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Abstract

Cerebral ischemia-reperfusion (I/R) injury as the consequence of revasculariza-
tion after ischemic stroke is associated with mitochondrial dysfunction, oxida-
tive stress, and neuron loss. In this study, we used a deprivation/reoxygenation
(OGD/R) model to determine whether interactions between Netrin-1, AKT,
and the mitochondrial AAA protease AFG3L2 could influence mitochondrial
function in neurons after I/R. We found that Netrin-1 protects primary cortical
neurons from OGD/R-induced cell death and regulates mitochondrial reactive
oxygen species (ROS) and Ca®" levels. The accumulation of mitochondrial cal-
cium uniporter (MCU) subunits was monitored in cells by immunoblot analysis.
Although the regulatory subunits MICU1 and MICU2 were relatively unaffected,
the accumulation of the essential MCU regulator (EMRE) subunit was impaired.
In OGD/R-induced cells, the 7 kDa form of EMRE was significantly reduced.
Netrin-1 inhibited the accumulation of EMRE and mitochondrial Ca** levels by
upregulating AFG3L2 and AKT activation. Loss of AFG3L2 or inhibition of AKT
increased levels of 7 kDa EMRE. Moreover, overexpression of AKT increased the
expression of AFG3L2 in Netrin-1-knockdown neurons after OGD/R. Our results
demonstrate that Netrin-1 enhanced AFG3L2 protein expression via activation
of AKT. We also observed that overexpression of Netrin-1 significantly reduced
infarction size in an I/R-induced brain injury model in rats but not when AKT
was inhibited. Our data suggest that AFG3L2 is a protein substrate of AKT and
indicate that Netrin-1 attenuates cerebral I/R injury by limiting mitochondrial
ROS and Ca*" levels through activating AKT phosphorylation and AFG3L2.

Abbreviations: AFG3L2, ATPase family gene 3-like 2; CHX, cycloheximide; FITC, fluorescein isothiocyanate; I/R, ischemia-reperfusion; LDH,
lactate dehydrogenase; MCAO, middle cerebral artery occlusion; MCU, mitochondrial calcium uniporter; MDA, malondialdehyde; OGD/R,
oxygen-glucose deprivation and reperfusion; PI, propidium iodide; ROS, reactive oxygen species; SOD, superoxide dismutase; TUNEL, terminal
deoxynucleotidyl transferase dUTP nick end labeling.
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1 | INTRODUCTION

Cerebral ischemia-reperfusion (I/R) injury as the conse-
quence of revascularization after ischemic stroke can be
accompanied by mitochondrial dysfunction, oxidative
stress, and the loss of neurons."” The high energy demand
of cerebral tissues is fulfilled by mitochondrial oxidative
phosphorylation with high levels of reactive oxygen spe-
cies (ROS) generated as a by-product.’ Therefore, mito-
chondrial dynamics play an important role in maintaining
the stability of cells and the size of the infarct area after
I/R injury.*®

Obstruction of the blood supply by I/R leads to reduced
levels of ATP and elevated levels of mitochondrial Ca**.®
High levels of intracellular Ca** can predispose cells
to mitochondrial failure and apoptotic death. The mito-
chondrial calcium uniporter (MCU) and essential MCU
regulator (EMRE) are both involved in the regulation of
mitochondrial Ca®* levels.” The upregulation of MCU
can increase mitochondrial fission, the inhibition of mi-
tochondrial fusion, and mitophagy in a mouse I/R model,
whereas the suppression of MCU can reduce infarction
area and restore mitochondrial function.®

Along with slits, ephrins, and semaphorins, netrins
are axon guidance factors that play a prominent role in
the formation of the nervous system.’ Netrin-1 is differen-
tially regulated after nerve injury and is thought to partic-
ipate in peripheral nerve regeneration.'” Netrin-1 is also
known to attenuate hypoxia-driven inflammation'>'* and
alleviate myocardial I/R injury."*'* Moreover, following
cerebral stroke, Netrin-1 can reduce infarct size in rats
through the inhibition of Notch signaling"® and was found
to protect neurons from apoptosis by activating the ERK
signaling pathway.'® However, whether other pathways
are activated or inhibited by Netrin-1 in response to I/R
injury is unclear.

Accumulative evidence indicates that the neuropro-
tective kinase AKT (also known as protein kinase B) is
involved in stroke progression.'” Following cerebral I/R
injury, activation of AKT mediates neuronal survival,
apoptosis, oxidative stress, calcium overload, and mi-
tochondrial dysfunction."®*® AKT is known to inter-
act with Netrin-1 in hypoxic microenvironments and
Netrin-1 increases the levels of p-AKT in primary cultured
astrocytes.zl’22

ATPase family gene 3-like 2 (AFG3L2) is an m-AAA
protease that is involved in respiratory chain activity
and the regulation of mitochondrial gene expression.”

Previous studies have shown that the loss of m-AAA
protease results in the accumulation of MCU-EMRE
channels lacking gatekeeper subunits in neuronal mito-
chondria, which results in mitochondrial Ca*" overload,
mitochondrial permeability transition pore opening, and
eventually neuronal death.”* In this study, we examined
the roles of Netrin-1, the AKT pathway, and AFG3L2 after
I/R injury using oxygen-glucose deprivation and reperfu-
sion (OGD/R) in neurons in vitro and a middle cerebral
artery occlusion (MCAO) model in rats. In particular, we
studied the effects of differential expression on the regu-
lation of mitochondrial Ca** levels by MCU and EMRE.
Our findings contribute to a better understanding of Ca**
overload in the loss of neurons and may assist in the ther-
apeutic management of cerebral stroke.

