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The cold shock protein RBM3 can mediate mild hypothermia-related protection in

neurodegeneration such as Alzheimer’s disease. However, it remains unclear whether

RBM3 and mild hypothermia provide same protection in model of Parkinson’s disease

(PD), the second most common neurodegenerative disorder. In this study, human

SH-SY5Y neuroblastoma cells subjected to insult by 1-methyl-4-phenylpyridinium

(MPP+) served as an in-vitro model of PD. Mild hypothermia (32◦C) aggravated

MPP+-induced apoptosis, which was boosted when RBM3 was silenced by siRNA. In

contrast, overexpression of RBM3 significantly reduced this apoptosis. MPP+ treatment

downregulated the expression of RBM3 both endogenously and exogenously and

suppressed its induction bymild hypothermia (32◦C). In conclusion, our data suggest that

cold shock protein RBM3 provides neuroprotection in a cell model of PD, suggesting that

RBM3 induction may be a suitable strategy for PD therapy. However, mild hypothermia

exacerbatesMPP+-induced apoptosis even that RBM3 could be synthesized duringmild

hypothermia.

Keywords: mild hypothermia, RBM3, MPP+, Parkinson’s disease, neuroprotection, apoptosis

INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative disorder worldwide
(de Lau and Breteler, 2006). It is featured by a progressive loss of dopaminergic neurons in
substantia nigra pars compacta (Spillantini et al., 1997). Although nigral dopaminergic cellular
apoptosis and mitochondrial dysfunction induced by various factors may play a critical role in
the neurodegenerative processes in PD, the etiology of PD remains elusive (Yuan and Yankner,
2000; Lin and Beal, 2006; Yang et al., 2010). Even so, researchers are searching for factors, as
yet undiscovered, that could prevent dopaminergic neuronal apoptosis and serve as possible
therapeutic strategies of PD (Ye et al., 2015; Zhou R. B. et al., 2017).

Mild hypothermia (32–35◦C) is a well-established therapeutic tool used to alleviate neural
injury from various disorders, including hypoxic-ischemic encephalopathy in newborn infants,
and acute brain injuries (Edwards et al., 2010; Jacobs et al., 2013). Hypothermia can also
reduce neuronal death in neurodegenerative disease, which is known to involved the progressive
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loss of neurons (Lin and Beal, 2006). For example, mild
hypothermia has also been shown to provide neuroprotective
effects in mouse model of Alzheimer’s disease (Peretti et al.,
2015), the most common neurodegenerative disorder,
indicating a potential role of mild hypothermia in therapy
for neurodegenerative diseases. However, the therapeutic
effects of mild hypothermia on PD, the second most common
neurodegenerative disorder, has not been investigated.

The cold shock protein RBM3 (RNA-binding motif 3) gene,
encoding a 157-amino acid protein with a molecular weight of 17
kD, can be stimulated in response to mild hypothermia (Derry
et al., 1995; Danno et al., 1997). Substantial evidence has shown
that RBM3 acts as an important mediator of mild hypothermia
in neuroprotection (Chip et al., 2011). In mouse models of
degenerative diseases (Peretti et al., 2015), RBM3 was found
to mediate structural plasticity and protective effects of cooling
against neuron loss. In vitro, RBM3 confers clear neuroprotective
effects from apoptosis induced by various insults, such as serum
and glucose deprivation, staurosporine, H2O2, nitric oxide (NO),
retinoic acid (RA), and UV irradiation (Ferry et al., 2011;
Wellmann et al., 2011; Ma et al., 2017; Yang et al., 2017;
Zhuang et al., 2017). As an RNA-binding protein, RBM3 may
promote neural cell survival by accelerating ribosome assembly,
affecting microRNA biosynthesis, stabilizing mRNA structure,
and increasing global de novo protein synthesis (Zhu et al.,
2016; Zhou R. B. et al., 2017). However, it remains unclear
whether RBM3 can provide protection in PD models. The gene
expression patterns of RBM3 during PD progression remains
largely unknown (Zhu et al., 2016).

