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Abstract: Objectives: Clear cell renal cell carcinoma (ccRCC) cells often reprogram their metabolisms. Enolase 3 
(ENO3) is closely related to the Warburg effect observed in cells during tumor progression. However, the expression 
and function of ENO3 in ccRCC cells remain unclear. Therefore, this study investigated the expression and function-
al significance of ENO3 in the Warburg effect observed in ccRCC cells. Methods: In this study, B-mode and microflow 
imaging ultrasound examinations were performed to evaluate patients with ccRCC. The extracellular acidification 
rate test and glucose uptake and lactate production assays were used to examine the Warburg effect in ccRCC 
cells. Western blotting, quantitative reverse transcription polymerase chain reaction, and immunochemistry were 
used to detect the expression of ENO3 and NOP2/Sun RNA methyltransferase 5 (NSUN5). Results: ENO3 upregula-
tion in ccRCC tumor tissues was accompanied by an increase in tumor size. Importantly, ENO3 participated in the 
Warburg effect observed in ccRCC cells, and high levels of ENO3 indicated a poor prognosis for patients. Loss of 
ENO3 reduced glucose uptake, lactate production, and extracellular acidification rate as well as inhibited ccRCC cell 
proliferation. Furthermore, NSUN5 was involved in the ENO3-regulated Warburg effect and ccRCC cell progression. 
Mechanically, NSUN5 was upregulated in ccRCC tissues, and NSUN5 upregulation mediated 5-methylcytosine modi-
fication of messenger RNA (mRNA) in ccRCC cells to promote mRNA stability and ENO3 expression. Conclusions: 
Collectively, the destruction of the NSUN5/ENO3 axis prevents ccRCC growth in vivo and in vitro, and targeting this 
pathway may be an effective strategy against ccRCC progression.
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Introduction

Renal cell carcinoma (RCC) is the most deadly 
urinary tract tumor [1]. Approximately 70,000 
new renal cancer cases are reported annually 
in China, with approximately 23,000 deaths [2]. 
The incidence and mortality of RCC have gradu-
ally increased over the past few decades. Clear 
cell RCC (ccRCC) is the most common histologi-
cal type of RCC, accounting for approximately 
80% of all RCC cases [3]. Although surgery, 
inhibitor drugs, and immunotherapy have pro-
longed the lives of patients with RCC to a cer-
tain extent, its clinical effects observed in the 
past decade have been unsatisfactory [4-6]. 
One of the reasons is that RCC pathogenesis 

remains poorly understood. However, increas-
ing evidence suggests that RCC is a metabolic 
disease [7, 8]. It is usually accompanied by the 
reprogramming of glucose and fatty acid 
metabolism [9]. For example, even under nor-
mal oxygen concentrations, tumor cells under-
go anaerobic glycolysis to utilize glucose and 
increase lactic acid production, also known as 
the Warburg effect [10]. Recent studies have 
shown that the Warburg effect plays an impor-
tant role in tumor development and progression 
[11, 12]. Reports implied that the Warburg 
effect is stronger in the volume of large tumors 
than small tumors [13, 14]. Many studies have 
reported heterogeneous expression of energy 
metabolism-associated genes in RCC cells, 
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indicating that the Warburg effect may be 
involved in RCC development [15, 16]. How- 
ever, the role of the Warburg effect in RCC 
development and the underlying mechanism 
remain largely unknown.

Enolase (ENO) is a metalloenzyme, also known 
as 2-phospho-D-glycerate hydrolase [17, 18].  
In eukaryotes, this family of proteins in- 
cludes three different subtypes: ENO1 or 
α-ENO, ENO2 or γ-ENO, and ENO3 or β-ENO. All 
three enzymes can catalyze glycolysis progres-
sion and have unique functions. Enolase-1 
(ENO1) plays a role in fibrinolysis in blood ves-
sels and around cells; enolase-2 (ENO2) pro-
motes the nutrition and protection of the cen-
tral nervous system; and enolase-3 (ENO3) 
regulates the development and regeneration of 
striated muscle [19]. Studies have shown that 
they participate in the glycolysis pathway and 
catalyze the dehydration of 2-phospho-D-gly-
ceric acid to phosphoenolpyruvate. Many stud-
ies have revealed that ENO, especially ENO1 
and ENO2, plays an important role in various 
tumors [20-22]. Like the other two types,  
ENO3 also plays an important role in tumors, 
although studies on this are rare. A previous 
study showed that ENO3 knockdown inhibits 
the proliferation of lung cancer cells with mutat-
ed serine/threonine-protein kinase 11 (STK11) 
and that it has selective anticancer effects 
[23]. In colorectal cancer, low ENO2 and ENO3 
expression is significantly associated with lon-
ger overall survival [24], indicating that ENO3 is 
closely related to tumor development. Studies 
have also shown that ENO3 is related to the 
Warburg effect [25, 26]. However, the expres-
sion level and function of ENO3 in ccRCC cells 
remain unexplained. Therefore, in our study, we 
investigated ENO3 expression and its function-
al significance in the Warburg effect observed 
in ccRCC cells. 

NSUN5, a member of the Nop2/SUN domain 
family, is a conserved RNA methyltransferase 
[27]. NSUN family consists of 6 members,  
such as Nsun2 (Misu), Nsun3, Nsun4, Nsun5 
(Wbscr20, Wbscr20a), Nsun6 (NOPD1) and 
Nsun7 [28]. NSUN5 is associated with various 
diseases, a study reported that NSUN5 is 
closely related to the occurrence of tetralogy of 
Fallot [29]. In addition, research showed that 
NSUN5 regulated cell proliferation by regulating 
cell cycle in colorectal cancer [28]. In recent 

years, some studies have demonstrated that 
NSUN5 plays an important role in tumors. 
However, the role of NSUN5 in ccRCC is largely 
unclear. In this study, we found that the up- 
regulation of ENO3 promoted cell growth and 
enhanced the Warburg effect in ccRCC. NSUN5-
mediated m5C modification promoted ENO3 
expression by stabilizing mRNA.

