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Microrchidia family CW-type zinc finger 2 promotes
the proliferation, invasion, migration and epithelial-mesenchymal
transition of glioma by regulating PTEN/PI3K/AKT signaling
via binding to N-myc downstream regulated gene 1 promoter
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Abstract. Glioma is a common malignant tumor of the central
nervous system with high incidence and mortality. The present
study aimed to investigate the role of Microrchidia family
CW-type zinc finger 2 (MORC?2) in the development of glioma.
Firstly, MORC2 expression was detected in several glioma cell
lines (U251, SHG44, LN229 and T98G). Following MORC2
silencing, cell proliferation was evaluated using the Cell
Counting Kit-8 assay and the expression of proliferation-related
proteins was assessed via immunofluorescence staining or
western blotting. Cell invasion and migration were assessed
using transwell and wound healing assays, respectively. Western
blotting and immunofluorescence staining were employed to
determine the expression of epithelial-mesenchymal transition
(EMT)-associated proteins. The protein expression of N-myc
downstream regulated gene 1 (NDRG1) and PTEN/PI3K/AKT
signaling was determined with western blot analysis. Then, the
luciferase reporter assay and chromatin immunoprecipitation
(ChIP) assay were employed to evaluate the binding between
MORC2 and NDRGI promoter. Subsequently, cellular
functional experiments were performed to assess the effects
of NDRGI on the progression of glioma after NDRG1 and
MORC?2 overexpression. In addition, tumor-bearing experi-
ments were conducted using a U251 tumor-bearing nude
mice model to detect tumor growth. The expression of prolif-
eration (proliferating cell nuclear antigen, cyclin-dependent
kinase 2 and cyclin El), migration [matrix metalloproteinase
(MMP)2 and MMP9], EMT (E-cadherin, N-cadherin and
Vimentin) and PTEN/PI3K/AKT signaling proteins in tumor
tissues was examined with immunohistochemistry assay or
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western blotting. Results revealed that MORC2 was notably
unregulated in glioma cells compared with the normal human
astrocyte. Loss-function of MORC?2 inhibited the proliferation,
invasion, migration and EMT of glioma cells. Importantly,
MORC?2 silencing upregulated NDRGI1 expression and inacti-
vated PTEN/PI3K/AKT signaling. Additionally, the luciferase
reporter- and ChIP assays confirmed that MORC?2 could bind
to the NDRG1 promoter. NDRGI1 upregulation suppressed
the progression of glioma and these effects were partially
reversed by MORC?2 overexpression. Results of tumor-bearing
experiments suggested that gain-function of NDRGI inhibited
tumor growth and downregulated the expression of prolifera-
tion, migration and EMT-related proteins in tumorous tissue
in U251 tumor-bearing mice, which was partially counter-
acted after MORC?2 overexpression. In addition, MORC2
overexpression abrogated the inhibitory effect of NDRGI on
PTEN/PI3K/AKT signaling. In summary, MORC2 promoted
the progression of glioma by inactivation of PTEN/PI3K/AKT
signaling via binding to NDRGI1 promoter, providing a novel
and potent target for the treatment of glioma.

Introduction

Glioma is the most prevalent and malignant primary intra-
cranial tumor with high morbidity and mortality due to the
particularity of its location, seriously affecting the health
of global patients (1). The annual incidence of glioma in
the population is 6.13 per 100,000 in the United States (2),
with >70% of patients dying of the disease within 2 years
of diagnosis worldwide (3). At present, with the application
of multiple therapies, including surgical resection, radiation,
chemotherapy, immunotherapy and photodynamic therapy, the
average overall survival of patients with high-grade glioma is
less than 15 months with a 5-year survival rate of 9.8% and
the current treatment status and surgical prognosis methods
are not optimistic (4). Hence, it is of great necessity to explore
the potential mechanisms underlying glioma development in
order to find novel and promising targets for the treatment of
this disease.

Microrchidia family CW-type zinc finger 2 (MORC?2),
a member of the MORC family of proteins, is a recently
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identified chromatin modifier with an emerging role in
cancer metastasis (5). As is a ubiquitously expressed
protein, abnormal elevated MORC2 expression is observed
in multiple cancer tissues, such as colorectal, liver and lung
cancer (6). A study has demonstrated that MORC2 expres-
sion is notably enhanced in glioma tissues compared with
the adjacent tissues, and the higher the level of glioma
differentiation, the higher the expression of MORC?2 is (6).
Additionally, MORC2 was found to promote the proliferation,
invasion and migration of colorectal cancer cells by binding
with the promoter region of N-myc downstream regulated
gene 1 (NDRG1), a well-characterized metastasis suppressor
that has been demonstrated to have the potential to be devel-
oped as a target for antimetastatic therapy (7,8). In human
cholangiocarcinoma, MORC?2 is reported to accelerate the
growth and metastasis of cholangiocarcinoma cells via acti-
vation of PI3K/Akt signaling (9). Overexpression of NDRG1
targets PTEN and suppresses PI3K signaling in human
pancreatic cancer (10). A number of studies have validated
that PTEN/PI3K/Akt signaling participates in the occurrence
and development of glioma (11,12). However, the effect and
mechanism of MORC2 on NDRGI1 and PTEN/PI3K/Akt
pathways in glioma are not fully understood and need to be
further explored.

