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Abstract. Enolase-phosphatase 1 (ENOPH1), is an enzyme 
that is involved in polyamine biosynthesis and is associated 
with stress responses. However, little is known about its role in 
the pathophysiology of glioma. In the present study, we exam-
ined the expression and function of ENOPH1 in human glioma 
tissues and cell lines. Western blot, qPCR and immunohisto-
chemistry analysis were performed to investigate the expression 
of the ENOPH1 protein in glioma tissues in 86 patients. 
The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium 
bromide (MTT), wound healing and cell cycle assays were 
implemented to identify cell growth and cell migration in U87 
and U251 glioma cells. The results revealed that compared 
with normal brain tissues, the level of ENOPH1 was markedly 
increased in glioma tissues. In addition, we observed that the 
glioma pathological grade was positively associated with the 
expression level of ENOPH1. Knockdown of ENOPH1 expres-
sion with siRNA markedly reduced cell proliferation, and 
significantly decreased cell migration. Notably, knockdown 
of ENOPH1 promoted its downstream protein, aci-reductone 
dioxygenase 1 (ADI1), to shift from the nucleus to the cyto-
plasm of U251 glioma cells, while MT1-MMP expression was 

significantly downregulated compared with the control group. 
Collectively, our data demonstrated that the knockdown of 
ENOPH1 suppressed cell growth and migration, which may 
be associated with ADI1 translocation and MT1-MMP down-
regulation in glioma cells. Thus, ENOPH1 could serve as an 
underlying therapeutic target of glioma.

Introduction

Glioma is the most common and the most lethal brain tumor 
in the adult central nervous system, with characteristics of 
being highly heterogeneous, having a strong invasive ability 
and radiotherapy and chemotherapy resistance (1). Due to the 
fact that its pathogenesis is not completely clear, there is still 
a lack of effective treatments for glioma. Using radiotherapy 
combined with temozolomide, we treated newly diagnosed 
glioblastoma, which doubled the 2-year survival rate of 
patients up to 27% (2). However, the patient overall prognosis 
remains poor. In addition to the traditional diagnostic criteria 
for histopathology, molecular diagnostics play a vital part in 
the auxiliary typing of glioma, incorporating the information 
about the entire deletions of 1p/19q, the shifts in the EGFR 
signaling pathway, and the gene mutations of MGMT promoter 
methylation and isocitrate dehydrogenases 1 (IDH1) (3,4). 
A large and growing body of literature has investigated new 
molecular biomarkers in glioma that satisfied the needs of 
precise treatment for glioma (5,6). Emerging evidence demon-
strates that the activation of amino acid biosynthetic pathways 
has an important role in the progression of cancer (7,8).

Enolase-phosphatase 1 (ENOPH1, also called mtnC) is a 
new enzyme of research interest, which is not only involved in 
the synthesis of polyamine, but is also required for methionine 
remediation synthesis (9). Recently, Barth et al (10) found 
that ENOPH1 was extensively expressed in the brain and that 
ENOPH1 protein levels in the brain tissue of C57BL/6J mice 
could be enhanced by stress responses (10). Polyamines are 
present in all eukaryotic cells, their synthesis is closely related 
to cell growth or tumor cell proliferation and play a key role 
in regulating tumor cell differentiation (11,12). Polyamine 
accumulation has a significant effect on glioma growth (13). 
Since ENOPH1 participates indirectly via S-adenosyl 
methionine (SAM) in the synthesis of polyamine (14-17), we 
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can logically conclude that ENOPH1 has a role in glioma. 
However currently, the mechanisms controlling the expression 
and function of ENOPH1 in glioma are not well understood.

Thus, in the present study, we used in vitro cultured 
human glioma cell lines and in vivo human glioma tissues 
to explore the role of ENOPH1 in glioma progression. Apart 
from evaluating the expression pattern of ENOPH1 gene and 
protein, we also examined the effect of targeted silencing of 
the ENOPH1 gene in glioma cell proliferation and migration. 
Our data revealed that ENOPH1 was upregulated in human 
glioma cell lines, and glioma samples and knockdown of 
ENOPH1 decreased glioma cell proliferation and migration 
along with translocation of its downstream protein aci-reduc-
tone dioxygenase 1 (ADI1) and downregulation of membrane 
type 1-matrix metalloproteinase (MT1-MMP).

