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Bladder cancer (BC) is the ninth most common malignancy throughout the world. The molec-
ular mechanisms of this disease remain largely unclear. The glycolytic enzyme enolase 1
(ENO1) has been shown to regulate the development of various cancers. However, the
significance of ENO1 in BC is underdetermined. In this study, we found that ENO1 was
highly expressed in BC tissues and cells. High expression of ENO1 was associated with the
poor survival of BC patients. Using lentivirus-mediated knockdown and over-expression,
we revealed that ENO1 was critical for the growth and proliferation of BC cells. ENO1
over-expression also promoted the proliferation of SV-HUC-1 cells. At the molecular level,
the cell cycle and apoptosis related genes were regulated by ENO1. β-catenin expression
was positively regulated by ENO1. Furthermore, ectopic expression of β-catenin reversed
the effect of ENO1 knockdown on T24 cell proliferation and growth. Opposite results were
observed in β-catenin knockdown T24 cells. Our findings suggested that ENO1 functioned
as an oncogene in BC through regulating cell cycle, apoptosis and β-catenin. Targeting
ENO1/β-catenin cascade may benefit for BC patients.

Introduction
Bladder cancer (BC) is the 9th most common and the 13th most lethal malignancy worldwide, with a
higher incidence in male than in female [1–3]. More than 80 percent of BC originates from bladder
urothelium [4]. Once diagnosed, the prognosis is poor in most of the patients. Endoscopic resection is
the routine therapy for BC patients, while its effectiveness remains limited. Recently, increasing evidences
have identified some oncogenes and tumor suppressors, including HRAS, FGFR3, TP53 and PTEN that
participate in the progression of this disease [5–10]. However, the efficacy of the treatments targeted these
genes is far from satisfactory. Therefore, illumination of the molecular events may help us gain insight into
the disease progression and potential targets for BC.

Similar to other tumors, BC prefers to catabolize glucose through glycolysis even in enough oxygen
condition, a phenomenon known as Warburg effect [11]. The enolase 1 (ENO1) is a glycolytic enzyme that
catalyzes the conversion of 2-phosphoglycerate to phosphoenolpyruvate, leading to enhanced glycolysis
[12]. Dys-regulation of ENO1 is widely observed in cancer disease. For example, ENO1 is a potential
biomarker for hepatocellular carcinoma (HCC) [13]. It serves as a target for LncRNA P5848 and promotes
tumor growth and survival in HCC [14]. Targeting ENO1 suppresses the proliferation and growth of
gastric cancer cells [15]. In addition, ENO1 is also involved in the development of other cancers, including
retinoblastoma [16], glioma [17], pancreatic cancer [18] and lung adenocarcinomas [19]. However, the
significance of ENO1 in BC remains to be determined.
β-catenin is an important component of Wnt signaling pathway and plays a key role in regulating cell

growth, apoptosis, differentiation and embryonic development [20–22]. When translocating into the nu-
cleus, β-catenin forms complexes with the T-cell factor (TCF)/lymphoid enhancer factor (LEF) family
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members and becomes active, leading to up-regulation of its target genes, such as c-MYC, cyclin-D1 and epidermal
growth factor receptor [23–26]. Thus, ectopic expression or activation of β-catenin promotes the development of
various cancers, including BC [27,28]. However, the upstream regulator of β-catenin is largely unknown in BC.

In this study, we aimed to investigate the clinical relevance and the role of ENO1 in BC. We found that ENO1
expression was more abundant in BC tissues and cells. ENO1 over-expression led to increased BC cell prolifera-
tion and growth. In contrast, knockdown of ENO1 suppressed the proliferation of BC cells. Mechanistically, cell
cycle and apoptosis related genes were regulated by ENO1. ENO1 also served as a stimulator of β-catenin. β-catenin
over-expression rescued the suppressed viability in ENO1 silenced BC cells. We speculated that ENO1 promoted BC
through up-regulating β-catenin.

Materials and methods
Measurement of ENO1 mRNA expression in bladder cancer patients
The primary bladder cancer and normal tissues were obtained from patients of invasive bladder cancer who un-
derwent radical cystectomy at the Changzheng Hospital during 2011–2017. All the patients were newly diagnosed as
transitional cell carcinomas by the pathologists and none of them had received systemic treatment. A written informed
consent was obtained from each patient. All the procedures were approved by the Ethics Committee of Changzheng
Hospital, The Second Military Medical University. The research was carried out in accordance with the World Med-
ical Association Declaration of Helsinki. The median age of the patients was 61 years by the time of surgery. The
mRNA expression of ENO1 was determined by quantitative real-time PCR (qRT-PCR) assay.

ENO1 transcript analysis in bladder cancer patients from TCGA database
ENO1 transcriptome expression datasets were analyzed from websites of The Cancer Genome Atlas (http://
cancergenome.nih.gov). A total of 414 bladder cancer tissues and 30 normal tissues were included.

Correlation between ENO1 expression and BC patients’ survival from
TCGA database
The correlation between ENO1 expression (low and high expression) and the survival time of BC patients was ana-
lyzed from websites of The Cancer Genome Atlas (http://cancergenome.nih.gov). The bladder cancer patients were
divided into ENO1 high expression (n = 204) and low expression group (n = 205).

