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Abstract
Background: As a rate-limiting enzyme of glycolysis, pyruvate kinase muscle
isozyme M2 (PKM2) participates in tumor metabolism and growth. The regu-
latory network of PKM2 in cancer is complex and has not been fully studied in
bladder cancer. The 5-methylcytidine (m5C)modification in PKM2mRNAmight
participate in the pathogenesis of bladder cancer and need to be further clarified.
This study aimed to investigate the biological function and regulatory mecha-
nism of PKM2 in bladder cancer.
Methods: The expression of PKM2 and Aly/REF export factor (ALYREF) was
measured by Western blotting, qRT-PCR, and immunohistochemistry. The bio-
processes of bladder cancer cells were demonstrated by a series of experiments
in vitro and in vivo. RNA immunoprecipitation, RNA-sequencing, and dual-
luciferase reporter assays were conducted to explore the potential regulatory
mechanisms of PKM2 in bladder cancer.
Results: In bladder cancer, we first demonstrated that ALYREF stabilized PKM2
mRNA and bound to its m5C sites in 3′-untranslated regions. Overexpression of
ALYREF promoted bladder cancer cell proliferation by PKM2-mediated glycol-
ysis. Furthermore, high expression of PKM2 and ALYREF predicted poor sur-
vival in bladder cancer patients. Finally, we found that hypoxia-inducible factor-
1alpha (HIF-1α) indirectly up-regulated the expression of PKM2 by activating
ALYREF in addition to activating its transcription directly.
Conclusions: The m5C modification in PKM2 mRNA in the HIF-
1α/ALYREF/PKM2 axis may promote the glucose metabolism of bladder
cancer, providing a new promising therapeutic target for bladder cancer.
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1 BACKGROUND

Bladder cancer (BCa) is the 10th most commonmalignancy
worldwide, with an estimated 549,000 new cases diag-
nosed and 200,000 deaths occurred in 2018 [1, 2]. Intrin-
sic biological invasiveness and specific radio- and chemo-
resistance of bladder tumors bring about high recurrence
and progression rates in patients [3]. Thus, a deep under-
standing of its regulatory network is essential for improv-
ing treatment in BCa.
Aerobic glycolysis (also termed as the Warburg effect)

is a phenomenon that most cancer cells enhance their
glucose consumption and produce lactic acid even in
the presence of oxygen [4]. Consumed glucose is trans-
formed into various molecules that sustain nucleotide and
triglyceride biosynthesis. Thus cancer cells, including BCa
cells, utilize the nutrients ingested in the substances to
sustain their uncontrolled growth [3, 5]. Pyruvate kinase
muscle isozyme M2 (PKM2) is a rate-limiting glycolytic
enzyme that plays an important role in tumor metabolism
and growth [6]. Recent studies showed that PKM2 was
highly expressed in multiple cancers, and predicted poor
prognosis [7–9]. PKM2 can promote the proliferation and
migration of cancer cells in a variety of cancers [8, 10, 11].
The role of PKM2 in cancer remains controversial. Dayton
et al. [12] found that PKM2 can prevent hepatocellular
carcinoma by a non-cell-autonomous mechanism. Morita
et al. [13] found that it was PKM1 rather than PKM2 to
promote tumor growth. In BCa, PKM2 can promote the
growth, migration, and cisplatin resistance of BCa cells
and may become a poor prognostic factor of BCa patients
[14–17]. Our previous study confirmed that the expression
levels of most glycolysis-related genes, including PKM2,
were higher in BCa tissues than in paired adjacent tissues,
suggesting the oncogenic role of glycolysis and PKM2 in
BCa [18].
Gene expression is regulated by complex genetic and

epigenetic layers [19]. Hypoxia-inducible factor-1alpha
(HIF-1α), c-myc, and epidermal growth factor receptor
can up-regulate the transcription of PKM2 and increase
PKM2 protein synthesis [20–22]. Several microRNAs can
be recruited in the 3′-untranslated region (UTR) of PKM2
mRNA transcripts to eventually reduce PKM2 expression
[23–25]. Post-translational modifications, such as phos-
phorylation, acetylation, succinylation, and oxidation, can
also regulate PKM2 expression [26]. Recently, it was found
that RNA modification in mRNA levels played an impor-
tant role in BCa development [27–29]. Besides the hot
spot of N6-methyladenosine (m6A), RNA modifications
also include 5-methylcytidine (m5C), pseudouridine, N4-
acetylcytidine, N1-methyladenosine, 2′-O-methylations,
N7-methylguanosine, 5-hydroxymethylcytidine cytidine
and inosine [30]. However, the methylation modification
of PKM2 is currently unclear. The epitranscriptome is

a newly discovered layer of gene expression, character-
ized as post-transcriptional modifications of RNAs [31, 32].
As the most common internal modification in eukaryotic
mRNAs, m6A has been found to influence glycolysis in
BCa [33], gastric cancer [34], and colorectal cancer [35].
However, the roles of other RNA modifications, such as
m5C modification, in cancer glycolysis remain unclear.
m5C modification was first identified in transfer RNAs

and ribosomal RNAs [36–38]. Subsequently, Squires et al.
[39] identified 10,275 m5C sites in human RNAs. Huang
et al. [40] identified several hundred exonic m5C sites
located in human and mouse tissues. It was reported
that m5C modification was enriched in CG-rich regions
and regions immediately following a translation initi-
ation region of mRNAs. Dynamic, tissue-specific, con-
served m5C modification of mRNAs is mainly written
by NOP2/Sun RNA methyltransferase family member 2
(NSUN2) and specifically read by Aly/REF export factor
(ALYREF, also named THOC4) and Y-box binding pro-
tein 1 (YBX1). ALYREF specifically reads m5C regions by
the lysine residue K171. YBX1 can recruit ELAV-like RNA-
binding protein 1 (ELAVL1) to regulate the stability of tar-
get mRNAs [27, 41]. However, the impact of ALYREF on
gene expression is currently unclear. Chen et al. [27] found
that m5C promoted the pathogenesis of BCa through sta-
bilizing mRNAs. By analyzing the data in this study com-
bined with the data reported by Yang et al. [41], we found
that PKM2 mRNA may exist m5C modification and be
bound by ALYREF. It seemed that m5C modification in
PKM2mRNA participated in the progression of BCa.
HIF-1α is a transcription factor that responds to hypoxia.