Materials and methods

Subjects

Our study included forty-nine East Asian pa- 
tients with ccRCC living in China [35 males and 
14 females; 31-74 years old, mean age: 
57.7±8.5 years; mean BMI: 30.1±5.0 kg/m2; 
two were single, and the rest were married; all 
had medicaid and insurance; there were four 
males and one female who had type 2 diabe-
tes; twenty-three patients (16 males and  
seven females) were obese]. All the patients 
underwent B-mode and microflow imaging 
(MFI) ultrasound examinations (Department  
of Ultrasound) and surgical treatment (De- 
partment of Urology) at the Second Hospital of 
Hebei Medical University from November 2018 
to October 2021. All ccRCC lesions were diag-
nosed via intraoperative and pathological find-
ings. The study patients did not report having a 
history of chronic renal disease, and their renal 
function test results, such as urea nitrogen and 
creatinine, were normal. The kidney tissue in 
our study excluded tissue from patients with 
simultaneous bilateral renal tumors, patients 
with multiple tumors in one kidney, and patients 
with a family history of RCC or a history of 
hereditary RCC syndrome. Informed consent 
was obtained from the patients before the 
examination. The Human Ethics Committee of 
the Second Hospital of Hebei Medical University 
approved all the experimental protocols of this 
study (No. 2018-R131).

B-mode and MFI 

We performed B-mode and MFI detection on 
patients using a C5-1 curve sensor with MFI 
imaging software and a Philips EPIQ7 (USA) 
[30]. The presence of renal tumors was investi-
gated, and B-ultrasound technology was used 
to evaluate tumor size. The following ICD-10 
classification codes were included: C64.1 
(malignant neoplasm of the right kidney, except 
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the renal pelvis) and C64.2 (malignant neo-
plasm of the left kidney, except the renal pel-
vis). To accurately determine the location, bor-
ders, and echo patterns of renal tumors and to 
measure tumor size, MFI ultrasound was per-
formed to detect the tumor’s capillaries and 
low-velocity blood flow, and static and dynamic 
images were recorded. The scale and color gain 
of MFI were adjusted to obtain the strongest 
blood vessel signal, whereas the background 
color interference had the least. During image 
acquisition, minimal pressure was applied 
using the ultrasound probe.

Primary cell cultures

Fresh ccRCC tissue was immediately washed 
twice with ice-cold normal saline and immers- 
ed in cold Roswell Park Memorial Institute 
(RPMI) 1640 medium (Gibco), including 1% 
penicillin/streptomycin (Gibco) and 0.5% gluta-
mine. As described previously [31], cell culture 
was performed within 60 min after surgery. 
Briefly, the surrounding adipose tissue, blood 
vessels, and necrotic tissue were removed, and 
the tumor tissue was cut using scissors. We 
washed the tumor cells twice with serum-free 
RPMI 1640 medium. Cells were resuspended 
in added 20% fetal bovine serum (FBS), 
2-mmol/L L-glutamine, 100 units/mL penicillin, 
and 100-μg/mL streptomycin with RPMI 1640 
medium (Gibco). Then they were incubated at 
37°C, 5% CO2, and 95% humidity. Cells were 
passaged to approximately 80% confluence. 
The third to the fifth generations of ccRCC cells 
were used for performing experiments.

Cell lines and transfection

We purchased human ccRCC cell lines (A498, 
SW839, Caki-1, and 786-0) and 293A cells 
from the American Type Culture Collection  
and stored them at the Molecular Biology 
Laboratory of the Second Hospital of Hebei 
Medical University. Also, we cultured all cells  
in Dulbecco’s Modified Eagle Medium (Gibco) 
containing 10% FBS and 1% penicillin/strepto-
mycin (Gibco). The incubator used to culture  
the cells was set to contain 95% air and 5% 
CO2. Cells were transfected with Lipofectamine 
2000 (Invitrogen) when they were around 70% 
grown. The overexpression/control plasmid 
was constructed and purchased from Biocaring 
Biotechology (Shijiazhuang, Hebei). Each 25 

square centimeter cell flask was transfected 
with three micrograms of plasmid and 15 
microliters of Lipo2000. siRNA was purchased 
from Gema Company, Ltd. (Shanghai, China) 
and the sequences were shown in Table S1. 
The dose of siRNA transfection was 100 pmol. 

Glucose uptake and lactate production assays

Cellular glucose consumption and lactate pro-
duction were measured as in previous studies 
[32]. 1 × 105 cells were seeded in 12-well 
plates and incubated in an incubator for 24 h. 
The medium was collected and analyzed using 
the Bioprofile Flex analyzer (BP-Flex). The glu-
cose test kit, GAGO20-1KT (Sigma-Aldrich), was 
used for glucose consumption according to the 
manufacturer’s recommendations. The lactic 
acid content was analyzed using a lactic acid 
detection kit (1200011002; Eton Biosciences).

Extracellular acidification rate (ECAR) test

Cells (1 × 104) were seeded into a Seahorse XF 
24-well microplate and incubated for 24 h. An 
Agilent Seahorse XFe24 analyzer was used to 
detect ECAR according to the previously de- 
scribed method [32]. Before performing the 
measurements, cells were placed in a CO2 incu-
bator for one hour to exclude their influence on 
the pH value, and a baseline measurement was 
performed. According to the designed protocol, 
glucose, oligomycin (oxidative phosphorylation 
inhibitor), and 2-deoxy-D-glucose glycolysis 
inhibitor were sequentially injected into every 
well. All results were processed via Seahorse 
Biosciences Wave software.

RNA isolation and real-time quantitative poly-
merase chain reaction (RT-qPCR)

Total RNA from tumor tissues or cultured cells 
was separated and extracted using Total RNA 
Kit I (Omega Bio-Tek) according to the manufac-
turer’s instructions. The concentration and 
quality of total RNA were measured using 
NanoDrop 2000 (Thermo). MonScript RTIII 
Super Mix with dsDNase (Monad, China) and 
oligo-dT primer was used to synthesize the first-
strand cDNA. MonAmp ChemoHS qPCR Mix kit 
(Monad) and C1000 Touch Thermal Cycler 
System (Bio-Rad) were used to detect mRNA 
expression. The relative transcription expres-
sion level was normalized to that of glyceralde-
hyde 3-phosphate dehydrogenase, and the 
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2-ΔΔCt formula was used as previously described 
[33]. The corresponding primers are listed in 
Table S2.