Cell culture
Human bladder epithelial cells SV-HUC-1 and bladder cancer cells T24, 5637, J28, SW780 and RT4 were obtained
from ATCC. All the cells were cultured in Dulbecco modified Eagle’s medium (DMEM, Hyclone), supplemented with
10% fetal bovine serum (Corning) and 1% penicillin and streptomycin solution (Corning), at 37◦C containing 5%
CO2.

Knockdown of ENO1 in T24 and 5637 cells
The shRNA sequence targeting human ENO1 was inserted into pLL3.7 vector between HpaI and XhoI site.
The shRNA sequences were as follows: ENO1-1 forward: 5′-TCGTGAACGAGAAGTCCTGCAATTCAAGAGAT
TGCAGGACTTCTCGTTCACGTTTTTTC-3′, ENO1-1 reverse: 5′-TCGAGAAAAAACGTGAACGAGAAGTC
CTGCAATCTCTTGAATTGCAGGACTTCTCGTTCACGA-3′; ENO1-2 forward: 5′-TCCACTGTTGAGGTTG
ATCTCTTTCAAGAGAAGAGATCAACCTCAACAGTGGTTTTTTC-3′, ENO1–2 reverse: 5′-TCGAGAAAAA
ACCACTGTTGAGGTTGATCTCTTCTCTTGAAAGAGATCAACCTCAACAGTGGA-3′. CTNNB forward: 5′-
TGCATAACCTTTCCCATCATCGTTCAAGAGACGATGATGGGAAAGGTTATGCTTTTTTC-3′, CTNNB re-
verse: 5′-TCGAGAAAAAAGCATAACCTTTCCCATCATCGTCTCTTGAACGATGATGGGAAAGGTTATGCA-
3′. pLL3.7-shCtrl vector or pLL3.7-shENO1 vector and packaging vectors (VSVG, REV and pMDL) were
co-transfected into 293T cells. 72 h later, culture medium collected from 293T cells was filtered through a 0.45 μm
filter and then used to infect T24 and 5637 cells for three times (48 h per time).

ENO1 or β-catenin over-expression in bladder cancer cells
ENO1 was over-expressed in T24 and 5637 cells using pCDH lentivirus system. Coding sequence (CDS) of ENO1
or CTNNB was synthesized by Generay Biotech Company (Shanghai, China). The cDNA was cloned into EcoRI
and BamHI sites of pCDH vector. pCDH-Ctrl vector or pCDH-ENO1 vector and packaging vectors (PSPAX2 and
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PDM2G) were co-transfected into 293T cells. 72 h after transfection, supernatants containing virus were collected
and filtered with a 0.45 μm filter. Then the lentivirus was used to infect T24 and 5637 cells for three times (48 h per
time). The infection efficiency was evaluated by qRT-PCR and Western blot assays.

RNA isolation and quantitative real-time PCR
Total RNA was isolated from indicated cells using TRIzol reagent (Invitrogen, U.S.A.). 0.8 μg of total RNA
was reverse-transcribed into cDNA using ReverTra Ace® qPCR RT Master Mix (TOYOBO, Japan). Quan-
titative real-time PCR reaction was performed using TransStart Green qPCR SuperMix (TransGen Biotech,
Beijing, China) on a Bio-rad IQ 5 machine. The PCR primer sequences were as follow: ENO1 forward,
5′-GCCTCCTGCTCAAAGTCAAC-3′, and reverse, 5′-AACGATGAGACACCATGACG-3′; cyclin D1 forward,
5′-CAATGACCCCGCACGATTTC-3′, and reverse, 5′-CATGGAGGGCGGATTGGAA-3′; cyclin E1 forward,
5′-GCCAGCCTTGGGACAATAATG-3′, and reverse, 5′-CTTGCACGTTGAGTTTGGGT-3′; caspase 3 forward,
5′-GAAATTGTGGAATTGATGCGTGA-3′, and reverse, 5′-CTACAACGATCCCCTCTGAAAAA-3′; caspase 9 for-
ward, 5′-CTCAGACCAGAGATTCGCAAAC-3′, and reverse, 5′-GCATTTCCCCTCAAACTCTCAA-3′; GAPDH
forward: 5′-TGACTTCAACAGCGACACCCA-3′, and reverse: 5′-CACCCTGTTGCTGTAGCCAAA-3′. GAPDH
serves as internal control. The expression of target gene = 2(−(ct(Target)-ct(GAPDH)). Relative expression was normalized
to normal or control group.