Materials and methods

Clinical tissue sample collection. Tumor samples as well 
as patient clinical-pathological data were acquired from 
Wuhan General Hospital of PLA (Wuhan, China) between 
January 2013 and December 2014. All the experiments using 
the human samples were authorized by the Ethics Committee of 
Southern Medical University. All patients willingly consented 
to participate in the study by signing an informed consent form. 
In terms of the World Health Organization (WHO) classifica-
tion (18), a total of 86 gliomas were classified as 12 pilocytic 
astrocytomas (WHO I), 15 diffuse astrocytomas (WHO II), 
18 anaplasia astro cytomas (WHO III) and 41 primary glioblas-
tomas (WHO IV). None of the patients had been treated with 
chemotherapy or radiotherapy before surgery. Resected tumor 
tissues were snap-frozen in liquid nitrogen and maintained 
at -80˚C and liquid nitrogen before use, and the other tissues 
were formalin-fixed and paraffin-embedded for conventional 
histopathology and immunohistochemistry (IHC). Clinical 
parameters, including age, sex and pathological grading of all 
patients are presented in Table I. The period of follow-up was 
from 0.2 to 68.4 months.

IHC. Immunohistochemical staining was performed as previ-
ously mentioned (19). The tissues sections were formalin-fixed 
and paraffin-embedded. The sections were deparaffinized 
in xylene and rehydrated by graded alcohol to water, and by 
incubating the slides in 3% H2O2 in water at room temperature 
for 30 min endogenous peroxidase activity was eliminated. 
Subsequently, after being incubated in 1% BSA for 30 min, the 
sections were wiped off, and then a dilution of anti-ENOPH1 
(1:250; cat. no. sc-365155; Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA) was applied to the slides and incubated at 
room temperature overnight. Subsequently, the slides were 
incubated at room temperature with a secondary antibody 
(1:1,000; cat. no. 323-005-021; Jackson ImmunoResearch 
Labs, West Grove, PA, USA) for 2 h, following the manu-
facturer's instructions. At the same concentration as for 
the primary antibody (ENOPH1; 1:250; cat. no. sc-365155; 
Santa Cruz Biotechnology), the negative control slides were 
processed in parallel with a non-specific immunoglobulin IgG 
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Finally, 
the stained sections were examined under a light microscope 
(Leica Microsystems, Wetzlar, Germany).

Cell culture and transfection. The human glioma cell lines U87 
and U251 were obtained from the Type Culture Collection of 
the Chinese Academy of Sciences (Shanghai, China). The U87 
cell line is glioblastoma of unknown origin. The glioma cells 
were grown in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) (both from 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
at 37˚C in humidified 5% CO2/95% air. To obtain cells in the 
exponential growth phase, cell cultures for the assays were 
initiated at a density of 5x105 cells/ml. We used a haemocy-
tometer (Adam MC; Digital Bio, Seoul, Korea) to count the 
number of cells. Following the manufacturer's instructions, at 
60-70% confluence on dishes of different sizes (Corning Glass 
Works, Corning, NY, USA), glioma cells were transfected with 
100 nM ENOPH1 siRNA (si-ENOPH1; cat. no. sc-88932) or 
scrambled control siRNA (si-control; cat. no. sc-37007) with 
the use of siRNA transfection reagent (cat. no. sc-29528; all 
from Santa Cruz Biotechnology, Inc.). The cells were not used 
in the following experiments until 48 h post-transfection, and 
the specific silencing effect was verified by western blot anal-
ysis. The cell lines have been authenticated by STR profiling.

