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Abstract

Mild hypothermia and its key product, cold-inducible protein RBMS3, possess ro-
bust neuroprotective effects against various neurotoxins. However, we previously
showed that mild hypothermia fails to attenuate the neurotoxicity from MPP*, one
of typical neurotoxins related to the increasing risk of Parkinson disease (PD). To
better understand the role of mild hypothermia and RBM3 in PD progression, an-
other known PD-related neurotoxin, rotenone (ROT) was utilized in this study. Using
immunoblotting, cell viability assays and TUNEL staining, we revealed that mild hy-
pothermia (32°C) significantly reduced the apoptosis induced by ROT in human neu-
roblastoma SH-SY5Y cells, when compared to normothermia (37°C). Meanwhile, the
overexpression of RBM3 in SH-SY5Y cells mimicked the neuroprotective effects of
mild hypothermia on ROT-induced cytotoxicity. Upon ROT stimulation, MAPK signal-
ling like p38, JNK and ERK, and AMPK and GSK-3p signalling were activated. When
RBM3 was overexpressed, only the activation of p38, JNK and ERK signalling was in-
hibited, leaving AMPK and GSK-3p signalling unaffected. Similarly, mild hypothermia
also inhibited the activation of MAPKs induced by ROT. Lastly, it was demonstrated
that the MAPK (especially p38 and ERK) inhibition by their individual inhibitors sig-
nificantly decreased the neurotoxicity of ROT in SH-SY5Y cells. In conclusion, these
data demonstrate that RBM3 mediates mild hypothermia-related neuroprotection
against ROT by inhibiting the MAPK signalling of p38, JNK and ERK.
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1 | INTRODUCTION

Parkinson's disease (PD) is a complex multifactorial disorder that is
primarily characterized by the loss of nigral dopaminergic neurons.t®
Although the aetiology and pathogenesis of PD are poorly understood,
environmental exposure-induced mitochondrial dysfunction is fre-
quently observed in the substantia nigra and cortex in PD.* Rotenone
(ROT) is a common pesticide and a known inhibitor of mitochondrial
complex |. It can lead to relatively specific damage to dopaminergic neu-
rons and increase the risk of PD by 2-3 folds on average.>” Upon bind-
ing to mitochondrial complex |, ROT can increase oxidative stress and
induce apoptosis in neurons and neuroblastoma cells.® Therefore, ROT-
induced neuronal death is often used as an in vitro model for PD studies.

Cooling is an efficient tool to ameliorate the side-effects of
brain surgery.9 In the clinic, mild hypothermia (32-35°C) has been
widely used to improve outcome of acute brain injuries, including
hypoxic-ischaemic encephalopathy in newborn infants and cardiac
arrest in adults.’ Hypothermic neuroprotection may be associated
with the inhibition of intracellular signalling, oxidative stress, exci-
totoxicity, inflammation and apoptotic cell death.'°*? Recently, mild
hypothermia was also found to confer neuroprotective effects in
neurodegenerative diseases, based on studies of Alzheimer-type and
prion-infected mouse models.’®> However, we recently found that
mild hypothermia does not provide neuroprotection against MPP*,
another known neurotoxin related to PD.* To better understand the
influence of hypothermia on PD progression, more PD cell models,
such as ROT-based one should be included.

The cold-inducible protein RBM3 (RNA-binding motif protein 3)
is the first protein to be synthesized in response to hypothermia in
mammalian cells.’ It is an RNA-binding protein with 157 amino acids,
belonging to a small group of proteins whose expression increases
with cooling, while the expression of most other proteins decreases.'®
There is growing evidence indicating that RBM3 is a crucial factor
mediating hypothermia-induced neuroprotective effects. In primary
neurons and cortical organotypic slice cultures, mild hypothermia
markedly increased RBM3 expression and rescued neuronal cells from
forced apoptosis.”*? In Alzheimer-type and prion-infected mouse
models, RBM3 was identified as a crucial mediator of hypothermia-in-
duced neuroprotection,13 revealing that RBM3 induction/overexpres-
sion may provide protection not only in cases of acute brain injury but
also in neurodegenerative diseases. We previously showed that the
overexpression of RBM3 protects dopaminergic neuroblastoma cells
SH-SY5Y from the apoptosis induced by nitric oxide (NO), ultra-violet
(UV) irradiation and an overdose of retinoic acid (RA), whereas RBM3
knockdown revokes the neuroprotective effects of mild hypother-
mia in SH-SY5Y cells.?°2? In MPP*-based PD cell model, RBM3 also
provides a robust protection, although mild hypothermia does not.**
However, it is undetermined whether RBM3 provides such neuropro-
tective effects in ROT-based PD cell model.

In this study, we hypothesized that mild hypothermia protects
human neuroblastoma SH-SY5Y cells from ROT-induced neurotoxic-
ity (in vitro model of PD) via the action of RBM3. To test our hypothe-
sis, we evaluated the ability of mild hypothermia to prevent apoptotic
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cell death in SH-SY5Y cells and tested if RBM3 overexpression could
recapitulate the same neuroprotective effects. We investigated
the influence of RBM3 and mild hypothermia on p38, JNK and ERK
MAPK signalling pathways. We also tested if the inhibition of MAPK
signalling pathways could rescue ROT-induced apoptosis.