Western blot
Total protein was extracted from indicated cells or tumor tissues using lysis buffer (2% SDS, 100 mM DTT, 10 mM
Tris (pH 6.8) and 10% glycerol). Tumor tissues in lysis buffer were sonicated at a frequency of 70 Hz for 180 s. Then
they were centrifuged at 12000 rpm for 5 min and boiled at 98◦C for 10 min. The protein was separated on a 12% or
15% SDS-PAGE gel and transferred to polyvinylidenefluoride membrane (PVDF; Millipore, U.S.A.). The membranes
were blocked with 5% silk milk at room temperature for 1 h and incubated with primary antibodies at 4◦C overnight.
Antibody against ENO1 (ab85086, 1:1000), cleaved caspase 3 (ab2303) and 9 (ab2324) was from Abcam (U.K.). Anti-
bodies against cyclin D1 (sc-8396, 1:500), E1 (sc-377100, 1:500), p21 (cst2947, 1:1000), p27 (cst3686, 1:1000), caspase
3 (cst9662, 1:1000) and 9 (cst9502, 1:1000) were from Cell Signaling (U.S.A.) and Santa Cruz Biotech (U.S.A.). An-
tibody against β-catenin (cst8480, 1:1000) was from Cell Signaling (U.S.A.). GAPDH antibody was from ABclonal
(AC033, 1:3000) (U.S.A.). All the secondary antibodies (sc-2537 and sc-2005, 1:5000) were from Santa Cruz Biotech
(U.S.A.).

Colony formation assay
A total of 1000 SV-HUC-1, T24 and 5637 cells were seeded in six-well plates. 6 or 10 days later, SV-HUC-1, T24 and
5637 cells were washed respectively with PBS. Then these colonies were fixed with methanol for 15 min and incubated
with 0.1% crystal violet for 15 min. Cell colonies were captured with a Nikon camera.

CCK assay
A total of 2500 indicated SV-HUC-1, T24 and 5637 cells were seeded into 96-well plates, which contained 200 μl of
culture medium. 1, 2, 3, 4 and 5 days later, 20 μl of CCK8 solution (YEASEN, Shanghai, China) was added into each
well. The plates were incubated at 37◦C for 3 h and then the OD value was measured at 450 nm. The OD value of
indicated time was normalized to the OD value of day 1.

Statistical analyses
All the statistical data were represented as mean +− SEM of at least three independent repeats. Unpaired Student’s t
test was used to analyze the difference between two groups for normally distributed continuous variables. Two-way
ANOVA was used for two variables. Difference was considered significant when P <0.05.

Results
ENO1 is over-expressed in bladder cancer tissues and cells
To investigate the clinical relevance of ENO1 in BC, we collected BC and the normal tissues. qRT-PCR or Western
blot results showed that ENO1 mRNA and protein level was higher in BC tissues compared with the non-paired or
paired normal bladder tissues (Figure 1A,B). To confirm our results, we analyzed the transcriptional level of ENO1 in
BC and separate normal tissues from the TCGA database. We found that ENO1 mRNA expression was higher in BC
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Figure 1. ENO1 expression is increased in BC tissues and cells

(A) qRT-PCR analysis of ENO1 in BC and normal tissues. ENO1 expression in BC tissues was normalized to ENO1 expression in

normal tissues. n = 19 in normal, n = 19 in cancer. ***P<0.001. (B) Western blot analysis of ENO1 in bladder cancer and adjacent

normal tissues. (C) mRNA level of ENO1 in bladder cancer and normal tissues that were analyzed from TCGA database. TPM,

transcripts per million. P<0.001. (D) qRT-PCR and Western blot analysis of ENO1 in bladder epithelial cells SV-HUC-1 and in BC

cells T24, 5637, J82, SW780 and RT4. ENO1 expression in T24, 5637, J82, SW780 and RT4 was normalized to ENO1 expression

in SV-HUC-1 cells. *P<0.05, **P<0.01. (E) The overall survival of bladder cancer patients who were divided into ENO1 high- and

low-expression groups that were analyzed from TCGA database. n = 204 in low-expression group, n = 205 in high-expression

group. P=0.016.

tissues as compared with the normal tissues (Figure 1C). Furthermore, the mRNA level of ENO1 was also determined
in various BC cells. The BC cells, including T24, 5637, J82, SW780 and RT4, had increased ENO1 mRNA expression
comparing to bladder epithelial cells SV-HUC-1 (Figure 1D). In addition, the correlation between ENO1 expression
and bladder cancer survival was analyzed based on the TCGA database. The results showed that the patients with
ENO1 high expression exhibited poor survival than those with ENO1 low expression (Figure 1E). Taken together,
ENO1 is a promising diagnostic biomarker for BC.
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Figure 2. ENO1 knockdown inhibits the proliferation and colony formation of bladder cancer cells

(A) T24 cells were infected with shCtrl, shENO1-1 and shENO1-2 lentivirus for three times and then were subjected to qRT-PCR and

Western blot analysis of ENO1. ***P<0.001. (B) 5637 cells were infected with shCtrl, shENO1-1 and shENO1-2 lentivirus for three

times and then were subjected to qRT-PCR and Western blot analysis of ENO1. ***P<0.001. (C) shCtrl, shENO1-1 and shENO1-2

T24 cells were subjected to CCK analysis of proliferation. ***P<0.001. (D) Cells described in (C) were subjected to colony formation

analysis. Left, representative images. Right, quantification results. ***P<0.001. (E) shCtrl, shENO1-1 and shENO1-2 5637 cells were

subjected to CCK analysis. ***P<0.001. (F) Cells described in (E) were subjected to colony formation analysis. Left, representative

images. Right, quantification results. ***P<0.001.