Western blotting 

Protein lysis buffers were used to extract pro-
teins from cultured cells and frozen clinical tis-
sue samples. Sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis experiments 
were used to separate proteins from protein 
samples, and the proteins were transferred to 
polyvinylidene fluoride membranes (Millipore) 
via semi-dry transfer [34]. The membrane was 
blocked with 5% nonfat milk for two hours at 
37°C, then washed with milk and blocked with 
primary antibody overnight at 4°C. The mem-
brane was incubated with 5% skimmed milk for 
two hours and treated with primary antibodies 
overnight at 4°C. Primary antibodies against 
ENO3 (1:1000; ab126259), NSUN5 (1:500; 
ab121633), CDK6 (1:1000; ab124821), and 
β-actin (1:1000; ab8226) were used. The next 
day, the primary antibody was washed with 
TTBS wash, and then the membrane was incu-
bated with a horseradish peroxidase-conjugat-
ed secondary antibody (1:8000; Rockland) for 
two hours at room temperature. The protein 
bands on the membrane were visualized using 
a chemiluminescence meter. Images were cap-
tured and processed using Series Capture 
Software (Azure Biosystems).

Xenograft animal

Male BALB/c nude mice (18-22 g; 4-6 weeks 
old) were purchased from Weitahe Experimental 
Animal Technology Co., Ltd. (China) and used to 
develop the xenotransplantation animal model. 
786-0 cells (5 × 106) with stable knockdown of 
ENO3, NSUN5, or both were resuspended in a 
phosphate-buffered saline medium bottle and 
mixed with 50% Matrigel (BD), constituting a 
total volume of 200 uL. The mixed suspension 
was injected subcutaneously on the dorsal 
side. One week after the cells were injected 
subcutaneously into the mice, tumor growth 
was measured twice weekly, and the length 
and width of the tumors were recorded. The fol-
lowing formula was used to count the tumor 
volume: tumor volume = (length × width2)/2. 
After 28 days, mice were euthanized via carbon 
dioxide asphyxiation [33-35]. The Human 
Ethics Committee of the Second Hospital of 
Hebei Medical University approved the animal 

model protocols used in this study (No. 
2018-AE107).

Morphometry and histology

Hematoxylin-eosin staining was used to deter-
mine the morphological measurement and his-
tology, as described previously [35, 36]. We 
fixed ccRCC and normal kidney tissue in forma-
lin solution for 24 h, followed by routine dehy-
dration and paraffin embedding. Sections 
(5-μm) were used for hematoxylin-eosin or 
immunochemistry staining (ENO3 antibody). 
Staining results were photographed using a 
Leica microscope (Leica DM6000B, Swit- 
zerland), followed by digital analysis with LAS 
version 4.4 (Leica). 

Immunohistochemical staining

Immunohistochemical staining was performed 
as described previously [34]. Paraffin tissue 
sections were first deparaffinized with xylene, 
followed by gradient dehydration with ethanol. 
Next, the cells were treated with hydrogen per-
oxide and blocked using goat serum. The pro-
tein antibody was diluted according to a certain 
ratio, and the tissue sections were incubated 
with the primary antibody overnight at 4°C. The 
next day, they were placed at room tempera-
ture for 30 min, aspirated the surface antibody 
of the tissue, and incubated the tissue with the 
secondary antibody for 30 min at 37°C. Tissue 
sections were added dropwise to horseradish 
enzyme-labeled streptavidin working solution 
at 37°C for 20 min. Then, an appropriate 
amount of DAB stain developing solution was 
added dropwise at room temperature. After the 
sections were washed and stained with hema-
toxylin, they were gradually dehydrated, made 
transparent, and mounted.

Immunofluorescence staining

As previously described, xenograft tissue  
sections were routinely deparaffinized and 
dehydrated [35]. After antigen retrieval, tissue 
sections were sealed with goat serum and incu-
bated overnight with ENO3 (1:50, ab126259) 
and CDK6 (1:50, ab241554). Then, the tissues 
were treated with fluorescein-labeled anti-rab-
bit IgG (KPL) and rhodamine-labeled anti-
mouse IgG (KPL) [37]. Nuclei were stained  
with 4,6-diamidino-2-phenylindole (157574; 
MB Biomedical) was used for nuclear staining. 
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Images were captured using a confocal micro-
scope (Leica) and processed using the LAS AF 
software. 

3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) assay

The cell viability was checked using an MTS 
assay following the kit instruction manual 
(ab197010) [35]. We seeded 1000 786-0 and 
Caki-1 cells into 96-well plates and transfected 
the corresponding vectors according to the 
experimental needs. MTS reagent (20 μL) was 
added to each well, and the cells were incubat-
ed in a 37°C cell incubator for 0.5-4 h. Finally, a 
microplate reader was used to measure the 
absorbance of cells at 490 nm (Thermo Fisher).

m5C RNA immunoprecipitation (MeRIP) assay

MeRIP-qPCR was used according to the report-
ed method (6). Total RNA was extracted from 
clinical tissue samples or cell lines. Total RNA 
was isolated and treated with DNase I to avoid 
DNA contamination. The RNA concentration 
was adjusted to 1 μg/μL using nuclease-free 
water. According to the GenSeq m5C MeRIP kit 
(Cloudseq) standard protocol, RNA was chemi-
cally fragmented to ~200 nt, and the fragment-
ed RNA was immunoprecipitated with an anti-
m5C antibody. Primers were designed for the 
m5C enrichment region of ENO3 (the two sites 
were 261 and 407), and the m5C enrichment 
amount was determined using qPCR. All data 
were analyzed using the 2-ΔΔCt method. 

Bioinformatics analysis

The relationship between ENO3 and NSUN5 
expression and ccRCC patients’ prognosis was 
analyzed using bioinformatics analysis. The 
expression of ENO3 and NSUN5 in ccRCC cells 
was analyzed online through http://ualcan.
path.uab.edu/analysis.html and obtained th- 
rough http://www.oncolnc.org/. Kaplan-Meier 
analysis was used to analyze the relationship 
between their expression and the patients’ 
prognosis. 

Statistical analysis

Data were expressed as mean ± standard error 
of the mean. An independent-samples t-test 
was used to analyze the differences between 

the two groups; and three or more groups make 
comparisons by the one-way ANOVA with Post 
Hoc Tests or Tukey’s test. P < 0.05 was used to 
indicate statistical significance. GraphPad 
Prism version 7.0 was used for all statistical 
analyses.

