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Abstract Nearly all clinical trials that have attempted to de-
velop effective strategies against ischemic stroke have failed,
excluding those for thrombolysis, and most of these trials
focused only on preventing neuronal loss. However, astro-
cytes have gradually become a target for neuroprotection in
stroke. In previous studies, we showed that the newly identi-
fied molecular N-myc downstream-regulated gene 2 (Ndrg2)
is specifically expressed in astrocytes in the brain and in-
volved in some neurodegenerative diseases. However, the role
of NDRG?2 in ischemic stroke remained unclear. In this study,
we investigated the role of NDRG2 in middle cerebral artery
occlusion (MCAO)-induced focal cerebral ischemia and in
oxygen—glucose deprivation (OGD)-induced cellular apopto-
sis in the M1800 astrocyte cell line. NDRG2 mRNA and
protein expression began to increase at 6 and 2 h after
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reperfusion and peaked at 24 h in the ischemic penumbra
and in M1800 cells, as detected by RT-PCR and Western
blotting. Double immunofluorescence staining showed that
the number of apoptotic cells increased as the NDRG2-
positive signal increased and that the NDRG2 signal was
sometimes co-localized with TUNEL-positive cells and
translocated from the cytoplasm to the nucleus in both the
ischemic penumbra and the M 1800 cells. Using a lentivirus,
we successfully constructed two stable astrocytic cell lines in
which NDRG2 expression was significantly up- or down-reg-
ulated. NDRG2 silencing had a proliferative effect and re-
duced the percentage of apoptotic cells, reactive oxygen spe-
cies (ROS) production, and cleaved Caspase-3 protein expres-
sion following OGD, whereas NDRG2 over-expression had
the opposite effects. In conclusion, NDRG2 is involved in
astrocyte apoptosis following ischemic—hypoxic injury, and
inhibiting NDRG2 expression significantly reduces ROS pro-
duction and astrocyte apoptosis. These findings provide in-
sight into the role of NDRG2 in ischemic—hypoxic injury
and provide potential targets for future clinical therapies for
stroke.

Keywords Ndrg2 - Astrocyte - Apoptosis - MCAO - OGD -
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Introduction

Over the past two decades, over 1000 clinical trials of stroke
treatments have failed to demonstrate a benefit, with the ex-
ception of thrombolytics [1]. Although many targets have
been pursued, including antioxidants, calcium channel
blockers, glutamate receptor blockers, and neurotrophic fac-
tors, the focus has often been on the mechanisms of neuronal
injury because neurons are more vulnerable to the detrimental
effects of ischemia due to the loss of energy and nutrition. In
fact, both energy and nutritional resources are transported by
astrocytes, which are the most abundant cell type in the brain
and play key roles in the physiology and pathology of the
central nervous system (CNS) [2]. Astrocytes perform various
functions including the mediation of synaptic transmission
through removal of the majority of glutamate from the synap-
tic cleft, balance of ions and fluid in the extracellular space,
formation of the blood—brain barrier, control of energy metab-
olism, and regulation of blood flow through contact with the
brain vasculature [3—5]. Therefore, astrocyte dysfunction is
now considered one of the key factors in neuron death after
ischemic stroke [6]. Previous studies show that astrocyte ap-
optosis, which seriously impairs astrocyte functions, contrib-
utes largely to ischemia stroke-induced neuronal injury [7].
Thus, the investigation of astrocyte-specific molecular mech-
anisms to inhibit astrocyte apoptosis might provide novel tar-
gets for the development of neuroprotective strategies for is-
chemic stroke.

N-Myc downstream-regulated gene 2 (NDRG2) was first
identified in a normal human brain cDNA library in 2001 [8]
and was subsequently found to be highly expressed in the rat
brain [9]. In a recent study, we demonstrated that NDRG2 was
primarily expressed in astrocytes in the mouse brain [10].
Another recent study showed that NDRG2-positive astrocytes
were more abundant and more evenly distributed in the brain
than glial fibrillary acidic protein (GFAP)-positive astrocytes
[11], which is a classic astrocyte marker. Thus, NDRG?2 is
considered a new marker for astrocytes. However, the func-
tion of NDRG2 in astrocytes remains unclear.

Several studies have shown that NDRG?2 is related to sev-
eral important functions and pathophysiological processes in
the CNS. Mitchelmore et al. [12] observed that both the RNA
and protein expression levels of NDRG2 were up-regulated in
patients with Alzheimer’s disease (AD). Takahashi et al. [13]
reported down-regulation of NDRG2 expression in the rat
frontal cortex after long-term antidepressant administration
and repeated electroconvulsive treatment. Furthermore, in-
creased NDRG2 protein expression is found in the hippocam-
pus of chronically stressed rats [14], and NDRQG2 is also as-
sociated with frontotemporal lobar degeneration [15]. Our
previous study was the first to report the spatial-temporal
expression of NDRG?2 in the rat brain after transient focal
cerebral ischemia [16] and indicated that NDRG2 in

astrocytes is involved in the development of the pathological
processes of cerebral ischemia. However, the mechanisms that
underlie the effects of NDRG2 in cerebral ischemic injury
remain to be elucidated, and NDRG2 may become a new
molecular target for the treatment of ischemic stroke.