2 | MATERIALS AND METHODS

2.1 | Antibodies and reagents

Antibodies to Netrin-1 (1 pg/mL), NeuN (5 pg/mL) and
AFG3L2 (5 pg/mL) were from Abcam (Cambridge, UK).
AKT consensus phosphorylation sequence RXXpS/pT,
p-AKT (Serd73, western blotting, 1:1000; immunofluores-
cence, 1:100), and AKT (1:1000) were from Cell Signaling
(Danvers, MA, USA). GST tag (1:1000) and HA tag (1:500)
were from GeneTex (Irvine, CA, USA). FLAG (1:5000)
was from Thermo Fisher Scientific (Waltham, MA, USA),
fB-actin was from (1:1000) Santa Cruz (Dallas, TX, USA),
and COX2 (subunit of Complex IV, 1:1000) was from
Abcam. Alexa Fluor® 647-conjugated rabbit anti-NeuN
(1:50), Alexa Fluor 647-conjugated goat anti-mouse IgG
(1:200), and Alexa Fluor488-conjugated goat anti-rabbit
IgG (1:200) were from Abcam. For immunofluorescence
experiments, Rhod-2 AM, fluorescent Ca*" indicator was
from Abcam; MitoTracker Green was from Beyotime
(Shanghai, China); MitoSOX Red and Cycloheximide
(CHX) were from Sigma-Aldrich (St. Louis, MO, USA).
The small molecule AKT inhibitor, MK2206, was from
SelleckChem (Houston, TX, USA).

2.2 | Cell cultures

Primary neuronal cells were derived from neonatal
Sprague-Dawley (SD) rats as described previously.”
Briefly, rat cortical tissues were isolated from embryonal
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rat brains (aged 16-18days) and maintained in ice-cold
phosphate-buffered saline (PBS). The tissue was digested
using 0.25% trypsin (Gibco, Waltham, MA, USA) for 10 min
at 37°C and then the cells were dispersed in Dulbecco's
modified Eagle medium (DMEM)/F12 (Gibco) containing
10% fetal bovine serum (FBS) followed by centrifugation at
200 g for 5 min at 4°C. Following centrifugation, cells were
resuspended in DMEM/F12 medium and seeded onto
poly-D-lysine coated plates. Cells were seeded at a density
of 5 x10%-1 x 10° cells/well and maintained at 37°C and 5%
CO, for 4 h before the replacement of media with serum-
free neurobasal-A media containing 2% B27 (Gibco).

2.3 | Oxygen-glucose deprivation and
reperfusion (OGD/R) model

The OGD/R model was developed as described previously
with minor modifications.”” The primary cells were cul-
tured in the presence of glucose and serum-free medium
and incubated in an anaerobic chamber, which contained
5% CO, and 95% N, at 37°C. After 2 h, the cells were trans-
ferred to normal growth culture medium and continued to
be cultured under normal conditions for 24 h.

2.4 | Adenovirus, plasmids, and
gene silencing

Adenoviral particles overexpressing Netrin-1 (rat) and
the mock plasmid pUC57 were purchased from Vigene
Biosciences (Shandong, China). The adenovirus target-
ing Netrin-1 (Ad-shNetrin-1) and non-specific negative
control (Ad-shControl) were also purchased from Vigene
Biosciences. Four 19-nt siRNAs targeting different nu-
cleotide sites of Netrin-1 mRNA were designed, and four
pairs of 57-nt oligonucleotides coding sShRNAs containing
19-nt reverted repeat, 9-nt spacer sequence, and BamHI
and HindIII restriction enzyme sites were synthesized.
Oligonucleotides were annealed and inserted into the
shRNA expression vector pAdM-shRNA-GFP to form
pAdM-shRNA-GFP Netrin-1-shRNA1-4. The following
oligonucleotides were used in gene silencing.

Netrin-1 shRNA1: 5-GCAACTCTTCCGATCCCAAGATT
CAAGAGATCTTGGGATCGGAAGAGTTGCTTTTTT-3".
Netrin-1 shRNA2: 5'-GGTGCCCTTCCAATTCTATTCTT
CAAGAGAGAATAGAATTGGAAGGGCACCTTTTTT-3".
Netrin-1 shRNA3: 5-GCTTGCAAAGCCTGTGATTGCTT
CAAGAGAGCAATCACAGGCTTTGCAAGCTTTTTT-3".
Netrin-1 shRNA4: 5-GGTAAGACCTGCAATCAAACCTT
CAAGAGAGGTTTGATTGCAGGTCTTACCTTTTTT-3".

Purified recombinant Ad plasmid DNA was used to
transfect the adenovirus packaging cell line (HEK293
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cells). Recombinant adenoviruses were typically gener-
ated within 7 to 12 days. Transfected cells were collected,
lysed through freeze-thaw cycles, and centrifuged to re-
move cellular debris. The supernatant was then used for
large-scale virus preparation.

For AFG3L2 knockdown, the shRNA expression vec-
tor containing AFG3L2 shRNA was constructed using
pGPU6/GFP/Neo by GenePharma Co. (Shanghai, China).
For negative control, the sShRNA was randomly scrambled.
The negative control sShRNA (shNC) sequences were as
follows: 5’-CACCGTTCTCCGAACGTGTCACGTTCAAG
AGATTACGTGACACGTTCGGAGAATTTTTTG-3'.

AKT cDNA was PCR-amplified and cloned into a
pCMV-C-HA (Beyotime) expression vector to generate
an HA-tagged AKT expression vector. AFG3L2 cDNA
was PCR-amplified and cloned into and pCMV-C-Flag
(Beyotime) expression vector to generate a FLAG-tagged
AFG3L2 expression vector. For recombinant protein pu-
rification, rat AFG3L2 cDNA was amplified by PCR and
cloned into a pGEX4T-1 expression vector to generate a
GST-tagged AFG3L2 expression vector.

2.5 | Quantitative PCR (qPCR)

TRIzol reagent was used to extract total RNA from cul-
tured neurons using the manufacturer's guidelines. RNA
was reverse-transcribed, and qPCR was performed using
an SYBR Green I PCR kit (Takara, Shiga, Japan) follow-
ing the manufacturer's instructions. Each sample was
normalized using p-actin. The qPCR was performed in
triplicate and was normalized to p-actin expression. The
gPCR conditions used were 95°C for 10 min followed by
45cycles of 95°C for 10 s, 63°C for 5 s, and 72°C for 15s.
Gene expression was analyzed using the 2724°T method
relative to the expression of the reference gene B-actin. All
experiments were repeated three times independently.