Results

The Warburg effect enhances as the ccRCC 
tumor size increases

To investigate whether the Warburg effect is 
related to the ccRCC tumor size, patients with 
different tumor sizes were evaluated using 
B-mode ultrasound results. Reports suggest 
that the Warburg effect is stronger in large 
tumors [13, 14]. The study also showed that the 
Warburg effect is related to tumor size. To main-
tain the gap in tumor volume, we collected sam-
ples with volumes greater than 5 cm. This study 
used 5 cm as the threshold because 5 cm is 
the median diameter of these samples. As 
shown in Figure 1A, tumors were divided into 
two grades based on their volume-tumors with 
diameters < 5 cm and those with diameters > 5 
cm. Hematoxylin-eosin staining was used to 
confirm normal (N) renal and tumor tissues of 
different sizes (Figure 1B). To explore whether 
the Warburg effect is related to tumor size, pri-
mary cells were isolated and cultured from the 
tumor tissues of patients with ccRCC, and the 
related Warburg effect experiment was per-
formed. Compared to normal renal cells, the 
amount of glucose uptake by ccRCC cells 
increased with increasing tumor volume (Figure 
1C). Consistently, similar results were found in 
the lactic acid production analysis and ECAR 
assays (Figure 1D and 1E). Furthermore, the 
MTS assay results revealed that cell viability 
increased with increasing tumor volume (Figure 
1F). These findings suggest that ccRCC cells 
derived from large tumors exhibit a stronger 
Warburg effect. 

ENO3 expression increases in ccRCC tissues 
and leads to a poor prognosis

To identify the genes involved in the Warburg 
effect associated with ccRCC tumor size, candi-
date aerobic glycolysis-related genes were 
examined using RT-qPCR. As shown in Figure 
2A, PKM, ENO3, PGAM1, PGAM2, and LDHA 
expression significantly increased in RCC tis-
sues compared to normal tissues. However, 
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Figure 1. The Warburg effect of ccRCC (clear cell renal cell carcinoma) tumor cells enhances with the increase in 
tumor volume. A. B-mode and MFI (microflow imaging) ultrasound showed an isoechoic mass in the upper pole of 
the kidney (arrows). N, normal; T1, ccRCC (clear cell renal cell carcinoma) tumor diameter < 5 cm; T2, ccRCC (clear 
cell renal cell carcinoma) tumor diameter ≥ 5 cm. B. Hematoxylin-eosin staining confirmed different sizes of ccRCC 
(clear cell renal cell carcinoma) (T) and normal (N) kidney tissues. Scale bar, 50 μm. C. Primary ccRCC (clear cell 
renal cell carcinoma) cells isolated from the above clinical samples (N, T1, and T2), and glucose uptake analysis 
detected glucose consumption in these cells. D. Lactic acid production analysis revealed the amount of lactic acid 
produced in primary cells of kidney cancers of different sizes. E. ECAR (extracellular acidification rate) test was used 
to analyze the extracellular acidification efficiency of primary cells of renal cancer tissues of different sizes. F. The 
MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay was used to 
detect cell viability in primary cells of RCC (renal cell carcinoma) of different sizes. Data are expressed as mean ± 
standard error of the mean from three independent experiments. *P < 0.05, **P < 0.01 vs. corresponding controls.

only ENO3 expression increased as the tumor 
size increased. Subsequently, Western blotting 
and RT-qPCR results confirmed that ENO3 
expression increased as the ccRCC size 
increased (Figure 2B and 2C). In parallel, immu-
nohistochemical staining revealed that the 
number of ENO3-positive cells increased as the 

size of the tumors increased (Figure 2D and 
2E). Furthermore, Kaplan-Meier analysis 
showed that high ENO3 levels in patients with 
ccRCC would cause a poor prognosis (Figure 
2F). Furthermore, the clinicopathological fac-
tors of ENO3 mRNA expression level associat-
ed markedly with the TNM stage and size of the 
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tumors but not with age, sex, tumor size, etc. 
(Table 1). Altogether, these data support the 
fact that ENO3 upregulation is involved in 
ccRCC progression.

ENO3 upregulation promotes cell growth and 
enhances the Warburg effect

ENO3 expression in different ccRCC cell lines 
was investigated to study the function of ENO3. 
Results showed that ENO3 expression levels 
were high in A498 and 786-0 cells and low in 
Caki-1 cells (Figure 3A-C). Next, ENO3 was 
knocked down in 786-0 cells but overexpressed 

in Caki-1 cells. ENO3 depletion in 786-0 cells 
confirmed that both shENO3 vectors effectively 
downregulated ENO3 expression, whereas 
ENO3 overexpression enhanced ENO3 and 
mRNA levels in Caki-1 cells (Figure 3D-F). The 
MTS assay was performed to measure cell via-
bility. As shown in Figure 3G, ENO3 depletion 
significantly reduced 786-0 cell proliferation, 
whereas its overexpression promoted Caki-1 
cell growth. Subsequently, the Warburg effect-
related function of ENO3 was explored in ccRCC 
cells. Results showed that ENO3 depletion 
reduced glucose uptake and lactic acid produc-
tion, whereas its overexpression enhanced 

Figure 2. ENO3 (enolase 3) expression increases in ccRCC (clear cell renal cell carcinoma) tissues and leads to 
a poor prognosis. (A) Expression of candidate genes involved in the Warburg effect was evaluated by performing 
RT-qPCR (real-time quantitative polymerase chain reaction) for kidney tissue of different sizes. (B and C) Western 
blotting (B) or RT-qPCR (real-time quantitative polymerase chain reaction) (C) was used to determine ENO3 (enolase 
3) expression in normal or kidney tissue of different sizes. (D) Immunohistochemical staining was used to deter-
mine ENO3 (enolase 3) expression in normal or kidney tissues of different sizes. Scale bar, 25 μm. (E) Quantitative 
analysis of the number of ENO3 (enolase 3)-positive cells in (D). (F) Kaplan-Meier analysis was used to analyze the 
survival of patients with ccRCC (clear cell renal cell carcinoma) using The Cancer Genome Atlas data of patients with 
low (n = 130) and high (n = 130) ENO3 (enolase 3) levels (http://www.oncolnc.org/). Data are expressed as mean ± 
standard error of the mean from three independent experiments. *P < 0.05, **P < 0.01 vs. corresponding controls.



NSUN5/ENO3 regulates ccRCC progression

885	 Am J Transl Res 2023;15(2):878-895

these effects (Figure 3H and 3I). Consistent 
with this, ENO3 knockdown decreased, but its 
overexpression increased ECAR in RCC cells 
(Figure 3J). Collectively, these data established 
that ENO3 promotes cell proliferation by 
enhancing the Warburg effect.