Materials and Methods
Animals

Forty 6-month-old male C57BL/6 mice (23-25 g) were ob-
tained from the Laboratory Animal Center of the Fourth
Military Medical University. These mice were randomly
assigned to one of the following five groups (n=8 in each
group): the sham-operated group or the 2-, 6-, 12-, or 24-h
ischemia/reperfusion (I/R) group. The mice in the sham group
received the same surgery, but middle cerebral artery occlu-
sion (MCAO) was not performed. The mice in the I/R groups
were subjected to 60-min MCAO and were then were killed at
2, 6, 12, and 24 h after reperfusion. All animal experimental
procedures followed a protocol approved by the Ethics
Committee for Animal Experimentation of the Fourth
Military Medical University, China.

MCAO

MCAO was performed as previously described [17]. Cerebral
blood flow was monitored using laser Doppler flowmetry
(PeriFlux 5000; Perimed AB, Jarfilla, Sweden). During sur-
gery, occlusion was considered successful when blood flow
declined to less than 15 % of the pre-ischemic baseline level;
otherwise, the animals were discarded. Following 1 h of tran-
sient occlusion, cerebral blood flow was restored by removing
the nylon suture for 2, 6, 12, and 24 h. Physiological param-
eters, such as blood pressure and blood gas, were monitored.

Immunofluorescence Double-Labeling

Paraffin sections were deparaffinized in xylene and
rehydrated. The sections were incubated with proteinase K
(10 pg/mL) for 15 min at 37 °C for antigen retrieval, and
nonspecific antibody-binding sites were blocked with 1 %
BSA-PBS. The sections were incubated with an anti-
NDRG?2 rabbit monoclonal antibody (1:100; Cell Signaling
Technology, USA) and an anti-GFAP mouse monoclonal an-
tibody (1:400; Cell Signaling Technology) in 1 % BSA-PBS
overnight at 4 °C. The sections were then washed in TBS and
incubated with an anti-mouse fluorescein isothiocyanate
(FITC)-tagged secondary antibody (1:200; CWBIO, Peking,
China) and an anti-rabbit CY3-tagged secondary antibody
(1:200; CWBIO, Peking, China) for 2 h at room temperature.
4',6-Diamidino-2-phenylindole (DAPI) (1 ng/pL) was used to
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stain the nuclei. The sections were mounted with 50 % glyc-
erol and examined under a fluorescence microscope.

Cell Culture

MA1800-57 cells were purchased from Scinecell and cultured
at 37 °C in conditions of 5 % CO, and 95 % oxygen in
Dulbecco’s modified Eagle’s medium (DMEM) supplement-
ed with 10 % fetal bovine serum, streptomycin (100 pg/ml),
and penicillin (100 units/mL). The cells were divided into five
groups: (1) the Con group: cells without lentiviral infection;
(2) the KD-NC group: cells infected with a negative control
lentivirus; (3) the KD group: cells infected with a lentivirus
that knocked down NDRG2 expression; (4) the OE-NC
group: cells infected with a negative control lentivirus
(LEN-Lacz); and (5) the OE group: cells infected with a len-
tivirus that up-regulated NDRG2 expression (LEN-NDRG?2).

Construction of a Stable Cell Line with Down-regulated
NDRG?2 Expression

The lentivirus that could disrupt NDRG2 expression
was purchased from Genepharma Company (Shanghai,
China). The NDRG2-targeting sequence was 5'-
GGGATATGCAAGAGATCATAC-3’, and the negative
control sequence was 5'-TTCTCCGAACGTGTCACGT-
3'. The lentivirus contained a green fluorescent protein
(GFP) reporter gene, which resulted in stable green
fluorescence in transfected cells. Briefly, 450 ul of cell
culture medium and 50 pl of lentivirus were added to
M1800 cells in 24-well plates. After 48—72 h, we ob-
served that 70-80 % of the cells expressed GFP, as
detected by fluorescence microscopy (Olympus, Tokyo,
Japan; Supplemental Fig. 1), verifying successful
lentiviral transfection. Then, we cultured the transfected
cells for proliferation and screened them for green fluo-
rescence using flow cytometry. Western blotting con-
firmed that the cell line exhibited stable down-
regulation of NDRG2 expression (Supplemental Fig. 2).

Construction of a Stable Cell Line with Up-regulated
NDRG2 Expression

To produce the lentivirus, 293 T cells were co-transfected with
pLEN-NDRG2 or pLEN-Lacz. The plasmids were amplified
in E. coli DHS cells, purified using a Plasmid Maxi Kit
(Qiagen, Valencia, CA, USA), and transfected into 70 % con-
fluent 293T cells using Lipofectamine 2000 (Invitrogen).
Lentiviral particles were harvested from the supernatant 72 h
after the transfection and purified by ultracentrifugation.
These particles are hereafter referred to as LEN-NDRG2 and
LEN-Lacz (negative control). Stably infected M1800 cells
were selected using blasticidin (10 pg/ml; Sigma, USA),
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which killed the uninfected cells. Western blotting confirmed
that the LEN-NDRG2-infected M1800 cells stably over-
expressed NDRG2 (Supplemental Fig. 2).