2 | MATERIALS AND METHODS

2.1 | Cell culture, hypothermia and drug treatment

The human neuroblastoma cell line SH-SY5Y (passage < 25) was
maintained in Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 10% foetal bovine serum (FBS), 100 U/mL penicillin and
100 pg/mL streptomycin, at 37°C and 5% CO, in a fully humidified
incubator. The exposure to mild hypothermia was a 1-d incubation at
32°C, while the control cells for the same experiment were simulta-
neously exposed to normothermia at 37°C.

Rotenone (ROT)was purchased from Sigma-Aldrich and dissolved
in dimethyl sulfoxide (DMSQ). SH-SY5Y cells were treated with a
concentration of 0.5 pmol/L ROT for durations that are specified for
each method and in the figure legends. ROT was made fresh prior
to each treatment, and all treatments were one-time, single-dose
exposures. The p38-specific inhibitor (SB203580; Sigma-Aldrich)
and MEK inhibitor (U0126; Cell Signaling Technologies) were used
at a 10 pmol/L concentration, whereas the JNK inhibitor (SP600125;
Sigma-Aldrich) was used at 25 pmol/L. The SH-SY5Y cells were in-
cubated with inhibitors or DMSO (vehicle control) for 1 hour prior to

further treatment such as ROT treatment.

2.2 | RBMB3 overexpression

The sequence of the human Rbm3 gene (GenBank NM_006743.4) was
optimized for enhanced mammalian expression, chemically resynthe-
sized by Sangon, and cloned into the expression vector pXJ40-myc
between BamH | and Xho | sites. The SH-SY5Y cells were transfected
either with the RBM3-encoding plasmid “pXJ40-myc-RBM3” or the
empty vector “pXJ40-myc” as a control using the Lipofectamine 3000
transfection reagent (Invitrogen) according to the manufacturer's in-
structions. At 24 hours post-transfection, cells were used for further
experiments. The RBM3 protein expressed from the pXJ40 vector in-
cluded a myc tag and could therefore be differentiated from the endog-
enous RBM3 by molecular weight.

2.3 | Cell viability assay

The 3-(4, 5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) was used to assess cell viability as described in our previous
study.?* Briefly, SH-SY5Y cells (1.0 x 10%/well) were seeded in a 96-
well plate and incubated overnight, followed by treatment with ROT
as defined in the figure legend. To determine cell viability, 1 mg/mL
MTT solution was added to the culture and incubated for 4 hours at
37°C. Then, the culture medium was removed and 150 pL DMSO
was added to dissolve the purple formazan crystals, which are only
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formed in living cells. The colorimetric measurement was taken at an

absorbance of 490 nm using a microplate reader (Molecular Devices).

2.4 | Western blotting

Cells were harvested after treatment with mild hypothermia or
ROT (0.5 umol/L) and washed twice with cold phosphate-buff-
ered saline (PBS) (3.2 mmol/L Na,HPO,, 0.5 mmol/L KH,PO,,
1.3 mmol/L KCI, 140 mmol/L NaCl, pH 7.4). Then, they were
treated with cold lysis buffer (20 mmol/L Tris pH 7.5, 150 mmol/L
NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 5 mmol/L NaF, 0.5%
Triton X-100, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L f-
glycerolphosphate, 1 mmol/L Na,VO,, 1 mg/L leupeptin and
0.5% Na-deoxycholate) followed by centrifugation at 12 000 g
for 15 minutes at 4°C. The supernatant was collected, and pro-
tein concentration was determined by Bradford assay (Bio-Rad).
For Western blotting, proteins were separated by electrophoresis

on an 8%-15% SDS-PAGE gel and transferred to a PVDF mem-
brane (Millipore). After blocking with TBST (Tris-buffered saline
with 0.1% Tween-20) containing 5% skim milk for 45 minutes, the
membranes were incubated with the desired primary antibody for
1 hour at room temperature. Primary antibodies used were for
p38 (#9212), phosphorylated (p-) p38 (#9211), p-ERK1/2 (#4370),
p-JNK1/2(#4668), AMPK (#4150), p-AMPK (#2535), p-GSK3p
(#9331), IxBa (#4814), p-lxBa (#2859), cleaved PARP (#9541),
Bcl-2 (#2870), Bax (#5023) and p-actin (#4970) from Cell Signaling
Technology (Beverly); anti-JNK1 (sc-474) and anti-ERK2 (sc-154)
from Santa Cruz; anti-GSK3p (#D160468) from BBI Life Sciences,
antibodies against RBM3 (ab134946) from Abcam. After washing
with TBST three times, the membranes were further incubated
with horseradish peroxidase-conjugated secondary antibodies
(Vazyme Biotech) for 1 hour at room temperature and developed
with Pierce's West Pico Chemiluminescence substrate. The im-

munoreactive bands were visualized by the Luminescent image
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FIGURE 1 Mild hypothermia protects against ROT-induced apoptosis in SH-SY5Y neuroblastoma cells. Cells were pre-cultured under
normothermic (37°C) or mild hypothermic (32°C) conditions for 1 d and treated with 0.5 pmol/L ROT. A, An MTT assay was performed to
examine the effects of mild hypothermia on cytotoxicity after ROT treatment for a time course of 0, 24, 36 and 48 h. B, Cells were treated
with ROT for 24 h, after which Western blotting of cleaved (cl.) PARP, Bcl-2, Bax, RBM3 and p-actin was performed. C, D, The levels of

