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Abstract

Background
Colorectal cancer (CRC) is among the leading cause of cancer-related morbidity and mortality worldwide.
Aerobic glycolysis, as a metabolic hallmark of cancer, plays an important role in CRC progression.
Enolase 3 (ENO3) is a glycolytic enzyme that catalyzes 2-phosphoglycerate into phosphoenolpyruvate,
while its role in CRC is still unknown.

Methods
Bioinformatics analysis was performed to examine the expression changes and roles of ENO3 in CRC
patients from public databases. Then, ENO3 expression was validated in CRC tissues using Quantitative
real-time PCR (qRT-PCR), immunohistochemical (IHC) analysis, and western blot. Overexpression and
silencing models were constructed using plasmid and lentivirus transfection. Cell viability, proliferation,
and migration in vitro were applied to evaluate the protumoral effects of ENO3 on CRC. RNA sequencing
and GO enrichment analysis of differentially expressed genes (DEGs) were performed to explore the
underlying molecular mechanisms of ENO3 in CRC progression. The ATP and lactate production level
were detected to assess cell glycolysis.

Introduction
Colorectal cancer (CRC), the most common gastrointestinal malignant tumor, and the second leading
cause of cancer-related death worldwide, is a heavy health burden nowadays [1]. The popularity of
colonoscopy screening, radical surgical resection and novel therapeutic strategies have prolonged the
overall survival (OS) and progress-free survival (PFS) of CRC patients. However, the overall mortality rate
of CRC remains high [2]. Hence, a deeper understanding of the underlying mechanisms of CRC initiation
and progression is urgently required to enhance the prevention, diagnosis, and personalized therapy for
patients.

Even with enough oxygen, tumor cells prefer to use glycolysis rather than oxidative phosphorylation for
energy generation with increased lactate release which is referred to as Warburg effect, the metabolic
characteristics of nearly all tumors [3, 4]. Aerobic glycolysis promotes tumor growth and migration with
su�cient energy and generation of massive multiple substrates [5, 6]. Therefore, targeting glycolysis is an
effective strategy in the therapeutic work-up of tumor.

Enolase (ENO), also known as phosphopyruvate hydratase, is a key glycolytic enzyme that catalyzes
Mg2+-dependent conversion of 2-phosphoglycerate into phosphoenolpyruvate. In mammals, enolase
mainly includes three isoforms, possessing different biological functions [7]. α-enolase (ENO1), the most
extensively studied one, is considered to be an oncogenic factor in multiple cancers, including CRC [8–
10]. γ-enolase (ENO2), which is mainly stained in the cytoplasm of neuroendocrine cells, was reported to
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be overexpressed in tumors derived from neurogenic and neuroendocrine origin, like small cell lung
cancer [11]. Recently, ENO2 was also identi�ed to be an oncogenic factor in CRC [7]. As for β-enolase
(ENO3), it was recently reported to be over-expressed with poor prognosis in CRC from The Cancer
Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) databases [12, 13], while its function and
mechanism in CRC progression remains unknown.

In this study, we validated that ENO3 was upregulated and associated with tumor progression in CRC.
Besides, the biological role of ENO3 in CRC and the possible underlying mechanisms were explored.
Taken together, our data revealed the oncogenic roles of ENO3 in CRC progression, indicating the
potential value of ENO3 as a novel biomarker and therapeutic target for CRC.

Materials And Methods
Bioinformatics Analysis

Expression data of mRNA and clinical information of CRC patients were obtained from the public TCGA
and GEO databases. Besides, the level of HTSeq-FPKM was converted into Transcripts Per Million (TPM)
for the further analysis. Boxplots were used to evaluate ENO3 expression in normal and CRC tissues from
TCGA and GEO datasets. Receiver operating characteristic curves (ROC) and the area under the curve
(AUC) were performed to assess the diagnostic value of ENO3 in CRC patients. Kaplan–Meier method
was used to explore the association between ENO3 expression level and OS or PFS of CRC patients.      