HIF-1α is a member of the key proteins to regulate gly-
colysis. The stabilized HIF-1α dimerizes with HIF-1β and
binds to hypoxia-responsive elements (HREs), which are
located in promoter regions of HIF-1α target genes. Gly-
colytic enzymes HK2, phosphoglycerate kinase 1, and lac-
tic dehydrogenase A can all be up-regulated by HIF-1α.
PKM2 can also be activated by HIF-1α [20, 42-45]. How-
ever, whether m5C plays a significant role in the HIF-
1α/PKM2 axis is not clear.
In the present study, we further examined the biological

function of PKM2 in BCa, investigated its potential regula-
tory mechanism, and attempted to provide potential ther-
apeutic targets in the treatment of BCa.

2 MATERIALS ANDMETHODS

2.1 Clinical specimens

We obtained tumor tissues and adjacent normal tissues
from BCa patients who underwent radical cystectomy at
the First Affiliated Hospital of Nanjing Medical University
between March 2010 and July 2013. The final follow-up
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timewasMarch 2021. All patients signed the informed con-
sents. This study was approved by the ethics committee of
the First AffiliatedHospital of NanjingMedical University.
Liquid nitrogen containers were used to store all samples.
A total of 162 BCa tissue specimens were used to make tis-
suemicroarray (TMA). Fifty BCa tissues and their adjacent
normal tissues were collected to extract RNA. Histopatho-
logical examination confirmed the bladder cancer
diagnosis.

2.2 Cell lines

The BCa cell lines 5637 and T24 and renal cell line 293T
were purchased from the type culture collection of the Chi-
nese Academy of Sciences (Shanghai, China). 5637 and T24
cells were authenticated by short tandem repeat profiling
(Supplementary data 1 and data 2). All cells were cultured
in Dulbecco’s modified eagle medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS, Gimini, Cal-
abasas, CA,USA) and 1%penicillin-streptomycin and incu-
bated at 37◦C with 5% CO2 in a humidified atmosphere.
For hypoxia exposure, cells were incubated in an incuba-
tor chamber containing an aggregate of 94% N2, 5% CO2,
and 1% O2. Total RNAs and proteins were extracted 24 and
48 hours after hypoxia exposure.

2.3 Transfection

Lentivirus vectors of ALYREF knockdown, NSUN2 knock-
down, and ALYREF overexpression were purchased
from Obio Technology Corp (Shanghai, China). ALYREF
overexpression lentivirus was termed as ALYREF-OE,
and a negative control was termed as NC. ALYREF-
knockdown lentiviruses were termed as shALYREF#1
and shALYREF#2, NSUN2 knockdown lentivirus was
termed as shNSUN2, and control lentivirus was termed
as shNC. Lentivirus transfection was conducted as previ-
ously described [46]. Wild-type ALYREF, K171A-mutant
ALYREF, PKM2, and control (green fluorescent pro-
tein, GFP) plasmids were synthesized by GeneCopoeia
(Rockville,MD,USA). Plasmid transfectionwas conducted
using lipofectamine 3000 (Invitrogen, Carlsbad, CA,USA).
The transfections of lentivirus were stable, and the trans-
fections of plasmids were transient.

2.4 Quantitative real-time polymerase
chain reaction (qRT-PCR)

Trizol reagent (Invitrogen) was used to extract total RNAs
from bladder cancer tissues,paired normal tissues, T24
cells, 5637 cells or 293T cells. HiScript II (Vazyme, Nan-
jing, Jiangsu, China) was used to synthesize cDNA. For

mRNA expression analysis, quantitative real-time poly-
merase chain reaction (qRT-PCR) was performed using
SYBR Green Master Mix (Vazyme) on LightCycler 480
(Roche, USA). A typical cycling condition included 95◦C
for 5 min followed by 40 cycles at 95◦C for 10 s, 60◦C for
30 s. Melting curve analysis is acquired according to the
instrument documentation. β-actin was used as the inter-
nal standard control. Each sample was run in triplicate.
Relative expression values for each gene were calculated
using the 2−△△CT method. All primer sequences used
here are listed in Supplymentary Table S1.

2.5 Western blotting

Cells or tissues were treated with Radio Immunoprecip-
itation Assay buffer (Beyotime, Shanghai, China) con-
taining protease inhibitors (P8340, Sigma-Aldrich, St.
Louis., MO, USA). The concentration of proteins was
measured by using a bicinchonininc acid kit (Beyotime).
Extracted proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred
onto a polyvinylidene fluoride membrane (Millipore, Bil-
lerica, MA, USA). The membrane was blocked with 5%
non-fat milk and incubated with primary antibodies for
anti-PKM2 (1:1000, ab154816, Abcam, USA), anti-ALYREF
(1:800, GTX113917, GeneTex, Irvine, CA, USA), anti-HIF-
1α (1:1000, #36169, Cell Signaling Technology, USA),
anti-NSUN2 (1:1000, 702036, ThermoFisher, Waltham,
MA, USA), anti-GAPDH (1:1000, HRP-60004, Proteintech,
Rosemont, IL, USA), or anti-β-actin (1:1000, 66009-1-lg,
Proteintech). The membrane was then incubated with
anti-mouse secondary antibodies (1:5000, GB23301, Ser-
vicebio, Wuhan, Hubei, China,) or anti-rabbit secondary
antibodies (1:5000, GB23303, Servicebio). Protein levels
were detected using an enhanced chemiluminescence sys-
tem (Pierce, Rockford, IL, USA).