cl. PARP and Bcl-2 were quantified by densitometry and normalized to $-actin and Bax, respectively. E, TUNEL staining after 24 h of ROT
treatment evaluated the protective effects of mild hypothermia on ROT-induced apoptosis. All data are representative of three independent
experiments, and values are mean = SD.; **P < 0.01 and ***P < 0.001 vs normothermia pre-cultured cells
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analyser (Amersham Imager 600, GE Healthcare). To confirm
equal protein loading, the membranes were stripped (2% SDS,
100 mmol/L Tris pH 6.8) and immunoblotted for p-actin.2® The
protein band density was measured by the Imagel) 1.50 software
(NIH). The band density for proteins exhibiting a double-banded
pattern was quantified as the sum of both individual band densi-
ties, or the relevant band is indicated by an arrow in the figure.
Phosphorylated protein levels were quantified as a relative den-
sity of phospho/total protein, while all other proteins were quanti-

fied as a relative density of protein/p-actin density.

2.5 | TUNEL and DAPI staining

After ROT treatment (0.5 umol/L for 24 hours), cell apoptosis was
detected with the one-step TUNEL kit as per the manufacturer's in-
structions (Beyotime Biotechnology). Briefly, the cells were fixed in

4% paraformaldehyde for 15 minutes and permeabilized with 0.1%
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Triton X-100 for 5 minutes. After several washes with PBS, 50 uL of
TUNEL reaction mixture was added to the cells, and they were incu-
bated at 37°C for 1 hour in the dark. Finally, the cells were examined
under a fluorescent light microscope (Leica). For DAPI staining, the
SH-SY5Y cells were seeded in 35-mm plates. After treatment, the
cells were washed in cold PBS and fixed with 4% paraformaldehyde
for 30 minutes. After three more washes in cold PBS, cells were incu-
bated with a 5 pg/mL 4,6-diamidino-2-phenylindole dihydrochloride
(DAPI) (Sangon Biotech) solution for 20 minutes. Finally, the cells were
again washed in cold PBS three times and examined using the same

fluorescent light microscope to visualize the DAPI-stained cell nuclei.

2.6 | Statistical analysis

All the experiments were repeated three times. Data were analysed
by Student's t test and expressed as mean + standard deviation (SD).
P value <0.05 was statistically considered significant.
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FIGURE 2 RBMB3 protects against ROT-induced apoptosis. SH-SY5Y cells were transfected with the empty vector (Veh) or the

RBM3-expressing vector (RBM3) and treated with 0.5 pmol/L ROT. A, An MTT assay was performed to examine the effects of RBM3
overexpression ROT cytotoxicity after ROT treatment for a time course of 0, 24, 36 and 48 h. B, Cells were treated with ROT for 24 h before
Western blotting for the indicated proteins. The black and red arrows indicate endogenous RBM3 and myc-tagged RBM3, respectively.

C, D, The levels of cl. PARP and Bcl-2 were quantified by densitometry and normalized to p-actin and Bax, respectively. E, TUNEL staining
was performed after 24 h ROT exposure to evaluate the protective effects of RBM3 overexpression on ROT-induced neurotoxicity.

***P < 0.001 vs vehicle-transfected cells
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3 | RESULTS
3.1 | Mild hypothermia prevents rot-induced
neurotoxicity in SH-SY5Y cells

Human neuroblastoma SH-SY5Y cells were used to evaluate the ef-
fects of mild hypothermia on ROT-induced neurotoxicity. As shown
in Figure S1, 0.5 pmol/L ROT produces significant cytotoxicity in
SH-SY5Y cells and is thus the concentration that we used for all ex-
periments in our study. Cells were exposed to hypothermia (32°C)
or normothermia (37°C) for 1 d and then subjected to ROT treat-
ment. The MTT assay for cell viability showed that mild hypother-
mia significantly reduced the cytotoxicity of ROT towards SH-SY5Y

cells at all time-points compared to normothermia (Figure 1A). In line
with this, ROT-treated cells exposed to hypothermia showed a mark-
edly reduced expression of apoptosis-related protein, cleaved poly
(ADP-ribose) polymerase (PARP), compared to the control cells ex-
posed to normothermia (P = 0.0075; Figure 1B,C). This suggests that
mild hypothermia suppresses ROT-induced apoptosis. In response
to ROT exposure, the apoptosis-related protein Bax was also down-
regulated in hypothermia pre-treated cells, whereas no alteration
of Bcl-2 was seen (Figure 1B,D). More convincingly, we observed
less TUNEL staining in cells exposed to hypothermia compared to
normothermia, showing that hypothermic pre-treatment attenuates
ROT-induced apoptosis in SH-SY5Y cells (Figure 1E). Taken together,
the data from the MTT assay, Western blotting and TUNEL staining
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FIGURE 3 RBMS3 inhibits ROT-induced activation of MAPK pathways. SH-SY5Y cells were transfected with the empty vector or the
RBM3-expressing vector and then treated with 0.5 pmol/L ROT for 4 h. A, Western blotting was performed to examine the levels of
phosphorylated p38, JNK, ERK, AMPK, GSK-3p and IxBa, with B-actin as the loading control. The black arrow points to the quantified band
for p-GSK3p. B-G, The density of phosphorylated proteins was quantified and normalized to their respective total proteins. ***P < 0.001 vs