ENO1 knockdown suppresses the BC cell proliferation and growth
Since ENO1 expression was increased in BC tissues and cells, we explored whether ENO1 participated in BC progres-
sion. We knocked down ENO1 in T24 and 5637 cells and then analyzed the cell proliferation and growth. qRT-PCR
and Western blot results showed that ENO1 was efficiently silenced in shENO1-1 and shENO1-2 T24 and 5637 cells
(Figure 2A,B). Silencing of ENO1 suppressed the proliferation and colony formation of T24 cells (Figure 2C,D). Con-
sistent results were observed in shENO1-1 and shENO1-2 5637 cells (Figure 2E,F).

ENO1 over-expression promotes the BC cell proliferation and growth
To confirm our findings, we over-expressed ENO1 in T24 and 5637 cells and checked the effect of ENO1 ectopic
expression on cell proliferation and growth (Figure 3). qRT-PCR and Western blot assays indicated that ENO1 was
over-expressed in T24 and 5637 cells (Figure 3A,B). ENO1 ectopic expression led to enhanced cell proliferation and
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Figure 3. ENO1 knockdown inhibits the proliferation and colony formation of bladder cancer cells

(A) T24 cells were infected with Ctrl and ENO1 over-expression lentivirus and then were subjected to qRT-PCR and Western blot

analysis of ENO1. ***P<0.001. (B) 5637 cells were infected with Ctrl and ENO1 over-expression lentivirus and then were subjected

to qRT-PCR and Western blot analysis of ENO1. ***P<0.001. (C) SV-HUC-1 cells were infected with Ctrl and ENO1 over-expression

lentivirus and then were subjected to qRT-PCR and Western blot analysis of ENO1. ***P<0.001. (D–F) Ctrl and ENO1 over-expressed

T24 cells were subjected to CCK analysis of proliferation (D) and colony formation assay (E and F). **P<0.01, ***P<0.001. (G–I)

Ctrl and ENO1 over-expressed 5637 cells were subjected to CCK analysis of proliferation (G) and colony formation assay (H and

I). **P<0.01, ***P<0.001. (J–L) Ctrl and ENO1 over-expressed SV-HUC-1 cells were subjected to CCK analysis of proliferation (J)

and colony formation assay (K and L). **P<0.01.

colony formation of both T24 and 5637 cells (Figure 3D,I). The results showed that ENO1 over-expression promoted
the growth of T24 and 5637 cells. We also over-expressed ENO1 in SV-HUC-1 cells (Figure 3C). The results showed
that ENO1 ectopic expression enhanced the proliferation and growth of SV-HUC-1 cells (Figure 3J,L). Therefore,
ENO1 is essential to BC cell proliferation and growth.

ENO1 regulates apoptosis, cell cycle and activates β-catenin
Next, we attempted to explore the molecular mechanisms contributing to the oncogenic role of ENO1 in bladder
cancer. Cancer cells always exhibit enhanced cell cycle progression and suppressed apoptosis. We firstly checked the
dys-regulated genes which are associated with cell cycle and apoptosis. Western blot results showed that cyclin D1 and
E1 expression were suppressed by ENO1 knockdown, while they were potentiated by ENO1 over-expression (Figure
4A,B). p21 and p27, the repressor of cell cycle progression, were negatively regulated by ENO1 (Figure 4A,B). Further-
more, the apoptosis-related genes, caspase 3, caspase 9 and their active forms were up-regulated and down-regulated
in ENO1 silencing and over-expressed BC cells, respectively (Figure 4A,B). β-catenin is frequently activated in dif-
ferent cancers, including bladder cancer. Cyclin D1 has been reported as the downstream effector of β-catenin. We
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Figure 4. ENO1 regulates cell cycle, apoptosis and enhances β-catenin signaling pathway in bladder cancer cells

(A) Western blot analysis of ENO1, cyclin D1, cyclin E1, p21, p27, caspase 3, caspase 9 and β-catenin in shCtrl and shENO1-1

T24 and 5637 cells. (B) Western blot analysis of ENO1, cyclin D1, cyclin E1, p21, p27, caspase 3, cleaved caspase 3, caspase 9,

cleaved caspase 9 and β-catenin in Ctrl and ENO1 over-expressed T24 and 5637 cells.

showed that ENO1 positively regulatedβ-catenin in both T24 and 5637 cells (Figure 4A,B). These results suggest that
ENO1 regulates cell cycle, apoptosis and activates β-catenin signaling pathway in bladder cancer cells.