2.6 | Cellviability assessment

The viability of cells was assessed using a lactate dehydro-
genase (LDH) leakage assay following the instruction of
an LDH assay kit (Beyotime, China). The assay measures
the loss of membrane integrity after the transformation of
NADH into NAD indicated by lower levels of LDH activity
at 340nm. The experiment was repeated at least three times.

2.7 | Flow cytometry

Flow cytometry was used to detect the apoptosis rates of
neurons using the Annexin V-fluorescein isothiocyanate
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(FITC)/propidium iodide (PI) double staining apoptosis
detection kit (BD Biosciences Pharmingen, San Jose, CA,
USA). In brief, 24h after OGD, neurons were stained
with Annexin V/PI following the manufacturer's in-
structions. After washing the neurons with PBS at 4°C,
they were resuspended in incubation buffer (200 pL) fol-
lowed by Annexin V-FITC labeling reagent (5 pL) and
then the neurons were incubated in the dark at room
temperature for 15 min, followed by the addition of 5 pL
of PI and 200 pL of binding buffer. Finally, the stained
apoptotic cells were identified by the FACSCanto II sys-
tem (BD Bioscience, USA), and the data were analyzed
using the FlowJo software. The percentage of apoptotic
cells was expressed as a percentage of the total number
of early apoptotic (Annexin V-FITC positive/PI nega-
tive) and late apoptotic/necrotic cells (Annexin V-FITC
positive/PI positive). The experiment was repeated
three times.

2.8 | Immunofluorescence and
TUNEL assay

A terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay was conducted using a One Step
TUNEL Apoptosis Assay Kit purchased from Beyotime
(Shanghai, China) according to the manufacturer's in-
structions. Images were obtained using a fluorescence mi-
croscope (Olympus BX53, Japan). The apoptosis rate (%)
was calculated as the percentage of TUNEL-positive cells
to the total number of cells.

2.9 | Mitochondria isolation

To isolate mitochondria, cells were suspended in homog-
enizer buffer (220mM mannitol, 70mM sucrose, 5mM
HEPES/KOH pH 7.6, and 0.2% BSA) and homogenized.
The mitochondria were separated from the homogenized
cell suspension by differential centrifugation. This process
was repeated three times.

2.10 | Western blot analyses

Cell extracts were obtained from neurons by using RIPA
lysis buffer (Beyotime, China). Protein concentration was
determined using a Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific). Equal amounts of protein were sepa-
rated by SDS-PAGE and then transferred to PVDF mem-
branes. Membranes were blocked with blocking solution
(Beyotime) for an hour and then incubated with primary
antibodies (Section 2.1) overnight at 4°C. After washing

thoroughly in PBS with 1% Tween, the membranes were
incubated with goat anti-rabbit IgG-HRP secondary anti-
body at room temperature for an hour. ECL reagent was
used to visualize the immunoreactive bands and ImageJ
software was used to measure band intensity.

2.11 | Measurement of mitochondrial
ROS levels

To measure mitochondrial ROS, cells were co-stained
with MitoSOX Red mitochondrial superoxide indicator
(Sigma-Aldrich, 5 uM) as described previously.”® After
washing with PBS, cells were analyzed with an Olympus
BX53 fluorescence microscope (excitation at 480-550nnm,
emission at 590 nm). Each experiment was repeated three
times.

2.12 | Confocal imaging of mitochondrial
Cat

Confocal imaging of mitochondrial Ca®* was performed with
Rhod-2/AM (Abcam) and MitoTracker Green as described
previously.”® Briefly, cells were incubated with Rhod-2/AM
and MitoTracker Green for 30min on a coverslip. Tyrode's
solution was added and the cells were incubated again for
30min at room temperature protected from light. Confocal
Imaging of the Mitochondrial Rhod-2/AM and MitoTracker
Green Fluorescence-loaded cells was performed in phase
contrast at 40x. Cell membranes were permeabilized with
permeabilization solution (100mM potassium acetate,
15mM KCl, 5mM KH,PO,, 5mM Mg-ATP, 0.35mM EGTA,
0.12mM CaCl,, 0.75mM MgCl,, 10mM phosphocreatine,
10mM HEPES, and pH 7.2, 0.005% saponin) to remove
Rhod-2 localized to the cytosol. The permeabilization solu-
tion was then replaced with Ca** solution (100mM potas-
sium acetate, 15mM KCl, 0.35mM EGTA, 0.75mM MgCl,,
10mM HEPES, pH 7.2). Rhod-2 fluorescence (excitation
559nm, emission 575-675nm) and MitoTracker green fluo-
rescence (excitation 488nm, emission 505-525nm) were
measured with an Olympus confocal microscope.

2.13 | Invitro kinase activity assay

GST-tagged AFG3L2 was purified from E. coli and quan-
tified using a Bradford assay. Then, GST-tagged AFG3L2
(1 pg) was incubated with an increasing amount of active
full-length recombinant AKT protein in kinase buffer con-
taining 25 uM unlabeled ATP and 2.5 uCi of y-[**P]-ATP.
The assay mixtures were incubated at 30°C for 30min.
The reactions were stopped by adding an equal volume
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of 2x SDS loading buffer and heated to 95°C for 5 min.
Samples were then separated by 8% SDS-PAGE, trans-
ferred onto nitrocellulose membranes, and measured by
autoradiography.

2.14 | Cycloheximide chase assay

Cells were transfected with an AFG3L2 expression con-
struct for 24h and then treated with protein synthesis in-
hibitor CHX (20 pg/mL) for the times indicated. Protein
lysates were harvested at the indicated time points and
protein abundances were analyzed by immunoblotting
analysis using antibodies (Section 2.1).

2.15 | Animals, MCAO model, and
animal grouping

All experimental procedures were approved by the
Animal Welfare and Use Committee of Shanghai
Jiaotong University (Ethical approval number: SH9H-
2019-A529-1) in accordance with the NIH Guide for the
Care and Use of Laboratory Animals. Approximately 60
adult male SD rats (6-8 weeks old, 280 to 300g) were
used in the experiments. All rats were housed in a light
and temperature-controlled room with free access to
food and water.