The present study aimed to explore the expression of
MORC?2 in several glioma cells and the effects of MORC2
in the proliferation, invasion, migration and epithelial-
mesenchymal transition (EMT) of glioma cells. To investigate
the potential mechanisms of MORC2 in the regulation of
glioma development, the present study focused on the NDRG1
and PTEN/PI3K/Akt signaling pathways. The findings of the
present study may provide novel insight into understanding the
pathogenesis of glioma.

Materials and methods

Cell lines and culture. Human glioma cell lines U251
(cat.no. TCHu 58), SHG44 (cat. no. TCHu 48), as well as normal
human astrocyte (NHA) cells were provided by Type Culture
Collection of the Chinese Academy of Sciences (Shanghai,
China). LN229 (cat. no. ATCC® CRL-2611) and T98G
(cat. no. ATCC® CRL-1690) were obtained from the American
Type Culture Collection. Cells were cultured and preserved
in Dulbecco's modified Eagle's medium (DMEM,; Invitrogen;
Thermo Fisher Scientific Inc.) supplemented with 10% fetal
bovine serum (FBS, Gibco; Thermo Fisher Scientific, Inc.) and
antibiotics (100 IU/ml penicillin and 100 pg/ml streptomycin)
in a cell incubator at 37°C in the presence of 5% CO,.

Cell transfection. A lentiviral expression vector (pLVX)
containing two short hairpin (sh)RNAs targeting MORC2
(shRNA-MORC2-1 and sh-MORC2-2; 40 nM), shRNA
negative control (shRNA-NC; 40 nM), the MORC2 plasmid
(pc-MORC2; 4 ug), NDRGI plasmid (pc-NDRGI; 4 ug) and
empty vector plasmid (pc-NC; 4 ug) were designed and synthe-
sized by Shanghai GeneChem Co. Ltd. U251 cells were plated
into 6-well plates (1x10° cells per well). At 80% confluence, the
transfection procedure was carried out using Lipofectamine®
3000 (Invitrogen; Thermo Fisher Scientific, Inc.) at 37°C for
48 h according to the manufacturer's protocol. The transfection

efficiency was tested using reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) or western blotting
analysis after 48 h of transfection. The untransfected U251
cells were used as the control group.

Cell viability assay. Cell viability was determined by means
of a cell counting kit-8 kit (CCK-8) purchased from Shanghai
Yi Sheng Biotechnology Co. Ltd. Briefly, U251 cells were
collected and the concentration was adjusted to 5x10° cells/well
before they were cultivated in a humidified cell incubator
at 37°C with 5% CO,. At 24, 48 and 72 h after transfection,
10 ul CCK-8 solution was added to the medium and incubated
for an additional 3 h. Absorbance at 450 nm was determined
with a microplate reader (Bio-Rad Laboratories, Inc.).

Transwell invasion assay. U251 cell invasion was assessed with
an 8-pm pore insert precoated with Matrigel (BD Biosciences)
at 37°C for 6 h. A total of 5x10* transfected U251 cells
suspended in 100 ul of serum-free medium were placed into
the upper chamber. A total of 600 xl of DMEM medium
containing 10% FBS was added into the lower compartment as
a chemoattractant. Following 24 h incubation at 37°C, cells that
invaded the lower surface of the membrane were fixed with 4%
paraformaldehyde for 30 min at room temperature and stained
with 0.1% crystal violet for 30 min at room temperature.
Images were photographed using an inverted light microscope
(Olympus Corporation; magnification, x100). The cell numbers
were counted using Image J software version 1.52r (National
Institutes of Health).

Wound scratch healing assay. To evaluate cell migration,
U251 cells were seeded on 6-well plates at the density of
5x10° cells/well and cultured until they reached 90% conflu-
ence. Serum-free medium was utilized to incubate overnight
at 37°C prior to initiating the experiment. Following this,
scratches were made using a 200 ul micro tip. After removing
the cell debris by washing three times with PBS, cells were
continued to be cultured in serum-free medium for 72 h
at 37°C. Images of the wound areas were captured by a light
microscope (Olympus Corporation; magnification, x100).
The average distance of cells migrating into the wound areas
was analyzed with ImageJ software version 1.52r (National
Institutes of Health).