ENO1 activation of β-catenin is critical for the bladder cancer cell
proliferation
To investigate the involvement of β-catenin on bladder cancer, we over-expressed β-catenin in ENO1 silenced T24
cells (Figure 5). We found thatβ-catenin ectopic expression promoted the proliferation and colony growth of T24 cells
with silenced ENO1 (Figure 5A,C). Furthermore, cyclin D1 and cyclin E1, which were repressed by ENO1 knock-
down, were re-enhanced by β-catenin over-expression (Figure 5D). Opposite results were observed in qRT-PCR
analysis of caspase 3 and caspase 9 (Figure 5E). In addition, we silenced β-catenin in ENO1 over-expressed T24 cells
and found thatβ-catenin knockdown suppressed the proliferation and growth of T24 cells (Figure 5F,H). Thus, ENO1
up-regulation of β-catenin is critical for the bladder cancer cell proliferation.
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Figure 5. ENO1 up-regulation of β-catenin promotes the bladder cancer cell proliferation and colony formation

(A) β-catenin was over-expressed in shENO1-1 T24 cells and the cells (shCtrl, shENO1-1, shENO1-1+CTNNB) were subjected to

Western blot analysis of β-catenin. (B) shCtrl, shENO1-1 and shENO1-1 with over-expressed β-catenin T24 cells were subjected

to CCK analysis of proliferation. ***P<0.001. (C) The cells described in B were subjected to colony formation analysis. Left, rep-

resentative images. Right, quantification results. ***P<0.001. (D and E) qRT-PCR results of cyclin D1 and E1 (D), caspase 3 and 9

(E) in the cells described in B. *P<0.05, **P<0.01. (F) β-catenin was silenced in ENO1 over-expressed T24 cells and the cells (Ctrl,

ENO1, ENO1+shCTNNB) were subjected to Western blot analysis of β-catenin. (G) Ctrl, ENO1 and ENO1+shCTNNB T24 cells were

subjected to CCK analysis of proliferation. **P<0.01. (H) The cells described in B were subjected to colony formation analysis. Left,

representative images. Right, quantification results. *P<0.05, **P<0.01, ***P<0.001.
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Discussion
In this study, we found that ENO1 was up-regulated in BC tissues and cells. ENO1 over-expression promoted
BC cell proliferation and growth. Opposite results were observed in ENO1 silenced BC cells. Cell cycle and
apoptosis-associated genes were dys-regulated in ENO1 over-expressed and silenced BC cells. Our study demon-
strated that ENO1 functioned as an oncogene in BC.

In the past decades, numerous studies have demonstrated that aerobic glycolysis, the ‘Warburg effect’, is a hallmark
of cancer [29]. Even though increasing evidences have shown that the critical glycolytic enzymes, including HK2,
PKM2 and LDHA, play important roles in cancer development, the drugs against these enzymes are far from clinical
application [11]. Therefore, further studies should be performed to identify other glycolytic enzymes in cancer pro-
gression. Recently, the glycolytic enzyme ENO1 has attracted the attention of oncologists because it is dys-regulated
in various cancer types, including gastric cancer, HCC, glioma and pancreatic cancer [14,30–32]. However, it remains
unknown whether ENO1 serves as a tumor suppressor, oncogene or neither in BC. In this study, we focused on the
involvement of ENO1 in BC development. We found that the protein and mRNA level of ENO1 was up-regulated in
BC samples. Different BC cells showed relatively higher mRNA expression of ENO1 than the bladder epithelial cells
SV-HUC-1. In vitro, ectopic expression of ENO1 accelerated the proliferation and colony formation of T24 and 5637
BC cells, which had moderate ENO1 expression. Opposite results were observed in ENO1 silenced T24 and 5637
cells. The proliferative potential of SV-HUC-1 was also enhanced by ENO1 over-expression. These results suggested
that ENO1 functioned as an oncogene in BC. We also attempted to identify down-stream effectors that are regulated
by ENO1. We showed that ENO1 positively regulated β-catenin expression in both T24 and 5637 cells.

Due to alterations of any components in this pathway, Wnt/β-catenin signaling pathway is aberrantly activated in
various cancers. β-catenin can also be activated or stabilized by other factors to promote cancer development. For
example, long noncoding RNA pancEts-1 accelerates neuroblastoma progression via hnRNPK-mediated stabiliza-
tion of β-catenin [33]. Cytoplasmic hPCL3s, which is highly expressed in HCC samples, promotes HCC metastasis
through activation of β-catenin/IL6 pathway [34]. After stabilizing or activating by Wnt signals or other factors,
β-catenin enters the nucleus and elicits its transcriptional activity. The most initially identified targets for β-catenin
are c-myc and cyclin D1, which act as oncogenic roles in cancer development. Additionally, Deptor, a suppressor of
mTOR, has been demonstrated as a novel target of Wnt/β-catenin/c-Myc signaling pathway and contributes to the
growth of colorectal cancer cell [35]. Here, we showed that the expression of β-catenin as well as its targets cyclin
D1 was increased by ENO1 over-expression. Conversely, ENO1 silencing resulted in down-regulation of β-catenin
and cyclin D1. These results suggested that ENO1 activated β-catenin signaling. However, this did not imply that
β-catenin activation participates in BC cell proliferation triggered by ENO1. We thus over-expressed β-catenin in
BC cells with silenced ENO1. Interestingly, ectopic expression of β-catenin rescued the cell proliferation of ENO1
knockdown T24 cells. In contrast, knockdown of β-catenin reduced the viability of ENO1 over-expressed T24 cells.
Our results indicated that β-catenin signaling is critical for the oncogenic role of ENO1 in BC cell proliferation.