The MCAO model of I/R was created in rats as described
previously.?”* Briefly, rats were first anesthetized by intra-
peritoneal injection of chlorine hydrate (10%, 400 mg/kg).
The left common carotid artery (CCA), external carotid ar-
tery (ECA), and internal carotid artery (ICA) were revealed.
The proximal ends of ECA and CCA were ligated with
nylon monofilament. The distal end of the CCA was also
secured. A small incision was cut in the CCA and a nylon
monofilament was inserted into the ICA for 2 h. After 2 h,
the nylon monofilament was withdrawn. The sham group
received the same surgical procedure without obstructing
blood flow. After awakening, the rats were maintained in
cages with free access to food and water for 12h.

Sixty male SD rats were randomly divided into six
groups as follows: (1) sham, (2) MCAO+AAV-Ctrl (Adeno-
associated virus control vectors), (3) MCAO+AAV-Netrin-1,
(4) MCAO+AAV-Netrin-1 +MK2206, (5) MCAO+ AAV-
shControl, and (6) MCAO+AAV-shNetrin-1. In the sham
group, the rats were injected with 0.9% normal saline and
were not subjected to MCAO. The pAV-FH control vector,
pAV-Netrin-1, pAV-U6-shControl, and pAV-U6-shNetrin-1
were purchased from Vigene Biosciences (Shandong,
China). A burr hole was drilled into the pericranium. A
10-ml syringe was inserted into the basal ganglia 3mm
under the meninges. AAV vectors were injected into the
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hemisphere 90 min before the MCAO. MK2206, an AKT in-
hibitor, dissolved in DMSO was injected 30 min before the
MCAO using the same procedure.

2.16 | Neurological function scores

The neurological function score was evaluated by a
blinded investigator at 72 h after MCAO surgery using Zea
longa's 5-point scale system.*’

2.17 | Measurement of cerebral
infarction volume

After the neurological function score was completed, three
rats were randomly selected from each group to measure
their cerebral infarction volumes. Infarct volume was
measured immediately after the removal of brains from
the rats. Brains were sectioned coronally into 2-mm slices
and incubated with 2% 2,3,5 triphenyltetrazolium chlo-
ride (TTC, Sigma-Aldrich) for 15min. The infarct area was
determined from the total hemispheric area using ImageJ.

2.18 | Immunofluorescence staining
Double immunofluorescence staining was performed as
previously described.” Briefly, after decapitation, the
brains were removed immediately, immersed into pre-
chilled isopentane, and placed inside a —80°C refrigera-
tor for 10 min for snap-freezing. Then, the brains were
embedded in optimum cutting temperature compound
(Sakura Finetek Inc., Torance, CA, United States) and
stored in the —80°C refrigerator. Brains were cut into
10-pm-thick coronal sections, were fixed with 4% para-
formaldehyde at room temperature for 15min, and
washed three times with PBS. After permeabilization with
1% Triton X-100 for 10 min, the sections were blocked
with 10% goat serum in PBS for 1 h. Subsequently, the
sections were incubated at 4°C overnight with primary
antibodies: mouse anti-NeuN, rabbit anti-p-AKT, and
rabbit anti-AFG3L2 followed by incubation with appro-
priate fluorescence-conjugated secondary antibodies for
1 h at room temperature were then incubated with DAPI
for 5 min. The sections were visualized and photographed
with an Olympus BX53 fluorescence microscope.

For double staining of TUNEL and the markers of neu-
ron NeuN, Alexa Fluor® 647-conjugated rabbit anti-NeuN
antibody, combined with TUNEL staining, was selected to
assess the apoptosis of neuron cells. The apoptosis rate (%)
was calculated as the percentage of TUNEL-positive cells
to the number of neuron cells.
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2.19 | Statistical analysis

All data were analyzed using GraphPad Prism (GraphPad
Software, San Diego, CA, USA). One-way analysis of
variance (ANOVA) was used to measure statistical dif-
ferences between groups and post hoc Tukey tests were
used for multiple comparisons. Data were expressed
as mean+standard deviation (SD) unless otherwise
stated and a p-value <.05 was considered statistically
significant.

3 | RESULTS

3.1 | Netrin-1 protects primary cortical
neurons from OGD/R-induced cell death
and apoptosis

Initially, we observed that OGD/R significantly elevates
Netrin-1 mRNA levels in primary cortical neurons.
To further understand its downstream consequences,
we silenced or overexpressed Netrin-1 (Figure 1A).
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FIGURE 1 Netrin-1 regulates OGD-induced neuronal cell death and apoptosis. (A, B) The overexpression or knockdown of Netrin-1
adenovirus transfected into primary cortical neurons. The mRNA (A) and protein (B) expression levels of Netrin-1 24 h after oxygen-glucose
deprivation (OGD) were detected by RT-PCR and western blot analysis. *vs. the Ad-Ctr group, “vs. the Ad-shControl group. (C) Cell death
rates of each group were measured by lactate dehydrogenase (LDH) release. *vs. the Control group. (D) Apoptosis was detected by flow

cytometry. The signals detected in Q2 and Q4 quadrants represent the apoptotic neurons. (E) Quantification and graphical representation

of the flow cytometry results. *vs. control group. (F) Representative images of TUNEL (green)-positive neurons. The scale bars represent
100 pm. (G) Quantification of TUNEL-positive neurons for the indicated conditions. *vs. control group. * *p <.05, ****p < .01.
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Downregulation or upregulation of Netrin-1 after ge-
netic modifications was further confirmed using western
blotting analysis (Figure 1B). A lactate dehydrogenase
(LDH) release assay indicated that exposure to OGD/R
significantly increased LDH release which corresponds to
higher cell death in primary cortical neurons. However,
overexpression of Netrin-1 significantly decreased cell
death in these cells. Downregulation of Netrin-1 further
exacerbated OGD/R-induced cell death, compared to
controls (Figure 1C). Flow cytometric analysis also in-
dicated a significant increase in the percentage of apop-
totic neuronal cells postexposure to OGD/R. However,
overexpression of Netrin-1 significantly decreased apop-
totic cells, whereas the downregulation of Netrin-1 re-
sulted in the opposite effect (Figure 1D,E). These results
were confirmed using a TUNEL assay (Figure 1F,G) and
indicated that the upregulation of Netrin-1 protected
cortical neurons against OGD/R-induced cell death and
apoptosis.