RNA extraction and quantitative real-time PCR. Total RNA 
was obtained from glioma cells using TRIzol (Invitrogen; 
Thermo Fisher Scientific, Inc.) following the manufacturer's 
instructions. After being reversely transcribed using TaqMan® 
Reverse Transcription kit and the Vii7 Real-Time PCR System, 
the products were amplified in a 10-µl final reaction volume using 
SYBR® Green PCR Master Mix (all from Applied Biosystems; 
Thermo Fisher Scientific, Inc.). This was performed under the 
following conditions: 30 sec at 95˚C, followed by a total of 
40 cycles of two temperature cycles (15 sec at 95˚C and 1 min 
at 60˚C). The primer sequences used were as follows: human 
ENOPH1 forward, 5'-AGAAGACTTACTACAGCCTCA-3'  
and reverse, 5'-AACTACACTTTGCCCTCA-3'; GAPDH 
served as the endogenous control, and the primers were as 
follows: forward, 5'-CAATGTGTCCGTCGTGGATCT-3'  and 
reverse, 5'-GTCCTCAGTGTAGCCCAAGATG-3'. Using the 
SDS Enterprise Database v2.0.6 software (Applied Biosystems; 
Thermo Fisher Scientific, Inc.), the Cq value was calculated 
using the comparative 2-ΔΔCq method (20).

Cell viability and proliferation assays. Using a 3-[4,5-dimeth-
ylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) 
assay, the viability and proliferation of glioma cells were deter-
mined. After being seeded in 96-well plates (2x103 cells/well), 
the U251 cells were transfected with siRNAs. The cells were 
cultured for an appropriate time period and then 0.5 mg/ml 
MTT (MedChem Express, Monmouth Junction, NJ, USA).

USA) was added to each well and cultured for 4 h at 37˚C. 
By measuring the absorption at a wavelength of 490 nm, the 
number of viable growing cells was calculated after the cells 
were lysed for 10 min at 37˚C in 200 µl dimethyl sulfoxide 
(Sigma-Aldrich; Merck KGaA). This allowed for the establish-
ment of cell growth curves in terms of the optical density (OD) 
value. The proliferation rate was calculated according to the 
following formula: survival rate = (OD test/OD negative 
control) x100%. In addition to being repeated at least three 
times, all the experiments were performed in triplicate.
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Cell migration scratch assay. Scratch assays were conducted 
to determine the glioma cell migration ability. Before being 
transfected with the control siRNA or the ENOPH1 siRNA 
(50 nM) 24 h later, the cells were seeded in 12-well plates 
(2x105 cells/well). Next, the cells were cultured for a corre-
sponding time period, treated with colchicine (10 µg/ml) 
for 1 h, and then a 10-µl sterile micropipette tip was used to 
create an artificial wound. Subsequently, the displaced cells 
and debris were removed by rinsing the plates with PBS 
before replacing the culture media. Using ImageJ software 
(Java 1.8.0_112; NIH, Bethesda, MD, USA) the distance 
covered by the cells at the leading edge of the wound at each 
time-point was calculated, and the scratched area was imaged 
under a fluorescence microscope at 0 and 24 h. The results 
were reported by percentage of migrated cells.

Cell cycle analysis. DNA content analysis was determined 
by propidium iodide (PI) staining. In brief, after the cells in 
each group were washed with PBS twice and centrifuged at 
1,000 rpm for 5 min to adjust their density to 1x106 cells/well, 
cold 70% ethyl alcohol was added, and the cells were main-
tained at 4˚C for overnight fixation. In addition, before being 
incubated with 400 µl PI staining buffer (50 µg/ml; NanJing 
KeyGen Biotech Co., Ltd., Nanjing, China) at 4˚C in the dark 
for 30 min, the fixed cells were washed with PBS, and then, 
100 µl RNase was added to the sample for incubation for 
30 min at 37˚C. Using a flow cytometer (Beckman Coulter, 
Brea, CA, USA), the cell cycle distribution was determined, 
and the percentage of cells in the G1, S and G2/M phases with 
the FlowJo software (FlowJo V10; Tree Star, Inc., Ashland, 
OR, USA) was determined. The experiment was performed at 
least three times.