Even though we demonstrated that ENO1/β-catenin cascade played an important role in BC, there were still some
limitations in our study. How ENO1 regulated β-catenin expression remained unclear. A previous study found that
ENO1 was positively regulated by β-catenin in murine alveolar epithelial cells [36]. In turn, another study showed
that β-catenin served as a downstream effecter of ENO1 in glioma [37]. They also identified that PI3K/AKT sig-
naling pathway was suppressed by ENO1 knockdown. In addition, inhibition of PI3K by LY294002 reduced the
epithelial–mesenchymal transition (EMT) and the expression of cyclin D1. These results suggest that ENO1 may regu-
lateβ-catenin through PI3K/AKT signaling. Consistently, we provided the evidence that ENO1 potentiatedβ-catenin
expression in BC cells. However, further studies should be conducted to illustrate the precise molecular mechanisms
between ENO1 and β-catenin.

In summary, we demonstrated ENO1 as a potential oncogene in BC. Up-regulated ENO1 in BC tissues promoted
the proliferation and colony formation of BC cells. Mechanistically, activation of β-catenin signaling pathway was
essential to the accelerated proliferation of ENO1 over-expressed BC cells. Therefore, ENO1/β-catenin cascade maybe
a potential therapeutic target for BC.

Author Contribution
Mingfei Ji, Zhijun Wang and Jie Chen designed the study and performed the experiments. Liqiong Gu and Ming Chen performed
in vitro experiments. Mingfei Ji, Zhijun Wang and Jie Chen analyzed the data and wrote the manuscript. Jie Chen, Yelei Ding and
Tao Liu revised the manuscript. All the authors approved the submitted manuscript.

© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

9

D
ow

nloaded from
 http://portlandpress.com

/bioscirep/article-pdf/39/9/BSR
20190503/854448/bsr-2019-0503.pdf by guest on 25 April 2024



Bioscience Reports (2019) 39 BSR20190503
https://doi.org/10.1042/BSR20190503

Funding
This work was supported by the National Natural Science Foundation of China Grants [grant number 81502211].

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Abbreviations
BC, bladder cancer; ENO1, enolase 1; DMEM, Dulbecco modified Eagle’s medium; HCC, hepatocellular carcinoma; qRT-PCR,
quantitative real-time PCR.

References
1 Siegel, R.L., Miller, K.D. and Jemal, A. (2018) Cancer statistics, 2018. CA Cancer J. Clin. 68, 7–30
2 Sanli, O., Dobruch, J., Knowles, M.A., Burger, M., Alemozaffar, M., Nielsen, M.E. et al. (2017) Bladder cancer. Nat. Rev. Dis. Primers 3, 17022,

https://doi.org/10.1038/nrdp.2017.22
3 Ferlay, J., Soerjomataram, I., Dikshit, R., Eser, S., Mathers, C., Rebelo, M. et al. (2015) Cancer incidence and mortality worldwide: sources, methods

and major patterns in GLOBOCAN 2012. Int. J. Cancer 136, E359–86, https://doi.org/10.1002/ijc.29210
4 Montironi, R., Cheng, L., Scarpelli, M. and Lopez-Beltran, A. (2016) Pathology and genetics: tumours of the urinary system and male genital system:

clinical implications of the 4th edition of the WHO classification and beyond. Eur. Urol. 70, 120–123, https://doi.org/10.1016/j.eururo.2016.03.011
5 Mo, L., Zheng, X., Huang, H.Y., Shapiro, E., Lepor, H., Cordon-Cardo, C. et al. (2007) Hyperactivation of Ha-ras oncogene, but not Ink4a/Arf deficiency,

triggers bladder tumorigenesis. J. Clin. Invest. 117, 314–325, https://doi.org/10.1172/JCI30062
6 Williams, S.V., Hurst, C.D. and Knowles, M.A. (2013) Oncogenic FGFR3 gene fusions in bladder cancer. Hum. Mol. Genet. 22, 795–803,

https://doi.org/10.1093/hmg/dds486
7 Jebar, A.H., Hurst, C.D., Tomlinson, D.C., Johnston, C., Taylor, C.F. and Knowles, M.A. (2005) FGFR3 and Ras gene mutations are mutually exclusive

genetic events in urothelial cell carcinoma. Oncogene 24, 5218–5225, https://doi.org/10.1038/sj.onc.1208705
8 Tomlinson, D.C., Baldo, O., Harnden, P. and Knowles, M.A. (2007) FGFR3 protein expression and its relationship to mutation status and prognostic

variables in bladder cancer. J. Pathol. 213, 91–98, https://doi.org/10.1002/path.2207
9 Puzio-Kuter, A.M., Castillo-Martin, M., Kinkade, C.W., Wang, X., Shen, T.H., Matos, T. et al. (2009) Inactivation of p53 and Pten promotes invasive

bladder cancer. Genes Dev. 23, 675–680
10 Gao, J., Huang, H.Y., Pak, J., Cheng, J., Zhang, Z.T., Shapiro, E. et al. (2004) p53 deficiency provokes urothelial proliferation and synergizes with

activated Ha-ras in promoting urothelial tumorigenesis. Oncogene 23, 687–696, https://doi.org/10.1038/sj.onc.1207169
11 Massari, F., Ciccarese, C., Santoni, M., Iacovelli, R., Mazzucchelli, R., Piva, F. et al. (2016) Metabolic phenotype of bladder cancer. Cancer Treat. Rev.