2.6 TMA and immunohistochemistry
(IHC)

IHC staining of TMA was performed to evaluate the
expression of ALYREF and PKM2 proteins. TMAs were
stained with anti-ALYREF antibody or anti-PKM2 anti-
body, incubated with horseradish peroxidase-conjugated
goat anti-rabbit antibody (GB23303, Servicebio), and then
counterstained with hematoxylin. Images were obtained
under a microscope (Nikon, Minato Ward, Tokyo, Japan).
The percentage of positive cells was scored into 5 cate-
gories: 0 (0% positive cells), 1 (<10%), 2 (10% to 50%), 3 (50%
to 80%), and 4 (>80%). The staining intensity was scored
into 4 categories: 0, negative staining; 1, light staining; 2,
moderate staining; and 3, strong staining. The two scores
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were multiplied to get a final score value ranging from 0
to 12. The final scores of 0-7 were identified as low expres-
sion, and 8-12 as high expression. Protein expression was
evaluated by two pathologists blinded to the clinical data.

2.7 Immunofluorescence

5637 and T24 cells grown on the cover glasses were
washed twice with phosphate buffer saline, fixed with 4%
paraformaldehyde, permeabilized with 0.2% Triton X-100,
blocked with milk, and then incubated with anti-ALYREF
antibody for 1 hour. After incubated with fluorescence-
labelled secondary antibodies (Servicebio), the slides were
observed under a fluorescence microscope (ECLIPSE TI-
SR, Nikon). All stepswere performed at room temperature.

2.8 Cell counting kit-8 (CCK-8) assay

Cells were cultivated on 96-well plates, with 1000 or
1500 cells per well. Optical density (OD) value at 450 nm
was detected by CCK-8 assay (Dojindo, Kamimashiki-gun,
Kumamoto, Japan) after 1, 2, 3, 4, and 5 days as described in
themanual. The cell proliferation ratewas calculated using
the formula: cell proliferation rate=OD of test group - OD
of control group / OD of control group × 100%.

2.9 Colony formation assay

Transfected cells were seeded into 6-well plates
(500 cells/well) and kept in DMEM containing 10%
FBS for 7-14 days. The colonies were fixed with 4%
paraformaldehyde. After stained with crystal violet, the
visible colonies were counted.

2.10 Xenograft model in nude mice

About 1 × 107 transfected T24 cells were injected subcu-
taneously into the axilla of BALB/c nude mice (4-6 weeks
old, 5 mice/group). The tumor volume was measured each
week. Three or four weeks after injection, the mice were
euthanized, and their tumors were isolated and fixed in 4%
formalin for IHC analysis. Animal studies were approved
by the Animal Research Ethics Committee of Nanjing
Medical University.

2.11 RNAm5C dot blotting

After treated with RNase-free DNase set (Qiagen, Hilden,
Germany), the extracted mRNA was used for m5C dot
blotting. mRNA concentration was measured using Nan-

oDrop Nd-1000 spectrophotometer (Agilent, Santa Clara,
CA, USA). mRNA was denatured by heating at 65◦C for
5 min. Then a Bio-Dot apparatus (Bio-Rad, Hercules, CA,
USA) was used to transfer the mRNA onto a nitrocellu-
lose membrane (Amersham, GE Healthcare, Pittsburgh,
PA, USA). After cross-linked by ultraviolet and blocked
by milk, the membranes were incubated with anti-m5C
antibody (1:1000, ab10805, Abcam) overnight at 4◦C. Later,
the membranes were incubated with anti-mouse antibody
(1:3000, GB23301, Servicebio). Finally, we used the chemi-
luminescence system (Bio-Rad) to visualize the mem-
brane. The membrane stained with 0.02% methylene blue
in 0.3 mol/L sodium acetate (pH 5.2) was used as a loading
control to ensure consistency.

2.12 RNA-sequencing (RNA-seq)

Total RNAs were isolated from stable ALYREF-
knockdown 5637 cells and their corresponding controls.
Then, RNA-seq was performed by Allwegene company
(Beijing, China) using the Illumina (San Diego, CA, USA)
HiSeqTM2500 instrument. Alignment and transcript
splicing analyses were performed using Tophat2 (http:
//ccb.jhu.edu/software/tophat/index.shtml) and Cufflinks
software (http://cole-trapnell-lab.github.io/cufflinks),
respectively. All genes were quantitatively analyzed by
fragments per kilobase million values, and differentially
expressed genes were identified with |log2(FoldChange)|
> 1 and q value < 0.005. Finally, differentially expressed
genes were functionalized by Gene Set Enrichment
Analysis (GSEA) and Kyoto Encyclopedia of Genes and
Genomes pathway (KEGG) analysis.

2.13 RNA immunoprecipitation (RIP)
assay

RIP assay was performed using the Magna RIP™ kit (Mil-
lipore). About 1 × 107 cells were lysed in RIP lysis buffer.
Anti-ALYREF (5 μg) or control IgG (5 μg) was incubated
with magnetic beads for 2 h at 4◦C. Mixed with 900 μL of
RIP buffer (Sigma-Aldrich), 100 μL of the supernatant of
RIP lysate was added to the bead-antibody complexes for
incubation overnight at 4◦C. Then the beads were incu-
batedwith proteinaseK buffer for 30min at 55◦C, andRNA
was finally extracted for qRT-PCR analysis.

2.14 Methylated RNA
immunoprecipitation (MeRIP) assay

Extracted from transfected T24 cells by Trizol reagent,
total RNAs were then treated with RNase-free DNase set

http://ccb.jhu.edu/software/tophat/index.shtml
http://ccb.jhu.edu/software/tophat/index.shtml
http://cole-trapnell-lab.github.io/cufflinks
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(Qiagen). After immunoprecipitated with anti-m5C anti-
body (1:1000), the chemically fragmented RNAs (∼100
nucleotides) were washed three times with RIP buffer.
After incubating with elution buffer (Sigma-Aldrich) for 1
h at 4◦C, RNAs were eluted from the beads. After ethanol
precipitation, input and eluted RNAs were obtained.

2.15 Luciferase reporter assay

293T cells were co-transfected with plasmids containing
3′-UTR of wild-type or mutant fragments from PKM2 and
plasmids with wild-type ALYREF or mutant ALYREF
using Lipofectamine 3000. After incubation for 48 hours,
the luciferase activity was determined by using the dual-
luciferase reporter assay system (Promega, Madison, WI,
USA). Finally, the relative luciferase activity was normal-
ized to the renilla, and each experiment was repeated
thrice.