Western blot analysis. Glioma tissues and glioma cell lines 
were solubilized in RIPA lysis buffer (Thermo Fisher 
Scientific, Inc.). With the help of a Pierce™ BCA Protein 

Assay kit (Thermo Fisher Scientific, Inc.) the cell lysates were 
centrifuged at 12,000 rpm and the protein concentrations were 
estimated. The cell lysates were separated by electrophoresis 
on 10-12% sodium dodecyl sulfate (SDS)-PAGE and 25 µg of 
protein was loaded per lane, before being transferred to poly-
vinylidene difluoride (PVDF) membranes. The membranes 
were then blocked in TBS-T containing 5% non-fat milk for 
1 h at room temprature, and then incubated with primary anti-
bodies overnight. The membranes were washed and incubated 
with horseradish peroxidase (HRP)-conjugated secondary 
antibodies (1:1,000; cat. no. 323-005-021; Jackson Immuno 
Research Labs, West Grove, PA, USA) for 1 h at room temper-
ature and developed with the use of a chemiluminescence kit 
(Thermo Fisher Scientific, Inc.). The primary antibodies were 
ENOPH1 (1:1,000; cat. no. 11763-1-AP), ADI1 (1:2,000; cat. 
no. ab154689), MT1-MMP (1:1,000; cat. no. ab51074), p21 
(1:2,000; cat. no. ab109520), p27 (1:4,000; cat. no. ab32034), 
cyclin B (1:20,000; cat. no. ab32053), cyclin D (1:30,000; 
cat. no. ab134175) and β-actin (1:1,000; cat. no. sc-47778). 
The anti-ENOPH1 antibody was obtained from ProteinTech 
Group, Inc. (cat. no. 11763-1-AP; Chicago, IL, USA). In addi-
tion, the other primary antibodies were acquired from Abcam 
(Cambridge, MA, USA). β-actin was used as an internal stan-
dard for overall protein levels.

Immunocytochemistry. The U87 and U251 glioma cells, 
which were cultured on type I collagen-coated coverslips, 
were fixed with 4% paraformaldehyde and permeabilized with 
0.1% Triton X-100 during fixation. After applying a blocking 
solution (3% BSA, 0.1% Tween-20 and 5% goat serum in 
PBS) non-specific binding was blocked, and then the cells 
were cultured with anti-ENOPH1 (1:200) primary antibodies 
at 4˚C overnight. Subsequently, FITC anti-mouse secondary 
antibodies (1:200; Invitrogen; Thermo Fisher Scientific, Inc.) 
were added and incubated at room temperature for 1 h. After 
applying the anti-fade sealing solution (Maixin Biotech. 
Co., Ltd., Fuzhou, China), the coverslips were mounted on 
glass slides, immunostaining was imaged with the use of a 
DMI6000B fluorescence microscope (Leica Microsystems 
GmbH, Wetzlar, Germany). The average fluorescence inten-
sity of ENOPH1 in the cells in the image was determined as 
previously described (21).

Statistical analysis. With the help of SPSS version 13.0 (SPSS, 
Chicago, IL, USA), statistical analyses were performed. All 
the data are presented as the mean values ± standard devia-
tion (SD). Student's t-test or one-way ANOVA followed by 
Tukey's post-hoc test was applied to determine significant 
differences between groups. Overall survival curves were 
plotted by the Kaplan-Meier method and were compared by 
log-rank tests. P<0.05 was considered to indicate a statistically 
significant difference.

Results

ENOPH1 is upregulated in human glioma tissues. ENOPH1 
has been demonstrated to be expressed in a wide range of 
cells in the brain, including neurons and microvascular 
endothelial cells, and is involved in stress response and cell 
apoptosis (10,21). To identify whether ENOPH1 participates 

Table I. Clinicopathological characteristics of glioma patients.

