
The homocysteine-inducible endoplasmic reticulum
(ER) stress protein Herp counteracts mutant
a-synuclein-induced ER stress via the
homeostatic regulation of ER-resident calcium
release channel proteins

Cherine Belal1, Neema J. Ameli1, Adam El Kommos1, Spencer Bezalel1, Aziz M. Al’Khafaji1,

Mohamed R. Mughal2, Mark P. Mattson2, George A. Kyriazis3, Björn Tyrberg3 and Sic L. Chan1,∗

1The Burnett School of Biomedical Sciences, College of Medicine, University of Central Florida, Orlando, FL, USA,
2Laboratory of Neurosciences, National Institute on Aging Intramural Research Program, Baltimore, MD, USA

and 3Diabetes and Obesity Research Center, Sanford-Burnham Medical Research Institute, Orlando, FL, USA

Received July 6, 2011; Revised October 5, 2011; Accepted October 28, 2011

Endoplasmic reticulum (ER) stress has been implicated as an initiator or contributing factor in neurodegen-
erative diseases. The mechanisms that lead to ER stress and whereby ER stress contributes to the degenera-
tive cascades remain unclear but their understanding is critical to devising effective therapies. Here we show
that knockdown of Herp (Homocysteine-inducible ER stress protein), an ER stress-inducible protein with an
ubiquitin-like (UBL) domain, aggravates ER stress-mediated cell death induced by mutant a-synuclein (aSyn)
that causes an inherited form of Parkinson’s disease (PD). Functionally, Herp plays a role in maintaining ER
homeostasis by facilitating proteasome-mediated degradation of ER-resident Ca21 release channels.
Deletion of the UBL domain or pharmacological inhibition of proteasomes abolishes the Herp-mediated
stabilization of ER Ca21 homeostasis. Furthermore, knockdown or pharmacological inhibition of ER Ca21

release channels ameliorates ER stress, suggesting that impaired homeostatic regulation of Ca21 channels
promotes a protracted ER stress with the consequent activation of ER stress-associated apoptotic pathways.
Interestingly, sustained upregulation of ER stress markers and aberrant accumulation of ER Ca21 release
channels were detected in transgenic mutant A53T-aSyn mice. Collectively, these data establish a causative
link between impaired ER Ca21 homeostasis and chronic ER stress in the degenerative cascades induced by
mutant aSyn and suggest that Herp is essential for the resolution of ER stress through maintenance of ER
Ca21 homeostasis. Our findings suggest a therapeutic potential in PD for agents that increase Herp levels
or its ER Ca21-stabilizing action.

INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegenerative
movement disorder that results from the degeneration of
dopaminergic (DA) neurons in the substantia nigra (1). A
common pathological feature of PD is the aggregation of
a-synuclein (aSyn) into cytoplasmic inclusions called
Lewy bodies in the degenerating DA neurons (1). Cell
culture studies have shown that overexpression, impaired

turnover and mutations lead to aSyn aggregation (2). Two
missense mutations (Ala53Thr and Ala30Pro) in aSyn that
cause early-onset, autosomal dominant forms of PD
enhance the aggregation and toxicity of the protein (2).
Duplication or triplication of the aSyn gene was also
found to cause early-onset PD, suggesting that elevated
levels of wild-type aSyn can also lead to neurotoxicity
(3). It is not yet clear how aSyn aggregation induces the
degenerative cascades leading to PD.
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Recent studies have demonstrated that mutant aSyn may
exert its pathological effects in parts by inactivating the
Grp78/Bip chaperone function (4) or impeding endoplasmic
reticulum (ER) to Golgi vesicular transport (5) leading to
abnormal accumulation of proteins within the ER and induc-
tion of ER stress. Cells respond to ER stress by activating
the unfolded protein response (UPR) aimed at inducing trans-
lational repression and expression of ER-resident chaperones
to enhance protein folding, processing and degradation of mis-
folded proteins, thus relieving cells from ER stress (6).
Prolonged or unmitigated ER stress associated with insuffi-
cient degradation of misfolded proteins or deranged Ca2+

homeostasis would subsequently activate ER stress-associated
apoptotic pathways (7).