2.16 RNA stability assay

To test RNA stability, transfected 5637 or T24 cells were
exposed to 2 μg/mL actinomycinD (Act D, Sigma-Aldrich),
which can interfere with transcription and inhibit mRNA
synthesis. Total RNAs were extracted at the times indi-
cated, and PKM2mRNA was analyzed by qRT-PCR.

2.17 Glucose, lactic acid, and adenosine
triphosphate (ATP) detection

We qualified glucose utilization, lactic acid production,
and intracellular ATP production by using glucose assay
kit, lactic acid assay kit, and ATP assay kit (Jiancheng Cor-
poration, Nanjing, Jiangsu, China), respectively, as per the
manufacturer’s instructions.

2.18 Bioinformatic analysis

We downloaded the clinical data from the database of The
CancerGenomeAtlas (TCGA) (https://cancergenome.nih.
gov/) and Gene Expression across Normal and Tumor tis-
sue (http://medical-genome.kribb.re.kr/GENT/). PROMO
database [47] and JASPAR database [48] were used to iden-
tify potential transcription factors.

2.19 Statistical analysis

SPSS 19.0 software (IBM, Chicago, IL, USA) was used for
statistical tests. Differences between two groups were ana-

lyzed by Student’s t test or Chi-square test, and P < 0.05
was considered significant. Survival was calculated from
the date of diagnosis. Kaplan-Meier curves and log-rank
test for significance were used for survival analysis. Uni-
variate andmultivariate analyseswere conductedwithCox
proportional hazards regression model. Statistical correla-
tionwas analyzed by Pearson’s correlation coefficient anal-
ysis. All data are presented as the mean ± standard devia-
tion (SD) from three different independent experiments.

3 RESULTS

3.1 PKM2 promoted glycolytic
metabolism in BCa cells and acted as a poor
prognostic factor in BCa patients

We firstly analyzed the TCGA database and observed that
the expression of PKM2 was higher in BCa tissues than
in normal tissues (Figure 1A) and that the high expres-
sion of PKM2 predicted poor overall survival (OS) of BCa
patients (Figure 1B). Next, we found that PKM2 expression
was up-regulated in BCa tissues than in adjacent normal
tissues from 50 patients by qRT-PCR (Figure 1C). Mean-
while, we divided the 162 primary BCa surgical specimens
into low PKM2 expression (n= 85) and high PKM2 expres-
sion groups (n = 77) by IHC analysis. Subsequent Kaplan-
Meier survival curves showed that high PKM2 expression
predicted poor OS and recurrence-free survival (RFS) in
BCa patients (Figure 1D).
To assess the tumor-promoting function of PKM2 in

BCa, we cloned PKM2-coding regions into plasmids. Plas-
mid vectors (PKM2 or control) were transfected into 5637
and T24 cells. Western blotting was used to qualify the
overexpression of PKM2 (Figure 1E). The glucose utiliza-
tion, lactic acid detection, and intracellular ATP detection
assays showed that PKM2 could promote glucose utiliza-
tion (Figure 1F), lactic acid production (Figure 1G), and
intracellular ATP production (Figure 1H) in BCa 5637 and
T24 cells.We also found that PKM2 could promote BCa cell
proliferation (Figure 1I) and colony formation (Figure 1J).
Consistent with previous studies [14, 49], these data

indicated that PKM2 regulated glycolytic metabolism and
played an oncogenic function in BCa.

3.2 ALYREF stabilized PKM2mRNA by
a m5C-dependent manner

ALYREF RIP-seq data from Yang et al. [41] indicated
that PKM2 may be bound by ALYREF. They also identi-
fied m5C-modified sites in PKM2 mRNA. Therefore, we
designed primers in the CG-enriched region of PKM2

https://cancergenome.nih.gov/
https://cancergenome.nih.gov/
http://medical-genome.kribb.re.kr/GENT/
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F IGURE 1 PKM2 promotes glucose metabolism in bladder cancer cells and predicts poor survival in BCa patients. (A) PKM2 is higher
in BCa tissues than in normal tissues (TCGA database). (B) The OS curves show that PKM2 predicts poor prognosis for BCa (TCGA database).
(C) PKM2mRNA is up-regulated in BCa tissues as compared with adjacent normal tissues by qRT-PCR. (D) Kaplan-Meier survival curves
show that PKM2 up-regulation is significantly associated with poor OS and RFS in BCa patients. (E) Validation of the overexpression efficacy
of PKM2 in 5637 and T24 cell lines by Western blotting. (F,G,H) Effects of PKM2 overexpression on glucose utilization, lactic acid production,
and intracellular ATP production measured by glucose assay, lactic acid assay, and intracellular ATP assay in 5637 and T24 cells. (I) PKM2
contributes to the proliferation of 5637 and T24 cells as measured by CCK-8 assays. (J) PKM2 contributes to the colony formation of 5637 and
T24 cells as measured by colony formation assays. * P < 0.05, ** P < 0.01, *** P < 0.001. Abbreviations: PKM2, pyruvate kinase muscle
isozyme M2; GFP, green fluorescent protein; BCa, bladder cancer; TCGA, The Cancer Genome Atlas; OS, overall survival; qRT-PCR,
quantitative real-time polymerase chain reaction; RFS, recurrence-free survival; ATP: adenosine triphosphate; FPKM, fragments per kilobase
million values; CCK-8, cell counting kit-8.