vehicle-transfected cells
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FIGURE 4 Mild hypothermia inhibits ROT-induced activation of MAPK signalling in SH-SY5Y cells. Cells were pre-cultured under
normothermic (37°C) or mild hypothermic (32°C) conditions for 1 d and treated with 0.5 pmol/L ROT for 4 h. A, Western blotting was then
performed to evaluate the influence of hypothermia on ROT-induced activation of p38, JNK and ERK pathways. p-Actin was used as a
loading control. The black arrow points to the quantified band for p-p38. B-D, The density of p-p38, p-JNK and p-ERK was quantified and
normalized to total p38, JNK and ERK1, respectively. **P < 0.01 and ***P < 0.001 vs normothermia pre-cultured cells

strongly suggest that mild hypothermia attenuates ROT-induced
neurotoxicity in SH-SY5Y cells.

3.2 | Overexpression of rom3 protects SH-SY5Y
cells from rot-induced apoptosis

We have shown above that RBM3 was strongly induced upon mild
hypothermia treatment (Figure 1B). To evaluate the role of RBM3
in hypothermic neuroprotection against ROT, we overexpressed
RBM3in SH-SY5Y cells by transfection with an RBM3-overexpress-
ing vector and assessed cell viability and apoptotic activity. The
MTT assay showed a significant increase in cell viability at all time-
points of ROT treatment in cells overexpressing RBM3 compared to
control (Figure 2A). Consistently, the levels of cleaved PARP were
substantially reduced in RBM3-overexpressing cells when com-
pared to control cells transfected with empty vector (P = 0.0024;
Figure 2B,C). Like the results seen after hypothermia exposure of
ROT-treated cells, the apoptosis-related protein Bax, but not Bcl-2,
was down-regulated in RBM3-overexpressing cells (Figure 2B,D).
TUNEL staining was lower in RBM3-overexpressing cells compared
to control cells, indicating that ROT-induced apoptosis can be res-
cued by RMB3 (Figure 2E). Collectively, these data suggest that
RBM3 protects SH-SY5Y cells from ROT-induced apoptosis.

3.3 | RBM3 inhibits ROT-induced activation of
MAPK signalling

To dissect the mechanism underlying the neuroprotective effects
of RBM3 against ROT-induced apoptosis, we studied the influence
of RBM3 overexpression on ROT-related signalling pathways. As
shown in Figure 3A-G, ROT treatment induced the activation of p38
(P =65 x107), JNK (P = 1.3 x 107®), ERK (P = 0.000035), AMPK
(P = 0.00063) and GSK-3p (P = 0.00034) in SH-SY5Y cells, but the
NF-xB pathway was not affected (P = 0.083). However, RBM3 over-
expression inhibited ROT-induced activation of all three MAPK signal-
ling proteins (P = 0.000011, 1.1 x 10~ and 0.00068 for p38, JNK and
ERK, respectively; Figure 3A-D), leaving AMPK, NF-xB and GSK-3p
unaffected (P = 0.17, 0.056 and 0.26 for AMPK, NF-kB and GSK-3p,
respectively; Figure 3E-G). This indicates that RBM3 may prevent ROT-
induced neurotoxicity via inhibition of the p38, JNK and ERK pathways.

3.4 | Mild hypothermia inhibits ROT-induced
activation of MAPK signalling

As mentioned above, the overexpression of RBM3 attenuated
ROT-induced activation of MAPK signalling p38, JNK and ERK.

Next, we tested whether mild hypothermia has the same effects
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ks FIGURE 5 Inhibition of p38 signalling
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on ROT-induced activation of MAPKs. The Western blotting results
showed that hypothermia markedly inhibits the activation of p38,
JNK and ERK induced by ROT (P = 0.0071, 0.000012 and 0.0042,
respectively, for p38, JNK and ERK activation; Figure 4A-D), when
compared with normothermic controls. These data suggest that both
RBMS3 and hypothermia inhibit the activation of MAPK signalling in-
duced by ROT in SH-SY5Y cells.

3.5 | p38signalling mediates the neurotoxicity
induced by ROT in SH-SY5Y cells

As demonstrated above, either RBM3 or mild hypothermia inhibits
ROT-induced p38 signalling. We wanted to test if this blockade of
p38 signalling is the mechanism behind RBM3’s neuroprotective ef-
fects in ROT-treated cells. To this end, we used a p38-specific inhibitor
SB203580 to inactivate the pathway and measured the resulting effect
on ROT-induced apoptosis in SH-SY5Y cells. As expected, blocking p38
caused a substantial decrease in the level of cleaved PARP (Figure 5A).
Meanwhile, the MTT assay showed that the presence of SB203580
significantly reduced the cytotoxicity of ROT (Figure 5B), with cell sur-
vival rates increasing from 48.4% to 77.9% (P = 0.000099 for ROT vs
ROT + SB). More convincingly, DAPI staining showed that apoptotic
cell number was decreased in ROT-treated SH-SY5Y cells where p38

prevents ROT-induced apoptosis in SH-
SY5Y cells. Cells were pre-treated with
p38 inhibitor SB203580 (SB, 10 umol/L)
for 1 h, followed by ROT (0.5 pmol/L)
exposure for 1 d. A, Cleaved (cl.) PARP
was detected by Western blotting, with
B-actin as the loading control. The MTT
assay (B) and DAPI staining (C) were
performed to evaluate the effect of p38
inhibition on ROT-induced neurotoxicity.
All nuclei are stained with DAPI (dark
blue). ns: not significant, ***P < 0.001 vs
DMSO-treated control cells