Immunofluorescence staining. U251 cells were grown on
4-well sterile glass slides for 24 h in 6-well plates to reach
80-90% confluence at 37°C. Following serum starvation for
12 h, cells were washed with PBS three times, immobilized
with 4% paraformaldehyde at room temperature for 20 min,
permeabilized with 0.1% Triton X-100 at room temperature
for 10 min and blocked with 3% bovine serum albumin (BSA;
Sigma-Aldrich; Merck KGaA) at 37°C for 90 min. Then, cells
were incubated with primary antibodies recognizing Ki67
(cat. no. 11882S; 1:200; Cell Signaling Technology, Inc.),
E-cadherin (E-cad; cat. no. 3195T; 1:200; Cell Signaling
Technology, Inc.) and N-cadherin (N-cad; cat. no. sc-8424;
1:200; Santa Cruz Biotechnology, Inc.) at 4°C overnight
followed by probing with the DyLight™ 488-conjugated
secondary antibody (cat. no. ab96899; 1:250; Abcam) at room
temperature for 2 h. DAPI (Roche Diagnostics) was used to
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stain the nuclei in the dark at room temperature for 5 min.
Images were taken under an Olympus fluorescent microscope
(Olympus Corporation; magnification, x200).

Luciferase reporter assay. NDRGI promoter-driven luciferase
reporter plasmid pGL3-basic (Promega, Inc.) was constructed
by Shanghai GenePharma Co., Ltd. The sequence of the
NDRGI promoter used were (-446 to -213): 5'-GATCGATAG
TGTCAAAGACAGGCCTGAAACACAGATGTCCTGGGT
CCTAGAGGTGCTGTTTGCCCCTCTCCATATTTCTTT
TGTTCCAGAAAACCCTTCTCCAAAACTGGCCCTAAT
AATCAGAGGGGAAAGCCATGGCCCCTGCCTTGGGGA
CAGCATGGGTTGGCACAGAAAAGAGGTTTACAATTC
AGCAGGAAGTGTTGTGCGTGCGCGCGTGTGTGTCT
GTGGAGGCGC-3'". The indicated reporter and Renilla-
encoding plasmids were co-transfected into U251 cells through
applying Lipofectamine 3000® reagent (Invitrogen; Thermo
Fisher Scientific Inc.) following the manufacturer's instructions.
After 48 h, the luciferase activities were quantified by the
Dual-Luciferase Reporter Assay System (Promega, Inc.).
Renilla luciferase activity was used for normalization.

Chromatin immunoprecipitation (ChIP) assay. A ChIP assay
kit (cat. no. P2078; Beyotime Institute of Biotechnology)
was used to corroborate the binding of MORC2 to NDRGI1
promoter according to the manufacturer's instructions. A total
of 1% formaldehyde was added into cultured U251 cells for
10 min at room temperature to produce cross-linked protein
and DNA and then chromatin fragments were obtained using
sonication (10 sec per time; 800 Hz) at intervals of 10 sec
(15 cycles) at 4°C, followed by centrifugation at 6,500 x g
for 1 min at 4°C. The immunoprecipitation of crosslinked
100 ug DNA/protein was performed using 2 ug anti-MORC2
(cat. no. ab14429; Abcam) or anti-IgG (cat. no. sc-69786; Santa
Cruz Biotechnology, Inc.) antibody. IgG was used as the blank
control group to exclude the influence of other factors on ChIP
assay. Protein Agarose/Sepharose (40 ul) was supplemented to
precipitate the endogenous DNA-protein complex. Subsequent
to transient centrifugation at 6,500 x g for 1 min at 4°C, the
supernatant was discarded and the non-specific complexes
were washed. The complex was de-crosslinked at 65°C and
the DNA fragment was recovered by phenol/chloroform
extraction and purification. The recuperated DNA fragments
were evaluated by RT-qPCR.

Construction of xenograft models. A total of 9 male BALB/c
nude mice (5-6 weeks old, weighing 20+2 g, ~18-22 g) were
obtained from the Shanghai Slac Animal Laboratory (Shanghai,
China) and housed under pathogen-free conditions with a 12-h
light/dark cycle, constant temperature of 25-27°C and constant
humidity of 45-50% with free access to food and water.
Animal experiments were approved by the Ethics Committee
of Beijing Friendship Hospital, Capital Medical University
(Beijing, China). Animals were randomly allocated into
3 groups, with 3 mice in each group. To assess tumorigenicity,
U251 cells transfected with pc-NC, pc-NDRG1, pc-NDRG1
and pc-MORC?2 for 48 h were subcutaneously injected into the
right flank of nude mice (a total of 5x10° cells suspended in
200 ul PBS used to inject 3 mice in each group). Then, the
mice were maintained for 2 weeks before being sacrificed.

