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Abstract Manganese (Mn) is an essential micronutrient. How-
ever, exposure to high doses of Mn may lead to a neurological
disease known as manganism, which is characterized by marked
brain neuronal loss. K-homology splicing regulator protein
(KHSRP) is a multifunctional RNA-binding protein and has
been implicated in the regulation of multiple cellular signaling
associated with neuronal apoptosis and survival, such as p38
mitogen-activated protein kinase (MAPK), nuclear factor
kappaB (NF-κB), and Wnt/β-catenin pathways. In the present
study, the role of KHSRP in Mn-induced neurotoxicity was
investigated in vivo using a rat model of chronic Mn exposure
and in vitro using differentiated PC12 cell cultures. Western blot
and immunohistochemical analyses showed a significant upreg-
ulation of KHSRP in rat striatum following Mn exposure. Im-
munofluorescent labeling indicated that KHSRP was localized
mainly in neurons. Terminal deoxynucleotidyl transferase-
mediated biotinylated-dUTP nick end labeling (TUNEL) assay

showed that KHSRP was mainly distributed in apoptotic neu-
rons. Increased KHSRP expression was positively correlated
with the upregulation of several apoptosis-related proteins, such
as p53, bax, and active caspase-3. In addition, significant co-
localization of KHSRP and active caspase-3 in neurons after Mn
exposure was also observed, suggesting a potential involvement
of KHSRP in the regulation of Mn-induced striatal neuronal
apoptosis. Importantly, interference with KHSRP apparently
decreased the level of p53 and attenuated Mn-induced neuronal
apoptosis. Taken together, these results indicate that upregulation
of KHSRP may be involved in the pathological process under-
lying Mn neurotoxicity via the modulation of p53 signaling.
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Introduction

Manganese (Mn) is a ubiquitous micronutrient required for
normal growth, development, and cellular homeostasis
(Aschner and Aschner 2005; Tkac et al. 2003). However, Mn
is neurotoxic at high concentrations. Excessive Mn exposure
may result in a neurodegenerative disease called manganism,
which is characterized by symptoms that resemble idiopathic
Parkinson’s disease (IPD) (Benedetto et al. 2009; Roth 2009).
Mn overexposure can occur under multiple conditions, such as
occupational, medical, and environmental exposure (Burton and
Guilarte 2009). After uptake into the bodies, Mn can get through
the blood–brain barrier by DMT-1-mediated and/or transferrin-
mediated pathways and easily accumulate in brain striatum and
globus pallidus (Dorman et al. 2006; Normandin et al. 2004;
Roels et al. 1997). Data from nonhuman primates and humans
demonstrate that striatal neurons are very vulnerable and undergo
significant degeneration and loss after chronic exposure to ex-
cessive Mn (Yamada et al. 1986; Shinotoh et al. 1995; Shinotoh
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et al. 1997). However, the precise molecular mechanism under-
lying the process remains much unclear.

Neuronal apoptosis has been considered to be a crucial
mechanism underlying Mn-induced neurotoxicity. Mn can
trigger apoptosis in a majority of neurons (Chun et al. 2001;
Hirata 2002; Malecki 2001; Seo et al. 2013). DNA fragmen-
tation and caspase activation have been observed in Mn-
exposed neurons (Latchoumycandane et al. 2005; Malecki
2001; Seo et al. 2013; Uchida et al. 2012). Further, Mn
induces mitochondrial dysfunction (Gunter et al. 2009) and
promotes mitochondrial cytochrome c release, caspase activa-
tion, and PARP-1 cleavage, eventually leading to neuronal
apoptosis (Tamm et al. 2008; Afeseh Ngwa et al. 2011; Yoon
et al. 2011). In addition, Mn could activate many signaling
pathways associated with apoptosis beyond mitochondrial
dysfunction, such as mitogen-activated protein kinase
(MAPK) pathways, protein kinase C (PKC), and p53
(Guilarte et al. 2008; Jang 2009; Latchoumycandane et al.
2005; Zhang et al. 2013). Recent studies showed that p53 was
a key determinant for the decision of neuronal survival and
apoptosis (Costantini et al. 2005; Culmsee andMattson 2005).
It is well known that activated p53 translocates into the nu-
cleus where it promotes the transcription of various target
genes, such as the proapoptosis proteins Bax and Bim, trig-
gering apoptosis (Martin et al. 2001).