SB + ROT

was inhibited (Figure 5C). Taken together, these data suggest that
RBM3 prevents ROT-induced apoptosis by inhibiting p38 signalling.

3.6 | JNK signalling mediates the neurotoxicity
induced by ROT

As described above for p38, JNK activation by ROT was also inhib-
ited by RBM3. To determine the role of JNK activation in ROT-induced
apoptosis, a JNK-specific inhibitor (SP600125) was employed. In the
presence of SP600125, the cleavage of PARP induced by ROT was
almost completely abolished (Figure 6A). However, the presence of
SP600125 only partially reduced the cytotoxicity of ROT as measured
by the MTT assay (Figure 6B), with the survival rate increasing from
49.1% to 61.2% (P = 0.00061 for ROT vs ROT + SP). In addition, DAPI
staining shows fewer apoptotic cells in the presence of the JNK inhibi-
tor (Figure 6C). Collectively, these results indicate that RBM3 partially
prevents ROT-induced apoptosis via inhibition of JNK signalling.

3.7 | ERKsignalling mediates the neurotoxicity
induced by ROT

It is well known that ERK/MAPK functions as a pro-survival signal-

ling pathway in neuroprotection. Surprisingly, in the ROT-based PD
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cell model, we observed the opposite; ERK was activated by the
pro-apoptotic ROT and was inhibited by the anti-apoptotic RBM3.
Therefore, in this experiment, we used a MEK-specific inhibitor
U0126 to directly examine the role of ERK pathway activation in
ROT-induced apoptosis. As shown in Figure 7A, in the presence of
U0126, the cleavage of PARP induced by ROT was substantially
diminished. Meanwhile, U0126 increased cell survival rate from
48.3% to 75.8% after ROT treatment (P = 0.000038 for ROT vs
ROT + U0126; Figure 7B). Accordingly, DAPI staining showed a re-
duced apoptosis in cells treated with U0126, supporting that ERK
inhibition prevents ROT-induced apoptosis (Figure 7C). Together,
these findings indirectly support the notion that RBM3 prevents ap-
optosis by inhibiting ERK signalling, and ERK signalling is pro-apop-
totic in ROT-treated SH-SY5Y cells.

4 | DISCUSSION

PD is the second most common neurodegenerative disease and
is characterized by a loss of dopaminergic neurons.?*?> Some
environmental risk factors, such as ROT and MPP", are used as
neurotoxins for evaluating potential neuroprotective strategies

against apoptotic diseases like PD.?¢%0 For in vitro PD studies, the

DMSO + ROT SP + ROT

SH-SY5Y human neuroblastoma cell line is frequently used as a
cell model, because it exhibits many characteristics of dopamin-
ergic neurons.>*%2 |n the present study, we demonstrated that
both RBM3 and mild hypothermia protect SH-SY5Y cells from
ROT-induced neurotoxicity. Furthermore, our data also point out
that RBM3 mediates mild hypothermia-related neuroprotection
against ROT by mainly inhibiting the MAPK signalling of p38 and
ERK.

For the last century, hypothermia has been widely used as a clini-
cal strategy used to alleviate the side-effects of brain surgery and to
provide neuroprotection after perinatal asphyxia.11 However, mild
hypothermia is an aggressive clinical therapy, bearing side-effects
such as shivering, slurred speech or mumbling, slow and shallow
breathing, low energy and weak pulse.®33* This inspired the search
for molecular targets with fewer side-effects to replace therapeutic
cooling and led to the discovery of RBM3 as a crucial mediator of
hypothermia-related neuroprotection.”’19

Researchers have previously demonstrated that ROT induces
neurotoxicity by caspase activation and apoptotic cell death, accom-
panied by the activation of pro-apoptotic MAPK signalling pathways
like p38 and JNK.3>37 Our study not only corroborated these results
but additionally revealed that the neuroprotective effects of mild
hypothermia in a ROT-based PD cell model are mediated by RBM3.
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FIGURE 7 Inhibition of ERK signalling
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Importantly, we demonstrated that mild hypothermia prevents ROT-
induced neurotoxicity via induction of RBM3. Mechanistically, we
found that RBM3 inhibited the ROT-induced activation of p38, JNK
and ERK signalling pathways. By using several different techniques
to test the same predictions, we were able to strongly validate each
result and increase the power of our data; PARP/caspase-3 expres-
sion, the MTT assay and TUNEL staining examined apoptosis, and
overexpression tools revealed the function of RBM3 in the PD cell
model.

