro 
	NDUFA4L2 Is a Downstream Target of NXPH4 
	NXPH4 Promotes ROS Production and Glycolysis-Dependent Gemcitabine Resistance by Regulating NDUFA4L2 
	NXPH4-NDUFA4L2 Pathway Is Essential for Gemcitabine Resistance of Bladder Cancer Cells In Vivo 

	Discussion 
	Conclusions 
	References