The apoptosis induced by 1-methyl-4-phenylpyridinium
(MPP+) in SH-SY5Y human neuroblastoma cells is a well-
known in vitro model of dopaminergic (DAergic) neurons for
PD (Bloem et al., 1990; Falkenburger et al., 2016). Utilizing this
model, we attempted to investigate whether both RBM3 and
mild hypothermia prevents MPP+-induced apoptosis in SH-
SY5Y cells. Meanwhile, we also examined the effects of MPP+ on
RBM3 expression in SH-SY5Y cells. This work aimed to present
evidences for RBM3 induction/overexpression as a potential
therapeutic strategy against PD.

MATERIALS AND METHODS

Plasmid Constructions and Transfection
Full-length human RBM3 coding domain sequence was cloned
into the vector pIRES2-EGFP/myc within the restriction sites
of Bgl II and Sma I. Human SH-SY5Y neuroblastoma cells
and HEK293 cells were transfected with pIRES2-EGFP/myc-
RBM3 construct or with the empty vector pIRES2-EGFP/myc.
Transfections were performed using Lipofectamine 2000
according to the manufacturer’s instructions. In all experiments,
cells were subjected to further treatment 2 d after transfection
(Yang et al., 2017).

Cell Culture and Treatment
Human SH-SY5Y neuroblastoma cells were cultured in
Dulbecco’s modified Eagle’s medium (Gibco) supplemented with

10% fetal calf serum (FCS; Hyclone), 100 U/ml penicillin and
100µg/ml streptomycin at 37◦C in 5% CO2.

MPP+ iodide (Sigma) was added to the medium to a final
concentration of 1, 2, or 3mM. Prior to the experimentation, the
SH-SY5Y cells were plated at a density of∼3.1× 104 cells per cm2

area in 96-well plates (for MTT, Caspase3/7, and TUNEL assays)
and 5.5× 104 cells per cm2 area in 6-well plates (forWestern blot
and qPCR assays) and allowed to incubate for 24 h. The cells were
then treated with MPP+.

Quantitative PCR (qPCR)
Total RNAwas extracted from the cells using Total RNA Isolation
Kit (Dingguo, Beijing) and the cDNA was synthesized using
an EasyScriptTM Reverse Transcription Kit (ABM). Quantitative
real-time PCR reactions were performed on 7500 Real Time
PCR System (Thermo) using EvaGreen 2 × qPCR MasterMix
(abm). Primer sequences used were as follows: hsa-rbm3 forward
primer: 5′-TGG GAG GGC TCA ACT TTA ACA-3′; hsa-rbm3
reverse primer: 5′-GTC TCC CGG TCC TTG ACA AC-3′; hsa-
gapdh forward primer: 5′-TGC CCT CAA CGA CCA CTT TG-
3′; hsa-gapdh reverse primer: 5′-TAC TCC TTGGAGGCC ATG
TG-3′.

Western Blot
After treatment, cells in 6-well plate were washed twice with cold
PBS (3.2mMNa2HPO4, 0.5mM KH2PO4, 1.3mM KCl, 140mM
NaCl, pH 7.4) and then lysed in ice-cold lysis buffer (20mM
Tris–HCl, pH 7.5, 150mM NaCl, 1mM EDTA, 0.5% Triton X-
100, 2.5mM sodium pyrophosphate, 1mM β-glycerolphosphate,
1mM Na3VO4, 1mM PMSF, and Roche’s complete protease
cocktail inhibitors) and centrifuged at 15,000 × g for 15min
at 4◦C. The proteins in the supernatant were measured using a
Protein Assay Kit II (BioRad, U.S.). Then 10–50 µg of protein
samples was separated by 12–15% SDS-PAGE and transferred
onto a polyvinylidene difluoride membrane (Millipore, U.S.).
After blocking with PBS-T (0.1% Tween-20 in PBS) containing
5% non-fat milk, the membranes were incubated with different
primary antibodies: RBM3 (Sigma, 1:5000), cleaved PARP-1
(Cell Signaling Tech., 1:1000), and β-actin (Sigma, 1:5000). The
membranes were further incubated with horseradish peroxidase-
conjugated secondary antibodies and developed using Pierce’s
West Pico Chemiluminescence substrate. To determine the
equivalence of amounts of loaded protein, the developed
membranes were stripped and subjected to detection with anti-β-
actin antibodies (Yang et al., 2008). In some cases, immunoblots
were quantified by measuring the immunoreactive protein band
density with the software ImageJ 1.50 (NIH, U.S.).