K-homology splicing regulator protein (KHSRP), also
known as FUSE-binding protein 2 (FBP2), is a multifunctional
RNA-binding protein. KHSRP has been implicated in the
regulation of various cellular processes, including RNA pro-
cessing, trafficking, and degradation (Min et al. 1997; Snee
et al. 2002; Gherzi et al. 2004). KHSRP can recruit RNA decay
machinery to promote rapid decay of the selected messenger
RNAs (mRNAs) (Chou et al. 2006; Ruggiero et al. 2007).
KHSRP controls the intracellular distribution of microtubule-
associated protein 2 (MAP2) and beta-actin mRNAs in neurons
(Gu et al. 2002; Rehbein et al. 2002). KHSRP also modulates
the biogenesis of a subset of miRNAs, which are potentially
required for cell metabolism and survival (Trabucchi et al.
2009). Additionally, KHSRP could affect the expression of
iNOS through posttranscriptional regulation, which in turn
influences p38 MAPK and NF-κB signaling pathways (Fechir
et al. 2005; Jayasooriya et al. 2014; Jeong et al. 2014; Linker
et al. 2005). KHSRP has been also documented to regulateWnt
signaling through promoting the destabilization of β-catenin
(Bikkavilli and Malbon 2010; Inestrosa and Arenas 2010; Kim
et al. 2014; Zhang et al. 2008). Accordingly, these findings
implied that KHSRPmight be involved in the regulation of cell
survival and apoptosis. However, whether KHSRP is implicat-
ed in Mn neurotoxicity remains virtually unknown.

In this study, we for the first time investigated the role of
KHSRP in Mn-induced neurotoxicity. The expression profile
of KHSRP was analyzed in vivo in a rat chronic Mn exposure
model and in vitro using PC12 cell cultures. The correlation

between aberrant expression of KHSRP and neuronal apopto-
sis was further evaluated. Our findings may provide novel
insight into the mechanism of Mn-induced neurotoxicity.

Materials and Methods

Animals and Treatment

Adult male Sprague–Dawley (SD) rats (6 weeks old,
weighing 180–210 g) were provided by the Experimental
Animal Center of Nantong University. All animals were kept
under a controlled environment (23±1 °C, 50±5 % humidity)
on a 12-h light/dark cycle with free access to water and food.
All animal experiments were carried out in accordance with
the National Institutes of HealthGuide for the Care and Use of
Laboratory Animals and were approved by the Chinese Na-
tional Committee to Use of Experimental Animals forMedical
Purposes, Jiangsu Branch. The animals were allowed to be
acclimated for 3–5 days before the experiments commenced
and then randomly divided into five groups with 9–11 animals
in each group: control group and Mn-treated group (2, 5, 15,
and 25 mg/kg body wt). All rats were treated for 30 consec-
utive days with one daily intraperitoneal (i.p.). Control group
rats were injected with saline (NaCl, 0.9 %), and Mn-treated
group rats were injected with MnCl2 (2, 5, 15, and 25 mg/kg
body wt, diluted in saline). Rats (n=3 per group) were
sacrificed to measure the levels of Mn in striatal tissue 24 h
after last injection. Rats (n=3–4 per group) were sacrificed to
extract the protein for Western blot analysis, and additional
experimental rats (n=3–4 per group) were also sacrificed for
sections. All efforts were made to minimize the number of
animals used and their suffering.

Cell Cultures and Stimulation

Nerve growth factor (NGF)-differentiated rat pheochromocy-
toma (PC12) cells, a dopaminergic neuronal cell line, were
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Sigma) supplemented with 10 % (v/v) fetal bovine serum
(Hyclone), 5 % donor horse serum, and 1 % antibiotics at
37 °C under 5 % CO2 in humidified air. The cells were plated
at a density of 5×106 cells/10-cm diameter dish, and the
medium was replenished every 48 h. PC12 cells were treated
with fresh medium or medium containing different concentra-
tions of MnCl2 (0, 50, 100, 300, 500, and 1,000 μM) for 24 h
or treated with or without medium containing 300 μMMn for
different time (1, 3, 6, 12, and 24 h). For all experiments,
PC12 cells were grown to 70–80 % confluence and were
subjected to no more than 20 cell passages. Protein samples
were stored at −80 °C until use.
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Determination of Mn Levels in Rat Brain Striatum

Mn levels in striatal tissue were measured by atomic absorp-
tion spectroscopy (AA-6800, ASA-2SP, Shimadzu Co., Ja-
pan). Briefly, rat striatum (80–120 mg) was dissected out and
digested in 2.5 ml ultrapure nitric acid plus 0.5 ml perchloric
acid for 48–72 h in a sand bath (60 °C). Next, the samples
were collected and made up to a total volume of 30 ml using
2 % nitric acid. The mixture was then centrifuged, and the
clear supernatant was used for determination. Bovine liver
(NBS Standard Reference Material, USDC, Washington,
DC, USA) (10 μg Mn/g) was digested in ultrapure nitric acid
and used as standard control for the analysis. The data are
expressed in microgram metal per gram tissue (mean±SEM).