EdU Proliferation Assay

The proliferative capacity of the different groups of cells was
determined using the Click-iT EdU (5-ethynyl-20-
deoxyuridine) Alexa Fluor 594 Imaging Kit (Invitrogen,
USA) according to the manufacturer’s protocol. Briefly, cells
that were cultured in 96-well plates were incubated with
10 uM EdU for 3 h before they were fixed, permeabilized,
and stained with EdU. Cell nuclei were stained with DAPI
(1 ng/ul) for 10 min. EAU is a nucleoside analog of thymidine
that is only incorporated into DNA during active DNA syn-
thesis in proliferating cells. After EQU was incorporated into
the cells, a fluorescent molecule was added that reacted spe-
cifically with EdU, enabling fluorescent visualization of pro-
liferating cells. The percentage of EdU-positive cells was cal-
culated from five random fields in three wells.

Cell Cycle Analysis

The cell cycle was assessed by flow cytometry. The cells of
different groups were collected by trypsinization and centri-
fuged twice in PBS. The cells were then fixed in pre-cooled
70 % ethanol at —20 °C and stained with propidium iodide (PI)
solution. The DNA content was determined by flow cytome-
try using CellQuest Software. For each sample, 10,000 events
were counted (FACSCalibur, Becton—Dickinson, USA). The
percentage of cells that were in a particular cell cycle stage
was calculated using ModFit software (Becton—Dickinson,
USA).

Oxygen and Glucose Deprivation and Reperfusion

The cells of different groups were washed twice in DMEM
without glucose (oxygen and glucose deprivation (OGD) me-
dium) and transferred to DMEM without glucose. Then, the
cells were transferred to a modular incubator chamber. The
chamber was flushed with a 95 % N2/5 % CO, gas mixture
at 3 L/min for 30 min at room temperature. The chamber was
then sealed and placed in a 37 °C container. OGD was carried
out for 4 h. Following OGD, the cells were incubated in
DMEM with glucose (without fetal bovine serum) for an ad-
ditional 2, 6, 12, and 24 h of reperfusion under normal condi-
tions and then collected for subsequent analysis.

RT-PCR
For reverse transcription RT-PCR, 50 mg of tissue (n=5

in each group) and cells with different reperfusion times
(2, 6, 12, and 24 h as well as sham) were collected
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immediately. Total RNA was isolated from each sample
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
and then quantified. Two micrograms of total RNA was
reverse-transcribed using reverse transcriptase (Promega,
Madison, WI, USA) according to the manufacturer’s in-
structions. All PCR experiments were performed using Taq
polymerase (Promega) with the following primers: ndrg2
sense (5-CAGAACTTCGTGCGGGTTCA-3'), ndrg2 anti-
sense (5-GAATGTAGGCTCCGGCTCCA-3"), GAPDH
sense (5'-CATCCGTAAAGACCTCTATGCCAAC-3"), and
GAPDH antisense (5-ATGGAGCCACCGATCCACA-3").
The PCR products were resolved on a 1 % agarose gel
containing ethidium bromide, and the bands were visual-
ized using ultraviolet light.

Measurement of Reactive Oxygen Species

After exposed to oxygen and glucose deprivation and reper-
fusion (OGD-R), different groups of cells were washed with
PBS and loaded with DCFH-DA (5 uM) from Reactive
Oxygen Species Assay Kit (Beyotime Institute of
Biotechnology, Jiangsu, China) for 40 min. After a further
wash with PBS, cell suspensions were collected into a 96-
well flat bottom black plate to determine the relative fluores-
cent intensity (RFI, Aex 485 nm, Aem 535 nm) by Tecan
GENios fluorescence microplate reader. The DMEM medium
was used as blank. The RFI over control was calculated as the
measured reactive oxygen species (ROS) production levels.

Cell Fraction Assay

Twenty-four hours after the cells were exposed to OGD,
nuclear extracts were prepared in accordance with the
protocol of the NE-PER Nuclear and Cytoplasmic
Extraction Reagents Kit (Pierce, Rockford, IL, USA).
Briefly, M1800 cells were washed twice with ice-cold
PBS, and 200 ml of ice-cold cytoplasmic extraction re-
agent I was added. The cells were incubated on ice for
10 min, and then 11 ml of ice-cold cytoplasmic extrac-
tion reagent II was added. The cells were incubated on
ice for 1 min, and the tube was then centrifuged for
5 min at maximum speed in a microcentrifuge (16,
000 x g). The supernatant fraction (cytoplasmic extract)
was immediately transferred to a clean pre-chilled tube,
and 100 ml of ice-cold nuclear extraction reagent was
added to the insoluble fraction by vortexing for 15 s
every 10 min for a total of 40 min. The tube was
centrifuged at maximum speed in a microcentrifuge for
10 min. The nuclear extract fraction was then moved to
a clean pre-chilled tube. All extracts were analyzed by
Western blotting.