Cell Viability Assay
MPP+-induced cytotoxicity in vitro was assessed using MTT
staining as described previously (Yang et al., 2017). In brief, 1 ×
104 cells were seeded onto 96-well plates in a sextuplet manner.
Following overnight culture, medium was supplemented with
MPP+ at various concentrations for 24 h. The plates were
stained with 10% MTT in complete medium for 4–6 h, and
then the stained cells were dissolved with 100 µl DMSO. After
10min of incubation, the dye extracts were measured at a
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wavelength of 490 nm with Tecan SpectraMaxPlus microplate
reader (Molecular Devices, U.S.). Absolute reading values were
normalized by scaling to the mean of untreated SH-SY5Y or
pIRES2-EGFP/myc-transfected SH-SY5Y cell culture grown in
complete medium alone (defined as 1). These experiments were
performed in triplicate.

Caspase3/7 Luciferase Assay
The activity of caspase 3/7 released from drug-insulted SH-SY5Y
cells was determined using Caspase-Glo R©3/7 Assay (Promega,
U.S.) according to the manufacturer’s instructions. Briefly, 1 ×

104 cells per well were seeded in 96-well plates. After 24 h of
culture, the cells were treated with 0, 1, 2, and 3mM MPP+ in
100 µl complete medium. After another 24 h, 100 µl caspase-
Glo R©3/7 reagent was added to the wells. After shaking at 300–
500 rpm for 30 s, the plates were incubated for 1 h at room
temperature. Finally, the activities of caspase 3/7 in cells treated
with MPP+ were examined in triplicate using a Luminometer
(Promega, U.S.).

Short Interfering RNA
To silence human RBM3 mRNA (GenBank NM_006743.4), an
RBM3-specific short interfering RNA (siRNA) target the coding
region was designed (Yang et al., 2017). The specific siRNA (5′

-CCA UGA ACG GAG AGU CUC UTT-3′) and a scrambled
siRNA (5′ -UUC UCC GAA CGU GUC ACG UTT-3′) not
matching with any of the human genes were synthesized by
GenePharma (Shanghai, China). When cells in six-well plates
reached to 70–80% confluence, cells were transfected with siRNA
(10 nM) using Lipofectamine 2000. At 48 h post transfection, cells
were used for further experiments.

Terminal Transferase dUTP Nick End
Labeling (TUNEL) Assay
Cells exhibiting DNA fragmentation were identified by
TUNEL assay using a modified version of the manufacturer’s
recommended procedure (Roche, CA, U.S.). Typically, after 24 h
of exposure to 3mMMPP+, the cells were rinsed with PBS, fixed
in cold 4% paraformaldehyde for 15min, and then permeabilized
with 0.2% Triton X-100 in PBS. Cells were incubated with
TUNEL labeling mixture diluted (1:3) with dilution buffer in
a humidified chamber at 37◦C for 1 h, followed by incubation
with streptavidin-peroxidase enzyme conjugates at 37◦C for
30min, and the signal was amplified with TSA (PerkinElmer) at
a dilution of 1:200 for 30min. Cells were then incubated with
4,6 diamidine-2-phenyllindole dihydrochloride (DAPI) (Sigma,
U.S.) dye (5µg/ml) for 30min. Cells were visualized using
fluorescent light microscope (Carl Zeiss, U.S.).

Statistical Analysis
The data are here expressed as mean ± S.D. of at least three
independent experiments. Statistical analysis was performed
using two-way ANOVA (for Figures 3,4) or one-way ANOVA (to
compare two groups for other Figures). P values of < 0.05 were
considered statistically significant.