3.2 | Netrin-1regulates OGD/R-induced
mitochondrial ROS and Ca** levels
in neurons

Since OGD/R is known to induce mitochondrial ROS in
cells, we wanted to understand the role of Netrin-1 in this
process. We used red mitochondrial superoxide indicator
(MitoSOX Red) to assess the levels of mitochondrial ROS
in cells exposed to OGD/R. Silencing of Netrin-1 post-
OGD/R significantly increased mitochondrial ROS levels,
whereas overexpression did the reverse (Figure 2A,B). To
assess the changes in mitochondrial Ca®* levels after ex-
posure to OGD/R, we co-stained cells with mito-tracker
and rhod-2, a Ca*" indicator. It was clear that OGD/R
significantly increased mitochondrial Ca®* levels, which
could be mitigated by Netrin-1 overexpression. However,
silencing of Netrin-1 significantly increased the effect of
OGD/R on mitochondrial Ca** levels (Figure 2C,D). We
monitored the accumulation of MCU subunits in cells by
western blot analysis. The levels of MCU regulatory subu-
nits, mitochondrial calcium uptake 1 and 2 (MICU1 and
MICU2), were only moderately affected postexposure to
OGD/R (Figure 2E,F). In contrast, the levels of the MCU
subunit EMRE in cells were severely impaired. Two forms
of the subunit were detected at 7 and 11kDa. In both the
control and OGD/R exposed cells, levels of the 11kDa
premature subunit remained unchanged. However,
we observed significantly reduced levels of the 7 kDa
form of mature EMRE subunit in OGD/R exposed cells
(Figure 2E,F). Netrin-1 overexpression facilitated an in-
crease in the accumulation of the mature EMRE subunit;
however, the knockdown of Netrin-1 further decreased

Th|'IC-)A\SEBJourr1C|I

the level of the mature EMRE subunit in OGD/R-induced
neurons (Figure 2E,F).

3.3 | Netrin-1 acts via upregulation of
AFG3L2 and AKT activation in OGD/R-
induced neuron

Previous studies have shown that mitochondrial Ca**
overload results from the loss of m-AAA protease and the
accumulation of constitutively active MCU-EMRE. In ad-
dition, the activation of AKT is involved in neuronal sur-
vival, apoptosis, oxidative stress, calcium overload, and
mitochondrial dysfunction following cerebral I/R injury.
To clarify the involvement of m-AAA proteases and AKT
signaling in I/R injury, we first measured the levels of
AFG3L2 protein and AKT signaling by western blotting.
It was evident that exposure to OGD/R decreased AFG3L2
protein levels and phosphorylated AKT (p-AKT) levels
(Figure 3A,B). Additionally, we could observe that the
overexpression of Netrin-1 reversed this effect. However,
silencing Netrin-1 exacerbated the effects of OGD/R as
indicated by the decreased levels of AFG3L2 and p-AKT
(Figure 3A,B). In addition, we assessed the EMRE lev-
els and observed that overexpression of Netrin-1 under
OGD/R exposure significantly increased mature EMRE
levels, which was rescued by the silencing of AFG3L2 and
inhibition of AKT. And the levels of MCU, MICU1, and
MICU2 in OGD/R-induced neuron were not affected by
Netrin-1 overexpression, silencing of AFG3L2, and inhibi-
tion of AKT. These results indicated that AFG3L2 and AKT
signaling may be involved in the neuroprotective effects of
Netrin-1 (Figure 3C,D). Importantly, silencing of AFG3L2
and inhibition of AKT in the Netrin-1-overexpression
neurons also significantly increased neuronal mitochon-
drial Ca** levels (Figure 3E,F).

3.4 | AKT phosphorylates AFG3L2 and
promotes AFG3L2 stability

AKT has been identified to be a neuroprotective agent that
phosphorylates its downstream target proteins thereby
playing an essential role in stroke progression. Hence,
we assessed whether AKT signaling regulated Netrin-
1-induced AFG3L2 protein expression in neurons after
OGD/R. Initially, we performed western blotting and found
that overexpression of Netrin-1 upregulated AFG3L2 pro-
tein expression. Using AKT inhibitor MK2206, we could
demonstrate that AFG3L2 protein expression could be sig-
nificantly suppressed. Overexpression of AKT increased
the expression of AFG3L2 in Netrin-1-knockdown neu-
rons after OGD/R (Figure 4A). These results clearly
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FIGURE 2 Netrin-1 regulates OGD/R-induced mitochondrial ROS and Ca®" levels in neurons. (A) Mitochondrial ROS levels in each
group were measured by staining the cells with MitoSOX Red and imaged using fluorescence microscopy. Scale bar 10 pm. (B) Relative

fluorescence intensity of ROS was detected. *p <.05, **p <.01, compared with the control. (C) Representative fluorescence images of

primary cortical neurons loaded with both rhod-2 (red) and MitoTracker green (green) and merged images of the two dyes (yellow) after

oxygen-glucose deprivation (OGD) with respective controls. Scale bar 10 pm. (D) Mean fluorescent intensities of Rhod-2 and MitoTracker

green (yellow) show the mitochondrial Ca®" levels in each group. (E) The mitochondrial calcium uniporter (MCU) complex and the

regulatory subunits MICU1 and MICU2, EMRE levels were analyzed in neuron mitochondria using western blotting. (F) Quantification of

the precursor [p] and mature [m] EMRE subunits (SD; n = 3). COX2 serves as a mitochondrial loading control. *vs. control group.

*p <.01.