Tumor volumes were recorded every 2 days. After 2 weeks,
mice were sacrificed and tumor weight was measured. Tumor
volume was calculated based on the formula: Tumor volume
(mm?®)=(width)x(height)*/2. All animals were sacrificed with
an intraperitoneal injection of 200 mg/kg sodium pentobar-
bital (body weight). After death verification by cessation of
the heartbeat, the tumor tissues were obtained for the further
investigation.

Immunohistochemistry. Tumor tissues were fixed in 10%
buffered formalin 24 h at room temperature and then
embedded in paraffin. Paraffin-embedded sections (4 ym
thick) of tissues used for immunohistochemistry were
deparaffinized with 100% xylene, then treated with graded
descending series of alcohol (100, 95 and 80%) for rehydra-
tion. Following antigen retrieval with a 10-mM citrate buffer,
slides were incubated with 0.3% hydrogen peroxide at room
temperature for 10 min to block endogenous peroxidase.
Then, the slides were incubated with the first rabbit anti-Ki67
antibody (cat. no. A00254, 1:100; Wuhan Boster Biological
Technology, Ltd.) overnight at 4°C, with the second antibody
against HRP-conjugated-rabbit Ig (cat. no. ab181658; 1:1,000;
Abcam) for 2 h at room temperature. Lastly, the tissue
sections were treated with 3,3'-diami-nobenzidine solution.
After counterstaining with hematoxylin at room temperature
for 5 min, an optical microscope (Olympus Corporation;
magnification, x200) was adopted for the evaluation of the
degree of staining for each image. The images were analyzed
using ImagelJ software (version 1.52r; National Institutes
of Health).

RT-qPCR. Total RNA from NHA, U251, SHG44, LN229 and
T98G cells was extracted with TRIzol® (Invitrogen; Thermo
Fisher Scientific, Inc.) according to the manufacturer's protocol.
To prepare cDNA, a RevertAid First Strand cDNA Synthesis
kit (Thermo Fisher Scientific, Inc.) was used to perform the
experiment according to the manufacturer's protocol. The
PCR reactions was carried out using a PCR 7500 System
and Power SYBR-Green PCR master mix (both Applied
Biosystems; Thermo Fisher Scientific, Inc.) according to the
manufacturer's instructions. The following thermocycling
conditions were used: Initial denaturation at 95°C for 7 min;
and 40 cycles of 95°C for 15 sec and 60°C for 30 sec; and
a final extension at 72°C for 30 sec. Primers sequences used
in were as follows: MORC?2 forward, 5'-GGAGGTTCCTTC
TCCCAAAGTC-3', reverse 5'-CAGAAACTGCGACACTCC
GCTT-3"; NDRG]I forward, 5-CTCCTGCAAGAGTTTGAT
GTCC-3', reverse, 5"-TCATGCCGATGTCATGGTAGG-3";
and GAPDH forward, 5"AATGAAGGGGTCATTGATGG-3',
reverse, 5-~AAGGTGAAGGTCGGAGTCAA-3". Comparative
quantification was determined with the 2224 method (13)
with GAPDH used as the endogenous control.

Western blotting. Total proteins in U251 cell extracts and tumor
tissues from mice were prepared using radio immunopre-
cipitation assay (RIPA) buffer containing a protease inhibitor
cocktail tablet (Sigma-Aldrich; Merck KGaA). A bicinchoninic
acid (BCA) assay kit (Beyotime Institute of Biotechnology)
was used to evaluate the concentrations of total proteins. The
same amount of protein (50 pg/lane) was subjected to 10%
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Figure 1. MORC?2 is highly expressed in human glioma cells compared with normal glial cells. (A) Expression of MORC?2 in several human glioma cell lines
(U251, SHG44, LN229 and T98G) and human astroglial cell line NHA was evaluated with RT-qPCR. “P<0.01 and "“P<0.001 vs. NHA. (B and C) RT-qPCR
and western blotting were respectively used to determine the mRNA and protein expression of MORC?2 after U251 cells were transfected with shERNA-MORC?2.
“P<0.01 and ""P<0.001 vs. shRNA-NC. Sh, short hairpin; RT-q, reverse transcription-quantitative; MORC2, Microrchidia family CW-type zinc finger 2;

NC, negative control; control, untransfected U251 cells.