3′-UTR and conducted RIP assays. The data suggested
that the anti-ALYREF antibody could significantly enrich
PKM2 3′-UTR, compared with the anti-IgG antibody (Fig-
ure 2A). NSUN2 catalyzes m5C methylation of mRNA.
Then, ALYREF recognizes the methylated mRNA through

the residue K171 and mediates its nuclear-cytoplasmic
shuttling [41]. Thus, we constructed a plasmid express-
ing a K171A ALYREFmutant (substitute alanine for lysine
at position 171). Then, BCa cells were transfected with
wild-type or K171A mutant ALYREF. Further RIP assays
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F IGURE 2 ALYREF directly binds to PKM2mRNA and regulates its stability in an m5C-dependent manner. (A) The RIP assays show
that ALYREF interactwith 3′-UTR of PKM2 in T24 cells. (B) The RIP assays were performed in T24 cells transfected with ALYREF wild type
or K171A mutation. qRT-PCR assays show that K171A mutation result in a significantly decreased level of ALYREF binding to 3′-UTR of
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revealed that the K171A mutation accounted for the dra-
matically reduced level of ALYREF binding to PKM2 3′-
UTR (Figure 2B). Dot blotting, m5C-RNAMeRIP, and RIP
assays demonstrated that NSUN2 knockdown caused a
decreasedm5C level of total RNA inT24 and 5637 cells (Fig-
ure 2C and Supplementary Figure S1), decreased enrich-
ment of the 3′-UTR of PKM2 in T24 cells (Figure 2D), and
reduced binding efficiency of ALYREF to the 3′-UTR of
PKM2mRNA (Figure 2E).
To further explore the influence of ALYREF on PKM2

expression, we conducted qRT-PCR and Western blot-
ting assays. Our data confirmed that ALYREF overex-
pression remarkably up-regulated the expression of PKM2
(Figure 2F and 2G) and ALYREF knockdown dramati-
cally reduced the expression of PKM2 (Figure 2H and 2I),
while ALYREF with K171A mutation lost its ability to
regulate mRNA and protein levels of PKM2 in 5637 and
T24 cells (Figure 2F and 2G). We also conducted dual-
luciferase assays to elucidate whether the m5C sites of
PKM2 3′-UTR were required for ALYREF to increase
PKM2 expression. We constructed both wild-type and
mutant PKM2 reporters. For the mutant forms of PKM2,
we deleted the m5C consensus sequences. Our results
revealed that forced expression of wild-type ALYREF sig-
nificantly increased the luciferase activity of PKM2 3′-UTR
reporter in 293T cells, compared with mutant ALYREF or
empty vector, whereas mutations in them5C sites partially
abrogated the luciferase activity (Figure 2J). Meanwhile,
we investigated the subcellular localization of ALYREF
by immunofluorescence. The results revealed that plenty
of ALYREF proteins were located in both the nucleus
and cytoplasm of BCa cells (Figure 2K). Next, ALYREF
knockdown/overexpression cells were treated with Act
D. The results revealed that knockdown or overexpres-
sion of ALYREF shortened or prolonged the half-life of

PKM2mRNA, while K171A-mutant ALYREF failed to reg-
ulate it (Figure 2L). Furthermore, consistent with the
effect of ALYREF knockdown, we found that knockdown
of NSUN2, the m5C writer, also resulted in the down-
regulation of PKM2 levels (Supplementary Figure S2).
Together, all results showed that ALYREF can stabilize

PKM2mRNA by an m5C-mediated pathway.

3.3 ALYREF promoted glycolysis and
proliferation of BCa cells

We conducted RNA-seq to study the role of ALYREF in
BCa cells and identified 569 significantly changed genes in
5637 cells after ALYREF knockdown, including 439 down-
regulated genes and 130 up-regulated genes (Figure 3A).
GSEA showed that the glycolysis set was strongly reduced
after ALYREF knockdown (Figure 3B). Next, we combined
our RNA-seq data (569 genes) with ALYREF RIP-seq data
(4489 genes with potential m5C sites) from Yang et al. [41]
and found that 206 potential mRNAs might be bound and
regulated byALYREF (Figure 3C). PKM2, as themajor par-
ticipant in glycolysis metabolism, was down-regulated in
ALYREF-knockdown 5637 cells. Glucose utilization, lac-
tic acid detection, and intracellular ATP detection assays
revealed that ALYREF knockdown significantly reduced
glucose utilization, lactic acid production, and intracel-
lular ATP levels, and ALYREF overexpression promoted
glycolysis in 5637 and T24 cells (Figure 3D-3F). ALYREF
knockdown inhibited BCa cell proliferation significantly,
whereas ALYREF overexpression showed the opposite
effect as assessed by using CCK-8 assays (Figure 3G).
ALYREF knockdown inhibited and ALYREF overexpres-
sion promoted colony formation of in BCa cells (Figure 3H
and 3I). K171A-mutant ALYREF failed to regulate the

PKM2. (C) m5C-modified RNAs were detected by dot blotting in T24 cells with or without NSUN2 knockdown. NSUN2 knockdown
significantly decreases the m5C level of total RNAs. MB was used as a loading control. (D) NSUN2 knockdown dramatically decreases the
m5C level of the 3′-UTR of PKM2 in T24 cells by MeRIP assay. (E) RIP assays reveal the binding efficiency of ALYREF to PKM2 3’-UTR is
decreased following knockout of NSUN2 in T24 cells. (F, G) ALYREF overexpression promotes PKM2 expression, while ALYREF with K171A
mutation fails to regulate PKM2 expression as qualified by qRT-PCR and Western blotting. (H, I) ALYREF knockdown decreases PKM2
expression in 5637 and T24 cells as measured by qRT-PCR and Western blotting. (J) Relative luciferase activity of the reporter carrying PKM2
3′-UTR with either wild-type or m5C site deletion co-transfected with ALYREF (ALY-WT), ALYREF K171A mutant (ALY-MUT), or control
vector (GFP) into 293T cells was detected and normalized to renilla luciferase activity. (K) ALYREF protein is located in both nucleus (green
arrows) and cytoplasm (white arrows) of 5637 and T24 cells by immunofluorescence assays. (L) 5637 and T24 cells were treated with Act D.
The half-life of PKM2mRNA can be shortened by ALYREF knockdown and lengthened by ALYREF overexpression. ALYREF with K171A
mutation can not regulate the half-life of PKM2mRNA. * P < 0.05, ** P < 0.01, *** P < 0.001. Abbreviations: ALYREF, Aly/REF export factor;
PKM2, Pyruvate kinase muscle isozyme M2; m5C, 5-methylcytidine; RIP, RNA immunoprecipitation; UTR, untranslated region; qRT-PCR,
quantitative real-time polymerase chain reaction; NC, negative control; shNC, negative control of knockdown; NSUN2, NOP2/Sun RNA
methyltransferase family member 2; shNSUN2, knockdown of NOP2/Sun RNA methyltransferase family member 2; shALYREF, knockdown
of Aly/REF export factor; FPKM, fragments per kilobase million values; MB, methylene blue; SV40, simian virus 40; hLuc, fireflyer luciferase;
PA, poly A; CMV, cytomegalovirus; Rluc, Renillar luciferase; PKM2-WT, Pyruvate kinase muscle isozyme M2 wild type; PKM2-WUT, Pyruvate
kinase muscle isozyme M2 mutation; Act D, actinomycin D.
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F IGURE 3 ALYREF promotes glycolysis and proliferation of BCa cells. (A) There are 569 genes significantly changed in ALYREF
knockdown (shALYREF) compared to control (shNC) 5637 cells. The results were determined by RNA-seq and shown by the volcano plot. (B)
GSEA showes that the glycolysis set is strongly correlated with ALYREF. Significantly regulated genes are also presented. (C) A Venn diagram
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proliferation and colony formation of BCa cells. In the sub-
cutaneous implantation experiment, the xenograft model
was constructed by using stably transfected T24 cells.
The results showed that knockdown of ALYREF inhibited
tumor volume and weight in mice, while ALYREF overex-
pressionhad the opposite effect (Figure 3J-3L).Meanwhile,
the expression of Ki67 (a cell proliferation marker) was
decreased in ALYREF knockdown groups and increased
in ALYREF overexpression groups significantly (Supple-
mentary Figure S3). Furthermore, the TCGA database and
qRT-PCR assays showed a positive relationship between
PKM2 expression and ALYREF expression in BCa tissues
(Supplementary Figure S4A and S4B). This positive rela-
tionship was also observed in IHC analysis of the paraffin-
embedded tissues from BCa xenografts (Supplementary
Figure S4C and S4D). The data strongly suggested that
ALYREF can regulate glucosemetabolism and be a tumor-
driver gene in BCa.