NSUN5-mediated m5C modification of mRNA 
upregulates ENO3 expression

A previous study showed that m5C modifica- 
tion enhances gene expression by stabilizing 
mRNAs [38], and we investigated ENO3 upreg-
ulation in ccRCC tissues by increasing the m5C 
modification of mRNA. MeRIP-qPCR was per-
formed, and m5C modification of ENO3 mRNA 
was increased in ccRCC tissues compared with 
normal renal tissues (Figure 4A). In parallel, 
m5C modification status of cell lines were 
examined. It was observed that 786-0 cells 
with high ENO3 expression had higher m5C 
modification levels, whereas Caki-1 cells had 
lower m5C modification levels (Figure 4B). To 
identify which genes participated in the m5C 
modification of ENO3 mRNA, the candidate 
m5C methyltransferase was examined in these 
cell lines. We found that NSUN2, NSUN5, 

results of double immunofluorescence staining 
showed that NSUN5 overexpression significant-
ly increased the intracellular fluorescence 
intensity of NSUN5 and ENO3, indicating that 
NSUN5 and ENO3 were co-expressed in cells 
(Figure 4J and 4K). These data revealed that 
m5C modification of ENO3 mRNA increases 
when NSUN5 expression is upregulated in 
ccRCC tissues and may participate in tumor 
progression.

NSUN5-regulated m5C modification promotes 
ENO3 expression by stabilizing mRNA

To investigate how NSUN5 regulates ENO3 
expression, NSUN5 expression in cells was 
altered using short hairpin RNAs (shRNAs) or 
overexpression vectors. As shown in Figure 
5A-C, 786-0 cells transfected with shNSUN5 
vectors showed markedly reduced ENO3 mRNA 
and protein levels, whereas NSUN5 over- 
expression increased ENO3 expression. As 
expected, NSUN5 depletion decreased the 
ENO3 protein level, whereas NSUN5 overex-
pression increased it. Furthermore, cells were 
transfected with shRNAs or overexpression 
vectors and exposed to actinomycin D. RT-qPCR 

Table 1. Clinicopathological characteristics

Characteristics No. patients 
(%)

ENO3 expression
Low (%) High (%) P value

No. of patients 49 24 25
    Age
        ≤ 58 25 13 (52.00) 12 (48.00) 0.778
        > 58 24 11 (45.83) 13 (54.17)
    Gender
        Male 35 18 (51.43) 17 (48.57) 0.754
        Female 14 6 (42.86) 8 (57.14)
    Tumor size (cm)
        < 5 21 15 (71.43) 6 (28.57) 0.013
        ≥ 5 28 10 (35.71) 18 (64.29)
    pT status
        pT1-pT2 21 13 (61.90) 8 (38.10) 0.283
        pT3-pT4 28 13 (46.43) 15 (53.57)
    pN status
        pN0 30 14 (46.67) 16 (53.33) 0.962
        pN1-pN3 19 9 (47.37) 10 (52.63)
    TNM stage
        I-II 23 16 (69.57) 7 (30.43) 0.022
        III-IV 26 9 (34.62) 17 (65.38)
pT: pathological Tumor; pN: pathological Node; TNM: Tumor Node Metastasis.

NSUN7, and Tet methylcytosine 
dioxygenase 2 (TET2) had abnor-
mal expression in different cell 
lines (Figure 4C). We knocked 
down these genes and detected 
ENO3 expression using RT-qPCR. 
The results showed that only 
NSUN5 depletion reduced ENO3 
expression (Figure 4D). MeRIP-
qPCR results also confirmed that 
NSUN5 depletion decreased the 
m5C modification levels in ENO3 
mRNA (Figure 4E). Subsequently, 
the expression of NSUN5 mRNA 
and protein was evaluated in 
ccRCC tissues, and NSUN5 expres-
sion increased significantly in 
ccRCC tissues compared with nor-
mal renal tissues (Figure 4F and 
4G). Notably, the high NSUN5 
expression level predicted the 
poor prognosis for patients with 
ccRCC (Figure 4H). Correlation 
analysis showed that ENO3 corre-
lated positively with NSUN5 ex- 
pression in ccRCC tissue speci-
mens (Figure 4I). Furthermore, the 
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Figure 3. ENO3 (enolase 3) upregulation enhances the Warburg effect in ccRCC (clear cell renal cell carcinoma) 
cell lines. (A) Western blotting was used to determine ENO3 (enolase 3) expression in 293A or different renal tumor 
cell lines (A498, Caki-1, SW839, and 786-0 cells). (B) Quantitative analysis of protein levels. (C) ENO3 (enolase 3) 
mRNA expression was measured in the cell lines via RT-qPCR (real-time quantitative polymerase chain reaction). (D-
F) Two shRNAs (short hairpin RNAs) targeting ENO3 (enolase 3) or overexpression vectors of ENO3 (enolase 3) were 
transfected into 786-0 or Caki-1 cells. RT-qPCR (real-time quantitative polymerase chain reaction) (D) or Western 
blotting (E and F) was used to determine ENO3 (enolase 3) expression. (G) 786-0 or Caki-1 cells were transfected 
as described in (D). MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) 
assay was used to investigate cell viability. (H-J) 786-0 or Caki-1 cells were treated as described in (D). Glucose 
uptake (H), lactic acid production (I), or ECAR (extracellular acidification rate) (J) analyses were used to evaluate the 
Warburg effect. Data are expressed as mean ± standard error of the mean from three independent experiments. *P 
< 0.05, **P < 0.01 vs. the corresponding controls.

was used to detect ENO3 mRNA stability. The 
results showed that NSUN5 depletion signifi-
cantly reduced ENO3 mRNA levels after actino-
mycin D-mediated stimulation. In contrast, 
NSUN5 overexpression enhanced ENO3 mRNA 