RESULTS

MPP+ Treatment Downregulates RBM3
Expression at Both the mRNA and Protein
Levels
Exposure of SH-SY5Y cells to various concentrations
of MPP+ for 1 d induced significant apoptosis in
a dose-dependent manner (Figure 1A). Consistent
with this, cleaved caspase substrate poly (ADP-ribose)
polymerase (PARP), the hallmark of apoptosis, was
markedly increased in response to MPP+ stimulation
(Figures 1C,D).

Next, we examined the mRNA expression patterns of RBM3
in response to MPP+ treatment. The gene expression of RBM3
at transcriptional level is sensitive to MPP+ treatment. 1, 2, and
3mM MPP+ post 24 h exposure reduced mRNA expression of
RBM3 by 47.7, 69.7, and 71.3% compared to control (Figure 1B).

The protein expression patterns of RBM3 in this scenario
were also analyzed. As shown in Figures 1C,D. RBM3 protein
is moderately expressed at the basal level. However, with
the increase in the concentration of MPP+, RBM3 protein
was gradually downregulated and the reduction was most
pronounced at 3mM MPP+ exposure. Notably, the initiation
of apoptosis, as evidenced by the cleavage of PARP, was
accompanied by the commencement of RBM3 protein reduction
(Figures 1E,F). These data suggest that MPP+ treatment could
downregulate RBM3 expression at both the mRNA and protein
levels.

MPP+ Inhibits Induction of RBM3 by Mild
Hypothermia in SH-SY5Y Cells
RBM3 is one of several products induced by mild hypothermia
(Sano et al., 2015; Yang et al., 2017). As expected, SH-SY5Y
cells produce it in significant quantities in response to cooling
(Figures 2A,B). We next examined the effect of MPP+ on
hypothermia-induced RBM3 expression. At the mRNA level,
MPP+ treatment at various concentrations significantly reduced
the induction of RBM3 by mild hypothermia (Figure 2C).
Consistently, at the protein level, MPP+ treatment substantially
decreased RBM3 induction under the same conditions
(Figure 2A). These results indicate that MPP+ inhibits
mild hypothermia-induced RBM3 production in SH-SY5Y
cells.

Hypothermia Treatment Aggravates
MPP+-Induced Apoptosis in SH-SY5Y Cells
Since therapeutic cooling is widely used to rescue neural
apoptosis (Antonic et al., 2014), we sought to determine whether
mild hyperthermia can reduce MPP+-induced neurotoxicity.
SH-SY5Y cells were pretreated with hypothermia (32◦C) for
1 d and subjected to MPP+ stimulation. Unexpectedly, the
levels of cleaved PARP were markedly higher in hypothermia-
pretreated cells than in normothermia-treated control cells
(Figure 3A, Figure S1). In line with this, the MTT assays
also revealed the negative effects of mild hypothermia on the
neurotoxicity of MPP+ (Figure 3B). Moreover, TUNEL staining
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FIGURE 1 | MPP+ treatment downregulates RBM3 expression at both mRNA and protein levels. SH-SY5H cells were treated with MPP+ at various concentrations

(0, 1, 2, and 3mM) for 1 d. (A) Cell viability was assessed by MTT assay. (B) The Rbm3 mRNA expression was examined by qPCR. (C) The protein levels of RBM3

and cleaved (cl.) PARP were measured by Western blot. (D) A bar graph showed the relative levels of RBM3 in (C). (E) Cells were treated with 3mM MPP+ for a time

course as indicated, and the protein levels of RBM3 and cl. PARP were measured. (F) A bar graph showed the relative levels of RBM3 in (E). All the data above

represent the mean ± S.D. (n = 3). Multiple comparisons were analyzed by a one-way ANOVA and Newman-Keuls post hoc. *Indicates post hoc significant difference

compared to control group (37◦C in the absence of MPP+). **P < 0.01 and ***P < 0.001.