Western Blot Analysis

For Western blot analysis, 50 mg of tissues (n=5 in each
group) and cells with different reperfusion times (sham and
2, 6, 12, and 24 h) were lysed in modified
radioimmunoprecipitation assay buffer. The protein concen-
tration was measured using the bicinchoninic acid (BCA) pro-
tein assay (Pierce, Rockford, IL, USA). Proteins were separat-
ed by sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred to Hybond ECL nitrocellu-
lose membranes (Amersham Biosciences, Little Chalfont,
Buckinghamshire, UK). Mouse anti-NDRG2 (1:1000; Cell
Signaling Technology), rabbit anti-cleaved Caspase-3
(1:1000; Cell Signaling Technology), rabbit anti-Caspase-3
(1:1000; Cell Signaling), rabbit anti-Histone H2A.X (1:300;
Signalway Antibody, USA), mouse anti-3-actin (1:1000; Cell
Signaling), and mouse anti-GAPDH antibodies (1:1000; Cell
Signaling) were used for immunoblotting. The membranes
were then incubated with an HRP-conjugated secondary anti-
body for 2 h. Protein bands were visualized using the LI-COR
Odyssey System (LI-COR Biotechnology, USA).

Flow Cytometric Analysis

After OGD and 24 h of reperfusion, cell apoptosis was
assayed by flow cytometry. Briefly, the cells of different
groups were washed with 1x annexin V-FITC binding buffer
prior to being stained with annexin V-FITC and PI for 15 min
at room temperature in the dark. The stained cells were imme-
diately analyzed using flow cytometry. Apoptotic and necrotic
cells were quantified by annexin V binding and PI uptake,
respectively. The annexin V-FITC+/PI- cell populations were
considered to represent apoptotic cells.

TUNEL and NDRG2 Immunofluorescence
Double-Labeling

Apoptosis was quantified using a commercially available
fluorescent terminal deoxynucleotidyl transferase nick-end la-
beling (TUNEL) kit in accordance with the manufacturer’s
protocol (Roche Diagnostics Corporation, USA). Coronal
brain sections from mice that were subjected to MCAO and
coverslips with M1800 cells that were exposed to OGD-R
were incubated with a rabbit anti-NDRG2 antibody (1:100;
Cell Signaling) and an anti-rabbit CY3-tagged secondary an-
tibody and then stained with DAPI (1 ng/uL). The sections
were mounted with 50 % glycerol and examined under a fluo-
rescence microscope.

Statistical Analysis

The data are presented as the mean=S.D. Differences among
the groups were analyzed using one-way ANOVA.
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Differences between two groups were analyzed using a two-
tailed Student’s ¢ test with SPSS 13. A p value <0.05 was
considered statistically significant.

Results

Temporal Expression of NDRG2 in the Ischemic
Penumbra

Compared to the expression in the sham-operated group, in
the ischemia—reperfusion (I/R) groups, NDRG2 mRNA
(Fig. 1a) and protein (Fig. 1b) expression in the ischemic
penumbra began to significantly increase at 6 h after reperfu-
sion and peaked at 24 h (*p<0.05; Fig. lc).

We detected NDRG2 expression in different parts of the
ischemic penumbra (cortex, striatum, hippocampus) at 24 h
after reperfusion. Compared to the expression in the sham-
operated group, in the I/R groups, NDRG?2 protein expression
in the cortex and striatum of the ischemic penumbra signifi-
cantly increased at 24 h after reperfusion (*p <0.05; Fig. 2),
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A
Sham I1R2 I1R6 I1IR12 I1R24
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Fig. 1 Temporal expression of NDRG2 in the ischemic penumbra, as
demonstrated by RT-PCR and Western blot analysis. a NDRG2 mRNA
level and b protein expression in the ischemic penumbra at 2, 6, 12, and
24 h after reperfusion and in the sham-operated group. ¢ The relative
density of NDRG2 protein expression versus 3-actin protein expression
was plotted. The data are expressed as the mean +S.D. ¢ Test: *p <0.05
vs. the sham group
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while NDRG?2 protein expression in the hippocampus of the
ischemic penumbra has no significant difference compared to
the sham-operated group (Fig. 2).

Location and Expression of NDRG?2 in the Ischemic
Penumbra

NDRG?2 protein (red) was co-localized with GFAP protein
(green) in both the sham-operated and ischemic brains, con-
sistent with an astrocytic localization. NDRG2 expression in
the ischemic penumbra at 24 h after reperfusion was higher
than the expression in the sham-operated group (Fig. 3).
Furthermore, NDRG2 protein expression was weak in the
nucleus and strong in the cytoplasm in the sham-operated
group (Fig. 4). However, the NDRG2 protein expression
was strong in the nucleus and the NDRG2 protein (red) was
co-localized with DAPI staining (blue) in the ischemic pen-
umbra at 24 h after reperfusion.