stability (Figure 5D). Additionally, MeRIP-qPCR 
results confirmed that NSUN5 depletion 
reduced m5C-modified ENO3 mRNA levels, 
whereas NSUN5 overexpression increased 
them (Figure 5E). Altogether, these results con-
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Figure 4. NSUN5 (NOP2/Sun RNA methyltransferase 5)-mediated m5C (5-methylcytosine) modification of mRNA 
upregulates ENO3 (enolase 3) expression. A. Total RNA from normal and RCC (renal cell carcinoma) tissues were 
extracted, and MeRIP-qPCR (m5C RNA immunoprecipitation-quantitative polymerase chain reaction) was used to 
detect ENO3 (enolase 3) mRNA enrichment using the m5C (5-methylcytosine) antibody. B. MeRIP-qPCR (m5C RNA 
immunoprecipitation-quantitative polymerase chain reaction) was used to determine m5C (5-methylcytosine) modi-
fication levels in ENO3 (enolase 3) mRNA. C. RT-qPCR (real-time quantitative polymerase chain reaction) was per-
formed to detect the candidate genes of m5C (5-methylcytosine) methyltransferase in 293A, 786-0, or Caki-1 cells. 
D. Genes were knocked down in 786-0 cells, and RT-qPCR (real-time quantitative polymerase chain reaction) was 
used to determine ENO3 (enolase 3) mRNA expression. E. 786-0 cells were transfected with si-NSUN5 (small inter-
fering-NOP2/Sun RNA methyltransferase 5) or control siRNA (small interfering RNA), and then MeRIP-qPCR (m5C 
RNA immunoprecipitation-quantitative polymerase chain reaction) was used to detect ENO3 (enolase 3) mRNA en-
richment using the m5C (5-methylcytosine) antibody. F and G. NSUN5 (NOP2/Sun RNA methyltransferase 5) mRNA 
or protein levels in RCC (renal cell carcinoma) or normal kidney tissues were measured using RT-qPCR (real-time 
quantitative polymerase chain reaction) and Western blotting. H. Kaplan-Meier analysis was used to analyze the 
survival of patients with ccRCC (clear cell renal cell carcinoma) using The Cancer Genome Atlas data of patients with 
low (n = 130) and high (n = 130) NSUN5 (NOP2/Sun RNA methyltransferase 5) levels (http://www.oncolnc.org/). I. 
Correlation analysis (Gene Expression Profiling Interactive Analysis; http://gepia.cancer-pku.cn/) revealed a positive 
correlation between ENO3 (enolase 3) and NSUN5 (NOP2/Sun RNA methyltransferase 5) in ccRCC tissues. J and 
K. Caki-1 cells were infected with oeNSUN5 (overexpression NOP2/Sun RNA methyltransferase 5) or pWPI vector, 
and then double immunofluorescence was used to detect ENO3 (enolase 3) and NSUN5 (NOP2/Sun RNA methyl-
transferase 5) co-expression. Scale bar, 20 μm. Data are expressed as mean ± standard deviation. *P < 0.05, **P 
< 0.01 vs. corresponding controls.
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Figure 5. m5C (5-methylcytosine) modification enhances ENO3 (enolase 3) mRNA stability. (A-C) 786-0 cells were 
transfected with shNSUN5-1# (short hairpin RNAs NOP2/Sun RNA methyltransferase 5-1), shNSUN5-2# (short 
hairpin RNAs NOP2/Sun RNA methyltransferase 5-2), or control vector (pLKO), and Caki-1 cells were infected with 
oeNSUN5 (overexpression NOP2/Sun RNA methyltransferase 5) or pWPI vector. RT-qPCR (real-time quantitative 
polymerase chain reaction) (A) or Western blotting (B and C) was used to determine NSUN5 (NOP2/Sun RNA methyl-
transferase 5) expression. (D) Cells were transfected as described in (A) and exposed to actinomycin D for zero, two, 
four, and eight hours. NSUN5 (NOP2/Sun RNA methyltransferase 5) mRNA levels were measured using RT-qPCR 
(real-time quantitative polymerase chain reaction). (E) MeRIP-qPCR (m5C RNA immunoprecipitation-quantitative 
polymerase chain reaction) was used to determine m5C (5-methylcytosine)-modified ENO3 (enolase 3) mRNA levels 
after NSUN5 (NOP2/Sun RNA methyltransferase 5) knockdown or overexpression. Data are expressed as mean ± 
standard deviation. *P < 0.05, **P < 0.01 vs. corresponding controls.

firm that NSUN5 promotes m5C modification  
of mRNA and ENO3 expression via mRNA 
stabilization.

NSUN5 is involved in the ENO3-regulated 
Warburg effect

Rescue experiments were performed to deter-
mine whether NSUN5 participates in the ENO3-
regulated Warburg effect. 786-0 cells were 
transfected with shNSUN5, shENO3, or both, 
and glucose uptake and lactic acid production 
assays were performed. Results showed that 
NSUN5 depletion significantly reduced the glu-
cose uptake and lactic acid production rates, 
which were enhanced when knocked down 
together (Figure 6A and 6C). Conversely, 
NSUN5 overexpression increased the glucose 
uptake and lactic acid production rates, where-
as ENO3 knockdown reduced these effects 
(Figure 6B and 6D). Consistent with these find-
ings, the ECAR assay also revealed similar 
results (Figure 6E and 6F). NSUN5 depletion 

reduced cell viability, whereas ENO3 knock-
down increased it (Figure 6G). Conversely, 
NSUN5 overexpression promoted cell viability, 
and ENO3 depletion simultaneously decreas- 
ed these effects (Figure 6H). These results  
indicated that the NSUN5/ENO3 axis regulates 
the Warburg effect and promotes ccRCC 
progression.

Blocking the NSUN5/ENO3 axis inhibits ccRCC 
progression in vivo

To investigate whether the NSUN5/ENO3 axis 
disruption inhibits xenograft progression, 
NSUN5, ENO3, or both were stably knocked 
down in 786-0 cells using a lentivirus. As shown 
in Figure 7A, ENO3 or NSUN5 depletion caused 
small tumors that control vectors, but their 
combined knockdown enhanced these effects. 
Consistent with this, ENO3 or NSUN5 depletion 
resulted in tumors having a small size or low 
wet weight, whereas the depletion of both 
simultaneously reduced the tumor size or wet 
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weight (Figure 7B and 7C). Western blotting 
demonstrated that NSUN5 depletion inhibited 
ENO3 and CDK6 expression, but their expres-
sion was enhanced when depleted together 
(Figure 7D and 7E). Additionally, double immu-
nofluorescence staining of tumor tissues con-
firmed these results (Figure 7F). Altogether, the 
results revealed that the NSUN5/ENO3 axis 
disruption inhibits tumor progression in the 
xenograft model, and the inhibition of the 
NSUN5/ENO3 axis-regulated Warburg effect 
may be a potential therapeutic strategy for 
ccRCC treatment.