3.4 ALYREF exerted a carcinogenic
effect in BCa by up-regulating PKM2
expression

To explore the synergenic carcinogenic effect of PKM2
with ALYREF in BCa, we co-transfected plasmid vector
(PKM2 or control) in ALYREF-knockdown or control 5637
and T24 cells. The expression of PKM2 protein in trans-
facted 5637 and T24 cells was confirmed by Western blot-
ting (Figure 4A). The overexpression of PKM2 largely res-
cued the inhibition of glucose utilization, lactic acid pro-
duction, and intracellular ATP levels caused by ALYREF
knockdown (Figure 4B). CCK-8 assays (Figure 4C) and
colony formation assays (Figure 4D) also showed that
PKM2 can restore the cell proliferation and colony forma-
tion inhibited by ALYREF knockdown in BCa cells. These
data suggested that PKM2mediated the carcinogenic effect
of ALYREF in BCa cells.

3.5 ALYREF was up-regulated in BCa
tissues and predicted poor prognosis in BCa
patients

Firstly, qRT-PCR and Western blotting analysis demon-
strated that ALYREFwas significantly up-regulated in BCa
tissues, compared with matched adjacent normal tissues
(Figure 5A and 5B). Next, we conducted IHC analysis of
TMA (Figure 5C) and divided 162 primary BCa surgical
specimens into low ALYREF expression (n = 123) and
high ALYREF expression groups (n = 39). Subsequent sta-
tistical analysis showed that ALYREF expression in BCa
patients was associated with tumor size and lymph node
metastasis (Table 1). Kaplan-Meier survival curves showed
that high ALYREF expression predicted poor OS and RFS
in BCa patients (Figure 5D). Meanwhile, TCGA database
analysis also showed similar results that ALYREF was up-
regulated in BCa tissues (Supplementary Figure S5A) and
predicted poor prognosis in BCa patients (Supplementary
Figure S5B). Moreover, ALYREF was also found to be sig-
nificantly up-regulated in many other tumors available in
the GENT database (Supplementary Figure S5C).

3.6 HIF-1α up-regulated the ALYREF
expression in BCa cells

To study whether ALYREF expression is regulated by cer-
tain transcription factors that bind to the ALYREF pro-
moter, we utilized bioinformatic analysis (PROMO and
JASPAR databases) to excavate potential regulatory factors
and HIF-1α got the highest score. The data also predicted
the potential putative binding sites in the promoter region
of ALYREF and identified a consensus HRE (5′-ACGTGC-
3′, Figure 6A). Subsequently, to analyze the effect of HIF-
1α on the expression of ALYREF in human BCa cells, we
exposed 5637 and T24 cells to 20% or 1% O2 for 24 h or 48
h. The mRNA and protein of ALYREF and PKM2 were

showes 206 overlapping genes between RNA-seq data from the present study and ALYREF RIP-seq data from Yang et al. [41]. (D, E, F) Effects
of ALYREF knockdown, ALYREF wild-type overexpression, or ALYREF mutation overexpression on glucose utilization, lactic acid
production, and intracellular ATP level in 5637 and T24 cells. (G) Effects of ALYREF knockdown, ALYREF wild-type overexpression, or
ALYREF mutation overexpression on cell proliferation detected by CCK-8 assays. (H) The efficiencies of cell colony formation in BCa cells
with ALYREF knockdown. (I) Effects of ALYREF wild-type or ALYREF mutation overexpression on cell proliferation measured by CCK-8
assays. (J, K, L) Effects of ALYREF knockdown or overexpression on tumor volume and weight in nude mouse xenograft models. * P < 0.05,
** P < 0.01, *** P < 0.001. Abbreviations: shALYREF, knockdown of Aly/REF export factor; NC, negative control; shNC, negative control of
knockdown; ES, enrichment score; FDR, false discovery rate; GPI, glucose-6-phosphate isomerase; PPP2R1A, protein phosphatase 2 scaffold
subunit Aalpha; ALDOA, aldolase, fructose-bisphosphate A; TPI1, triosephosphate isomerase 1; ENO1, enolase 1; PFKL,
phosphofructokinase, liver type; PKM2, Pyruvate kinase muscle isozyme M2; RIP-seq, RNA Iimmunoprecipitation sequencing; ATP,
adenosine triphosphate; ALY-WT, Aly/REF export factor wild type; ALY-MUT, Aly/REF export factor mutation; ALY-OE, Aly/REF export
factor overexpression; CCK-8 assay, cell counting kit-8 assay; BCa, bladder cancer.
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F IGURE 4 Overexpression of PKM2 reverses the inhibition of
aerobic glycolysis and cell proliferation caused by ALYREF
knockdown in BCa cells. (A) Western blotting of PKM2 expression
in 5637 and T24 cells co-transfected with lentivirus vector (ALYREF
knockdown or control) and plasmid vector (PKM2 or control). (B)
Glucose assay, lactic acid assay, and ATP assay showe that
overexpression of PKM2 rescues inhibition of aerobic glycolysis
caused by ALYREF knockdown in 5637 and T24 cells. (C)
Overexpression of PKM2 rescues the cell proliferation affected by
ALYREF knockdown in 5637 and T24 cells by CCK-8 assays. (D)
Overexpression of PKM2 rescues the colony formation affected by
ALYREF knockdown in 5637 and T24 cells by colony formation
assays. * P < 0.05, ** P < 0.01, *** P < 0.001. Abbreviations: PKM2,
Pyruvate kinase muscle isozyme M2; GFP, green fluorescent
protein; shNC, negative control of knockdown; ALYREF, Aly/REF
export factor; shALYREF, knockdown of Aly/REF export factor;
BCa, bladder cancer.