 ENOPH1 expression
Clinical  Patient ------------------------------------------------------
characteristics number High, n (%) Low, n (%)

Age years
  <45 30 13 (43) 17 (57)
  ≥45 56 25 (47) 31 (53)

Sex
  Male 45 20 (45) 25 (55)
  Female 41 21 (51) 20 (49)

WHO grade
  I 12   3 (25) 9 (75)
  II 15   4 (27) 11 (73)
  III 18 14 (78)   4 (22)
  IV 41 34 (83)   7 (17)

ENOPH1, enolase-phosphatase 1; WHO, World Health Organization. 
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in the progression of glioma, we first studied the ENOPH1 
expression changes in human glioma tissue. By real-time 
RT-PCR, we observed that ENOPH1 mRNA expression in 
glioma tissue was significantly increased (~4-fold) compared 
to normal brain tissue (Fig. 1A). In accordance with its mRNA 
change, ENOPH1 protein levels were markedly increased 
as well in human glioma tissue, especially in the WHO 
grade IV samples (Fig. 1B). IHC analysis revealed that the 
expression of ENOPH1 was mainly localized in the nucleus 
in the WHO grade II and III glioma samples, in contrast to 
normal brain samples, while in the WHO grade IV glioma 
samples, ENOPH1 was mainly localized in the cytoplasm of 
the cells (Fig. 1C). Subsequenlty, we investigated the associa-
tion between ENOPH1 expression and overall survival using 
Kaplan-Meier survival curve analysis. We observed that a high 
level of ENOPH1 expression was associated with a shorter 
overall survival (Fig. 1D). Thus, these results indicated that 
ENOPH1 was upregulated in glioma patients, and its expres-
sion was significantly associated with clinicopathological 
grade and survival status. For the remainder of the present 

study we selected extensively used in vitro human glioma 
malignant cell lines (i.e., U87 and U251), in order to inves-
tigate the role of ENOPH1 in glioma pathophysiology and to 
demonstrate the underlying mechanisms involved.

ENOPH1 expression is increased in glioma cell lines. Taking 
into account the findings that ENOPH1 expression was 
increased in human glioma tissues, we determined the level 
of ENOPH1 in vitro. We performed qPCR analysis as well as 
western blotting to determine the expression of ENOPH1 in 
glioma cell lines (U87 and U251). ENOPH1 mRNA expres-
sion was significantly increased in U87 (2.02-fold) and U251 
(2.30-fold) glioma cells compared with human astrocyte 
cells, as demonstrated in Fig. 2A. Similar results were also 
observed at the protein level (Fig. 2B). To reveal the intra-
cellular localization of ENOPH1 in glioma cell lines, we 
performed immunocytochemical staining to further verify 
the immunoblot findings. It was demonstrated by immunos-
taining that ENOPH1 protein was found in the cytosol and 
nucleus (Fig. 2C) and the fluorescence intensity of ENOPH1 

Figure 1. Expression of ENOPH1 in glioma tissues and normal brain tissues. (A) The real time RT-PCR assay revealed an increased expression of ENOPH1 
mRNA in glioma tissues in contrast to normal brain tissues. *P<0.05 vs. NB tissues. (B) Western blot analysis revealed ENOPH1 protein expression in glioma 
tissue samples compared with NB tissues. Upper panel: Representative immunoblots of ENOPH1 and the loading control β-actin; bottom panel: Quantitative 
data of protein band intensity following normalization to β-actin, *P<0.05 vs. NB tissues; the unpaired t-test was used for this assay. (C) Immunohistochemical 
staining revealed incremental levels of ENOPH1 in glioma samples (especially WHO IV grade glioma tissues) in contrast to NB tissues. ENOPH1 was located 
in the cytosol and nuclei (Scale bars, 50 µm). *P<0.05 vs. NB tissues. An unpaired t-test was used for this assay. NB, normal brain tissues. (D) Kaplan-Meier 
survival analysis in primary glioma cases stratified by ENOPH1 expression indicated that high levels of ENOPH1 expression were associated with shorter 
overall survival. P<0.001 vs. the low level of ENOPH1 expression group. Low, low level of ENOPH1 expression group; high, high level of ENOPH1 expression 
group. ENOPH1, enolase-phosphatase 1; NB, normal brain.
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was significantly increased in U87 (~1.95-fold increase) and 
U251 (~2.38-fold increase) glioma cells compared with human 
astrocyte cells (Fig. 2D). Notably the expression of ENOPH1 
in glioma cells was upregulated.