Cellular NDRG2 Co-localization with Apoptotic Cells

TUNEL staining showed that few apoptotic cells were present
in the sham hemisphere, whereas the number of apoptotic
cells in the ischemic penumbra was significantly increased at
24 h after reperfusion (Fig. 5). Furthermore, double immuno-
fluorescence for TUNEL and NDRG2 demonstrated that
some of the TUNEL-positive cells were co-localized with
NDRG2-positive cells in the ischemic penumbra following
I/R.

I/R 24
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Fig. 2 Expression of NDRG2 protein in different parts of the ischemic
penumbra. a NDRG2 protein expression in cortex, striatum, and
hippocampus of the ischemic penumbra at 24 h after reperfusion and in
the sham-operated group. b The relative density of NDRG2 protein
expression versus GAPDH protein expression was plotted. The data are
expressed as the mean+ S.D. ¢ Test: *p <0.05 vs. the sham group
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Fig. 3 Immunofluorescence
double-labeling of NDRG2 and
GFAP. NDRG?2 expression (red)
and GFAP (green) in the sham-
operated group and the 24 h after
reperfusion group. The merged
yellow images indicate co-
localization of NDRG2 and
GFAP. Bar=20 um (color figure
online)

Sham

MCAO

Up-regulation of NDRG2 Expression Inhibited
the Proliferation of M1800 Cells

We successfully established cell lines in which NDRG2 ex-
pression was stably up- and down-regulated, as verified by
Western blot analysis (Supplementary Fig. 2).

Cell proliferation was analyzed using an EdU incorporation
assay and flow cytometric analysis. As shown in Fig. 6b, the
percentage of EdU-positive cells was 46.49+4.49, 48.09
+4.80, and 47.06+4.34 % in the Con, KD-NC, and OE-NC
groups, respectively, and there were no significant differences
between these three groups. Down-regulation of NDRG?2 ex-
pression in the KD group induced a significant increase in the
percentage of EdU-positive cells (to 63.31+5.09 %) com-
pared with that in the KD-NC group (¥*p<0.05). However,
in the OE group, the percentage of EdU-positive cells signif-
icantly decreased (to 33.31+4.95 %) compared with that in
the OE-NC group (#p <0.05).

The flow cytometry results were consistent with those of
the EAU incorporation assay. As shown in Fig. 7b, 45.73
+2.84, 4598 +3.81, and 46.47+4.01 % of cells were in S
phase in the Con, KD-NC, and OE-NC groups, respectively,
and 52.37+3.51, 54.05+2.15, and 52.81+2.90 % of cells

NDRG?2 GFAP

Sham

MCAO

Fig. 4 Cellular localization of NDRG2 in astrocytes by immunofluorescent
labeling. In the sham-operated group, as white arrows show, NDRG2 (red)
was expressed in the cytoplasm of astrocytes (green). In the ischemia—
reperfusion group, as white triangles show, NDRG2 (red) was mainly located

NDRG2

were in either S+ G2 phase. There were no significant differ-
ences between these three groups. In the KD group, down-
regulation of NDRG2 expression induced a significant in-
crease in the percentage of cells that were in S phase and that
were in either S+ G2 phase, to 55.36+1.99 and 62.06
+3.57 %, respectively, compared with those in the KD-NC
group (*p<0.05). However, in the OE group, the percentage
of cells that were in S phase and that were in either S+ G2
phase was significantly decreased, to 36.42+2.94 and 43.09
+2.55 %, respectively, compared with those in the OE-NC
group (#p<0.05).

Temporal Expression of NDRG2 in M1800 Cells Exposed
to OGD-R

RT-PCR and Western blot were performed to evaluate the
changes in NDRG2 expression that occurred in the astrocyte
lines after OGD exposure. NDRG2 expression was signifi-
cantly up-regulated in a time-dependent manner following
OGD. Compared with the expression in the Con group, in
the OGD group, both NDRG2 mRNA (Fig. 8a) and protein
(Fig. 8b) expression began to increase 2 h after OGD and
peaked at 24 h after OGD (¥*p<0.05; Fig. &c).

DAPI

in nucleus (blue) and weak in cytoplasm. DAPI (blue) was used to stain
nucleus. The merged purple images indicate co-localization of NDRG2,
GFAP, and DAPIL. Bars =20 pm (color figure online)
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Fig. 5 Immunofluorescence
TUNEL and NDRG?2 staining.
TUNEL (green) and NDRG2
(red) staining in the sham-
operated group (sham group) and
in the 24 h after reperfusion group
(MCAO group). The merged
yellow images indicate co-
localization of NDRG2 and
TUNEL (white arrowheads).
Bar=20 pum (color figure online)

Sham

MCAO

In M1800 Cells, NDRG2 Was Translocated
from the Cytoplasm to the Nucleus After OGD-R

As shown in Fig. 9a, in normal M1800 cells, NDRG2
was mainly co-localized with GFAP and there was little
overlap with DAPI, indicating that the expression of
NDRG2 was confined to the cytoplasm under normal
conditions. However, the NDRG2 signal was markedly
enhanced in the nuclei at 24 h after OGD exposure. The
shift in NDRG2 expression indicated that NDRG2 was
translocated from the cytoplasm to the nucleus, which
was probably induced by the stress of OGD.