Western blot

Cell or tissue total proteins were extracted with RIPA lysis buffer (Beyotime, China). Total proteins were
loaded on 10% SDS-PAGE gel and electrophoretically transferred to PVDF membranes. After blocked with
5% BSA solutions, membranes were incubated using then ENO3 antibody (1:1000, Proteintech, USA) at
4℃ overnight. β-actin (1:2000, Abways, China) was used as an endogenous control. Afterwards,
horseradish peroxidase (HRP)-conjugated secondary antibodies were incubated for 2h at room
temperature. Speci�c immune complexes were exposed with ECL Western Blotting Substrate (NCM
Biotech, China), and detected using ChemiDoc™ Touch Imaging System (Bio-Rad, USA) and GE
Amersham Imager 600 (USA). 

RNA isolation and qRT-PCR

Tissues and cells total RNAs were extracted with TRIzol Reagent (Invitrogen, China) and cDNA was
reversed by using a Reverse Transcription Kit (Applied Biosystems). qRT-PCR was performed with SYBR
Green Kit (Vazyme, China) using Roche LightCyclerTM 480 according to the manufacturer’s protocols.
The data was analyzed by 2-ΔΔCT method. β-actin was used as the endogenous control. Sequence of all
primers used was provided in Supplementary Table 1.

Cell culture and transfection
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Human CRC cell lines (LoVo, HCT116, RKO, HT29) and HEK293T were purchased from American Type
Culture Collection (ATCC, USA), and routinely maintained at 37°C in a 5% CO2 incubator with
recommended culture medium.

The ENO3 over-expression plasmid and shRNA were designed and synthesized by Tsingke Biotechnology
Co., Ltd. Detail sequence of shRNAs was presented in Supplementary Table 2. Lenti-viruses were
generated by co-transfecting the pLKO.1- copGFP-puro vectors, del8.9 (Beyotime, China) and vesicular
stomatitis virus-G (Beyotime, China) into HEK293T cells. The viral supernatants were harvested and
enriched via centrifugation. PolyJet (Thermo Scienti�c, USA) was used for plasmid transfection. The
transfection e�ciency of viral infection was examined by western blot and qRT-PCR.

Cell proliferation assay

For cell viability assays, 3000 cells per well were seeded in 96-well plates. At 6h of culture, as well as 24-,
48-, 72- and 96h after that, cells were measured using CCK-8 assay reagents (Meilun Biotechnology,
China) and the cell growth curves were then obtained.

For plate colony formation assay, 800 cells per well were plated into 6-well plates and maintained for 2
weeks at 37℃ in 5% CO2. At the end point, colonies were stained with 0.05% crystal violet (Sigma, USA)
for 30 half an hour after �xation by 4% PFA for 20 minutes. The result was determined by counting the
stained colonies number and detecting the 570-nm absorbance of the stained colonies eluent.

Cell migration and wound healing assay 

Cell migration assay was conducted using transwell chambers (Corning, USA). Brie�y, 20 × 104 cells in
100 μl of serum-free medium were plated into the upper chamber with 700 μl of 10% FBS medium added
to the lower chamber. After 24 hours, cells migrated to other side of the membrane were �xed by 4% PFA
and stained with 0.05% crystal violet, and �nally photographed under the optical microscope. 

For wound-healing assay, same amount of CRC cells was seeded into 6-well plates. Then a pipette tip to
draw gaps on the cell monolayers. After this, we used serum-free DMEM to allow cells to migrate. The
cells that migrated into these gaps were observed at 0-, 12- and 24h using an inverted microscope (Leica,
DMI1, China).

Immunohistochemical (IHC) analysis

Tissue samples were �xed in 4% PFA and embedded in para�n. Antigen retrieval was enforced in citrate
buffer (pH 6.5) for 20 min. Tissue slices were incubated overnight at 4℃ with anti-ENO3 antibody
(1:1000, Proteintech, USA), followed by secondary antibody incubation using Immunohistochemical
secondary antibody kit (ZSGB-Bio, China). Antigen-antibody complexes were then determined with a DAB
kit (ZSGB-Bio, China). Slices were lightly counterstained with hematoxylin to visualize nuclei. The data
analysis was performed as previously described [14]. 