significantly increased in 5637 and T24 cells, with the
increased expression of HIF-1α protein (Figure 6B and 6C).
In addition, to determine the requirement of the HRE site
for HIF-1α to transactivate ALYREF promoter, we con-
ducted luciferase reporter assays. The deletionmutation of
HRE nearly abolished the transactivation of ALYREF pro-
moter by hypoxia (Figure 6D). We also inserted the PKM2
promoter fragments encompassing theHRE in the reporter
plasmids. The PKM2 HRE significantly increased relative
luciferase activity in hypoxic 293T cells (Figure 6E).

4 DISCUSSION

In this study, we found that PKM2 was highly expressed
in BCa tissues and related to the poor prognosis of BCa
patients in the TCGA database and our clinical specimens.
Further experiments showed that the highly expressed
PKM2 promoted glycolysis and proliferation of BCa cells.
These data further confirmed the carcinogenic role of
PKM2 in BCa.
Using the ALYREF RIP-seq data fromYang et al.[41], we

discovered that PKM2mayhavem5C sites and be bound by
ALYREF. The role of m5C may be similar to that of m6A
in mRNA metabolism at different stages, including splic-
ing, maturation, export, stability, translation, and decay
[50, 51]. ALYREF specifically recognizes the m5C sites cat-
alyzed by NSUN2 and consequently promotes nucleus-
cytoplasm shuttling of mRNAs [41]. Therefore, we con-
ducted RIP assays and confirmed that ALYREF could
specifically recognize the 3′-UTR of PKM2mRNA through
K171. Subsequently, we found that knockdown of NSUN2
reduced the m5C level of total RNA, including the m5C
level of PKM2 mRNA 3’-UTR, in BCa cells through dot
blotting assays and MeRIP assays. Further RIP assays
showed that NSUN2 knockdown dramatically reduced the
binding efficiency of ALYREF to the 3′-UTR of PKM2
mRNA. These data indicated that NSUN2 can methylate
the 3′-UTR of PKM2mRNAand thenALYREF boundwith
it in BCa cells. Moreover, our qRT-PCR and Western blot-
ting experiments showed that ALYREF can enhance the
expression of PKM2 mRNA through K171. Further dual-
luciferase reporter assays indicated that this function relied
on the interaction between ALYREF and m5C sites of
PKM2 3′-UTR. Act D assays showed that ALYREF can
stabilize PKM2 mRNA, and immunofluorescence showed
that plenty of ALYREF proteins were located in both the
nucleus and cytoplasm of BCa cells. We also found that
knockdown of NSUN2 reduced the expression level of
PKM2. These data showed that ALYREF could specifically
recognize the m5C site of 3′-UTR in PKM2mRNA through
K171, which increased the stability of methylated mRNA
and ultimately led to increased protein levels.
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F IGURE 5 ALYREF is up-regulated in BCa tissues and predicts poor prognosis for BCa patients. (A) Relative expression of ALYREF
mRNA in 50 paired BCa tissues and adjacent normal tissues by qRT-PCR. (B) The typical expression of ALYREF protein in 8 paired BCa
tissues (T) and adjacent normal tissues (N) by Western blotting. (C) IHC staining of ALYREF. ALYREF protein is stained in brown and
located in both nucleus and cytoplasm. (D) Kaplan-Meier survival analysis shows that ALYREF up-regulation predicts poor OS and RFS in
BCa patients. The log-rank test was used to compare differences between the two groups. Abbreviations: ALYREF, Aly/REF export factor;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; BCa, bladder cancer; CI, confidence interval; qRT-PCR, quantitative real-time
polymerase chain reaction; IHC, immunohistochemistry; OS, overall survival; RFS, recurrence-free survival.

At present, there is a lack of effective therapeutic targets
and prognostic indicators for BCa [3]. Profound metabolic
abnormalities are keymechanismsmediating BCa tumori-
genesis and may provide potential therapeutic targets
[52]. The expression level of PKM2 was up-regulated by
ALYREF, suggesting that ALYREF may also promote aer-
obic glycolysis of BCa, and subsequent data also vali-
dated our conjecture. Our RNA-seq analysis showed that
ALYREF potentially up-regulated glucose metabolism in
BCa. Then we studied the function of ALYREF in BCa.
In vitro, we found that overexpression of ALYREF signif-
icantly promoted the glucose utilization, lactic acid pro-
duction, intracellular ATP production, and proliferation
of BCa cells; the opposite was true when ALYREF was
knockdown. In vivo, we also found that ALYREF played
an oncogenic function in BCa. Domínguez-Sánchez et al.
[53] observed thatALYREFwashighly expressed in a broad
range of tumors with 10 pairs of tissues separately, which
was consistentwith the data from theGENTdatabase. This
means that ALYREF may also play an oncogenic role in
other cancers, besides BCa. Another study reported that
the overexpression of ALYREF might be associated with
oral cancer metastasis [54]. All these results strongly sup-

port that ALYREF promotes glycolytic metabolism and
cell proliferation in BCa. However, K171Amutation almost
abrogated the function of ALYREF, which suggested the
biological function of ALYREF relied on its m5C reader
activity.
Proliferating cells preferred aerobic glycolysis [4].