As opposed to p38 and JNK MAPK, the role of ERK activation in
ROT-mediated neurotoxicity is somewhat controversial. It was found
that the histamine H2 receptor antagonist ranitidine prevents ROT-
induced neurotoxicity by activating ERK signalling,*® whereas neural
growth factor prevents ROT-induced neurotoxicity independent of
ERK signalling.3¢ In this study, the ROT insult led to a strong activation
of ERK signalling, and an ERK-specific inhibitor clearly decreased the
neurotoxicity induced by ROT, revealing a pro-apoptotic role of ERK
activation in response to ROT stimulation. The conflicting reports in
the literature regarding the pro- and anti-apoptotic roles of ERK1/2
are justified considering the diverse activation stimuli and down-
stream effectors in the ERK pathway that can alter the consequence
of ERK1/2 on cell survival. Our observation is in line with findings by

Zhao et al, which suggested that ERK activation is associated with

prevents ROT-induced apoptosis in SH-
SY5Y cells. Cells were pre-treated with
MEK inhibitor U0126 (10 pmol/L) for 1 h,
followed by ROT exposure (0.5 pmol/L)
for 1 d. A, Cl. PARP was detected by
Western blotting, with p-actin as the
loading control. The MTT assay (B) and
DAPI staining (C) were performed to
evaluate the effect of ERK inhibition on
ROT-induced neurotoxicity. All nuclei
are stained with DAPI (dark blue). ns, not
significant, ***P < 0.001 vs DMSO-treated
control cells

u0126 + ROT

the neurotoxicity elicited by ROT.*' Compared to the involvement
of all three MAPK pathways in hypothermia/RBM3-conferred pro-
tection against ROT neurotoxicity in this study, our previous studies
found that inhibition of p38 signalling was the only MAPK pathway
associated with neuroprotection by hypothermia/RBM3 against NO,
RA and UV irradiation.?°?2 These observations seem to indicate that
p38 inhibition by hypothermia/RBM3 is a common neuroprotective
mechanism in response to a variety of neurotoxins, while inhibition
of JNK and ERK signalling is more specific.

Our finding that RBM3 rescues many of the deficits in the ROT-
based model of PD agrees with previous observations regarding
the role of RBM3 in neuroprotection. In vitro, studies have demon-
strated that RBM3 prevents apoptosis induced by excessive NO,??
UV irradiation,?! RA,?° staurosporine,*? hexanedione contact in-
hibition?> and serum deprivation,43 in cultured neurons or neuro-
blastoma cells. In vivo, it was recently found that RBM3 mediates
the protective effects of hypothermia by reducing synaptic loss
in a mouse model of Alzheimer's disease.'®** Therefore, we spec-
ulate that RBM3 induction in brains of PD patients may be a rea-
sonable strategy for blocking PD progression caused by ROT. The
trouble with RBM3 induction as a therapeutic strategy, however,
lies in the extensive scope of its action. Altering cellular events like

MAPK signalling can have very far-reaching consequences whose
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cons may outweigh the pros. Further studies on the specific in vivo
effects of RBM3 in nigrostriatal dopamine neurons affected by PD
are needed to explore RBM3 induction as a viable alternative to
hypothermia.

Interestingly, a recent study by us showed that mild hypother-
mia exacerbates MPP*-induced apoptosis which was boosted when
RBM3 was silenced by siRNA.** Thus, mild hypothermia may have
different effects on apoptosis in different PD cell models. However,
a crucial product of hypothermia, RBM3, exerts same function on
either MPP*- or ROT-based PD models. In these two models, RBM3
silencing significantly boosts the apoptosis, whereas RBM3 overex-
pression markedly decreases the apoptosis. A possible reason is that
RBM3 induction by hypothermia in MPP* model is not enough to
rescue apoptosis induced by MPP** |n the future, MPTP- and ROT-
based PD mouse model should be used to determine the actual role
of hypothermia in neurodegenerative diseases such as PD.

ACKNOWLEDGEMENTS

This work was sponsored for HY by National Natural Science
Foundation of China (81771336 and U1704186), Henan Collaborative
Innovation Center of Molecular Diagnosis and Laboratory Medicine
(XTCX-2015-ZD3), Henan Program for Science and Technology
Development (162102310490) and Graduate Scientific Research
Innovation Support Project of Xinxiang Medical
(YJSCX201649Y).

University

CONFLICTS OF INTEREST

The authors report that there are no conflicts of interest.

AUTHOR CONTRIBUTIONS

Mian Wang and Hai-Jie Yang conceived and designed the research;
Hai-Jie Yang, Rui-Juan Zhuang, Yuan-Bo Li, Tian Li, Xin Yuan, Bing-
Bing Lei and Yun-Fei Xie performed the experiments; Mian Wang
and Hai-Jie Yang wrote the manuscript; and Hai-Jie Yang and Rui-

Juan Zhuang analysed the data.

DATA AVAILABILITY STATEMENT

The data used to support the findings of this study are available from

the corresponding author upon request.

ORCID
Mian Wang https://orcid.org/0000-0002-2861-2725
REFERENCES

1. Gao H-M, Jiang J, Wilson B, Zhang W, Hong J-S, Liu B. Microglial
activation-mediated delayed and progressive degeneration of rat

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

WILEY-"%?

nigral dopaminergic neurons: relevance to Parkinson's disease.
J Neurochem. 2002;81:1285-1297.