Western Blot Analysis

After given an overdose of sodium pentobarbital, all rats were
sacrificed by decapitation. Briefly, striatum of rat was dissect-
ed out and stored at −80 °C until the following analysis. In
order to prepare the lysates, frozen striatum tissue samples
were weighed and minced on ice. Next, the samples were
homogenized in a tissue lysis buffer (1 % NP-40, 100 mM
Tris–HCl, 0.5 mM EDTA, 0.1 % sodium dodecyl sulfate
(SDS), 10 μg/ml aprotinin, pH 7.5, 1 % sodium deoxycholate,
1 μg/ml leupeptin, 1 % Triton X-100, and 1 mM PMSF)
(Sigma–Aldrich). The lysates were then centrifuged at
12,000 rpm and 4 °C for 20 min to collect the supernatant
layer. PC12 cells were directly lysed with sodium lauryl
sulfate loading buffer and stored at −80 °C until use. The
protein concentration of the supernatant obtained was mea-
sured by the Bradford assay (Bio-Rad, Hercules, CA). For
Western blot analysis, protein samples were subjected to SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to a polyvinylidene diflouride filter (PVDF) membrane
(Immobilon, Millipore). The membrane was blocked with 5%
nonfat powdered skim milk for 2 h at room temperature (RT),
followed by incubation with the primary antibody against
KHSRP (1:800; Cell Signaling), p53 (1:800; Santa Cruz),
Bax (1:800; Cell Signaling), active caspase-3 (1:800; Cell
Signaling), or GAPDH (1:1,000; Sigma) at 4 °C overnight.
At last, the membrane was incubated with horseradish
peroxidase-conjugated secondary antibody (1:2,000;
SouthernBiotech) for 2 h and then visualized using an en-
hanced chemiluminescence system (Pierce Company, USA).

Sections and Immunohistochemistry

Rats were deeply anesthetized and perfused pericardially with
sterile 0.9 % saline, followed by 4 % paraformaldehyde. After
perfusion, the brains were removed and postfixed in the same
fixative for 12 h and then replaced with 20 % sucrose for 2–3
days, followed by 30% sucrose for 2–3 days. The tissues were

then embedded in O.T.C. compound (Sakura) and 7-μm fro-
zen cross sections prepared. All sections were stored at −20 °C
before use. For KHSRP single immunostaining, sections were
blocked with a solution consisting of 1 % (w/v) bovine serum
albumin (BSA), 10 % donkey serum, 0.3 % Triton X-100, and
0.15 % Tween-20 for 2 h at RT and then incubated with anti-
KHSRP antibody (1:100; Cell Signaling) overnight at 4 °C.
Negative control sections were processed in parallel using a
nonspecific immunoglobulin IgG (Sigma) at the same concen-
tration as the primary antibody. Following incubation in the
secondary antibody at 37 °C, the sections were color-reacted
with the liquid mixture DAB (0.02 % diaminobenzidine tetra-
hydrochloride, 0.1 % PBS, and 3 % H2O2). Finally, slides were
gradually dehydrated in ethanol, cleared in xylene, and covered
with coverslips. The sections were visualized via Leica light
microscope (Germany) at×20 or×40. Cells with strong or
moderate brown staining were considered as positive, whereas
cells with weak or no staining were counted as negative. Data
were calculated as the average of assays from each group.

Immunofluorescent Staining

The sections were blocked with a blocking buffer containing
0.1 % Triton X-100, 3 % (w/v) BSA, 10 % normal serum, and
0.05 % Tween-20 for 2 h at RT. Sections were then incubated
with primary antibodies for KHSRP (1:100; Cell Signaling) and
specific cell markers such as neuronal nuclei (NeuN) (1:200;
Cell Signaling), glial fibrillary acidic protein (GFAP) (1:200;
Sigma), and anti-active caspase-3 (1:200; Cell Signaling). Brief-
ly, sections were incubated with both primary antibodies over-
night at 4 °C, followed by a mixture of FITC- and TRITC-
conjugated secondary antibodies for 2 h at 4 °C. The stained
sections were examined under a Leica fluorescence microscope.

Terminal Deoxynucleotidyl Transferase-Mediated
Biotinylated-dUTP Nick End Labeling (TUNEL) Assay

TUNEL assay was performed with an In Situ Cell Death
Detection Kit (Roche Applied Science, Mannheim, Germa-
ny). Frozen tissue sections were rinsed with PBS and treated
with 1 % Triton X-100 in PBS for 2 min on the ice. Slides
were rinsed in PBS and incubated for 60 min at 37 °C with
50-μl TUNEL reaction mixture in a dark humidified chamber.
For PC12 cells, after the given indicated treatments, cells were
fixed with 4 % formaldehyde and incubated at RT for 40 min.
It was followed by several rinses in PBS and permeabilization
in 0.1 % Triton X-100 solution on ice for 5 min. Thereafter,
50-μl TUNEL reaction mixture was added on coverslips
before being incubated for 60 min at 37 °C. Finally, the
coverslips were incubated with DAPI for 20 min at RT.
Apoptotic cells were detected as localized bright green cells
(positive cells) with a Leica fluorescence microscope. Data
were expressed as the ratio of apoptotic cells to total cells.