*p <.05,
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FIGURE 3 Netrin-1 acts via upregulation of AFG3L2 and AKT activation in OGD/R-induced neurons. (A) Western blot analysis of
AFG3L2, p-AKT, and AKT expression in isolated mitochondria from primary cortical control and OGD/R-induced neurons with Netrin-1

overexpressed or knocked down. COX2 served as a mitochondrial loading control. (B) Quantification of the expression through assessment

of band intensity. (C) Primary cortical control and OGD/R-induced neurons were transfected with either an empty vector (Ad-Ctrl) or
Netrin-1 adenovirus overexpression system (Ad-Netrin-1) and exposed to the AKT inhibitor MK2206 (MK), shNC, or sh-AFG3L2 (shAF).
The steady-state level of EMRE in primary cortical control and OGD/R-induced neuronal mitochondria transfected with the indicated

constructs. The level of precursor [p] EMRE was quantified. COX2 served as a mitochondrial loading control. (D) Quantification of the

expression through assessment of band intensity. (E) Representative fluorescence image of these transfected cells loaded with rhod-2 (red)

and MitoTracker green (green) along with merging of the two channels (yellow) after oxygen—-glucose deprivation (OGD), with respective

controls. Scale bar 10 pm. (F) Mean fluorescent intensities of Rhod-2 and MitoTracker green (yellow) show the mitochondrial Ca** levels in

each group. *vs. control group. **p <.05, **p <.01.

indicated that Netrin-1 enhanced AFG3L2 protein ex-
pression via activation of AKT in neurons after OGD/R.
Immunoprecipitation (IP) and reverse IP results showed
that AKT interacted with AFG3L2 in neurons (Figure 4B).
The substrates of AKT display a consensus motif: RXXS/T.
To further identify if AKT could phosphorylate AFG3L2,

we set up a kinase assay with flag-immunoprecipitated
AFG3L2 in the presence or absence of recombinant AKT
and unlabeled ATP. In these experiments, the addition of
AKT resulted in increased phosphorylation of AFG3L2, as
detected by the AKT pS/T antibody (Figure 4C). However,
when we treated neurons with a small molecule AKT

85U80|7 SUOWWIOD @A a1 (e (dde auy Aq peusencb afe sejone VO @sn Jo sajnJ Joj A%eiqi8uljuO 8|1 UO (SUORIPUD-pUe-SWLR)AL0D A8 |1 AeIq 1 U1 UO//:SANY) SUORIPUOD pUe Swe 1 8y) 89S *[£202/60/50] Lo ArIqiT8uIluO A8]IM BuIyDBURILO0D AQ HEELT02Z0Z [1/960T 0T/I0p/L00 A8 1M AreIq Ul UO"gese)//:Sdny Wwolj papeojumod ‘€ ‘€202 ‘09890EST



YANG ET AL.

10 of 16 The
EA\SEBJournGI
(A)

E (B) Input IP: FLAG
X °9%
v < T2 FLAG-AFG3L2 - + - +
S _ & a8 HA-AKT + + + +
~fgee =5
frE55 3 B HA [amam =]
EE33522% =5
£8225%%% oY 18: FLAG [ |
ST T T T T T £Q
o<« &P
x< Input  IP: HA
HA-AKT - + - +
- + o+ o+ o+
OGD/R
C D E
( ) IP: Flag ( ) IP: Flag ( )

AKT - 0.50.751.0
GST-AFG3L2 + + + +

[ = ] “p-areaL2 [ -]

Vector
AFG3L2 --
Vector
AFG3L2

AT [ET S|
-AKT +AKT eh MK
F @ Veh MK2206
(F)
+AKT -AKT CHX(h) 0051 2 0051 2

CHX(h) 0051 2 0051 2 AFG3L2 w.n
AFGSL2|.*‘~.‘M| e

-~ -AKT -~ Vec
-a +AKT -= MK2206
£ £
2 2
S 1004 S 1004
a s
o~ ~
| |
© el
o * (0]
< 50 2 5
g 2 *
£ £
© ©
£ £
[ [
x o T T T T 1 x o T T T T |
0.0 0.5 1.0 1.5 20 25 0.0 0.5 1.0 15 20 25
CHX (h) CHX (h)

FIGURE 4 AKT phosphorylates AFG3L2 and promotes AFG3L2 stability. (A) Immunoblot analysis of mitochondrial extracts from
primary cortical neurons (Control) and OGD/R-induced neurons transfected with the indicated constructs. AFG3L2 band intensity was
analyzed. (B) AFG3L2 and AKT interaction were examined using immunoprecipitation (IP) western blot analysis. AFG3L2 and AKT

were immunoprecipitated from total cell lysate of neurons overexpressing FLAG-tagged AFG3L2 (FLAG-AFG3L2) and/or HA-tagged
AKT (HA-AKT). The pulled-down proteins were detected by anti-FLAG (up) or anti-HA (below) antibodies. (C) Proteins from primary
cortical neurons transfected with either Flag-vector or Flag-AFG3L2 were immunoprecipitated with an anti-FLAG antibody and were
mixed with (+) or without (—) recombinant AKT in the presence of unlabeled ATP. Western blotting analysis was performed with an AKT
antibody corresponding to the consensus phosphorylation site (RXXS/T, pS/T). (D) Neurons transfected with FLAG-vector or FLAG-
AFG3L2 were treated with vehicle (Veh) or small molecule AKT inhibitor, MK2206 (MK), and immunoprecipitated with an antibody
against Flag and analyzed with an antibody against pS/T, by Western blotting. (E) The radioactive in vitro kinase assay demonstrated that
AKT phosphorylated AFG3L2 in a dose-dependent manner. (F, G) Immunoblot analysis of cell lysates from neurons expressing AFG3L2
co-transfected with or without AKT for 24h (G) or treated with or without AKT inhibitor MK2206 for 3 h (H) before cycloheximide (CHX,
20 pg/mL) treatment at indicated times. Percentages of the relative remaining amount of AFG3L2 are shown below the bands. AFG3L2 band
intensity was normalized to p-actin and then normalized to the time = 0 of the controls.

inhibitor (MK2206), we observed reduced reactivity of addition, we performed radioactive in vitro kinase assay
immunoprecipitated AFG3L2 with the AKT pS/T anti- using recombinant AKT and GST-tagged AFG3L2 in the
body, compared to vehicle-treated cultures (Figure 4D). In presence of **P-yATP. We observed that AFG3L2 could
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be phosphorylated by AKT in a dose-dependent manner
(Figure 4E). Finally, we examined whether AKT promoted
AFG3L2 protein stability. Using a cycloheximide (CHX)
chase assay and showed that overexpression of AKT pro-
longed AFG3L2 protein half-life (Figure 4F). Conversely,
inhibition of AKT activity diminished AFG3L2 protein
levels (Figure 4G). These data suggest that AFG3L2 is a
substrate of AKT and can be phosphorylated by AKT, thus
enhancing the protein stability of AFG3L2.