Knockdown of ENOPH1 inhibits glioma cell proliferation and 
migration. To identify the cellular mechanisms responsible for 
tumor proliferation and migration, MTT and scratch assays 
were performed, respectively. First, by RNA disturbance 
(RNAi) in high-grade glioma cells we inhibited ENOPH1 gene 
expression, using both the U87 and U251 cells. The evalua-
tion of the silencing effects of siRNA was also confirmed by 
western blotting (Fig. 3A). Subsequently, using MTT assay we 
detected the proliferation of U251 cells following transfection 
with ENOPH1 siRNA. A powerful growth ability was demon-
strated by U251 cells, which was attenuated significantly by 
knockdown of ENOPH1 in a time-dependent manner, particu-
larly at 72 and 96 h (P<0.05) post-transfection of ENOPH1 
siRNA (Fig. 3B). Subsequently, using a microscope, the degree 
of wound healing was evaluated by scratch analysis every 24 h. 
Representative images of U87 and U251 cells acquired at 48 h 
are displayed (Fig. 3C and D); the former (U87) was inhibited 

by 36% and the latter (U251) by 44% (Fig. 3E). Our data indi-
cated that downregulation of ENOPH1 inhibited glioma cell 
proliferation and migration.

Knockdown of ENOPH1 results in a block of the G2/M transi-
tion. By PI staining and flow cytometry, the possible effects 
of ENOPH1 knockdown on cell cycle progression were evalu-
ated. An increase in cells at the G2/M phase was found as a 
result of depletion of ENOPH1 in U251 cells (Fig. 4A and B). 
The assessment of the effects of ENOPH1 siRNA transfection 
on the protein levels of the cell-cycle key regulators p21, p27, 
cyclin B and cyclin D was performed using western blotting. 
It was demonstrated in Fig. 4C that the expression of p21 and 
p27 was upregulated, while that of cyclin B and cyclin D was 
downregulated in the ENOPH1 siRNA group, when compared 
with the astrocyte group. These results demonstrated that 
knocked down ENOPH1 expression blocks the cell cycle 
G2/M transition.

Downregulation of ENOPH1 inhibits MT1-MMP expres-
sion in glioma cells. Previous studies have revealed that the 
downstream molecule ADI1 of ENOPH1 can tie up and knock 

Figure 2. Expression of ENOPH1 in glioma cell lines. (A) RT-qPCR analysis revealed that the increase of ENOPH1 mRNA expression was significant in U87 
and U251 glioma cells compared with HA cells by qPCR assays. Data are presented as the mean ± SD for three independent experiments (*P<0.05). (B) Western 
blot analysis of the increased ENOPH1 protein expression in U87 and U251 glioma cells compared with HA cells. Upper panel: Representative immunoblots 
of ENOPH1 and the loading control β-actin; bottom panel: Quantitative data of protein band intensity following normalization to β-actin. *P<0.05 vs. HA; n=3. 
The unpaired t-test was used for this assay. (C) Two glioma cell lines (U87 and U251) were engaged in immunostaining with ENOPH1 (green), and the nuclei 
were counterstained with DAPI (blue). Representative immunocytochemical micrographs revealed that ENOPH1 was present in the cytosol and the increase 
of ENOPH1 fluorescence intensity was significant in U87 and U251 glioma cells compared with HA cells (scale bar, 20 µm). (D) As an integral optical density 
(IOD) parameter, the intensities of ENOPH1 immunofluorescence were quantitated and expressed. *P<0.05 vs. HA; n=3. ENOPH1, enolase-phosphatase 1; 
HA, human astrocytes.
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down the activity of membrane-type matrix metallopro-
teinase (MT1-MMP) (22,23), and it is known that, MT1-MMP 
contributes to human malignant glioma aggressiveness (24,25). 
Thus, we hypothesized that the effect of ENOPH1 on glioma 
progression may be mediated by the ADI1/MT1-MMP 
pathway. To investigate this possibility, we examined the 
effect of ENOPH1 silencing on its downstream protein ADI1 
and MT1-MMP expression. We first used western blotting to 
investigate the ADI1 protein level in human malignant cell 
lines. We observed that the increase of ADI1 protein levels 
was significant in U87 and U251 glioma cells compared with 
human astrocyte cells (Fig. 5A and B). Subsequently, we 
determined the effect of ENOPH1 knockdown on ADI1 intra-
cellular distribution. The data demonstrated that ENOPH1 
downregulation reduced ADI1 protein levels in CN (cytosolic 
nuclei), while its protein level in the CF (cytosolic fraction) 
was increased in U251 glioma cells (Fig. 5C). In addition, the 
expression of MT1-MMP protein was significantly decreased 
in the ENOPH1-siRNA transfection group compared with 
the control group (Fig. 5D). Collectively, these data indicated 
that ENOPH1 may indirectly promote MT1-MMP expression 