456 J Mol Neurosci (2015) 55:454–465



DAPI Staining

The fluorescent dye DAPI (Santa Cruz) was explored to detect
nuclear fragmentation which is a characteristic of apoptotic
cells. PC12 cells were given the indicated treatments for 24 h
and then washed with PBS and fixed with 4 % paraformalde-
hyde for 40 min at RT. The fixed cells were then washed with
PBS and stained with DAPI. After incubation for 20 min, the
cells were again washed with PBS, and the plates were ob-
served with a fluorescence microscope.

Cell Viability Assay

PC12 cells were plated at a density of 5×103 cells/well in 96-well
plates, and the cell viability was measured by the Cell Counter
Kit-8 (CCK-8) assay (Dojindo Laboratories, Japan) according to
the manufacturer’s instruction. Briefly, the cells were incubated
with the indicated treatments at 37 °C. After the treatment, 10 μl
CCK-8 solution was added to eachwell of the plate, and the cells
were incubated for 2 h at 37 °C. Finally, the absorbance was
quantified on an automated reader (BioTek, VT USA).

KHSRP siRNAVector Construction and Transfection

Double-stranded oligonucleotides corresponding to the target
sequence for the KHSRP (Genbank accession no. NM
133602.1) gene were cloned into the pSilencer 4.1-CMV
small interfering RNA (siRNA) plasmid (Invitrogen). Cells
were transfected with the KHSRP siRNA plasmids using
Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions. Transfected cells were cultured for 48 h
before subsequent experiments.

Quantitative Analysis

Cell quantification was performed in an unbiased manner in
accordance with the principles described by Konigsmark and
Murphy (1970). The number of KHSRP-positive cells in the
striatum was counted at×40. At least three separate regions in
each section were examined. The cell counts in the three or
four sections were then used to calculate the total number of
KHSRP-positive cells per square millimeter (mm2). The num-
ber of cells double-labeled for KHSRP and other phenotypic

Table 1 The concentration of Mn in control and Mn-exposed rat striatum

Mn-exposed groups

Control 2 mg/kg 5 mg/kg 15 mg/kg 25 mg/kg

Mn (μg/g tissue) 0.37±0.04 0.61±0.05* 1.16±0.18* 1.85±0.23* 2.36±0.22*

After daily administration with saline or different doses ofMn for 30 days, the level of striatal Mn in rat brain of each group was then measured by atomic
absorption spectroscopy. The data are mean±SEM and are expressed in microgram metal per gram tissue (n=3)

*P<0.05, significantly different from the control group

Fig. 1 Western blot and immunohistochemical analyses of KHSRP
expression in the rat striatum following Mn exposure. a Western blot
analysis was performed to determine the protein level of KHSRP in rat
striatum after exposure to the indicated doses of Mn (a); quantification
graphs represented band density ratio of KHSRP toGAPDH (b). The data
are mean±SEM (n = , *P<0.05, significantly different from the control
group) . b Represen ta t ive microphotographs of KHSRP

immunohistochemical staining in control (a, b) and 25 mg/kg Mn-ex-
posed (c, d) rat striatum. Negative control using normal IgG (e). Quan-
titative analysis of KHSRP-positive cells per square millimeter in the
control and 25 mg/kg Mn-treated rat striatum (f). *P<0.05, significantly
different compared with the control group. Error bars represent SEM.
Scale bar indicates 100 μm (a, c, e) and 50 μm (b, d)

J Mol Neurosci (2015) 55:454–465 457



markers like NeuN and GFAP applied in the experiment was
quantified. To determine the proportion of NeuN-positive
cells expressing KHSRP, all of the NeuN-positive cells (over
200 cells at least) were counted in each section. Then, double-
labeled cells for KHSRP and NeuN were calculated and
recorded. For all animal experiments, we counted and ana-
lyzed at least three nonadjacent sections per animal.

Statistical Analysis

All values are expressed as mean±SEM for at least three
independent experiments. One-way ANOVA followed by
the Tukey’s post hoc multiple comparison tests was applied
for statistical analysis. P values less than 0.05 was regarded as

statistically significant. All data were analyzed with Stata 7.0
statistical software (Stata Corp., College Station, TX, USA).