45, 46–57, https://doi.org/10.1016/j.ctrv.2016.03.005
12 Zhu, X., Miao, X., Wu, Y., Li, C., Guo, Y., Liu, Y. et al. (2015) ENO1 promotes tumor proliferation and cell adhesion mediated drug resistance (CAM-DR) in

Non-Hodgkin’s Lymphomas. Exp. Cell Res. 335, 216–223, https://doi.org/10.1016/j.yexcr.2015.05.020
13 Zhu, W., Li, H., Yu, Y., Chen, J., Chen, X., Ren, F. et al. (2018) Enolase-1 serves as a biomarker of diagnosis and prognosis in hepatocellular carcinoma

patients. Cancer Manage. Res. 10, 5735–5745, https://doi.org/10.2147/CMAR.S182183
14 Zhu, X., Yu, H., Li, B., Quan, J., Zeng, Z., Li, G. et al. (2018) Targeting a LncRNA P5848-ENO1 axis inhibits tumor growth in hepatocellular carcinoma.

Biosci. Rep., BSR2-180896, https://doi.org/10.1042/BSR20180896
15 Qiao, H., Wang, Y.F., Yuan, W.Z., Zhu, B.D., Jiang, L. and Guan, Q.L. (2018) Silencing of ENO1 by shRNA inhibits the proliferation of gastric cancer cells.

Technol. Cancer Res. Treat. 17, 1–9
16 Liu, Y., Li, H., Liu, Y. and Zhu, Z. (2018) MiR-22-3p targeting alpha-enolase 1 regulates the proliferation of retinoblastoma cells. Biomed. Pharmacother.

105, 805–812
17 Chen, S., Zhang, Y., Wang, H., Zeng, Y.Y., Li, Z., Li, M.L. et al. (2018) WW domain-binding protein 2 acts as an oncogene by modulating the activity of

the glycolytic enzyme ENO1 in glioma. Cell Death Dis. 9, 347
18 Yin, H., Wang, L. and Liu, H.L. (2018) ENO1 overexpression in pancreatic cancer patients and its clinical and diagnostic significance. Gastroenterol. Res.

Pract. 2018, 3842198, https://doi.org/10.1155/2018/3842198
19 Okudela, K., Mitsui, H., Matsumura, M., Arai, H., Shino, K., Sekine, A. et al. (2017) The potential significance of alpha-enolase (ENO1) in lung

adenocarcinomas – a utility of the immunohistochemical expression in pathologic diagnosis. Pathol. Int. 67, 602–609,
https://doi.org/10.1111/pin.12607

20 Clevers, H. (2006) Wnt/beta-catenin signaling in development and disease. Cell 127, 469–480, https://doi.org/10.1016/j.cell.2006.10.018
21 Clevers, H. and Nusse, R. (2012) Wnt/beta-catenin signaling and disease. Cell 149, 1192–1205, https://doi.org/10.1016/j.cell.2012.05.012
22 Kielman, M.F., Rindapaa, M., Gaspar, C., van Poppel, N., Breukel, C., van Leeuwen, S. et al. (2002) Apc modulates embryonic stem-cell differentiation

by controlling the dosage of beta-catenin signaling. Nat. Genet. 32, 594–605, https://doi.org/10.1038/ng1045
23 Behrens, J., von Kries, J.P., Kuhl, M., Bruhn, L., Wedlich, D., Grosschedl, R. et al. (1996) Functional interaction of beta-catenin with the transcription

factor LEF-1. Nature 382, 638–642, https://doi.org/10.1038/382638a0
24 He, T.C., Sparks, A.B., Rago, C., Hermeking, H., Zawel, L., da Costa, L.T. et al. (1998) Identification of c-MYC as a target of the APC pathway. Science

(New York, NY) 281, 1509–1512, https://doi.org/10.1126/science.281.5382.1509

10 © 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

D
ow

nloaded from
 http://portlandpress.com

/bioscirep/article-pdf/39/9/BSR
20190503/854448/bsr-2019-0503.pdf by guest on 25 April 2024

https://doi.org/10.1038/nrdp.2017.22
https://doi.org/10.1002/ijc.29210
https://doi.org/10.1016/j.eururo.2016.03.011
https://doi.org/10.1172/JCI30062
https://doi.org/10.1093/hmg/dds486
https://doi.org/10.1038/sj.onc.1208705
https://doi.org/10.1002/path.2207
https://doi.org/10.1038/sj.onc.1207169
https://doi.org/10.1016/j.ctrv.2016.03.005
https://doi.org/10.1016/j.yexcr.2015.05.020
https://doi.org/10.2147/CMAR.S182183
https://doi.org/10.1042/BSR20180896
https://doi.org/10.1155/2018/3842198
https://doi.org/10.1111/pin.12607
https://doi.org/10.1016/j.cell.2006.10.018
https://doi.org/10.1016/j.cell.2012.05.012
https://doi.org/10.1038/ng1045
https://doi.org/10.1038/382638a0
https://doi.org/10.1126/science.281.5382.1509