Hallmarks of ER stress are detected in several experimental
models of PD (8,9) and in nigral DA neurons of PD subjects
(10). Expression of PD-linked mutant aSyn elevates CCAAT/
enhancer-binding protein homologous protein (CHOP) (11),
an ER stress-induced apoptotic mediator (12). CHOP is also ele-
vated in neurotoxin models of PD (8,9) and is a critical mediator
of apoptotic death in substantia nigra dopamine neurons (13).
Salubrinal, a neuroprotective agent that acts to inhibit ER
stress, protects cells from death induced by overexpression of
mutant aSyn (11). Furthermore, ER stress is closely associated
with the aggregation of aSyn in DA neurons (10). Although
these studies suggest that ER stress is of pathophysiological
relevance in PD, the underlying mechanisms of ER stress-
mediated degenerative cascades and the specific roles of the
various UPR proteins in PD pathogenesis remain unknown.

Herp (Homocysteine-inducible ER stress protein) is an ER in-
tegral membrane protein with the N-terminal ubiquitin-like
(UBL) domain projecting into the cytosol (14). Upregulation
of Herp is essential for neuronal survival as Herp knockdown
enhances vulnerability to ER stress-induced apoptosis (15,16).
How Herp contributes to the restoration of ER homeostasis
remains unclear. Herp appears to stabilize ER Ca2+ homeostasis
and mitochondrial function in neural cells subjected to ER stress
(16). Herp may also play an essential role in ER-associated
protein degradation (ERAD), the primary mechanism of
misfolded protein degradation, as its knockdown results in the
selective accumulation of ERAD substrates (17).

Recent studies demonstrated that Herp is induced in PD
substantia nigra and is present in the core of Lewy bodies
(18). The roles of Herp in PD remain unknown. Because Herp
was shown to be critical for survival adaptation in the neurotoxin
models of PD (19), we investigated whether Herp may counter-
act the neurodegenerative cascades caused by induced expres-
sion of mutant aSyn. We found that Herp plays an essential
role in suppressing mutant aSyn-induced activation of ER
stress-associated apoptosis signaling by inhibiting the deregu-
lated ER Ca2+ release associated with the aberrant accumulation
of ER resident Ca2+ release channels.

RESULTS

Expression of mutant aSyn evokes a sustained ER
stress response

Previous studies provide evidence that mutant aSyn triggers
a cell death program that involves activation of the ER

stress response (11). It is yet not clear which and how
ER stress proteins contribute to mutant aSyn-induced cell
death. To investigate the role of Herp in the mutant
aSyn-induced degenerative process, we generated tetracyc-
line (Tet)-inducible pheochromocytoma 12 (PC12) cells.
Time course analysis indicated that the aSyn protein level
reaches a plateau 48 h after induction (Fig. 1A). Concurrent-
ly, mRNA and protein levels of the ER stress markers
Grp78 and Herp were markedly elevated in the PC12
cells expressing mutant aSyn, especially those expressing
A53TaSyn (PC12-A53TaSyn), when compared with PC12
cells expressing wild-type aSyn (PC12-WTaSyn)
(Fig. 1B). Levels of CHOP were also markedly higher in
PC12-A53TaSyn (Fig. 1B), suggesting that at this expres-
sion level, there was a selective deleterious effect of
A53TaSyn but not WTaSyn. Similar results were obtained
in PC12 cells transiently expressing A53TaSyn and
WTaSyn (Fig. 1C).