FIGURE 2 | MPP+ inhibits RBM3 induction by mild hypothermia in SH-SY5Y cells. With the addition of MPP+, cells were incubated at 32◦C for 1 d. (A) The RBM3

protein level was measured by Western blot. (B) A bar graph showed the relative levels of RBM3 protein in (A). (C) The Rbm3 mRNA expression was examined by

qPCR. All the data above represent the mean ± S.D. (n = 3). Multiple comparisons were analyzed by a one-way ANOVA and Newman-Keuls post hoc. *Indicates

post hoc significant difference compared to untreated control group (32◦C in the absence of MPP+ ). **P < 0.01 and ***P < 0.001.

showed that hypothermia pretreatment boosted MPP+-induced
apoptosis in SH-SY5Y cells (Figure 3C), further suggesting

that mild hypothermia may aggravate the apoptosis elicited by
MPP+.

Considering that PARP is a marker of late-stage apoptosis,
hallmarks of early state apoptosis, caspase-3, and−7 (Chip

et al., 2011) were also examined with caspase-3/7 activation
luciferase assay (Scabini et al., 2011). As shown in Figure 3D,
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FIGURE 3 | Hypothermia treatment aggravates MPP+-induced apoptosis in SH-SY5Y cells. Cells were pretreated with hypothermia (32◦C) or normothermia (37◦C)

for 1 d, and then treated with various concentrations of MPP+ for 1 d. (A) Western blot was performed to detect the level of cl. PARP. (B) Cell viability was assessed

by MTT assay. (C) The apoptosis was analyzed by TUNEL to figure out the DNA fragmentation caused by MPP+ (3mM). The blue shows the cell nucleus, and the red

exhibits DNA fragmentation. (D) The damage was measured by Caspase-Glo®3/7 Assay to figure out the effect of hypothermia (32◦C) on MPP+-induced apoptosis.

All the data above represent the mean ± S.D. (n = 3). Multiple comparisons were analyzed by a two-way ANOVA and Bonferroni’s post hoc. *Indicates post hoc

significant difference compared to 37◦C normothermia. *P < 0.05, **P < 0.01, and ***P < 0.001.

hypothermia-pretreated cells exhibited a higher activity of
caspase3/7 than normothermia-treated cells in response
to MPP+ stimulation. Together, these data indicate that
hypothermia treatment may aggravate MPP+-induced apoptosis
in SH-SY5Y cells.

To test the effect of RBM3 induction by hypothermia on

MPP+-induced apoptosis, RBM3 was silenced with RBM3-
specific siRNA. As shown in Figure S2A, RBM3 was markedly

downregulated by hypothermia. Compared to scrambled-
transfected cells, RBM3-silencing cells exhibited a boosted

apoptosis under hypothermic conditions, as suggested by

Western blot analysis and MTT assay (Figure S2B,C).

RBM3 Overexpression Rescues SH-SY5Y
Cells From MPP+-Induced Apoptosis
As demonstrated above, mild hypothermia could not prevent
neuroblastoma cells SH-SY5Y from undergoing MPP+-induced
apoptosis. However, RBM3 is known to be a crucial mediator in
hypothermia-related neuroprotection (Chip et al., 2011; Peretti
et al., 2015). For this reason, we wondered whether RBM3
could reduce the neurotoxicity associated with MPP+ in SH-
SY5Y cells. Thus, we overexpressed myc-tagged RBM3 in SH-
SY5Y cells (Figure 4A). In the presence of MPP+, the levels
of cleaved PARP in RBM3-overexpressing cells were markedly
lower than in vehicle-transfected control cells. Surprisingly,
MPP+ not only downregulated the expression of endogenous

RBM3 but also reduced the protein levels of ectopic RBM3
(Figure 4A). However, RBM3 overexpression can reduce the
neurotoxicity of MPP+ on SH-SY5Y cells, as indicated by MTT
assays (Figure 4B). This was corroborated by TUNEL staining
tests, which demonstrated that RBM3 overexpression prevents
MPP+-induced apoptosis in SH-SY5Y cells to a significant
extent (Figure 4C). RBM3-overexpressing cells exhibited less
caspase3/7 activity in response toMPP+ stimulation than control
cells (Figure 4D). In summary, RBM3 could prevent MPP+-
induced apoptosis in SH-SY5Y cells, although its protein levels
declined in response to MPP+.