Page 5/12

RNA sequencing

Collected cell samples were added Trizol reagent and then handed over to a biotechnology company (LC-
Bio Technology, China) for the subsequent transcriptome sequencing. The sequencing results were
obtained as the FPKM (fragment per kilobase of exons per million reads). The DEGs were selected with
p<0.05 and fold change>2 by R software (package DESeq2), and then the differentially expressed genes
was further used for GO enrichment analysis.

Detection of Lactate production and ATP

Lactate of culture medium was detected by the Lactate Assay kit (Solarbio, China). ATP of cell were
assessed by a luciferase-based ATP assay kit (Beyotime, China). Lactate and ATP level were normalized
to protein concentration, which was determined using BCA Kit (FDbio Science, China).

Statistical Analysis 

Graphpad Prism 8.0 software was used for statistical analysis. Data from experiments performed in
triplicates were expressed as the mean ± SD. Two-tailed t-test or two-way ANOVA was used to evaluate
the statistical differences of groups. p<0.05 was considered to be statistically signi�cant.

Results
ENO3 was upregulated and associated with tumor progression in CRC

Based on the analysis of GEO datasets, we found that the mRNA expression of ENO3 in 566 CRC
samples were higher than those in 19 normal samples (p<0.01; Figure 1A). In another 40 pairs of CRC and
normal samples from TCGA datasets, ENO3 was also signi�cantly upregulated in CRC tissues (p<0.001;
Figure 1B). After correlated its expression with pathological stages, ENO3 was increased in the advanced
N stage (p<0.05; Figure 1C). Furthermore, the AUC of ENO3 was 0.802, indicating a signi�cantly altered
expression level of ENO3 between CRC and normal tissues (Figure 1D). We further analyzed the survival
time of CRC patients and found that CRC patients with a higher ENO3 expression showed a poorer OS
(p<0.001; Figure 1E) and PFS (p=0.003; Figure 1F). In addition to CRC, ENO3 was also signi�cantly higher
expressed in breast in�ltrating carcinoma (BRCA), esophageal carcinoma (ESCA), pleomorphic glioma
(GBM), lung squamous cell carcinoma (LUSC) and adenocarcinoma (LUAD), prostate cancer (PRAD),
pancreatic cancer (PAAD), endometrial cancer (UCEC), and gastric cancer (STAD) (Supplementary Figure
S1).

Then, IHC analysis of 84 pairs of clinical CRC tissues also con�rmed that the ENO3 expression was
signi�cantly upregulated in CRC (p<0.01; Figure 2A and 2B). QRT-PCR (14 pairs of CRC samples, p<0.05;
Supplementary Figure S2A) and western blot (5 pairs, Supplementary Figure S2B) showed consistent
results with the IHC analysis. Besides, ENO3 expression was also signi�cantly increased in the advanced
T stage (p<0.05; Figure 2C), N stage (p<0.01; Figure 2D), M stage (p<0.01; Figure 2E) and AJCC stage
(p<0.05; Figure 2F).
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Knockdown of ENO3 suppressed the proliferation and migration of CRC cells

First, the protein expression of ENO3 in four wild colon cancer cell lines were measured by immunoblot
(Supplementary Figure S3). Based on this, ENO3 knockdown was performed in HCT116 and RKO for loss-
of-function assay, while ENO3 overexpression in LoVo for gain-of-function assay. 