PKM2, as a rate-limiting enzyme of glycolysis, is prefer-
entially expressed in value-added cells, including cancer
cells [55, 56]. ALYREF was also highly expressed in
proliferative cells [53]. Additionally, overexpression of
PKM2 totally reversed the biological function affected by
ALYREF knockdown in BCa cells. All these suggest that
ALYREF plays its oncogenic roles in BCa and participates
in a complex regulatory network of glycolysis mainly
by the regulation of PKM2, providing new insights into
molecular mechanisms of cancer cell metabolism.
Previous studies indicated that HIF-1α bound to the

HRE of PKM2 and directly activated its transcription [20].
We reached the consistent results that PKM2 expression
was directly transactivated by HIF-1α in BCa cells. Notice-
ably, database analysis and subsequent validation assays
showed that ALYREF expression was also up-regulated
by HIF-1α, which indicated HIF-1α could indirectly
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TABLE 1 Association between ALYREF and clinicopathologic characteristics of the 162 bladder cancer patients

ALYREF expression [cases (%)]
Parameter Total [cases (%)] Low High P value
Total 162 123 (75.9) 39 (24.1)
Gender 0.203
Male 125 (77.2) 92 (74.8) 33 (84.6)
Female 37 (22.8) 31 (25.2) 6 (15.4)

Age at surgery (years) 0.177
≥ 65 94 (58.0) 75 (61.0) 19 (48.7)
< 65 68 (42.0) 48 (39.0) 20 (51.3)

Pathological stage 0.612
pT2-T4 41 (25.3) 17 (13.8) 24 (61.5)
pTa-T1 121 (74.7) 106 (86.2) 15 (38.5)

Grade 0.135
High 87 (53.7) 62 (50.4) 25 (64.1)
Low 75 (46.3) 61 (49.6) 14 (35.9)

Tumor size (cm) 0.017
≥ 4 65 (40.1) 43 (35.0) 22 (56.4)
< 4 97 (59.9) 80 (65.0) 17 (43.6)

Lymph node metastasis 0.021
Present 47 (29.0) 30 (24.4) 17 (43.6)
Absent 115 (71.0) 93 (75.6) 22 (56.4)

PKM2 expression 0.044
Low 85 (52.5) 70 (56.9) 15 (38.5)
High 77 (47.5) 53 (43.1) 24 (61.5)

Abbreviations: ALYREF, Aly/REF export factor; PKM2, pyruvate kinase muscle isozyme M2.

up-regulate the expression of PKM2 in an m5C-ALYREF-
dependent manner. A proposed working model of the
HIF-1α/ALYREF/PKM2 axis in BCa is shown in Figure 7.
Our research also has some limitations, such as lack of
m5C-RIP sequencing and further verification of hypoxia
mechanism. A previous study reported that PKM2 can
regulate HIF-1α activity directly, which suggests that
PKM2 may play a more complex role in BCa [57]. More
detailed and systematic studies need to be explored in the
future.

5 CONCLUSIONS

In summary, our work clarified that PKM2 mRNA can
be stabilized by ALYREF in an m5C-dependent manner.
ALYREF, an m5C RNA-binding protein, can promote BCa
cell proliferation by PKM2-mediated glycolysis. As the
high expression of PKM2 andALYREFwas associatedwith
poor outcomes in BCa patients, ALYREF and its target
genes PKM2 may be promising biomarkers to guide early
diagnosis of BCa. Moreover, HIF-1α could indirectly up-
regulate the expression of PKM2 by activating ALYREF in

addition to directly activating its transcription. Above all,
our study suggested thatm5Cmay play a critical role in the
hypoxia-glycolysis network and HIF-1α/ALYREF/PKM2
signaling may be a potential therapeutic target for BCa.
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F IGURE 6 HIF-1α up-regulates ALYREF expressions in BCa cells. (A) Bioinformatic analysis identifies HIF-1α as the potential
transcription factor and ‘ACGTGC’ as the consensus hypoxia response element for ALYREF. (B) ALYREF and PKM2mRNA levels are
up-regulated in 1% O2 group as compared with 20% O2 group by qRT-PCR. 5637 and T24 cells were exposed to 20% or 1% O2 for 24 h. (C)
HIF-1α, ALYREF, and PKM2 proteins are up-regulated in 5637 and T24 cells exposed to 1% O2 as compared with those exposed to 20% O2 for
48 h by Western blotting. (D) Relative luciferase activity was measured in 293T cells transfected with reporter plasmids containing either
wild-type or mutant ALYREF promoter fragments. Then cells were exposed to 20% or 1% O2 for 48 h. (E) Relative luciferase activity was
measured in 293T cells transfected with reporter plasmids containing PKM2 promoter fragments. Then cells were exposed to 20% or 1% O2 for
48 h. The ratio of luciferase activity was determined. * P < 0.05, ** P < 0.01, *** P < 0.001. Abbreviations: HRE, hypoxia-responsive element.
Abbreviations: BCa, bladder cancer; HIF-1α, hypoxia- inducible factor- 1-alpha; ALYREF, Aly/REF export factor; PKM2, Pyruvate kinase
muscle isozyme M2; Wt, wild type; Mut, mutation; ALY-WT, Aly/REF export factor wild type; ALY-MUT, Aly/REF export factor mutation;
hLuc, fireflyer luciferase; Rluc, Renillar luciferase.

F IGURE 7 Working model: The role of
HIF-1α/ALYREF/PKM2 axis in BCa. Abbreviations: NSUN2,
NOP2/Sun RNA methyltransferase family member 2; m5C,
5-methylcytidine; me, methyl; BCa, bladder cancer.
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