SDS-PAGE electrophoresis. After electrophoresis for 1.5 h,
the proteins were transferred onto a polyvinylidene difluoride
membrane (MilliporeSigma) followed by blocking with 5%
non-fat milk for 1.5 h at room temperature. Subsequently,
these blots were incubated at 4°C overnight with the following
primary antibodies: Anti-MORC2 (cat. no. CAB17641,
1:1,000; Bethyl Laboratories, Inc.), anti-proliferating cell
nuclear antigen (PCNA; cat. no. 13110T; 1:1,000; Cell
Signaling Technology, Inc.), anti-cyclin-dependent kinase 2
(CDK2; cat. no. 18048T; 1:1,000; Cell Signaling Technology,
Inc.), anti-GAPDH (cat. no. 5174T; 1:1,000; Cell Signaling
Technology, Inc.), anti-cyclin El (cat. no. A00543-2; 1:1,000;
Wuhan Boster Biological Technology, Inc.), anti-E-cad
(cat.no.PB9561;1:1,000; Wuhan Boster Biological Technology,
Inc.), anti-N-cad (cat. no. BA0673; 1:1,000; Wuhan Boster
Biological Technology, Inc.), anti-Vimentin (cat. no. PB9359;
1:1,000; Wuhan Boster Biological Technology, Inc.)
anti-Slug (cat. no. PB9439; 1:1,000; Wuhan Boster Biological
Technology, Inc.), anti-matrix metalloproteinase (MMP)2

(cat. no. sc-13594; 1:1,000; Santa Cruz Biotechnology,
Inc.), anti-MMP9 (cat. no. sc-393859; 1:1,000; Santa Cruz
Biotechnology, Inc.), anti-NDRG1 (cat. no. sc-398291;
1:1,000; Santa Cruz Biotechnology, Inc.), anti-PTEN
(cat. no. sc-7974; 1:1,000; Santa Cruz Biotechnology, Inc.),
anti-phosphorylated (p)-PI3K (cat. no. ab278545; 1:1,000;
Abcam), anti-PI3K (cat. no. ab140307; 1:1,000; Abcam),
anti-p-AKT (cat. ab38449; 1:1,000; Abcam) and anti-AKT
(cat. no. ab8805; 1:1,000; Abcam). After incubation with
goat anti-rabbit HRP-conjugated secondary antibody
(cat. no. 7074S; 1:3,000; Cell Signaling Technology, Inc.)
or horse anti-mouse HRP-conjugated secondary antibody
(cat. no. 7076S; 1:3,000; Cell Signaling Technology, Inc.) for
1.5 h at room temperature, the immunoreactive protein bands
were visualized using the enhanced chemiluminescence kit
(Amersham; Cytiva). The relative intensity of target bands
were quantified by Image J software version 1.52r (National
Institutes of Health) and GAPDH was used as the loading
control.
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Figure 2. MORC2 silencing inhibits the proliferation of U251 cells. (A) Cell viability was assessed using a CCK-8 assay. (B and C) Ki67 expression was
detected by immunofluorescence staining and quantification. Scale bar, 50 ym. (D) PCNA, CDK?2 and Cyclin E1 expression was measured by western blotting.
The grouping of images from different parts of the same gel. "P<0.05, “P<0.01 and “"P<0.001 vs. shRNA-NC. Sh, short hairpin; MORC2, Microrchidia family
CW-type zinc finger 2; CDK2, cyclin-dependent kinase 2; NC, negative control; PCNA, proliferating cell nuclear antigen; control, untransfected U251 cells.

Statistical analysis. Data are presented as the mean + standard
deviation from at least 3 independent experiments. The statis-
tical analysis was performed by GraphPad Prism version 8.0
(GraphPad Software, Inc.) software. Comparisons among
multiple groups were analyzed using one-way ANOVA
followed by the post hoc Tukey's test. P<0.05 was considered
to indicate a statistically significant difference.

Results

MORC?2 is highly expressed in human glioma cells compared
with normal glial cells. Human glioma cell lines have been
used widely in studies of glioma pathogenesis (14-16). First
of all, the expression of MORC?2 in several human glioma cell
lines (U251, SHG44, LN229 and T98G) was determined using
RT-gPCR. MORC?2 level was notably elevated in glioma cells
compared with the human astroglial cell line NHA (Fig. 1A).
The highest MORC2 expression was observed in U251
cells (Fig. 1A), hence it was chosen for further experiments

in the present study. Subsequently, U251 cells were trans-
fected with shRNA-MORC?2 to silence MORC2 expression.
shRNA-MORC?2 transfection led to significant downregula-
tion in the expression levels of MORC2 when compared with
the shRNA-NC group (Fig. 1B and C). Cells transfected
with shRNA-MORC?2-1 were used to conduct further experi-
ments due to the lower MORC?2 expression compared with
shRNA-MORC?2-2. These data implied the abnormal high
MORC?2 expression in human glioma cells.