DISCUSSION

In this study, we demonstrated that cold shock protein RBM3
protects neuroblastoma cells SH-SY5Y from MPP+-induced
apoptosis. Surprisingly, mild hypothermia does not possess
neuroprotective effects although RBM3 is potently induced
under hypothermic conditions. Our data suggest that RBM3
induction or overexpression is a potential strategy for therapy of
neurodegenerative diseases such as PD.

Since the 1950s (Wang et al., 2006), therapeutic hypothermia
(especially mild hypothermia) has been exploited in clinical
settings to mitigate neurological injuries. Data accumulated
from in vivo studies confirmed the neuroprotective
effects of mild hypothermia in acute neurological injuries
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FIGURE 4 | RBM3 overexpression rescues SH-SY5Y cells from MPP+-induced apoptosis. The RBM3-overexpressing or empty plasmid (Veh) was transfected into

cells for 2 d, and treated with MPP+ (0, 1, 2, and 3mM) for 1 d. (A) Western blot was performed to detect the protein levels of myc tag, RBM3, and cl. PARP. The

upper arrow indicates myc-tagged RBM3, and the lower one indicates endogenous (endo.) RBM3. (B) Cell viability was assessed by MTT assay. (C) The apoptosis

was analyzed by TUNEL to figure out the DNA fragmentation caused by MPP+ (3mM). The blue shows the cell nucleus, and the red exhibits DNA fragmentation. (D)

The damage was measured by Caspase-Glo®3/7 Assay to show the effect of RBM3 overexpression on MPP+-induced apoptosis. All the data above represent the

mean ± S.D. (n = 3). Multiple comparisons were analyzed by a two-way ANOVA and Bonferroni’s post hoc. *Indicates post hoc significant difference compared to

control groups (Veh). **P < 0.01 and ***P < 0.001.

(Batchelor et al., 2013; Martirosyan et al., 2017). Currently, mild
hyperthermia (33◦C) is still frequently used for treatment of
neonatal asphyxia (Jacobs et al., 2013). It has also been shown to
improve the neurological outcome with fewer and less severe side
effects in neurodegenerative disease models, including prion-
infected and Alzheimer-type models (Peretti et al., 2015). For
this reason, we speculated that mild hyperthermia may provide
similar neuroprotection on PD cell model. Unfortunately,
mild hyperthermia did not prevent MPP+-induced apoptosis
in neuroblastoma cells SH-SY5Y. Instead, it boosted the
neurotoxicity of MPP+. These data may indicate that mild
hyperthermia either is not suitable for PD therapy or that it may
only aggravate the apoptosis in MPP+-based PD cell model.
In addition to MPP+ (or MPTP), rotenone, paraquat, and
6-hydroxydopamine (6-OHDA) are also used as toxins to mimic
dopaminergic (DA) neuronal degeneration of PD (Falkenburger
et al., 2016); for these reasons it is worthwhile to determine
whether mild hyperthermia can confer neuroprotection in other
PD cell models.

Although the neuroprotective mechanism of mild
hypothermia is not well understood, cold shock protein RBM3
has been postulated to be an important factor in mediating
the neuroprotective effects of mild hyperthermia (Chip et al.,
2011; Zhou T. et al., 2017). In this study, we showed that RBM3
significantly reduces the neurotoxicity of MPP+ in SH-SY5Y

cells by increasing cell survival rates and reducing cell apoptosis
when RBM3 was overexpressed. Regarding the pro-survival
role of RBM3 (Chip et al., 2011), the data are consistent with
our previous observation that RBM3 confers neuroprotective
effects against various insults (Ma et al., 2017; Yang et al.,
2017; Zhuang et al., 2017). Meanwhile, mild hyperthermia
also prevents apoptosis induced by these insults under same
conditions. For this reason, it is not clear why mild hyperthermia
aggravating MPP+-induced apoptosis occurs even when pro-
survival RBM3 is potently induced. Accumulated data suggest
that hypothermia preconditioning has multiple effects, such
as metabolic inhibition, activation of extra- and intracellular
defense mechanisms (Badjatia, 2016; Renga et al., 2017). Thus,
one possible reason is that hyperthermia may also induce
production of other pro-apoptotic factors, which compromise
the neuroprotective effect of RBM3. Overall, hypothermia
appears to be unfavorable for neuroprotection against MPP+.