through the inhibition of ADI1 translocation from the nucleus 
to the cytosol in human malignant glioma cells.

Discussion

ENOPH1, as the methionine salvage pathway enzyme, has 
been revealed to play a role in stress reactivity (10) and isch-
emic blood-brain barrier (BBB) dysfunction (21). However, 
its possible effects on glioma progression and potential 
mechanisms have not been fully elucidated. The present 
study provided the first evidence that ENOPH1 contributed to 
glioma proliferation and migration in vitro. The major findings 
included the following: i) ENOPH1 was markedly upregulated 
in human glioma tissues and malignant glioma cells (U87 
and U251 cell lines), respectively; ii) knockdown of ENOPH1 
with siRNA significantly attenuated glioma cell proliferation; 
iii) knockdown of ENOPH1 attenuated glioma cell migration; 
and iv) knockdown of ENOPH1 induced ADI1 to translocate 
from the nucleus to the cytosol and may promote the separa-
tion of ADI1 from MT1-MMP in the cytoplasm, and in glioma 
cells, downregulating MT1-MMP expression.

Figure 3. ENOPH1 knockdown attenuates cancer progression in glioma cells. (A) Western blot analysis revealed that a significant (~80%) reduction of 
ENOPH1 protein levels resulted from incubation of U251 cells with ENOPH1 siRNA for 48 h. Left panel: Representative immunoblots of ENOPH1; right 
panel: Quantitative data of the protein band intensity. *P<0.05 vs. control siRNA; n=4. (B) Effects of ENOPH1 silencing on the proliferation of U87 and U251 
cells. Migration of (C) U87 cells and (D) U251 cells transfected with ENOPH1 siRNAs were identified by wound healing assays. Scale bars, 200 µm, n=3. 
(E) Quantitation of U87 and U251 cell migration into the scratch using ImageJ software. *P<0.05 vs. control siRNA; n=3. ENOPH1, enolase-phosphatase 1.
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In glioma, polyamine synthesis is increased and can 
spread to the surrounding tissues. Key enzyme-ODC activity 
increases in a positive correlation with the degree of tumor 
malignancy and, can be used as a reliable indicator of glioma 
malignancy (26,27). Other evidence revealed that ENOPH1 
via S-adenosyl methionine (SAM) plays an indirect role in 
the synthesis of polyamine (14-17). At present, the biological 
functions of ENOPH1 are still mainly not known. It has been 
revealed in a few recent studies that there is wide expression 
of ENOPH1 in the brain and it is related to neurodevelop-
mental disorders, anxiety behavior and BBB function integrity 
damage (10,21,28). The present study was the first investigation 
of the role of ENOPH1 in the pathophysiology of gliomas. Our 
data revealed that ENOPH1 upregulation existed not only in the 
glioma cell lines but also in human glioma tissue, especially 
in glioblastomas. Notably, ENOPH1 was mainly located in the 
nucleus in normal brain tissue, WHO II and WHO III grade 
tissue samples, but in WHO IV grade tissue, ENOPH1 was 
translocated to the cytoplasm, which was consistent with the 
findings in U87 and U251 malignant glioma cells. According to 
these results, we hypothesized that the occurrence of gliomas 
and the transition of gliomas from low- to high-grade may be 
facilitated by the translocation of ENOPH1 from the nucleus 
to the cytoplasm. In previous studies, there was no similar data 
to support this translocation, and we believe a possible reason 
for this is that polyamine accumulation promoted ENOPH1 
activation and that ENOPH1 is a tumor microenvironment 
stress factor. Further experiments are warranted to analyze 
this phenomenon and mechanism.