To further demonstrate the nuclear translocation of
NDRG2 upon OGD exposure, a cell fraction assay
was performed. As shown in Fig. 9b, under normal

Fig. 6 The effects of NDRG2
expression on the proliferation of
cultured M 1800 cells, as assessed
by an EdU incorporation assay. a
Triangles indicate DAPI-labeled
nuclei (blue), and arrows indicate
replicating DNA, as revealed by
EdU incorporation (pink). b The
data are expressed as the mean
+S.D. ¢ Test: *p<0.05 vs. the
KD-NC group; #p <0.05 vs. the
OE-NC group (color figure
online)

NDRG2

TUNEL Merged

conditions (sham group), NDRG2 was expressed mainly
in the cytoplasm and could hardly be detected in the
nuclei. After the cells were exposed to OGD, NDRG2
expression in both the nucleus and cytoplasm was
sharply increased (OGD group).

NDRG?2 Promoted the Apoptosis of M1800 Cells Exposed
to OGD-R

Flow cytometric analysis was used to assess the effect
of NDRG2 on apoptosis after the cells were exposed to
OGD-R (Fig. 10). In the Con, KD-NC, and OE-NC
groups, the total apoptotic index was 16.10+1.77,
19.70+£2.55, and 19.70+£2.62 %, respectively. There
were no significant differences between these three
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Pink: Edu Blue: DAPI

g 80+

p *®

= T

S 60-

[

>

I3 #

S 40-

p=}

T

w

5 204

°

©

)

1 L} 1 L} 1

B Con KD-NC KD OE-NC OE

@ Springer



Mol Neurobiol (2017) 54:3286-3299

3293

. Con

can
S
z
(@)

1 1 T

Channeis (FL3 Un-FL3 Un)

O DipS
] Dip $+G2

80 -

*

60 - *

=

Growth rate
8

B Con KD-NC KD OE-NC OE

Fig. 7 The effects of NDRG2 expression on the proliferation of cultured
M1800 cells, as assessed by flow cytometric analysis. The first red peak,
the arc-shaped hatched portion in the middle, and the second red peak

groups. Down-regulation of NDRG2 expression (KD
group) attenuated OGD-R-induced cell apoptosis to
9.73+2.54 % (**p<0.01 vs. the KD-NC group).
Conversely, over-expression of NDRG2 (OE group) in-
creased OGD-R-induced apoptosis to 31.83+4.92 %
(#p <0.05 vs. the OE-NC group).

As shown in Fig. 11, the M1800 cells exhibited
stronger TUNEL-positive staining after OGD exposure,
indicating that OGD induced cell apoptosis.
Furthermore, the NDRG2 staining was co-localized with
the TUNEL staining. However, down-regulation of
NDRG2 expression (KD group) alleviated the OGD-
induced TUNEL-positive staining, and over-expression
of NDRG?2 increased the OGD-induced TUNEL-positive
staining.

[ 168
Channets (FL3 Lin-FL3 Lin)

cas
o] | |

Number
™ ®

Channels (FL3 Un-£L3 Lin)

represent the G1, S, and G2 phases of the cell cycle, respectively. b The
data are expressed as the mean+S.D. ¢ Test: *p<0.05 vs. the KD-NC
group; #p <0.05 vs. the OE-NC group

NDRG?2 Increased ROS Levels and Cleaved Caspase-3
Expression in M1800 Cells Exposed to OGD-R

As shown in Fig. 12, compared with those of the cells in the
KD-NC group, the ROS levels in the cells in the KD group
were significantly reduced after the cells were exposed to
OGD-R (*p<0.05), and over-expression of NDRG2 (OE
group) significantly increased ROS levels (#p<0.05 vs. the
OE-NC group). No significant differences were observed be-
tween the Con, KD-NC, and OE-NC groups.

The results of the Western blot analysis of the protein ex-
pression of cleaved Caspase-3 (Fig. 13), which is a pro-
apoptosis protein, show that compared with those of the cells
in the KD-NC group, the expression levels of cleaved
Caspase-3 protein in the cells in the KD group were
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Fig. 8 Temporal expression of
NDRG2 in astrocyte cell lines
exposed to OGD. a NDRG2
mRNA levels and b protein
expression in the astrocyte cell
lines at 2, 6, 12, and 24 h after
OGD and in the sham-operated
group. ¢ The relative density of
NDRG?2 protein expression
versus [3-actin protein expression
was plotted. The data are
expressed as the mean+S.D. ¢
Test: *p <0.05 vs. the sham group

Fig. 9 NDRG2 nuclear
translocation after OGD
exposure. a Immunofluorescence
double-labeling for NDRG2 (red)
and DAPI (blue) showing the
localization of NDRG?2 in normal
conditions and after OGD-R.
Bar=10 pm. b NDRG2
expression in the nuclei and
cytoplasmic fraction was
measured using Western blotting.
In normal cells, NDRG2 could
hardly be detected in the nuclei.
At 24 h after OGD exposure,
NDRG?2 expression was sharply
increased in both the nucleus and
cytoplasm (color figure online)
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Fig. 10 Effect of NDRG2 expression on OGD-R-induced cell apoptosis,
as detected by flow cytometric analysis. a Representative photographs
showing M 1800 cell apoptosis induced by OGD-R in the various groups.

significantly reduced after the cells were exposed to OGD-R
(*p<0.05), and over-expression of NDRG2 (OE group) sig-
nificantly increased cleaved Caspase-3 protein expression
(#p <0.05 vs. the OE-NC group). No significant differences
were observed between the Con, KD-NC, and OE-NC groups.