The RNA-binding protein RBM3 is highly important in
mediating the neuroprotective effects of hyperthermia, but
little is known about the mechanism regulating RBM3 gene
expression (Zhu et al., 2016). Our previous studies showed
that RBM3 expression could not be altered in response to
various stimuli (Ma et al., 2017; Yang et al., 2017; Zhuang
et al., 2017). However, the present study showed that RBM3
expression is markedly downregulated by MPP+ at both the
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mRNA and protein levels. MPP+ stimulation also reduced the
protein levels of forced RBM3 expression, which is driven by
CMV promoter in a mammalian expression vector. Together,
these data may reveal that MPP+ regulates RBM3 expression
at the levels of transcription and post-translation (decay). In
contrast, spinal cord injury (SCI) in mouse and rat also was
found to increase RBM3 expression in neurons and astrocytes,
although the duration of RBM3 expression is short (Zhang
et al., 2013; Cui et al., 2014; Zhao et al., 2014). Therefore, it
is worthwhile to ascertain why MPP+ behaves so distinctly in
response to other stimuli (NO, RA, andUV) in controlling RBM3
expression.

Another question has also been raised about the role of RBM3
in neurodegenerative diseases. Specifically, it is possible that the
loss of RBM3 function leads to or aggravates neurodegenerative
diseases. As recently reported (Peretti et al., 2015), the gene
silencing of RBM3 in prion and Alzheimer-type mice can result
in synapse loss and eventually neuronal apoptosis. However,
inducing endogenous RBM3 expression by cooling or by virus-
mediated overexpression confers robust protection to neurons.
Notably, our data indicate that MPP+-induced apoptosis
is accompanied by the reduction of endogenous or forced
RBM3 expression. Conversely, the overexpression of RBM3
reduces MPP+-induced apoptosis in SH-SY5Y neuroblastoma
cells. In this way, it is still unclear whether the loss of
RBM3 function is the cause or result of apoptosis. In the
future, a MPTP-based PD mouse model should be used
to determine the actual role of RBM3 in neurodegenerative
diseases.

In conclusion, we have demonstrated that RBM3 confers
neuroprotective effects in MPP+-induced apoptosis in human
neuroblastoma cells. Mild hyperthermia may not be suitable
for PD therapy, at least for MPTP-elicited PD. RBM3
rather than mild hyperthermia prevents MPP+-apoptosis in
neuroblastoma cells, thereby suggesting that RBM3-specific
induction/overexpression might be used as a strategy for the
treatment of neurodegenerative diseases.
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Figure S1 | Hypothermia treatment aggravates MPP+-induced apoptosis in

SH-SY5Y cells. With the addition of MPP+ (3mM), cells were incubated at 37 or

32◦C for a time course as indicated, and the protein levels of cl. PARP were

measured by Western blot.

Figure S2 | RBM3 silencing aggravates MPP+-induced apoptosis in SH-SY5Y

cells. After 2-d transfection of RBM3 siRNA (siRNA) or scrambled siRNA (Src),

SH-SY5Y cells were pre-cultured for 1 d at 37 or 32◦C and then treated with

MPP+ (3mM) for 1 d. Western blot was performed to detect the protein levels of

RBM3 (A) and cl. PARP (B). Under same conditions, cell viability was assessed by

MTT assay (C). Multiple comparisons were analyzed by a two-way ANOVA and

Bonferroni’s post hoc. ∗ Indicates post hoc significant difference compared to

control groups (Scr). ∗∗P < 0.01.
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