Discussion

Metabolic changes are particularly prominent 
in renal cancer, especially in ccRCC, the most 
common and fatal subtype of human renal can-
cer [39]. Due to extensive metabolic changes, 
ccRCC is described as a “cell metabolism dis-

ease” [40]. To promote growth, survival, prolif-
eration, and long-term maintenance, ccRCC 
cells often reprogram their metabolism [41]. 
The most common of these reprogramming are 
increased glucose uptake and fermentation of 
glucose to lactic acid. This type of aerobic gly-
colysis occurs even under aerobic conditions 
as well as in the presence of intact mitochon-
dria and is called the Warburg effect [9]. 
Compared to oxidative phosphorylation, the 
Warburg effect is inefficient in ATP production 
[42]. However, renal cancer cells switch to aero-
bic glycolysis to grow faster and compete for 
energy [41]. The amount of ATP required for cell 
growth and proliferation seems to be much 
lower than that required for cell maintenance 
and survival [43]. That is why increased glu-
cose metabolism supports anabolism and cell 
proliferation throughout nature. Therefore, the 
Warburg effect in larger tumors is often 
enhanced to obtain more cell proliferation and 

Figure 6. NSUN5 (NOP2/Sun RNA methyltransferase 5) is involved in the ENO3 (enolase 3)-regulated Warburg effect 
in ccRCC (clear cell renal cell carcinoma) cell lines. (A) 786-0 cells were transfected with shNSUN5 (short hairpin 
RNAs NOP2/Sun RNA methyltransferase 5), shENO3 (short hairpin enolase 3), or both vectors simultaneously, and 
glucose uptake analysis was used to evaluate glucose consumption in cells. (B) Caki-1 cells were transfected with 
shNSUN5 (short hairpin RNAs NOP2/Sun RNA methyltransferase 5), oeENO3 (overexpression enolase 3), or both 
vectors simultaneously, and glucose uptake analysis was used to evaluate glucose consumption in cells. (C and D) 
Lactic acid production analysis was used to determine the amount of lactic acid produced in kidney cells after the 
indicated transfection. (E and F) 786-0 and Caki-1 cells were transfected as described above, and ECAR (extracel-
lular acidification rate) test was used to analyze the extracellular acidification efficiency of cells. (G and H) Cells were 
transfected as described in (A) or (B), and the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) assay was used to determine cell viability. Data are expressed as mean ± standard 
deviation. *P < 0.05, **P < 0.01 vs. corresponding controls.
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migration resources. In this study, cells 
obtained from larger tumors exhibited a stron-
ger Warburg effect than cells obtained from 
small tumors. The theoretical evolutionary 
game theory supports the fact that cells with 
higher ATP productivity but lower yield may gain 
a selective advantage when competing for 
shared and limited energy resources [44, 45].

As a 2-phospho-D-glycerate hydrolase, ENO 
participates in the glycolysis pathway and cata-
lyzes the dehydration of 2-phospho-D-glyceric 
acid to phosphoenolpyruvate [17, 46]. Studies 

have reported that ENO participates in the 
Warburg effect during the development of vari-
ous tumors [41]. ENO1 knockdown targets the 
Warburg effect in cancer cells to increase oxi-
dative phosphorylation and induce growth 
arrest [47]. Type 1 transmembrane glycopro-
tein B7-H3 interacts with ENO1 to promote 
HeLa cell progression [48]. ENO3 knockdown 
can inhibit the proliferation of lung cancer with 
STK11 mutations and show selective antican-
cer effects [23]. Low ENO2 and ENO3 expres-
sion associate significantly with longer overall 
survival of patients with colorectal cancer [24]. 

Figure 7. Inhibition of NSUN5 (NOP2/Sun RNA methyltransferase 5)-mediated m5C (5-methylcytosine) modification 
of ENO3 (enolase 3) mRNA inhibits ccRCC (clear cell renal cell carcinoma) progression in vivo. (A) ENO3 (enolase 
3), NSUN5 (NOP2/Sun RNA methyltransferase 5), or both were stably depleted simultaneously in 786-0 cells and 
injected into nude mice to construct ccRCC (clear cell renal cell carcinoma) xenograft cancer models. Tumor vol-
umes were measured directly. (B) Tumor sizes in each group of mice. (C) The wet weight of xenograft tumors of each 
mice group was analyzed. (D) ENO3 (enolase 3), NSUN5 (NOP2/Sun RNA methyltransferase 5), and CDK6 (Cyclin-
Dependent Kinases 6) levels were determined via Western blotting of xenograft tumors. (E) Quantitative analysis 
of (D). (F) Double immunofluorescence staining was used to determine CDK6 (Cyclin-Dependent Kinases 6) and 
ENO3 (enolase 3) expression in xenograft tumor tissues. Scale bar, 25 μm. Data are expressed as mean ± standard 
deviation. *P < 0.05, **P < 0.01 vs. the corresponding controls. 
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However, the expression and function of ENO3 
in ccRCC remain unclear. In this study, ENO3 
was upregulated in ccRCC cells. ENO3 in- 
creased with an increase in ccRCC tumor size. 
Furthermore, high levels of ENO3 indicated a 
poor prognosis for patients. Cell function stud-
ies showed that ENO3 promotes cell growth 
and enhances the Warburg effect (Figure 8).

With technological advancements, such as 
gene sequencing, RNA modification plays an 
play an important role in gene expression [49]. 
Among them, m5C modification is a common 
and high-content RNA modification. m5C-modi-
fied RNAs include ribosomal RNA, transfer RNA, 
mRNA, enhancer RNA, and several non-coding 
RNAs [50]. Generally, the NOL1/NOP2/SUN 
domain family of enzymes (e.g., NSUN) and the 
DNA methyltransferase homolog DNMT2 cata-
lyzes the regulation of m5C modification [51]. 
Many studies have shown that m5C modifica-
tion of RNA mediated by the NSUN family is 
closely related to tumor occurrence and devel-
opment [52]. NSUN2 promotes gastric cancer 
cell proliferation by inhibiting p57Kip2 expression 
in an m5C-dependent manner [53]. NSUN2-
regulated m5C modification promotes bladder 
cancer pathogenesis via mRNA stabilization 
[38]. This study investigated the m5C methyl-
transferase in RCC cell lines and found that 

NSUN2, NSUN5, NSUN7, and TET2 were abnor-
mally expressed in different cell lines. However, 
only NSUN5 depletion reduced ENO3 expres-
sion. Furthermore, NSUN5 was upregulated in 
ccRCC clinical samples, and high NSUN5 levels 
indicated a poor prognosis for patients with 
ccRCC. NSUN5 upregulation promoted mRNA 
stability and ENO3 expression by mediating 
m5C modification. Also, NSUN5 was related to 
Williams-Beuren syndrome and cell senes-
cence [54, 55].