Results

Behavioral Activity and Mn Accumulation

To explore whether KHSRP was involved in Mn neurotoxic-
ity, a Mn-exposed rat model was established. After daily
administration with different doses of Mn for 30 days, aber-
rant behaviors of rats were observed. We found that 15 and
25 mg/kg Mn-exposed rats displayed apparent behavioral

Fig. 2 Double
immunofluorescent staining of
KHSRP and different phenotype-
specific markers in rat striatum.
The cryosections from control
and 25 mg/kg Mn-exposed rat
striatum were immunostained. a–
f The co-localization of neuron
marker (green, a, d, NeuN) and
KHSRP (red, b, e). g–l The co-
localization of astrocyte marker
(green, g, j, GFAP) and KHSRP
(red, h, k). The yellow color
visualized in the merged images
represented co-localization of
KHSRP with different cell
markers (c, f, i, and l). m–n
Negative control using normal
IgG. o Quantitative analysis of
NeuN-positive cells expressing
KHSRP (%) in control and
25 mg/kg Mn-exposed groups.
*P<0.05, significantly different
compared with control group.
Error bars represent SEM. Scale
bars indicate 20 μm (a–n) (color
figure online)
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abnormalities, such as sedateness, ataxia, rigidity, and brady-
kinesia, which were not observed in control rats. Mn concen-
trations in rat striatum were further analyzed. The level of Mn
in the striatum of each group was determined by atomic
absorption spectroscopy, and the data showed that Mn injec-
tions caused significant increase in Mn levels in rat striatum
compared with the control group (P<0.05), particularly in
25 mg/kg Mn-exposed rats (Table 1). These results were
consistent with earlier studies (Cordova et al. 2013;
Normandin et al. 2002; Roth 2009; Yamada et al. 1986). Thus,
Mn exposure results in significant neurotoxic effects, which
are correlated with markedMn accumulation in the striatum of
rats.

The Expression Profile of KHSRP in the Striatum of Rats
Exposed to Mn

Western blot analysis was performed to investigate whether
KHSRP level was altered in rat striatum after Mn exposure.
As shown in Fig. 1a, the protein level of KHSRP was signif-
icantly elevated following treatment with 15 or 25 mg/kg Mn,
compared with the saline-treated control group. To verify the
changes, immunohistochemical staining was performed on
transverse cryosections of the striatum. Consistent with West-
ern blot results, the number of KHSRP-positive cells was
obviously increased in 25 mg/kg Mn-treated group (Fig. 1b

(c–d)), compared with the control group (Fig. 1b (a–b)). No
staining was observed in the negative control sections (Fig. 1b
(e)). The total number of KHSRP-positive cells in each group
was counted and analyzed, which showed the increase in
KHSRP-positive cells after Mn exposure was stastically sig-
nificant (P<0.05) (Fig. 1b (f)). These data suggest that Mn
exposure remarkably increases the expression of KHSRP in
rat striatum.

Determination of KHSRP Expressing Cells in Rat Striatum
After Mn Exposure

To further determine the distribution of KHSRP in different
cell types in the striatum, double immunofluorescent labeling
was performed to analyze the co-localization of KHSRP with
different cell markers in transverse cryosections of the stria-
tum, such as NeuN (neuron marker) and GFAP (astrocyte
marker). As shown in Fig. 2, KHSRP was predominantly
localized in neurons (Fig. 2a–f) and was rarely found in
astrocytes (Fig. 2g–l). To determine the proportion of NeuN-
positive cells expressing KHSRP, at least 200 phenotype-
specific positive cells in each section were counted both in
saline-treated and 25 mg/kg Mn-treated groups. Statistical
data showed that 25 mg/kg Mn treatment significantly in-
creased the number of KHSRP-positive neurons compared
with the control group (P<0.05) (Fig. 2o). These results

Fig. 3 Association between KHSRP expression and striatal neuronal
apoptosis after Mn expoure. a TUNEL staining showed that KHSRP
was related with neuronal apoptosis following Mn administration. The
cryosections from 25 mg/kg Mn-exposed rat striatum were used for
TUNEL assay. The yellow color visualized in the merged images (c, f)
represented co-localization of NeuN (red, a)/KHSRP (red, d) and
TUNEL-positive cells (green, b, e). b Western blot analysis of the
expression profiles of p53, Bax, and active caspase-3 in rat striatum after

Mn administration (a); quantification graphs represented the band density
ratio of p53, Bax, and active caspase-3 to GAPDH (b). The data are mean
±SEM (n=3, *P<0.05, significantly different from the control group). c
Double immunofluorescent staining showed the co-localization of NeuN
(red, a), KHSRP (red, d), and active caspase-3 (green, b, e) in rat striatum
following 25 mg/kg Mn administration; merged images were shown in c
and f. Scale bars indicate 20 μm (a, c) (color figure online)
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implied that Mn exposure altered the expression of KHSRP
mainly in neuronal cells.