MRC?2 silencing inhibits the proliferation, invasion, migration
and EMT process of glioma cells. Subsequently, the effects
of MORC?2 silencing on the progression of glioma was
detected. MORC2-knockdown resulted in a notable decrease
in cell viability relative to the sShRNA-NC group (Fig. 2A).
Meanwhile, significantly reduced expression of prolifera-
tion-related proteins including Ki67, PCNA, CDK?2 and Cyclin
E1 was found following MORC?2 silencing (Fig. 2B-D) (17,18).
MORC?2 silencing remarkably inhibited the abilities of U251
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metalloproteinase; NC, negative control; control, untransfected U251 cells.

cell invasion and migration when compared with the nega-
tive control group (Fig. 3A-D). The expression of MMP2 and
MMP9 in U251 cells was suppressed by MORC2-knockdown
(Fig. 3E). EMT, a process of epithelial phenotype transition to
mesenchymal phenotype is closely implicated in invasion and
migration of tumor cells (19). Results of western blotting and
immunofluorescence staining shown in Fig. 4A-C suggested
that MORC?2 silencing notably upregulated E-cad, which is a
crucial epithelial marker, but downregulated N-cad, Vimentin
and Slug expression, which are important mesenchymal marker
genes, compared with the shRNA-NC group (20,21). These
results suggested the inhibitory effects of MORC2-knockdown
on the progression of glioma.

MORC?2 silencing upregulates NDRGI expression and
inactivates the PTEN/PI3K/AKT signaling pathway. To study
the potential mechanisms of MORC2 downregulation in glioma

progression, the expression of NDRGI1 and PTEN/PI3K/AKT
signaling related proteins was measured by western blot-
ting. Notably, MORC?2 silencing increased the expression
levels of NDRG1 when compared with shRNA-NC (Fig. 5).
Additionally, PTEN expression was significantly upregulated
and p-PI3K/PI3K and p-AKT/AKT expression was down-
regulated compared with the shRNA-NC group (Fig. 5).
These findings revealed that MORC?2 regulated NDRGI1 and
PTEN/PI3K/AKT signaling, which may be related to the
progression of glioma.

MORC?2 binds to the NDRGI promoter and MORC2
overexpression restores the effects of NDRGI upregulation
on the progression of glioma. Subsequently, to elucidate
whether the increase in NDRGI1 protein is dependent on
MORC?2 as a regulator of transcription, the binding of MORC2
to NDRGI promotor was tested. The NDRGI1 promotor
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activity was significantly decreased in the pc-MORC?2 group
compared with the pc-NC group in NDRGI promotor site
(-466 to -213) (Fig. 6A). Additionally, MORC?2 could bind
to the -446 to -213 bp region of NDRGI promoter (Fig. 6B).
These results demonstrated that MORC?2 bound to the NDRG1
promoter and suppressed the activity of NDRGI1 promoter.
Then, NDRGI1 and MORC?2 were overexpressed by transfec-
tion with plasmids. Significantly upregulated NDRGI and
MORC?2 expression was observed compared with the pc-NC
groups (Fig. 6C and D). NDRGI upregulation significantly
inhibited U251 cell viability compared with the pc-NC group,
which was partly blocked by co-transfection with MORC2
and NDRGI plasmids (Fig. 6E). In concert, the inhibitory
effects of NDRGI1 overexpression on the expression of Ki67,
PCNA, CDK2 and Cyclin E1 was reversed after the addition

of MORC?2 plasmid (Fig. 6F-H). In addition, it was found
that gain-function of NDRGI significantly decreased inva-
sion and migration of U251 cells when compared with the
pc-NC group, which was abrogated by MORC2 overexpres-
sion (Fig. 7A-D). In concert, the same findings were observed
for the expression of MMP2 and MMP9 (Fig. 7E). NDRGI1
overexpression led to significantly upregulated expression of
E-cad and downregulated expression of N-cad, Vimentin and
Slug compared with the pc-NC group (Fig. 8A-C). However,
MORC?2 plasmid partially counteracted the regulatory impact
of NDRGI upregulation on the expression of aforementioned
EMT-related proteins. Overall, these data suggested that
MORC?2 bound to the NDRGI promoter and MORC?2 over-
expression restored the effects of NDRGI upregulation on the
progression of glioma.
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Figure 5. MORC?2 silencing upregulates NDRG1 expression and inactivates the PI3K/Akt signaling pathway. NDRGI1, PTEN, p-PI3K, p-AKT, AKT, PI3K,
expression was evaluated with western blotting. ““P<0.001 vs. sShRNA-NC. Sh, short hairpin; MORC2, Microrchidia family CW-type zinc finger 2; NC, nega-
tive control; NDRGI1, N-myc downstream regulated gene 1; p, phosphorylated; control, untransfected U251 cells.