3.5 | AKT inhibition or knockdown of
AFG3L2 impedes the neuroprotective
effects of Netrin-1 in OGD/R-induced
neurons

To assess the effect of AFG3L2 and AKT on OGD/R-
induced neurons, we either inhibited AKT or silenced

(A)

FASEBJournGI

AFG3L2. We performed TUNEL staining and observed
that exposure to OGD/R significantly increased the num-
ber of TUNEL" cells (Figure 5A,D). However, overexpres-
sion of Netrin-1 reversed this effect and decreased the
number of TUNEL™ cells. When we inhibited AKT or si-
lenced AFG3L2, the effect was reversed, and it appeared
as if Netrin-1 could not protect the cells against OGD/R-
induced apoptosis. We then assessed mitochondrial ROS
levels by staining the cells with MitoSOX. After expo-
sure to OGD/R, mitochondrial ROS levels significantly
increased but could be rescued by the overexpression of
Netrin-1 (Figure 5B,E). However, inhibition of AKT or
AFG3L2 significantly reversed this effect as indicated by
increased mitochondrial ROS levels. Similarly, we ob-
served that exposure to OGD/R increased cell death, but
this could be rescued by Netrin-1 overexpression, whereas
AKT or AFG3L2 inhibition significantly reversed this ef-
fect (Figure 5C).
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FIGURE 5 AKT inhibition or knockdown of AFG3L2 impedes the neuroprotective effects of Netrin-1 in OGD-induced neurons. (A)
Representative images of TUNEL (green)-positive neurons. The scale bars represent 100 pm. (B) Mitochondrial ROS levels in each group
were measured by fluorescence microscope by staining with MitoSOX Red. Scale bar 10 pm. (C) Cell death rates of each group were
measured by lactate dehydrogenase (LDH) release. (D) Quantification of TUNEL-positive neurons for the indicated conditions. (E) Relative
fluorescence intensity of ROS was detected. **p <.05, **p <.01, *vs. control group. *vs. OGD/R + Ad-Netrin-1 group.
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3.6 | Lack of Netrin-1 and AKT
inhibition exacerbates MCAO/R-induced
brain injury, neurons apoptosis, and
oxidative stress in rats

To clarify the role of netrin-1 in OGD/R, we developed
an in vivo MCAO/R-induced brain injury model in rats.

We observed that overexpression of Netrin-1 signifi-
cantly protected the rat brain as indicated by decreased
infarction size compared to the respective control. The
suppression of Netrin-1 resulted in a significantly high
infraction size. Importantly, when AKT was inhibited,
the overexpression of Netrin-1 could not protect rat
brains against injury (Figure 6A,B). When we assessed
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FIGURE 6 Lack of Netrin-1 and AKTinhibition exacerbated MCAO/R-induced brain injury, neuron apoptosis, and oxidative stress

in rats. (A) Representative images of TTC-stained brain slices indicating brain infarction at 72h after MCAO. (B) Quantitative analysis of
infarct volumes. *p <.05, **p <.01 (n = 5 per group). (C) Influence of Netrin-1 on neurological scores in MCAO/R rats. (n = 10). (D) Effect
of Netrin-1 and AKT inhibition on neuronal apoptosis in MCAO/R rats. TUNEL (green) and NeuN (red) double-stained cells (yellow)
indicated apoptotic neurons. scale bar = 50 pm. (E) Quantification of apoptotic neurons in the six groups. (F) Analysis of SOD activity (n = 5
in each group). (G) Analysis of MDA content (n = 5 in each group).
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neurological deficits in the MCAO rats, we observed that
Netrin-1 overexpression decreased the neurological defi-
cit score, but this was reversed in the absence of Netrin-1.
However, the absence of AKT activity, even if Netrin-1
was overexpressed worsened the neurological deficit
score in the MCAO rats (Figure 6C). We also ascertained
that Netrin-1 overexpression decreased apoptosis and
malondialdehyde (MDA) activity and increased super-
oxide dismutase (SOD) activity in MCAO/R injured rats
(Figure 6D-G). However, the inhibition of AKT reversed
this effect. These results indicated that Netrin-1 can pro-
tect the rat model against MCAO/R-induced brain injury.
Interestingly, this protection by Netrin-1 is lost when
AKT is inhibited in all the aforementioned experiments.
Hence, it is evident that Netrin-1 confers its protection on
rat brains against MCAO/R injury through the regulation
of AKT activity.

3.7 | Netrin-1 activates the
p-AKT/AFG3L2 pathway in MCAO/R rats

Finally, we measured the levels of Netrin-1 and AKT ac-
tivity in the MCAO/R model in rats by western blotting
analysis. As anticipated, the overexpression of Netrin-1
increased Netrin-1 and p-AKT levels which in turn in-
creased AFG3L2 levels, whereas the downregulation of
Netrin-1 resulted in the opposite effect. However, inhib-
iting AKT activity in the cells significantly decreased
AFG3L2 expression levels (Figure 7A). Furthermore,
we isolated mitochondria from brain tissue samples and
assessed the EMRE levels. We observed that the over-
expression of Netrin-1 significantly increased the levels
of mature EMRE (Figure 7B). However, the inhibition
of AKT reversed this effect. And the levels of MCU,
MICU1, and MICU2 in MCAO/R injured rats were not
affected by Netrin-1 and inhibition of AKT (Figure 7B).
To confirm the role of Netrin-1 in the neuronal popula-
tion, we assessed the presence of Netrin-1, p-AKT, and
AFG3L2 in NeuN" neurons. As shown in Figure 7C,D,
administration of AAV-Netrin-1 significantly increased
the number of Netein-1* NeuN™ neurons in the brain
tissue of the MCAO group, while AAV-shNetrin-1 pre-
treatment significantly reduced the number of Netein-1*
NeuN* neurons in ischemic brain tissue in rats. In the
presence of Netrin-1, the tissue sections from MCAO/R
rats displayed high levels of p-AKT and AFG3L2 among
the NeuN™ neurons. However, the use of an AKT inhibi-
tor significantly decreased the number of NeuN* neu-
rons expressing p-AKT and AFG3L2 (Figure 7E-H).
These results indicate that Netrin-1 protects rats against
MCAO/R injury by regulating the p-AKT/AFG3L2
pathway.