Association Between Altered Expression of KHSRP
with Mn-Induced Striatal Neuron Apoptosis

Previous studies have provided evidences that Mn triggered
significant apoptosis of striatal neurons (Cordova et al. 2013;
Jiang et al. 2014; Liu et al. 2006; Quintanar et al. 2012).
Because Mn-induced alteration of KHSRP expression mainly
occurred in neurons, we inferred that the altered expression of
KHSRP might be related with Mn-induced striatal neuronal
apoptosis. TUNEL staining was used to examine the involve-
ment of KHSRP in neuronal apoptosis in the striatum. Rep-
resentative images showed significant co-localizations of
TUNEL with both NeuN and KHSRP (Fig. 3a), implying that
KHSRP was associated with neuronal apoptosis. To further
verify the relationship between KHSRP and neuronal

apoptosis, we analyzed the expression profiles of several
apoptosis-related proteins, such as p53, Bax, and active
caspase-3 after Mn exposure usingWestern blot. Interestingly,
the levels of these proteins were remarkably elevated, partic-
ularly in 15 or 25 mg/kg Mn-exposed group (Fig. 3b). More
importantly, co-localizations of active caspase-3 with NeuN
and KHSRP were markedly observed following Mn exposure
(Fig. 3c). These findings together demonstrated that the up-
regulation of KHSRP might have an effect on provoking the
activation of caspase-3 and the apoptosis of striatal neurons in
the neuropathological process of manganism.

Altered KHSRP Expression Is Associated with Mn-induced
Apoptosis of PC12 Cells

To verify the results above, we further investigated the effects
of Mn-mediated toxicity on neurons by employing NGF-
differentiated PC12 cells. The cytotoxicity induced by Mn

Fig. 4 Altered KHSRP
expression is associated with Mn-
induced apoptosis of PC12 cells.
Cell viability was determined by
CCK-8 assay. a PC12 cells were
treated with Mn of various
concentrations (0, 50, 100, 300,
500, and 1,000 μM) for 24 h. b
PC12 cells were treated with
300 μM Mn for the indicated
periods of time, and cell viability
was assessed at each time point.
The data are mean±SEM (n=3,
*P<0.05, significantly different
from the control group). c
Western blot analysis of the levels
of active caspase-3, p53, and Bax
in PC12 cells after treatment with
300 μM Mn for the indicated
periods of time. d Quantification
graphs represented the band
density ratios of active caspase-3,
p53, and Bax to GAPDH; the data
are mean±SEM (n=3, *P<0.05,
significantly different from the
control group). e Western blot
analysis of KHSRP level in Mn-
treated PC12 cells. f
Quantification graphs represented
the band density ratio of KHSRP
to GAPDH. The data are mean±
SEM (n=3, *P<0.05,
significantly different from the
control group)

460 J Mol Neurosci (2015) 55:454–465



was first measured. As shown in Fig. 4a, after 24 h of Mn
treatment, Mn exposure led to a significant reduction in cell
viability at a starting concentration of 100 μM. A concentra-
tion of 300μMMnwas selected as the dose applied for further
experiments. After treatment with 300 μM Mn for different
times (0, 1, 3, 6, 12, or 24 h), the cell viability was reduced
significantly at 12 or 24 h (P<0.05) (Fig. 4b). These results
show that the cell viability of the PC12 cells can be effectively
inhibited by Mn in dose- and time-dependent manners. In
addition, we observed significant increases in the levels of
active caspase-3, p53, and Bax, particularly at 12 or
24 h following 300 μM Mn exposure (Fig. 4c, d),
indicating that PC12 cells underwent significant apopto-
sis. Notably, Mn treatment also synchronously elevated
the expression of KHSRP in PC12 cells (Fig. 4e, f).
These data were consistent with the in vivo results.
Therefore, our results demonstrated that KHSRP was
upregulated in the process of Mn-induced p53 activation
and neuronal apoptosis.

Interference with KHSRP-Suppressed Mn-Induced
Upregulation of p53 Level in PC12 Cells

To further explore whether KHSRP was involved in the
regulation of p53 signaling in neuronal cells, an RNA inter-
ference assay was performed to knock down KHSRP expres-
sion in PC12 cells. As shown in Fig. 5a, b, the protein level of

KHSRP was significantly reduced after transfection with
KHSRP-targeting siRNA. In line with our hypothesis, we
found that interference with KHSRP significantly attenuated
Mn-induced upregulation of p53 level, compared with Mn
treatment only in PC12 cells (Fig. 5c, d). These findings
suggested that KHSRP might regulate the expression of p53,
which in turn promotes subsequent neuronal apoptosis.