MORC?2 overexpression reverses the inhibitory effects of
NDRGI upregulation on the growth of glioma in U251
tumor-bearing mice. Subsequently, the effects of MORC2 and
NDRGTI on the growth of glioma in vivo were investigated
in U251 tumor-bearing mice (Fig. 9A and B). The xenograft
results demonstrated that NDRGI upregulation significantly
inhibited tumor weight and volume compared with the pc-NC
group, whereas MORC?2 upregulation alleviated this inhibitory
effects (Fig. 9C and D). The expression of NDRG1 and MORC2
in tumor tissues was determined by western blotting. NDRG1
expression was significantly upregulated in the pc-NDRG1
group compared with the pc-NC group, which was partially
attenuated by MORC?2 overexpression (Fig. 9E). There was no
significant difference between pc-NC and pc-NDRGI groups,
whereas pc-NDRG1+pc-MORC2 markedly elevated MORC2
expression (Fig. 9E). Additionally, significantly reduced
expression levels of proliferation-related proteins including
Ki67, PCNA, CDK?2 and Cyclin E1 were observed in tumorous
tissue in U251 tumor-bearing mice with NDRGI1 overexpres-
sion, which was restored by MORC?2 upregulation (Fig. 9E-G).
Gain-of-function of NDRGI significantly downregulated
MMP2, MMP9Y, N-cad, Vimentin and Slug expression, but
upregulated E-cad expression compared with the pc-NC group,
which was reversed by MORC2-upregulation (Fig. 10A-C).
These data provided evidence that overexpression of MORC2
alleviates the inhibitory effects of NDRGlupregulation on the
growth of glioma in U251 tumor-bearing mice.

MORC?2 regulates the PTEN/PI3K/AKT signaling via
binding to the NDRGI promoter in glioma. Subsequently,
the expression of proteins of PTEN/PI3K/AKT signaling in
tumorous tissue in U251 tumor-bearing mice was evaluated
by western blotting. NDRG1 overexpression notably elevated
PTEN expression and reduced p-PI3K/PI3K and p-AKT/AKT
expression compared with the pc-NC group (Fig. 11). In
contrast, MORC2 upregulation reversed the impact of NDRGI1
overexpression on the expression of aforementioned proteins
(Fig. 11). Collectively, these findings suggested that MORC2
modulated PTEN/PI3K/AKT signaling via binding to the
NDRGI promoter in glioma.

Discussion

MORC?2, also known as ZCWCCI1, ZCW3, KIAA0852 and
AC004542.C22.1, is an important member of the MORC
family of proteins (22,23). MORC2 serves important roles
in multiple biological processes (proliferation, migration and
invasion) and aberrant high expression level of MORC2 is a
common character in multiple cancers, such as non-small cell
lung cancer and breast cancer (6). A recent study reported
that MORC?2 severs as a novel oncogene in liver cancer and
highly expressed MORC?2 contributes to the proliferation
and metastasis of this disease (24). MORC2 upregulation
drives lung cancer growth by promoting angiogenesis (25).
Liao et al (26) demonstrated that MORC?2 can accelerate
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Figure 7. MORC?2 overexpression blocks the effects of NDRGI upregulation on the invasion and migration of glioma. (A and B) Cell invasion was examined
with the Transwell assay. Scale bar, 100 ym. (C and D) U251 cell migration was tested by the wound scratch healing assay. Scale bar, 100 ym. (E) Western
blotting was performed to evaluate the expression of MMP2 and MMP9. ““P<0.001 vs. pc-NC; *P<0.05, #P<0.01 and *#P<0.001 vs. pc-NDRG1. MORC?2,
Microrchidia family CW-type zinc finger 2; MMP, matrix metalloproteinase; NDRG1, N-myc downstream regulated gene 1; pc-NC, empty vector; NC, nega-
tive control; pc-MORC?2, overexpression plasmid of MORC2; pc-NDRGI, overexpression plasmid of NRDGI; control, untransfected U251 cells.

the invasion and migration of breast cancer cells. A study
demonstrated that MORC?2 can bind with histone deacety-
lase 4 and function as a transcriptional repressor by mediating
the deacetylation of histone H3 (27). It is noteworthy that
MORC?2 expression is notably enhanced in glioma tissues and
the higher the level of glioma differentiation, the higher the
expression of MORC?2 is (6). In the present study to the best of
our knowledge for the first time, the roles of MORC?2 in func-
tional assays of glioma cells were assessed. The present study
demonstrated that MORC2 was notably upregulated in human
glioma cells compared with the human astroglial NHA cell
line, and MORC?2 knockdown significantly inhibited prolifera-
tion, invasion, migration and the EMT process of glioma cells
suggesting the potent antitumor effects of MORC?2 silencing
in glioma.