Herp protects against mutant aSyn-induced cell death

Compared with PC12 cells stably expressing the empty
vector (PC12-VT), PC12-WTaSyn and PC12-A30PaSyn,
PC12-A53TaSyn exhibits significantly higher baseline cell
death (Fig. 2A) which correlated with increased CHOP
protein level and caspase-12 (Casp12) activation (Fig. 2B).
Because A53TaSyn enhances activation of ER stress-related
apoptosis signaling, we utilized PC12-A53TaSyn in subse-
quent knockdown studies. PC12-A53TaSyn treated with a
small interference RNA (siRNA) targeting Herp (siRNA-
Herp) but not a non-silencing control siRNA (siRNA-Con)
exhibited higher basal rate of cell death (Fig. 2C). In contrast,
ectopic expression of Herp, but not the dominant-negative
mutant Herp that lacks the UBL domain (DUBL-Herp;
Fig. 2D), significantly improved the viability of
PC12-A53TaSyn (Fig. 2E). Notably, DUBL-Herp appeared
to potentiate A53TaSyn-induced cell death consistent with
a dominant-negative action of DUBL-Herp as reported
previously (19).

Mutant aSyn perturbs ER Ca21 homeostasis during
ER stress

Given that Herp protects from A53TaSyn-induced death
(Fig. 2C and E) and that Herp plays a crucial role in stabilizing
ER Ca2+ homeostasis in ER-stressed PC12 cells (16), we next
determined whether A53T-aSyn may perturb ER Ca2+ regula-
tion by altering the activity of the two main classes of
ER-resident Ca2+ release channels, IP3R (inositol triphosphate
receptor) and RYR (ryanodine receptor) which can be acti-
vated by their respective agonists, bradykinin (BK) and caf-
feine (20–22). The average peak amplitude of BK-evoked
Ca2+ release in the absence of extracellular Ca2+ was signifi-
cantly larger in PC12-A53TaSyn when compared with
PC12-WTaSyn and PC12-VT (Fig. 3A), indicating that
A53TaSyn enhances ER Ca2+ release. No significant differ-
ence was observed in thapsigargin-induced depletion of ER
Ca2+ store (Supplementary Material, Fig. S1A), suggesting
that the ER stress-induced perturbation of the intracellular
Ca2+ level ([Ca2+]i) in PC12-A53TaSyn cannot be explained
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by higher ER luminal Ca2+ but rather is caused by a higher
fraction of ER Ca2+ being released via IP3R.

Tunicamycin (Tuni) is a classical ER stressor that induces a
sustained increase in ER stress proteins (Supplementary
Material, Fig. S1B). The magnitude of the BK-evoked Ca2+

release was also higher in PC12 cells treated with Tuni
(PC12-Tuni) when compared with control cells that were left
untreated or treated with vehicle (data not shown; 16,19).
Consequently, treatment with BAPTA-AM, a cell permeable
Ca2+ chelator, markedly improves the viability of both
PC12-A53TaSyn and PC12-Tuni (Fig. 3B), suggesting
that Tuni and A53TaSyn increase susceptibility to ER
stress-induced death by enhancing ER Ca2+ release.

Mutant aSyn-induced ER stress perturbs homeostatic
regulation of ER-resident Ca21 release channels

Next, we determined whether the heightened cytosolic Ca2+

level in PC12-Tuni and PC12-A53TaSyn results from
altered homeostatic regulation of ER-resident Ca2+ release
channels. Three distinct types of IP3Rs (types 1–3) have
been cloned in mammals and each type shows distinct proper-
ties in terms of their IP3 sensitivity, modulation by cytoplas-
mic Ca2+ concentration and unique tissue distribution
(23,24). Among them, the type 1 IP3R (IP3R1) is highly
expressed in the central nervous system (24). Quantitative
real-time PCR (qRT-PCR) analysis showed that IP3R1 is the