Interference with KHSRP Conferred Resistance
to Mn-Induced Apoptosis and Cytotoxicity in PC12 Cells

Next, we further investigated the role of KHSRP in Mn-
induced neuronal apoptosis. Aberrant nuclear morphology
was observed at 24 h following exposure after the indicated
treatments in PC12 cells. The DAPI staining showed that cells
exposed to 300 μM Mn exhibited apparent chromatin con-
densation and the presence of apoptotic bodies (Fig. 6a). In
addition, TUNEL assay revealed that Mn exposure obviously
increased the number of TUNEL-positive cells com-
pared with the control group, while interference with
KHSRP markedly attenuated Mn-induced apoptosis of
PC12 cells (Fig. 6a, b). Finally, the CCK-8 assay indi-
cated that knockdown of KHSRP significantly increased
the cell viability compared with Mn treatment only (Fig. 6c).
Therefore, we speculated that KHSRP might participate in
Mn-induced neuronal apoptosis, probably through modulat-
ing p53 signaling.

Fig. 5 Interference with KHSRP-suppressed Mn-induced upregulation
of p53 level in PC12 cells. a Western blot showed the interfering effi-
ciency of KHSRP siRNA oligos in PC12 cells at 48 h after transfection. b
Quantification graphs represented the band density ratio of KHSRP to
GAPDH. The data are mean±SEM (n=3, *P<0.05, significantly differ-
ent from the nonspecific siRNA group). c PC12 cells transfected with

nonspecific siRNA or KHSRP-targeting siRNA oligos were treated with
300 μMMn for 24 h and subjected to Western blot analysis to determine
the cellular level of p53. d Quantification graphs represented the band
density ratios of KHSRP and p53 to GAPDH. The data are mean±SEM
(n=3, *P<0.05, significantly different from the control group; #P<0.05,
significantly different from the Mn-only group)
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Discussion

Manganese (Mn) is an essential nutrient and plays an impor-
tant role in the regulation of metabolism (Aschner and
Aschner 2005). However, exposure to excessive Mnmay lead
to irreversible CNS damage (Lazrishvili et al. 2009), which is
characterized by neuronal loss and marked astrocytosis, par-
ticularly in the striatum, globus pallidus, and substantia nigra
(Normandin et al. 2002; Roth 2009). In the present study, we
established the models of manganism in vivo and in vitro,
respectively, and investigated the role of KHSRP in Mn-
induced neurotoxicity. We found that Mn exposure signifi-
cantly elevated the expression of KHSRP, which was

correlated with the activation of cellular p53 signaling and
apoptotic response. Most importantly, interference with
KHSRP attenuated Mn-induced upregulation of p53 level
and subsequent apoptosis. Taken together, our results indicate
that KHSRP participates in the pathological process of Mn
neurotoxicity, probably through modulating p53 signaling.

It has been well-documented that Mn exposure triggered
neuronal apoptosis through complex molecular mechanism
(Chun et al. 2001; Hirata 2002; Malecki 2001; Seo et al.
2013). Mitochondrial dysfunction has been considered to play
an integral role in Mn-induced neuronal apoptosis (Gunter
et al. 2009; Tamm et al. 2008). Mn can directly accumulate
in mitochondria and cause a wide range of deficits in

Fig. 6 Interference with KHSRP
attenuated Mn-induced apoptosis
and cytotoxicity in PC12 cells. a
Interference with KHSRP
impaired the number of TUNEL-
positive cells following Mn
exposure. After exposure to
300 μM Mn for 24 h, PC12 cells
were analyzed using DAPI
staining (blue), and TUNEL
staining (green) to determine the
proportion of apoptotic cells. b
Statistical analysis of the
percentage of TUNEL-positive
cells in each group of PC12 cells.
The data are mean±SEM (n=3,
*P<0.05, significantly different
from the control group; #P<0.05,
significantly different from the
Mn-only group). c Determination
of PC12 cell viability after the
indicated treatments using CCK-8
assay. The data are mean±SEM
(n=3, *P<0.05, significantly
different from the control group;
#P<0.05, significantly different
from the Mn-only group) (color
figure online)
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mitochondrial function after its entrance into neuronal cells
(Gunter et al. 2009). Following mitochondrial dysfunction, a
variety of cellular events coupled with cell apoptosis may
occur and confer neuronal apoptosis, including p53 accumula-
tion, oxidative stress, endoplasmic reticulum stress, PKC acti-
vation, and the activation of the mitogen-activated protein
kinases (Avila et al. 2008; Cai et al. 2012; Cordova et al.
2013; Guilarte et al. 2008; Hirata et al. 2004; Ito et al. 2006;
Latchoumycandane et al. 2005; Tamm et al. 2008; Xu et al.
2013; Zhang et al. 2013). In these cellular events, p53 signaling
is of particular importance in the modulation of neuronal apo-
ptosis (Culmsee and Mattson 2005; Guilarte et al. 2008; Zhang
et al. 2013). p53 could be rapidly activated under stress condi-
tions and facilitate apoptosis through promoting the transcrip-
tion of its downstream proapoptotic target genes like p21 and
Bax (Culmsee and Mattson 2005; Kim et al. 2014). Bax is a
member of the Bcl-2 family and has been confirmed to regulate
mitochondrial membrane permeability and the release of cyto-
chrome c. Our study showed that Mn expoure parallelly in-
creased the expression of p53 and Bax, which were correlated
with the upregulation of KHSRP expression. The regulation of
p53 signaling by KHSRP was further confirmed by interfering
the expression of KHSRP in PC12 cells, suggesting that the
upregulation of KHSRP could promote the activation of p53
signaling. Importantly, interference of KHSRP expression at-
tenuated Mn-induced apoptosis and improved cell viability in
Mn-treated PC12 cells. Therefore, our results demonstrate that
upregulation of KHSRP may contribute to Mn-induced neuro-
nal apoptosis via activation of p53 signaling.