Discussion

Although many clinical trials of stroke patients have
been completed, none of the evaluated therapeutics were
shown to be protective, except thrombolytics [1, 18].
Importantly, the majority of the failed trials only
targeted neuron-specific injury mechanisms [19]. A

b The data are shown as the mean+S.D.; **p<0.01 vs. the KD-NC
group; #p <0.05 vs. the OE-NC group

large body of work has shown that astrocytes play key
roles in both normal and pathological CNS functioning,
and astrocytes are now thought to be important potential
targets for stroke treatment [6]. Previous studies show
that ischemia—hypoxia-induced astrocyte apoptosis,
which seriously impairs astrocyte normal functions, con-
tributes largely to neuronal injury [7]. The ischemic
penumbra is the target for therapeutic interventions be-
cause salvage of this tissue is associated with neurolog-
ical improvement and recovery [20]. Therefore, experi-
mental approaches that reduce astrocyte apoptosis and
enhance the function and survival of astrocytes in the
ischemic penumbra may serve as a novel strategy
against stroke.
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Fig. 11 Effect of NDRG2
expression on cell apoptosis, as
demonstrated by TUNEL
staining. Immunofluorescence
double-labeling for NDRG2 (red)
and TUNEL (green) was used to
assess M 1800 cell apoptosis 24 h
after OGD. Bar=10 pm (color
figure online)
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Fig. 12 Effect of NDRG2 expression on ROS production in cells
exposed to OGD-R. The data are shown as the mean+S.D.; *p <0.05
vs. the KD-NC group; #p < 0.05 vs. the OE-NC group
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NDRG2 was first identified in 2001 [8], and our
previous studies showed that NDRG2 is specifically
expressed in CNS astrocytes [10, 21]. Several studies
have demonstrated that NDRG2 is involved in AD
[12], antidepressant treatments [13, 22], social stress
[14], and frontotemporal lobar degeneration [15], dem-
onstrating its role in pathological processes in the CNS.
However, the role of NDRG2 in ischemic stroke has
rarely been explored.

In the present study, we found that in the ischemic penum-
bra of mice, NDRG2 mRNA and protein expression was sig-
nificantly increased at 6 h after reperfusion and peaked at 24 h.
In in vitro experiments, we found that NDRG2 expression was
significantly increased at 2 h after reperfusion and peaked at
24 hin M1800 cells. In a previous study [16], we found that in
the ischemic penumbra of rats, NDRG2 expression was
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Fig. 13 Effect of NDRG2 expression on cleaved Caspase-3 protein
expression in cells exposed to OGD-R. a The data are shown as the
mean+ S.D.; *p<0.05 vs. the KD-NC group; #p <0.05 vs. the OE-NC
group. b Representative photographs showing cleaved Caspase-3 protein
expression in the various groups

increased at 4 h after reperfusion and peaked at 24 h but then
was decreased at 72 h. The difference may be due to the
duration of the MCAO surgery as well as species differences
between rats and mice. In addition, we found that in the cortex
and striatum of the ischemic penumbra, which are more sen-
sitive than the hippocampus to MCAO injury, NDRG?2 protein
expression significantly increased at 24 h after reperfusion.
These results indicate that NDRG2 plays an important role
in the pathogenesis of cerebral ischemia.

In the current study, we found that both in the ischemia and
in M1800 cells, some NDRG?2 signals were translocated from
the cytoplasm to the nucleus after I/R or OGD-R. Nuclear
translocation is a key step in cell signal transduction that fre-
quently activates the transcription of genes involved in cellu-
lar differentiation and apoptosis. Based on the results de-
scribed above, we hypothesized that NDRG2 may activate
its downstream targets to regulate cell apoptosis following
OGD-R. The activation of certain transcription factors leads
to the translocation of molecules from the cytoplasm to the
nucleus. However, the mechanisms that underlie NDRG2 nu-
clear translocation remain unclear. Previous studies found that
residues 101-178 of NDRG2 or the a6 helix of hNDRG2
might contribute to its translocation [23, 24]. Regardless,
NDRG2 nuclear translocation indicates that NDRG2 plays
an important role in cell signal transduction following OGD-
R.