ENO3 shRNA lentivirus was �rst transfected to stably knockdown ENO3 in HCT116 and RKO cells (Figure
3A and 3B). The result of CCK-8 assay showed that ENO3 knockdown signi�cantly suppressed the
growth of HCT116 and RKO cells (Figure 3C and 3D). In addition, the colony formation abilities of
HCT116 and RKO cells were also greatly reduced by ENO3 knockdown (Figure 3E and 3F). As shown by
the cell migration assay, ENO3 knockdown decreased migrated cells via transwell assays (Figure 4A and
4B). In wound healing assay, HCT116 and RKO cells with ENO3 knockdown also showed a markedly
inhibited migration rate (Figure 4C and 4D).

Overexpression of ENO3 promoted CRC cell proliferation and migration

To further validate the function of ENO3 in the proliferation and migration of CRC cells, LoVo cells were
transfected with ENO3 expression plasmid (Figure 5A). We found that ENO3 overexpression could
enhance the cell proliferation ability in LoVo cells, as assessed by CCK-8 assay (Figure 5B) and colony
formation assay (Figure 5C and 5D). In addition, increased migrated CRC cells were observed in our
transwell and wound healing assay (Figure 5E and 5F), indicating that ENO3 could enhance the cell
migration ability of CRC. 

Potential downstream targets of ENO3 in CRC 

To explore the underlying mechanisms of ENO3 in CRC progression, RNA sequencing was performed. A
total of 55 upregulated and 59 downregulated genes were selected after ENO3 was knockdown in
HCT116 cells (p<0.05, fold change ≥2) (Figure 6A). Furthermore, GO enrichment analysis indicated that
differential genes were signi�cantly enriched in glycolytic process (Figure 6B). 

Then, non-coding genes, genes with FPKM of <1 in all samples or p≥0.01 were removed from further
analysis. In �nal, nine downregulated (SOSC7, NAFT5, MAFF, SLC25A43, DCTN4, SLC6A6, YTHDF3, SKA1,
IER2) and four upregulated (ASB1, POLR3G, KITLG, SLC10A3) genes were selected for further qRT-PCR
validation. As presented in Figure 6C, the mRNA level of NAFT5, MAFF and SLC25A43 were
downregulated >1.5 fold change after the knockdown of ENO3 in both HCT116 and RKO cells and
validated as the potential downstream genes. 

ENO3 enhanced cell glycolysis in CRC cells

Then, lactate levels in the culture media and ATP levels in CRC cells were detected to verify the role of
ENO3 in glycolytic process. It showed that knockdown of ENO3 in HCT116 and RKO cells can decrease
the levels of lactate production and ATP (Figures 6D and E). Consistently, ENO3 overexpression
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signi�cantly promoted the generation of lactate and ATP (Figures 6F). These results indicated that ENO3
enhance cell glycolysis in CRC cells.

Discussion
Human ENO family includes ENO1-3, possessing different physiological functions in humans. Several
bioinformatics analysis-based researches revealed that high ENO3 expression of was associated with
poor outcome in CRC [13, 15]. In this study, we revealed that the ENO3 expression was signi�cantly
upregulated in CRC, both in online databases and our own clinical samples. Besides, we found that ENO3
had a relatively high AUC of 0.802 for CRC patients from TCGA database. Nevertheless, additional
prospective researches are needed to validate the diagnostic value of ENO3 in CRC.

Recently, Hu et al. reported that CD47 could enhance glycolysis and ERK activity in CRC cells by
stabilizing ENO1, and knockdown of ENO1 diminished CD46-induced cell proliferation and migration,
showing a great potential of targeting glycolysis in the management of CRC [16]. Another study showed
that ENO2 was activated in BRAF V600E-mutated CRC and could promote CRC progression through
MAPK and PI3K/Akt pathways [7]. When compared to other members, the investigation on the role of
ENO3 in cancer is relatively rare. To investigate the potential value of ENO3 as a therapeutic target in CRC,
we evaluated the function of ENO3 in CRC cell proliferation, migration in vitro and found that ENO3 might
be a valuable biomarker of CRC aggressiveness. To our knowledge, our study is the �rst to investigate the
function of ENO3 in CRC.