Figure 1. Expression of mutant aSyn induces a heightened ER stress response. (A) A representative immunoblot showing the time course of wild-type (WT)
human aSyn protein level after the addition of Tet. The antibody used was specific for human aSyn. (B) Representative gel images (top) and immunoblots
(bottom) of WT and mutant (A30P and A53T) aSyn, Herp, Grp94/78 and CHOP mRNA and protein levels, respectively, in PC12 cells 72 h after the addition
of Tet (induced) or vehicle (non-induced). PCR products amplified were separated on ethidium bromide-stained agarose gels. Blots were reprobed with ERK1 to
confirm equality of total protein loading. (C) Representative immunoblots (top) and results of densitometric analysis (bottom) of Herp, Grp94/78 and CHOP
protein levels in PC12 cells at the indicated time points following transient transfection with either WT or mutant (A53T) aSyn. Control cells
were transfected with the empty vector (VT). The antibody used was specific for human aSyn. Values are the mean+SEM of three independent experiments.
#P , 0.05; ∗P , 0.01, compared with PC12-VT and PC12-WTa-Syn and between the indicated groups.
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major form of the receptor expressed in PC12 cells (Supple-
mentary Material, Fig. S1C). PC12 cells also express
detectable RYR1 and RYR3 (pan-RyR) (20,21). PC12-Tuni
exhibit marked accumulation of IP3R1 and pan-RyR protein
(Fig. 3D; Supplementary Material, Fig. S1D) consistent with
the notion that Tuni-induced ER stress leads to disruption of
ER Ca2+ homeostasis (16). Expression of A53TaSyn also
induces a marked increase in the protein levels of IP3R1
(Fig. 3E) and pan-RyR (Fig. 3F), suggesting that the aberrant
accumulation of ER Ca2+ release channels was likely
mediated through an ER stress-related mechanism. Consistent
with the elevated pan-RYR protein levels, PC12-Tuni and
PC12-A53TaSyn were more vulnerable to cell death in the
presence of caffeine when compared with their respective con-
trols (Supplementary Material, Fig. S1E). In contrast, level of
presenilin1 (PS1), which functions as a passive ER Ca2+ leak
channel (25), was not markedly altered by ER stress (Fig. 3D
and E). It is worth noting that unlike the increase in ER stress
proteins which are mediated by a transcriptional mechanism
(6,7), the ER stress-associated accumulation of IP3R1 and

pan-RYR was independent of transcription (Supplementary
Material, Fig. S1F and G).

Inhibition of deregulated ER Ca21 release ameliorates ER
stress-mediated cell death and aSyn aggregation

Because ER-released cytosolic Ca2+ plays a critical role in the
activation of several death effector pathways (16), we next
determined whether blockade of ER Ca2+ release may ameli-
orate ER stress-induced cell death. Xestospongin C (a blocker
of IP3R) and dantrolene (a RyR blocker) at doses that did not
cause robust death within 24 h substantially improved the via-
bility of PC12-Tuni (Fig. 4A) and PC12-A53TaSyn (Fig. 4B).
Neither IP3R nor RyR inhibition altered the expression of
aSyn (data not shown), thereby confirming that inhibition
of the ER Ca2+ release rather than reduced expression of
A53T-aSyn contributes to cell protection.

To further determine whether these ER-resident Ca2+

release channels are responsible for the heightened sensitivity
of PC12-A53TaSyn to ER stress-mediated cell death, we

Figure 2. Herp protects from mutant aSyn-induced cell death. (A) Trypan blue exclusion was used to determine the viability of the indicated PC12 clones at 96 h
under induced or non-induced conditions. Data represent the mean+SEM of three separate experiments. #P , 0.05,∗P , 0.01, compared with PC12-WTaSyn
and PC12-VT under non-induced and induced conditions; ∗P , 0.01, between the indicated clones expressing mutant aSyn. (B) Representative immunoblots of
protein levels of aSyn and CHOP and Casp12 processing in the indicated PC12 cells 72 h after the addition of Tet (induced) or vehicle (non-induced). Appear-
ance of the active proteolytic fragment of Casp12 is indicated by an asterisk. ERK is used as an internal control of protein loading. Histogram shows densito-
metric analysis of CHOP protein. #P , 0.05, versus the PC12-WTaSyn and PC12-VT under non-induced and induced conditions; (C) histograms show the
viability of the PC12-A53T after transfection with siRNA-Con and siRNA-Herp (100 nM). One day after transfection, Tet was added to the cultures and cell
viability was determined 48 h after by trypan blue exclusion. Values represent the mean+SEM of three separate experiments. #P , 0.05, ∗P , 0.01 compared
with respective non-induced and between the indicated induced PC12 cells. (D) Representative immunoblots of aSyn, Herp and DUBL-Herp protein levels in the
indicated PC12 cells under non-induced (2) or induced (+) conditions for 48 h. PC12 cells were transduced with viral particles expressing empty vector or
vector containing Herp or DUBL-Herp construct 48 h prior to induction. ERK is used as an internal control of protein loading. (E) Histograms show the viability
of the indicated PC12 cells after ectopic expression of Herp and DUBL-Herp. Trypan blue exclusion was used to determine cell viability 48 and 96 h after
induction. Values represent the mean+SEM of three separate experiments. #P , 0.05, ∗P , 0.01, compared with groups transduced with the empty vector
or Herp and between the indicated transduced groups.
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Figure 3. ER stress-induced by Tuni and mutant a-Syn perturbs ER Ca2+ homeostasis through the aberrant accumulation of ER-resident Ca2+ release channels.
(A) Representative recordings of the BK (10 mM) -induced elevation of intracellular Ca2+ ([Ca2+]i) in PC12 cells 48 h after expression of wild-type (WT) and
mutant (A53T) aSyn. PC12 cells transfected with empty vector (VT) were included as controls. Cells were loaded with fura-2 and [Ca2+]i was recorded in Ca2+