#\SEBJourml

4 | DISCUSSION

Mitochondrial dysfunction caused by oxygen depriva-
tion following I/R is associated with calcium overload,
the generation of ROS, and neuron loss and has become
the focus of therapeutic targets for ischemic stroke.***! In
particular, excessive Ca®" leads to the activation of several
calcium-dependent proteases, eventually resulting in cell
death.**** The accumulation of MCU and EMRE after I/R
has been implicated in Ca*" overload because the inhi-
bition of MCU with ruthenium red was found to reduce
total infarct volume, neuronal damage, and cell apopto-
sis in rats.>* Moreover, MCU and EMRE were found to be
constitutively active in neurons deficient in the m-AAA
protease AFG3L2, resulting in the accumulation of Ca**.2*
Therefore, in this study, we examined whether mitochon-
drial Ca®* overload contributed to neuronal loss in I/R
injury by analyzing the regulation of MCU and EMRE by
AFG3L2 and whether they are mediated by interactions
between Netrin-1 and AKT.

First, we determined whether Netrin-1 could ame-
liorate mitochondrial dysfunction following I/R by dif-
ferential expression experiments. We discovered that
Netrin-1 prevented OGD/R-induced cell death in pri-
mary cortical neurons and reduced OGD/R-induced
neuron mitochondrial ROS and mitochondrial Ca**
levels. The neuronal protective role of Netrin-1 follow-
ing OGD/R has been confirmed by other studies.'>'°
Chen et al. (2017) found that Netrin-1 could attenuate
neuronal apoptosis in primary cortical neurons after
OGD injury via the DCC/ERK signaling pathway and
proposed that Netrin-1 could prevent DNA damage.
Overexpression of Netrin-1 has also been found to reg-
ulate the Notch-1 pathway and prevent neurological
damage and reduce cerebral infarct volume in rats fol-
lowing MCAO." In addition, we found that the activa-
tion of AKT was involved in neuronal survival following
OGD/R and that the inhibition of Netrin-1 could reduce
the phosphorylation of AKT. Therefore, the beneficial
effects of Netrin-1 overexpression in I/R injury were as-
sociated with the activation of AKT.

We also found that Netrin-1 could regulate levels
of mitochondrial ROS and Ca®*' in neurons following
OGD/R and examined levels of MCU subunits in more
detail. The regulatory subunits MICU1 and MICU2 were
relatively unaffected by OGD/R, but levels of the EMRE
subunit were reduced. In particular, levels of the 7 kDa
isoform of EMRE were significantly reduced. Netrin-1
overexpression facilitated EMRE accumulation, whereas
Netrin-1 knockdown reduced the accumulation of
EMRE. Therefore, our results indicate that the regula-
tion of Ca®* levels is a consequence of EMRE deficiency.
We determined that this could be due to the activity of
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m-AAA proteases. Other studies have suggested that Ca**
accumulation could be the result of m-AAA protease de-
ficiency.* Konig et al. (2016) reported that a neuronal in-
teractome of m-AAA proteases in mice was responsible
for regulating the subunits of MCU and Ca®* overload.
They discovered that m-AAA proteases regulate the as-
sembly of MCU by degrading non-assembled EMRE.

EMRE is an integral inner membrane protein with one
transmembrane domain and a predicted N-terminal mi-
tochondrial targeting sequence facing the matrix space.
Konig et al. (2016) reported that MAIP1 binds newly im-
ported EMRE precursor proteins in the matrix, protects
them against degradation by YMEIL, and ensures their
maturation by MPP. Membrane insertion of EMRE pre-
cursor proteins is accompanied by MPP-mediated mat-
uration and assembly into MCU complexes, forming
~400kDa complexes, which lack gatekeeper subunits, but
exert Ca?* channel activity (24889638). They found that
the m-AAA protease AFG3L2 specifically degrades non-
assembled mature EMRE independent of MAIP1 and thus
modulates the formation of the ~400kDa MCU complexes
and disturbs mitochondrial Ca** handling. We also deter-
mined whether the levels of EMRE and Ca** in neurons
subjected to OGD/R were influenced by the m-AAA prote-
ase AFG3L2. We discovered that the loss of AFG3L2 or the
inhibition of AKT increased the levels of the 7 kDa EMRE
isoform to block the inhibitory effects of Netrin-1.IP results
suggested that Netrin-1 interacts with AKT and that AKT
interacts with AFG3L2. Therefore, Netrin-1 enhances the
expression of AFG3L2 via activation of AKT in neurons
after OGD/R. The inhibition of Netrin-1 would have the
opposite effect, lead to the accumulation of EMRE, and,
in turn, elevate Ca** levels through AFG3L2 deficiency. It
is unclear how the levels of Netrin-1 and AKT phosphor-
ylation are inhibited by I/R injury, although it has been
suggested that hypoxia-inducible factor-la plays a key
role.>> However, several studies have found that the acti-
vation of the AKT pathway attenuates neuronal loss fol-
lowing I/R injury.'*' AKT plays a key role in preventing
ROS-induced autophagy®® and is known to be upregulated
in several cancers.’”® Thus, although AKT activity may
be detrimental in cancer, it is beneficial to the survival of
neurons following I/R and could be exploited to reduce
injury following I/R through regulation by Netrin-1. We
confirmed the effects of overexpressing Netrin-1 after I/R
in an MCAO/R model in rats. The benefits of overexpress-
ing Netrin-1 are lost when AKT is inhibited.

To conclude, we have demonstrated that the regulation
of the m-AAA protease AFG3L2 by the Netrin-1-induced
activation of AKT inhibited the accumulation of EMRE
and mitochondrial Ca** levels in OGD/R-induced neu-
rons. Our results indicate that Netrin-1 attenuates cerebral
I/R injury by limiting mitochondrial ROS and Ca** levels

#\SEBJourml

via activating AKT phosphorylation and the mitochon-
drial m-AAA protease AFG3L2.
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