KHSRP is a multiple functional protein and has been
associated with various cellular processes. KHSRP can recruit
degradation machinery to promote mRNA turnover (Gherzi
et al. 2004). KHSRP has been shown to function as a tran-
scriptional regulator and is involved in neuro-specific alterna-
tive splicing (Min et al. 1997). KHSRP can also bind to the
terminal loop of the target miRNA precursors and then control
their biogenesis by associating with both the Drosha and Dicer
multiprotein complexes (Trabucchi et al. 2009). KHSRP also
participates in multiple cellular signaling associated with sur-
vival and apoptosis, such as p38 MAPK and NF-κB (Fechir
et al. 2005; Jayasooriya et al. 2014; Jeong et al. 2014; Linker
et al. 2005; Briata et al. 2005). In this way, KHSRP may
participate in the regulation of various cellular processes,
including proliferation, apoptosis, and differentiation (Min
et al. 1997). Previous studies have demonstrated that KHSRP
was abundantly expressed in both neural and nonneural cells
(Hall et al. 2004; Min et al. 1997). The present study showed
that excessive level of KHSRP contributed to Mn-induced
neuronal apoptosis. All these findings implicated that KHSRP
might play an important role in the regulation of neuronal
physiology and stress responses, while its misregulation may
cause aberrant neuronal physiology and even apoptosis. In the
present study, we found that interference of KHSRP

expression could downregulate the p53 signaling and mildly
attenuate Mn-induced apoptosis of PC12 cells. However,
because Mn exposure could trigger complex molecular alter-
ations beyond p53 signaling, we speculated that other path-
ways, such as JNK, PKC, and NF-κB pathways, might be
critically involved in Mn-induced neurotoxicity completely.
Our present studies indicated that upregulated KHSRP expres-
sion might contribute to p53 activation, which partially
accounted for Mn-induced neuronal apoptosis. However, the
precise role of KHSRP in neuronal cells remains much elusive
and needs further investigation.

The mechanism of KHSRP in regulating the cellular p53
level remains virtually unknown. KHSRP was reported to reg-
ulate Wnt signaling through promoting the destabilization of β-
catenin (Bikkavilli and Malbon 2010; Gherzi et al. 2006). β-
Catenin plays a crucial role in various cellular processes, includ-
ing cell proliferation, differentiation, motility, and survival
(Inestrosa and Arenas 2010; Jiang et al. 2014). Reduced level
of β-catenin could directly decrease the expression of down-
stream prosurvivalWnt target genes, such as c-myc and survivin
(Jiang et al. 2014; Zhang et al. 2008). Recent studies reported
that β-catenin could negatively regulate the activity of p53,
leading to subsequent apoptosis (Kim et al. 2014). As such,
we speculated that the regulation of p53 signaling by KHSRP
might be mediated by some important molecules related with
cell survival or apoptosis, such as β-catenin. Further investiga-
tion is required to clarify the detailed mechanism in this regard.

In conclusion, the present study found that Mn exposure
significantly increased the level of KHSRP in rat striatum and
PC12 cells. Moreover, abarrent expression of KHSRP was
associated with aberrant activation of p53 signaling and neu-
ronal apoptosis following Mn exposure. Thus, we proposed
that the upregulation of KHSRP might play a vital role in Mn-
induced neurotoxicity. However, the precise role of KHSRP
underlyingMn neurotoxicity remains much unclear and needs
more extensive studies.
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