Both Oxidative phosphorylation and extra-mitochondrial glycolysis are the two main way for normal cells
to generate energy, and cancer cells primarily utilize glycolysis to generate energy [17–19]. The rapid
proliferation of cancer cells contributes to local hypoxia tumor microenvironment, and cancer cells adapt
to hypoxia microenvironment through enhanced glycolysis e�ciency and lactate secretion. In addition,
the accumulation of lactate could further promote the proliferation, migration, and immune escape of
cancer cells [20, 21]. Recently, Shen et al. revealed that N6-methyladenosine (m6A) modi�cation
participated in the glucose metabolism of CRC, and targeting METTL3 offered a novel therapeutic target
in CRC patients with high glycolysis e�ciency [22]. Our study revealed that the enforced ENO3 expression
in CRC cells led to increased lactate and ATP production, while knockdown of ENO3 showed the opposite
effect, indicating that ENO3 play its role in CRC progression by enhancing extra-mitochondrial glycolysis.

As a glycolytic enzyme, ENO3 is predominantly found in muscle tissues, having a vigorous energy
metabolism [23]. Lu et al. revealed that ENO3 could promote the progression of non-alcoholic
steatohepatitis (NASH) progression through negatively regulating ferroptosis via elevating the expression
of GPX4 and the accumulation of lipid, and was identi�ed as a novel therapeutic target for NASH [24].
Park et al. demonstrated that ENO3 had a protumoral effect on the progression of lung adenocarcinoma
(LUAD) with STK11 mutations and was a potential therapeutic target [25]. To explore the potential
downstream genes of ENO3 in CRC, RNA sequencing was performed in our study. According to GO
annotation, ENO3 might in�uence the progression of CRC by enhancing the glycolytic process of CRC
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cells. Furthermore, NAFT5, MAFF, and SLC25A43 genes were successfully validated as the potential
downstream genes.

Zhang et al. had reported that silencing of NFAT5 suppressed proliferation of tumor cells, and
phosphoglycerate kinase 1 (PGK-1), the key enzyme generating ATP in glycolysis, was identi�ed as a
downstream target of NFAT5 [26]. Another study reported that Circ_0001944 (Circular RNA) could also
promote the progression and glycolysis of Non-Small Cell Lung Cancer (NSCLC) cells by upregulating
NFAT5 in both vivo and vitro [27]. For MAFF, moon et al. had reported that MAFF could regulate tumor
invasion and metastasis, and MAFF is also an important mediator of gene activation and repression in
response to microenvironment changes in oxygen [28]. The mitochondrial transporter SLC25A43 was
also down-regulated after knockdown of ENO3 in CRC cells. the potential role of SLC25A43 in CRC
progression and cancer metabolism deserve our further exploration.

Taken together, our �ndings illustrate that high ENO3 expression level predicts poor prognosis and
promotes CRC aggressiveness by enhancing cell glycolysis. NAFT5, MAFF, and SLC25A43 were identi�ed
and validated as the potential downstream genes of ENO3. However, further experiments such as rescue
experiments, RNA pull down are still required to validate the downstream molecular mechanisms of
ENO3. Besides, considering the advantage in simulating tumor microenvironment, in vivo studies is
needed to further explore the role of ENO3.

Abbreviations
CRC, Colorectal cancer; ENO, enolase; qRT-PCR, quantitative real-time PCR; IHC, immunohistochemical;
DEGs, differentially expressed genes; ROC, receiver operating characteristic curves; AUC, the area under
the curve; TCGA, the cancer genome atlas; GEO, gene expression omnibus; 
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Figures

Figure 1
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ENO3 is upregulated and correlated with poor survival outcomes in CRC from TCGA and GEO datasets.
(A) ENO3 expression in normal and CRC tissues from GEO datasets. (B) ENO3 expression in normal and
CRC tissues from TCGA datasets. (C) ENO3 expression level in different N stages in TCGA datasets. (D)
ROC curve showing the role of ENO3 in discriminating CRC from normal tissues. (E) Kaplan–Meier plots
of OS in CRC patients strati�ed by ENO3 levels in TCGA datasets. (F) Kaplan–Meier plots of PFS in CRC
patients strati�ed by ENO3 levels in TCGA datasets. *p < 0.05, **p < 0.01.