Harms AS, Barnum CJ, Ruhn KA, et al. Delayed dominant-negative
TNF gene therapy halts progressive loss of nigral dopaminergic neu-
rons in a rat model of Parkinson's disease. Mol Ther. 2011;19:46-52.
Pickrell A, Huang C-H, Kennedy S, et al. Endogenous parkin pre-
serves dopaminergic substantia nigral neurons following mitochon-
drial DNA mutagenic stress. Neuron. 2015;87:371-381.

Lynch D, Wanglund C, Spathis R, et al. The contribution of mito-
chondrial dysfunction to a gene-environment model of Guamanian
ALS and PD. Mitochondrion. 2008;8:109-116.

Perier C, Bové J, Vila M, Przedborski S. The rotenone model of
Parkinson's disease. Trends Neurosci. 2003;26:34-36.

Sherer TB, Betarbet R, Testa CM, et al. Mechanism of tox-
icity in rotenone models of Parkinson's disease. J Neurosci.
2003;23:10756-10764.

Trojanowski JQ. Rotenone neurotoxicity: a new window on envi-
ronmental causes of Parkinson's disease and related brain amyloi-
doses. Exp Neurol. 2003;179:6-8.

Swarnkar S, Goswami P, Kamat PK, et al. Rotenone-induced apop-
tosis and role of calcium: a study on Neuro-2a cells. Arch Toxicol.
2012;86:1387-1397.

Pemberton PL, Dinsmore J. The use of hypothermia as a method
of neuroprotection during neurosurgical procedures and after trau-
matic brain injury: a survey of clinical practice in Great Britain and
Ireland. Anaesthesia. 2003;58:370-373.

Corbett D, Nurse S, Colbourne F. Hypothermic neuroprotection.
A global ischemia study using 18- to 20-month-old gerbils. Stroke.
1997;28:2238-2242.

Luo Y, Ji X, Ling F, et al. Impaired DNA repair via the base-excision
repair pathway after focal ischemic brain injury: a protein phos-
phorylation-dependent mechanism reversed by hypothermic neu-
roprotection. Front Biosci. 2007;12:1852-1862.

Drury PP, Gunn ER, Bennet L, Gunn AJ. Mechanisms of hypother-
mic neuroprotection. Clin Perinatol. 2014;41:161-175.

Peretti D, Bastide A, Radford H, et al. RBM3 mediates structural
plasticity and protective effects of cooling in neurodegeneration.
Nature. 2015;518:236-239.

Yang H-J, Shi X, Ju F, et al. Cold shock induced-protein RBM3 but
not mild hypothermia protects human SH-SY5Y neuroblastoma cells
from MPP*-induced neurotoxicity. Front Neurosci. 2018;12:298.
Jackson TC, Manole MD, Kotermanski SE, et al. Cold stress protein
RBMS3 responds to temperature change in an ultra-sensitive man-
ner in young neurons. Neuroscience. 2015;305:268-278.

Smart F, Aschrafi A, Atkins A, et al. Two isoforms of the cold-induc-
ible mRNA-binding protein RBM3 localize to dendrites and promote
translation. J Neurochem. 2007;101:1367-1379.

Chip S, Zelmer A, Ogunshola OO, et al. The RNA-binding pro-
tein RBM3 is involved in hypothermia induced neuroprotection.
Neurobiol Dis. 2011;43:388-396.

Bastide A, Peretti D, Knight J, et al. RTN3 Is a Novel Cold-Induced
Protein and Mediates Neuroprotective Effects of RBM3. Curr Biol.
2017;27:638-650.

Zhou R-B, Lu X-L, Zhang C-Y, Yin D-C. RNA binding motif protein 3:
a potential biomarker in cancer and therapeutic target in neuropro-
tection. Oncotarget. 2017;8:22235-22250.

Ma S-P, Ju F, Zhang Y-P, et al. Cold-inducible protein RBM3 pro-
tects neuroblastoma cells from retinoic acid-induced apoptosis via
AMPK, p38 and JNK signaling. J Funct Food. 2017;35:175-184.
Yang H-J, Ju F, Guo X-X, et al. RNA-binding protein RBM3 prevents
NO-induced apoptosis in human neuroblastoma cells by modulating
p38 signaling and miR-143. Sci Rep. 2017,;7:41738.

Zhuang R-J, Ma J, Shi X, et al. Cold-inducible protein RBM3 pro-
tects UV irradiation-induced apoptosis in neuroblastoma cells by


https://orcid.org/0000-0002-2861-2725
https://orcid.org/0000-0002-2861-2725

020
2 | \wWiLEy

23.
24.
25.

26.
27.

28.

29.
30.

31.
32.
33.

34.

35.

36.

YANG ET AL.

affecting p38 and JNK pathways and Bcl2 family proteins. J Mol
Neurosci. 2017;63:142-151.

Yang H-J, Wang M, Wang L, Cheng B-F, Lin X-Y, Feng Z-W. NF-xB
regulates caspase-4 expression and sensitizes neuroblastoma cells
to Fas-induced apoptosis. PLoS ONE. 2015;10:e0117953.