This is the first study of the role of ENOPH1 in cell prolif-
eration and migration in order to determine the molecular 
mechanism of the effect of ENOPH1 on the progression of 
glioma. We revealed a reduction of cellular proliferation rate 
and the degree of wound healing produced by knockdown of 
ENOPH1 with siRNA, which obviously implicated ENOPH1 
in glioma cell growth and migration. In addition, in the assay 
of cell cycle progression, we observed downregulation of 
cyclin B and cyclin D following knockout of ENOPH1 which 
promoted a G2/M phase arrest, whereas there was upregula-
tion of p21 and p27, further supporting a promoting role of 
ENOPH1 in glioma development.

ADI1 (also known as MTCBP1), a methionine salvage 
pathway enzyme, is a downstream molecule of ENOPH1 
and has been indicated to be connected with cell apoptosis, 
oxidative stress, microbial infection and reproductive devel-
opment (29-32). In addition, as an oxidoreductase, ADI1 
can collect molecular oxygen donor to generate ROS (30). 
A recent study illustrated a new role for ADI1 in regulating 
MT1-MMP-mediated autophagy, which is important in 
glioblastoma cells (33). The high expression of MT1-MMP 
in malignant glioma tissue and its close relationship to the 
progression and invasion of glioma are well-known (34-36). 
These research data led us to hypothesize that the effect of 
ENOPH1 on glioma progression may be mediated by the 
ADI1/MT1-MMP pathway. Our in vitro study revealed that 
knockdown of ENOPH1 promoted ADI1 translocation from 
the nucleus to the cytoplasm and the expression of MT1-MMP 
was decreased. According to these evidence, we hypothesized 

Figure 4. Suppressing ENOPH1 expression inhibited the phase transition of G2/M in glioma cells. (A and B) The U251 cells were transfected with the indicated 
siRNA and the cells were collected 48 h later. The analysis of the cell cycle profile was performed by flow cytometry. Left panel: Representative images of 
control siRNA; right panel: Representative images of ENOPH1 siRNA. *P<0.05 vs. control siRNA; n=3. (C) The protein levels of the cell cycle key regulators 
(p21, p27, cyclin D and cyclin B) in U251 cells were detected by western blot analysis. n=3. ENOPH1, enolase-phosphatase 1.
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that ENOPH1 may promote ADI1 migration into the nucleus 
and separate MT1-MMP from ADI1 in the cytoplasm, 
attenuating the inhibitory effect of ADI1 on MT1-MMP, 
and indirectly enhancing MMP-2 activity, further promoting 
glioma cell proliferation and migration. Future studies are 
warranted to perform animal experiments in vivo to detect the 
activity of MT1-MMP and the interaction of ENOPH1 with 
ADI1, as well as the interaction between ADI1 and MT1-MMP 
in glioma cell lines.

In conclusion, our results collectively provided prelimi-
nary evidence of the role of ENOPH1 in glioma progression, 
in which increased cellular growth and migration can be 
caused by ENOPH1 upregulation in glioma cells. In addition, 
Knockdown of ENOPH1 facilitated its downstream molecule 
ADI1, to translocate from the nucleus to the cytoplasm, and 
indirectly decreased the expression of MT1-MMP in glioma 
cells. Investigation of the mechanisms underlying this change 
need to be identified in future studies. In addition, the expres-
sion of ENOPH1 can be used as an unfavorable progression 
indicator for glioma patients.
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