Cyclin-Dependent Kinases 6 (CDK6) is a cell 
cycle kinase whose main function is to regulate 
the cell proliferation cycle [56]. Recently, CDK6 
has been widely used in the study of the cancer 
cell cycle. Reducing CDK6 expression signifi-
cantly inhibited tumor cell Rb/E2F export, 
which then regulates tumor cell growth [57]. In 
acute myeloid leukemia, CDK6 expression is 
markedly increased, and CDK6 knockdown can 
attenuate the effect of the NUP98 fusion pro-
tein and improve the prognosis of acute myeloid 
leukemia [58]. lnc-UCID binds to DHX9, thereby 
weakening the inhibitory effect of DHX9 on 
CDK6, enhancing CDK6 expression, and fur-
ther promoting the transformation of cells in 
the G1/S phase and the proliferation of hepa-
toma cells [59]. Additionally, YAP improves the 
premature aging of cells and cognitive decline 
in patients with Alzheimer’s disease by promot-
ing CDK6 expression [60]. In our study, we used 
CDK6 to represent the proliferation of ccRCC 
cells. Our results indicate that a decrease in 
NSUN5 and ENO3 expression inhibits the CDK6 
level and slow ccRCC tumor growth.

ccRCCs have high immune infiltration and are 
significantly affected by tumor metabolism and 
microenvironment [61]. Currently, the research 
on the metabolism and microenvironment of 
ccRCCs remains the focus. Some researchers 
have improved the possibility of targeted thera-
py for ccRCCs through single-cell sequencing, 
but this also has some inevitable drawbacks, 
such as huge costs [62]. In our study, we 
focused on the metabolism of cancer. Firstly, 
primary cells from ccRCC tissues were isolated 
and cultured, and cells from large tumors were 
observed to have a stronger Warburg effect 
than the small ones. ENO3 was involved in the 
Warburg effect with the tumor size increase in 
ccRCC, and a high level of ENO3 predicted a 
poor prognosis for patients. A cell function 

Figure 8. Proposed model for the NSUN5 (NOP2/Sun 
RNA methyltransferase 5)/ENO3 (enolase 3) axis-
meditated regulation of the Warburg effect in ccRCC 
(clear cell renal cell carcinoma) cells. 
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study revealed that ENO3 promoted cell growth 
and enhanced the Warburg effect. In this study, 
NSUN5 upregulation promoted mRNA stability 
and ENO3 expression by mediating mRNA 
5-methylcytosine (m5C) in ccRCC. The finding 
revealed that NSUN5/ENO3 axis plays a critical 
role in ccRCC progression and may serve as a 
potential therapeutic target. Undoubtedly, our 
research needs to be further in-depth. Moving 
forward, we will study how NSUN5/ENO3 regu-
lates CDK6 expression to regulate tumor prolif-
eration, which will elucidate the mechanism of 
tumor metabolism affecting tumor growth in 
more detail.

Conclusion

This study found that large ccRCC tumors 
exhibit a stronger Warburg effect. ENO3 upreg-
ulation is implicated in the Warburg effect and 
further promotes ccRCC cell growth. High 
NSUN5 expression promotes mRNA stability 
and ENO3 expression by mediating m5C modi-
fication of mRNA in ccRCC cells. These data 
provide theoretical evidence that the NSUN5/
ENO3 axis plays a critical role in ccRCC progres-
sion. Therefore, a comprehensive understand-
ing of the mechanisms regulating the NSUN5/
ENO3 axis will promote the development of 
effective therapeutic strategies against ccRCC 
progression.
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Table S1. siRNA sequence in the study
Name Sequcence 5’ to 3’
ENO3-1#-F GGGUGAACAUCCAGAUUGUUU
ENO3-1#-R AAGGGUGAACAUCCAGAUUGU
ENO3-2#-F GAGCUGUAUAAGAGCUUUAUU
ENO3-2#-R AAGAGCUGUAUAAGAGCUUUA
NSUN2-F CCGGCCACUUUAAGAAUUAUU
NSUN2-R AACCGGCCACUUUAAGAAUUA
NSUN5-F GCGGAACUGAGGUAAACUAUU
NSUN5-R AAGCGGAACUGAGGUAAACUA
NSUN7-F GCCCUGAAGAAGUUUAUAAUU
NSUN7-R AAGCCCUGAAGAAGUUUAUAA
TET2-F GGGCCUUACAACAGAUAUAUU
TET2-R AAGGGCCUUACAACAGAUAUA
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Table S2. Primers used in the study
Name Sequcence 5’ to 3’
PKM-F1 Tctcttcgtctttgcagcgt
PKM-R1 Cagctgctgggtctgaatga
ENO1-F Tgcacttgcaggtttatggc
ENO1-R Ccctgttctcatgcttgggt
ENO2-F Tactcattggggttccgcac
ENO2-R Cacatcgttcccccaagtca
ENO3-F Atcttggactccaggggcaa
ENO3-R Ggccccaaacttggctttcc
PGAM1-F Tgaagcaaaacgcaggacag
PGAM1-R Catcataggagcgcctccag
PGAM2-F Ggttcgatgcagagctgagt
PGAM2-R Gtaccgacgctccttgctaa
PGAM4-F Gaagcctatcaagcccatgc
PGAM4-R Ggtcgtggcttagcatgttcc
PGK1-F Ccactgtggcttctggcata
PGK1-R Atgagagctttggttccccg
PGK2-F Ggaaccaaagccctcatgga
PGK2-R Caggcaaatgcgtgaccaaa
NSUN5-F Cctcacaggccaaagcatca
NSUN5-R Gggaaccctgagtgagtgtg
LDHA-F Catggcctgtgccatcagta
LDHA-R Agatatccactttgccagagaca
LDHB-F Gtaggtttcggctcaggacc
LDHB-R Cctcttcttccgcaactggt
NSUN2-F Gctaccccgagatcgtcaag
NSUN2-R Tcaggataccttttgtaaccagt
NSUN3-F Tgccaaggctacactggtaag
NSUN3-R Cccactgtgtggctaggaag
NSUN4-F Ttcttctatgaccggcacgc
NSUN4-R Ccagtcgaacagcagggaat
NSUN7-F Ggacaaccttacagcgggac
NSUN7-R Accattctgtcttctggccg
TET2-F Gaaaggagacccgactgcaa
TET2-R Atcttgagagggtgtgctgc
DNMT1-F Tatccgaggagggctacctg
DNMT1-R Atgagcaccgttctccaagg
DNMT3B-F Tggagccacgacgtaacaaa
DNMT3B-R Aggcatccgtcatctttcagc
β-actin-F Aatgggcagccgttaggaaa
β-actin-R Gcgcccaatacgaccaaatc