Mercado G, Castillo V, Soto P, et al. Targeting PERK signaling with
the small molecule GSK2606414 prevents neurodegeneration in a
model of Parkinson's disease. Neurobiol Dis. 2018;12:136-148.
Zhang C, Hou L, Yang J, et al. 2,5-Hexanedione induces dopaminer-
gic neurodegeneration through integrin alphaMbeta2/NADPH oxi-
dase axis-mediated microglial activation. Cell Death Dis. 2018;9:60.
Mitra S, Chakrabarti N, Dutta SS, et al. Gender-specific brain re-
gional variation of neurons, endogenous estrogen, neuroinflam-
mation and glial cells during rotenone-induced mouse model of
Parkinson's disease. Neuroscience. 2015;292:46-70.

Abdelkader NF, Safar MM, Salem HA. Ursodeoxycholic acid ame-
liorates apoptotic cascade in the rotenone model of Parkinson's
disease: modulation of mitochondrial perturbations. Mol Neurobiol.
2016;53:810-817.

Kandil EA, Abdelkader NF, ElI-Sayeh BM, Saleh S. Imipramine and
amitriptyline ameliorate the rotenone model of Parkinson's disease
in rats. Neuroscience. 2016;332:26-37.

Zhang Ql, Chen S, Yu S, et al. Neuroprotective effects of pyr-
roloquinoline quinone against rotenone injury in primary cul-
tured midbrain neurons and in a rat model of Parkinson's disease.
Neuropharmacology. 2016;108:238-251.

Michel HE, Tadros MG, Esmat A, Khalifa AE, Abdel-Tawab AM.
Tetramethylpyrazine ameliorates rotenone-induced Parkinson's
disease in rats: involvement of its anti-inflammatory and anti-apop-
totic actions. Mol Neurobiol. 2017;54:4866-4878.

Lee M, Tazzari V, Giustarini D, et al. Effects of hydrogen sulfide-re-
leasing L-DOPA derivatives on glial activation: potential for treating
Parkinson disease. J Biol Chem. 2010;285:17318-17328.

Xie HR, Hu LS, Li GY. SH-SY5Y human neuroblastoma cell line: in
vitro cell model of dopaminergic neurons in Parkinson's disease.
Chin Med J (Engl). 2010;123:1086-1092.

Feigin VL, Anderson CS, Rodgers A, Anderson NE, Gunn AJ. The
emerging role of induced hypothermia in the management of acute
stroke. J Clin Neurosci. 2002;9:502-507.

Sukstanskii AL, Yablonskiy DA. Theoretical limits on brain cooling
by external head cooling devices. Eur J Appl Physiol. 2007;101:41-49.
Newhouse K, Hsuan SL, Chang SH, et al. Rotenone-induced apop-
tosis is mediated by p38 and JNK MAP kinases in human dopami-
nergic SH-SY5Y cells. Toxicol Sci. 2004;79:137-146.

Hirata Y, Meguro T, Kiuchi K. Differential effect of nerve growth
factor on dopaminergic neurotoxin-induced apoptosis. J Neurochem.
2006;99:416-425.

38.

39.

40.

41.

42.

43.

44,

Klintworth H, Newhouse K, Li T, Choi W-S, Faigle R, Xia Z.
Imipramine and amitriptyline ameliorate the rotenone model of
Parkinson's disease Activation of c-Jun N-terminal protein kinase is
a common mechanism underlying paraquat- and rotenone-induced
dopaminergic cell apoptosis. Toxicol Sci. 2007;97:149-162.

Nakaso K, Ito S, Nakashima K. Caffeine activates the PI3K/Akt
pathway and prevents apoptotic cell death in a Parkinson's disease
model of SH-SY5Y cells. Neurosci Lett. 2008;432:146-150.
Kamalden TA, Ji D, Osborne NN. Rotenone-induced death of RGC-5
cells is caspase independent, involves the JNK and p38 pathways
and is attenuated by specific green tea flavonoids. Neurochem Res.
2012;37:1091-1101.

Park HJ, Kim HJ, Park H-K, Chung J-H. Protective effect of hista-
mine H2 receptor antagonist ranitidine against rotenone-induced
apoptosis. Neurotoxicology. 2009;30:1114-1119.

Zhao FL, Hu JH, Zhu XZ. Monocyte-mediated rotenone neurotox-
icity towards human neuroblastoma SH-SY5Y: role of mitogen-acti-
vated protein kinases. Biol Pharm Bull. 2006;29:1372-1377.

Ferry AL, Vanderklish PW, Dupont-Versteegden EE. Enhanced
survival of skeletal muscle myoblasts in response to overex-
pression of cold shock protein RBM3. Am J Physiol Cell Physiol.
2011;301:C392-402.

Wellmann S, Truss M, Bruder E, et al. The RNA-binding protein
RBM3 is required for cell proliferation and protects against serum
deprivation-induced cell death. Pediatr Res. 2010;67:35-41.
Neurodegeneration KG. Cold shock protects the brain. Nature.
2015;518:177-178.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Yang H-J, Zhuang R-J, Li Y-B, et al.
Cold-inducible protein RBM3 mediates hypothermic
neuroprotection against neurotoxin rotenone via inhibition
on MAPK signalling. J Cell Mol Med. 2019;23:7010-7020.
https://doi.org/10.1111/jcmm.14588



https://doi.org/10.1111/jcmm.14588