Bioscience Reports (2019) 39 BSR20190503
https://doi.org/10.1042/BSR20190503

25 Tetsu, O. and McCormick, F. (1999) Beta-catenin regulates expression of cyclin D1 in colon carcinoma cells. Nature 398, 422–426,
https://doi.org/10.1038/18884

26 Tan, X., Apte, U., Micsenyi, A., Kotsagrelos, E., Luo, J.H., Ranganathan, S. et al. (2005) Epidermal growth factor receptor: a novel target of the
Wnt/beta-catenin pathway in liver. Gastroenterology 129, 285–302, https://doi.org/10.1053/j.gastro.2005.04.013

27 Elsherif, E., Elbaky, T.A., Elserafy, F., Elkady, N., Dawood, M., Gaber, M.A. et al. (2016) β-catenin and SKP2 proteins as predictors of grade and stage of
non-muscle invasive urothelial bladder carcinoma. Chin. Clin. Oncol. 5

28 Lin, C., Yin, Y., Stemler, K., Humphrey, P., Kibel, A.S., Mysorekar, I.U. et al. (2013) Constitutive beta-catenin activation induces male-specific
tumorigenesis in the bladder urothelium. Cancer Res. 73, 5914–5925, https://doi.org/10.1158/0008-5472.CAN-12-4198

29 Hanahan, D. and Weinberg, R.A. (2011) Hallmarks of cancer: the next generation. Cell 144, 646–674, https://doi.org/10.1016/j.cell.2011.02.013
30 Qian, X., Xu, W., Xu, J., Shi, Q., Li, J., Weng, Y. et al. (2017) Enolase 1 stimulates glycolysis to promote chemoresistance in gastric cancer. Oncotarget

8, 47691–47708, https://doi.org/10.18632/oncotarget.17868
31 Song, Y., Luo, Q., Long, H., Hu, Z., Que, T., Zhang, X. et al. (2014) Alpha-enolase as a potential cancer prognostic marker promotes cell growth,

migration, and invasion in glioma. Mol. Cancer 13, 65, https://doi.org/10.1186/1476-4598-13-65
32 Principe, M., Borgoni, S., Cascione, M., Chattaragada, M.S., Ferri-Borgogno, S., Capello, M. et al. (2017) Alpha-enolase (ENO1) controls alpha v/beta 3

integrin expression and regulates pancreatic cancer adhesion, invasion, and metastasis. J. Hematol. Oncol. 10, 16
33 Li, D., Wang, X., Mei, H., Fang, E., Ye, L., Song, H. et al. (2018) Long noncoding RNA pancEts-1 promotes neuroblastoma progression through

hnRNPK-mediated β-catenin stabilization. Cancer Res. 78, 1169–1183, https://doi.org/10.1158/0008-5472.CAN-17-2295
34 Cai, Z., Qian, Z-Y, Jiang, H., Ma, N., Li, Z., Liu, L-Y et al. (2018) hPCL3s promotes hepatocellular carcinoma metastasis by activating β-catenin

signaling. Cancer Res. 78, 2536–2549, https://doi.org/10.1158/0008-5472.CAN-17-0028
35 Wang, Q., Zhou, Y., Rychahou, P., Harris, J.W., Zaytseva, Y.Y., Liu, J. et al. (2018) Deptor is a novel target of Wnt/β-catenin/c-Myc and contributes to

colorectal cancer cell growth. Cancer Res. 78, 3163–3175
36 Mutze, K., Vierkotten, S., Milosevic, J., Eickelberg, O. and Königshoff, M. (2015) Enolase 1 (ENO1) and protein disulfide-isomerase associated 3 (PDIA3)

regulate Wnt/β-catenin-driven trans-differentiation of murine alveolar epithelial cells. Dis. Models Mech. 8, 877–890
37 Song, Y., Luo, Q., Long, H., Hu, Z., Que, T., Zhang, X. et al. (2014) Alpha-enolase as a potential cancer prognostic marker promotes cell growth,

migration, and invasion in glioma. Mol. Cancer 13, 65, https://doi.org/10.1186/1476-4598-13-65

© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

11

D
ow

nloaded from
 http://portlandpress.com

/bioscirep/article-pdf/39/9/BSR
20190503/854448/bsr-2019-0503.pdf by guest on 25 April 2024

https://doi.org/10.1038/18884
https://doi.org/10.1053/j.gastro.2005.04.013
https://doi.org/10.1158/0008-5472.CAN-12-4198
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.18632/oncotarget.17868
https://doi.org/10.1186/1476-4598-13-65
https://doi.org/10.1158/0008-5472.CAN-17-2295
https://doi.org/10.1158/0008-5472.CAN-17-0028
https://doi.org/10.1186/1476-4598-13-65