Ischemic injury peaked at 24 h after I/R in both the in vivo
and in vitro experiments, suggesting that NDRG2 may con-
tribute to cell damage in the ischemic penumbra. NDRG?2 is
very similar to NDRG1, which has been linked to apoptosis
and may be an apoptosis-inducible factor [22]. Thus, we

investigated the relationship between NDRG2 expression
and cell apoptosis in the ischemic penumbra following I/R
and in M 1800 cells exposed to OGD-R. Our results showed
that as the number of NDRG2-positive cells increased in the
ischemic penumbra and following OGD-R, the number of
TUNEL-positive cells also increased. Importantly, we also
found that NDRG2 was co-localized with the TUNEL-
positive cells. These results demonstrated that NDRG2 was
associated with the cell apoptosis induced by ischemia—hyp-
oxia injury. To further explore the relationship between
NDRGQG?2 and cell apoptosis, we first constructed two stable
astrocytic cell lines in which NDRG2 expression was signif-
icantly up- or down-regulated using a lentivirus. We found
that NDRG2 over-expression significantly increased apopto-
tic cell numbers after OGD-R, whereas silencing NDRG2
expression had the opposite effect, which indicates that
NDRG?2 expression induced astrocyte apoptosis after ische-
mia—hypoxia injury. And ischemia—hypoxia could cause oxi-
dative stress, which produces a lot of ROS and triggers the
process of cell apoptosis [25]. Thus, we detected the effect of
NDRG2 on astrocyte ROS production and found that NDRG2
over-expression significantly increased ROS production and
cleaved Caspase-3 protein expression after OGD-R, whereas
silencing NDRG2 expression had the opposite effect. These
results indicate that NDRG2 expression promote astrocyte
apoptosis by increasing ROS production. However, the under-
lying mechanism remains unclear and warrants further study.

Besides oxidative stress, there may be some other signal
pathways involved in NDRG2-induced astrocyte apoptosis.
Liu et al. [26] showed that NDRG2 is involved in p53-
mediated apoptosis, and p53 also acts as a master regulator
of cell death by inducing apoptosis [27]. A previous study
reported that NDRG?2 is a novel target of hypoxia-inducible
factor-1 (HIF-1), which is necessary for hypoxia-induced ap-
optosis in A549 cells [23]. HIF-1 also plays an important role
in stroke by regulating genes such as erythropoietin and
VEGEF [28]. Thus, it is possible that NDRG2 acts as p53 or
HIF-1 target gene to regulate ischemia-induced apoptosis.

After ischemia, astrocytes support neurons by providing
antioxidant protection [29], substrates for neuronal metabo-
lism [30], and glutamate clearance REF; accordingly, im-
paired astrocyte function can amplify neuronal death [31]. In
previous studies, we found that sevoflurane and
electroacupuncture pre-conditioning inhibited NDRG2 up-
regulation and nuclear translocation in astrocytes, resulting
in increased cerebral ischemic tolerance by inhibiting astro-
cyte apoptosis [32, 33]. A recent study found attenuated neu-
ronal death in ndrg2 knock-out (ndrg2™"") mice after cortical
stab injury [34]. Therefore, the use of NDRG2 as a molecular
target for the reduction of astrocyte apoptosis may become a
new therapeutic strategy for ischemic stroke.

In addition, because NDRG?2 has been shown to be a pro-
differentiative and anti-proliferative gene in previous cancer
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research and is now considered a tumor suppressor [24], we
examined the effect of NDRG?2 on cell proliferation and found
that NDRG2 over-expression significantly inhibited the rate
of cell proliferation, consistent with studies of human glioblas-
tomas infected with Ndrg2 cDNA [35]. Takeichi et al. [36]
found that in cultured astrocytes, silencing of the Ndrg2 gene
significantly enhanced the numbers of cells that incorporated
5-bromo-2'-deoxy-uridine (BrdU) that were positive for pro-
liferating cell nuclear antigen (PCNA) by enhancing the tran-
scription of cell cycle molecules, such as CyclinB1 and
CyclinE. However, the particular mechanism underlying the
effect of NDRG2 on cell growth must be further defined.

This study had some limitations, and certain questions still
remain. First, we selected only one time point (24 h after reper-
fusion) at which to evaluate the role of NDRG?2 in the ischemic
penumbra. This time point represents the acute phase of reper-
fusion, but the involvement of NDRG2 in the late phase of
reperfusion (>72 h after reperfusion) remains unknown and
warrants further study. Second, we did not explore the role of
NDRG? in astrocyte—neuron interactions, which might be an
even more important mechanism. Hence, we plan to use
ndrg2”"" mice to investigate the role of NDRG2 in ischemic
stroke in future studies. Third, astrocytes exhibit many cellular
responses to ischemic injury, including influencing material
and energy metabolism [30], glutamate excitotoxicity [37],
and so forth. However, whether the increase in NDRG2 expres-
sion is related to these astrocyte functions remains unknown,
and this will be the focus of our future work.

In conclusion, the current study demonstrated that up-
regulation of the astrocyte-specific protein NDRG?2 in the is-
chemic penumbra and in astrocytes exposed to OGD-R is
involved in astrocyte apoptosis and that inhibiting NDRG2
expression significantly reduced ROS production and astro-
cyte apoptosis following exposure to OGD-R. Although fur-
ther investigations are needed to elucidate the detailed signal-
ing cascades underlying the NDRG2 pathway, our findings
provide potential targets for future clinical therapies for stroke.
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