Notably, MORC2 has been demonstrated to promote the
proliferation, invasion and migration of colorectal cancer cells
by binding with the promoter region of NDRGI (7). NDRGI,
a member of the N-myc down-regulated gene family which

belongs to the alpha/beta hydrolase superfamily has been
found to be involved in different aspects of carcinogenesis and
development of various cancers (28). Studies have proposed
that NDRGTI is highly expressed in cervical cancer, bladder
cancer and hepatocellular carcinoma and this was found to be
related to tumor metastasis (29-31). Paradoxically, a consider-
able body of evidence implicates the inhibitory functions of
NDRGTI in the progression of cancer. For example, NDRGI
deficiency is related to regional metastasis in oral cancer via
inducing EMT (32). NDRGI was negatively associated with
poor prognosis by inhibiting vasculogenic mimicry and tumor
aggressiveness in gastric carcinoma (33). NDRGI suppresses
EMT-induced metastasis in metastatic colorectal cancer (34).
Ki67 is an antigen associated with proliferating cells that is
closely related to mitosis and is indispensable during the cell
proliferation of tumors (35). Cyclin E/CDK2 is a key complex
associated with the initiation of DNA replication during
cell proliferation (36). The process of EMT is commonly
characterized by downregulation of E-cad, a key epithelial
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Figure 8. MORC?2 overexpression mitigates the effects of NDRGI upregulation on the EMT process of glioma. (A) E-cad, N-cad, Vimentin and Slug expression
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marker, accompanied by upregulation of N-cad, Vimentin and
Slug, which are crucial mesenchymal marker genes (19,37).
Compelling evidence has indicated that the 4 glioma cell lines
(U251, SHG44, LN229 and T98G) used in the present study
display different mesenchymal and epithelial characteristics
and U251 cells expressed particularly low levels, but SHG44
cells displayed the highest levels of epithelial markers (38-41).
Additionally, SHG44 cells demonstrated the lowest levels,
but LN229 cells exhibited the highest levels of mesenchymal
markers (39). NDRG1 mRNA and protein expression is lower
in glioma tissues compared with the adjacent tissues, and
reduced NDRGT level is associated with tumor progression and
survival of patients (42). The present study demonstrated that
NDRGI overexpression inhibited the proliferation, invasion,
migration and EMT of glioma cells and tumor-bearing mice.
Luciferase reporter assay and CHIP experiments verified the

binding of MORC?2 to NDRGI promotor in the present study.
Notably, gain-of-function of MORC?2 restored the inhibitory
effects of NDRGI upregulation on the progression of glioma
in vitro and in vivo, which further revealed that MORC2
regulates the progression of glioma by binding to the NDRGI
promoter.

Numerous studies have validated that the
PTEN/PI3K/AKT signaling pathway participates in the
development of multiple cancers (43-45). For glioma, inhibi-
tion of PTEN expression promotes glioma cell proliferation
via regulating PI3K/AKT pathway (46,47). Upregulation of
PTEN in glioma cells prevents migration by downregulation
of PI3K/AKT signaling (48). A study has demonstrated that
MORC?2 accelerates the growth and metastasis of cholangio-
carcinoma cells via activation of PI3K/AKT signaling (9). It
has been reported that NDRG1 can interact with several key
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Figure 11. MORC?2 activates the PI3K/AKT signaling via binding to NDRGI promoter in glioma cells. The expression of PTEN, p-PI3K, p-AKT, PI3K and
AKT was examined by western blotting. ““P<0.001 vs. pc-NC; ##P<0.001 vs. pc-NDRG1. MORC2, Microrchidia family CW-type zinc finger 2; pc-NC, empty
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oncogenic pathways involved in oncogenesis, such as NF-«xB,
PIBK/AKT/mTOR and Ras/Raf/MEK/ERK pathways (49). In
human pancreatic cancer, overexpression of NDRGI targeted
PTEN and suppressed PI3K signaling (10).In the present study,
MORC?2 knockdown and NDRGI upregulation markedly
elevated PTEN expression and reduced the phosphorylation
levels of PI3K and AKT in glioma cells. In contrast, in the
present study, MORC2 upregulation reversed the impact
of NDRGI overexpression on the expression of aforemen-
tioned PTEN/PI3K/AKT signaling proteins, suggesting that
MORC?2 could regulate the PTEN/PI3K/AKT signaling via
binding to NDRGI promoter in glioma. However, whether the
results of the present study are applicable to patient derived
glioma cells, clinical samples and clinical application on
predicting the prognosis of patients with glioma should be
explored by further studies. Additionally, the lack of results
about the difference between cells with high expression of
mesenchymal markers and those with high expression of
epithelial markers or not is also a limitation of the present
study. A comprehensive analysis of this is required in future
studies.

Taken together, the findings of the present study to the
best of our knowledge provide evidence for the first time that
MORC?2 is upregulated in glioma cells and interference of
MORC?2 prevents the proliferation, invasion, migration and
EMT of glioma cells. The present study also identified MORC2
as a crucial transcription factor that promoted the growth

and metastasis of glioma by PTEN/PI3K/AKT signaling via
binding to NDRGI promoter. Hence, the findings of the present
study provide researchers with valuable additional insights
into an in-depth understanding of the underlying mechanisms
of MORC?2 and NDRGT in glioma, which may provide a basis
for the development of targeted treatments for patients with
glioma.
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