Figure 2

ENO3 was upregulated and associated with tumor progression in CRC (A) Representative images of IHC
staining of ENO3 in CRC tissues and adjacent normal tissues. (B) IHC analysis of 84 pairs of clinical CRC
tissues. (C-F) IHC analysis showed that ENO3 expression was signi�cantly increased in advanced
AJCC/TNM stage. Scale bar=200 μm. *p < 0.05, **p < 0.01.

Figure 3

Knockdown of ENO3 suppressed the proliferation of CRC cells. (A) The mRNA level of ENO3 in HCT116
and RKO cells after lentiviral transduction of ENO3 shRNA or nonspeci�c shRNA (shCtrl) by qRT-PCR. (B)
Expression of ENO3 in HCT116 and RKO cells after lentiviral transduction of ENO3 shRNA or shCtrl by
western blot. (C-D) The cell growth curves of ENO3 silenced CRC cells were obtained from CCK-8 assays
in HCT116 and RKO cells. (E-F) Colony formation assays of ENO3 silenced HCT116 and RKO cells. The
top panel shows representative colony formation images, while the bottom panel shows bar graphs of
the number of colonies per well (mean ± SD) and absorbance (570nm) of the cell eluent per well (mean ±
SD). *p < 0.05, **p < 0.01.

Figure 4

Knockdown of ENO3 suppressed the migration of CRC cells. (A) Representative crystal violet staining
results of transwell migration in HCT116 and RKO cells with ENO3 knockdown and control cells. (B)
Statistical bar graphs of the number of migration cells per well. (C-D) Wound healing assays of HCT116
and RKO cells after being tranfected with ENO3 shRNA or nonspeci�c shRNA (shCtrl). The top panel
shows representative wound healing images for 0 h, 12 h and 24 h, while the bottom panel shows bar
graphs of the relative migration rate of per well for 12 h and 24 h. *p < 0.05, **p < 0.01 and ns, not
signi�cant. 
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Figure 5

Overexpression of ENO3 promoted CRC cell proliferation and migration. (A) The ENO3 mRNA and protein
expression were detected by qRT-PCR and Western blotting, respectively after transfecting with ENO3
over-expression plasmid. β-actin was used as the internal control. (B) The cell growth curves of ENO3
overexpression (oe-ENO3) or control CRC cells (vector) in LoVo cells were obtained from CCK-8 assays.
(C) Colony formation assays of ENO3 overexpression and control cells in LoVo cells. (D) Statistical bar
graphs bar graphs of the number of colonies per well (mean ± SD) and absorbance (570nm) of the cell
eluent per well (mean ± SD). (E) Representative crystal violet staining results of Transwell migration in
ENO3 overexpressed LoVo cells and control cells. (F) Wound healing assays of LoVo after being
transfected with over-expression plasmid or vector plasmid. *p < 0.05, **p < 0.01.

Figure 6

RNA sequencing to explore downstream genes and potential mechanisms regulated by ENO3 in CRC. (A)
Volcano plot of differential genes of HCT116 cells after being transfected with shRNA lentivirus of ENO3.
(B) GO enrichment of differentially expressed genes in HCT116 cells. (C) qRT-PCR was performed to
detect the expression of indicated genes in HCT116 and RKO cells. (D-E) Extracellular lactate production,
ATP level was measured in HCT116 and RKO cells after being transfected with ENO3 shRNA or
nonspeci�c shRNA. (F) Extracellular lactate production, ATP level was measured in LoVo cells transfected
with ENO3 expression plasmid or vector. Lactate and ATP level was normalized to protein concentration.
*p < 0.05, **p < 0.01 and ns, not signi�cant.
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