free medium as described under ‘Materials and Methods’. Arrow indicates time of BK addition. Histograms show Ca2+ peak values (change from baseline) and
AUC. Values are the mean+SEM of determinations made in four to six separate cultures (15–20 cells assessed/culture). #P , 0.05, compared with VT. (B)
Histograms show the percent of viable cells after treatment of PC12-Tuni (top) and PC12-A53TaSyn (bottom) with the indicated doses of BAPTA-AM. PC12
cells were pretreated with BAPTA-AM 2 h prior to either exposure to Tuni (20 mg/mL) or expression of VT, WT and A53T. Cell viability was determined 24 h
after by Trypan blue exclusion. Values represent the mean+SEM of three separate experiments. ∗P , 0.01, #P , 0.05, compared with vehicle or VT at each
time point and between the indicated groups. (C) Representative immunoblots (left) and results of densitometric analyses (right) of IP3R1, pan-RYR and PS1
protein levels in PC12-Tuni at the indicated time points. Values represent the mean+SEM of three independent experiments. ∗P , 0.01, #P , 0.05 compared
with the untreated group. (D) Representative immunoblots (left) and results of densitometric analyses (right) of a-Syn, IP3R1 and PS1 protein levels in PC12
cells at the indicated time points after expression of VT, WT or A53T. Values represent the mean+SEM of three separate experiments. #P , 0.05, ∗P , 0.01,
compared with VT and WTaSyn. (E) A representative immunoblot (top) and results of densitometric analysis (bottom) of the pan-RYR protein in PC12 cells at
the indicated time points after expression of VT, WT or A53T. The Tuni-treated samples were included as positive controls for ER stress-induced increase in
pan-RyR protein level. ∗P , 0.01, compared with VT and WT. Equal protein loading in the immunoblots shown in (C)– (E) was confirmed after reprobing the
membranes for actin.
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knocked down each channel protein at a time by using either
siRNA-IP3R1 or siRNA-RYR1 and siRNA-RYR3 in combin-
ation (Fig. 4C). The non-silencing control siRNA (siRNA-
Con) alone did not alter IP3R1 nor RYR1/RYR3 expression
(data not shown). A close correlation between protein levels
of these ER Ca2+ release channels and the ER stress-induced
apoptotic mediator CHOP was observed in PC12-Tuni
(Fig. 4D) and PC12-A53TaSyn (Fig. 4E). CHOP which is
known to be upregulated following a severe or prolonged
ER stress was markedly suppressed along with Herp and
Grp94/78 in PC12-Tuni transfected with the silencing
siRNAs (Supplementary Material, Fig. S2A and B). These
data suggest that impaired homeostatic regulation of
ER-resident Ca2+ release channels might underlie chronic
activation of ER stress and associated apoptosis signaling.

Because ER-released cytosolic Ca2+ plays a role in promot-
ing aSyn aggregation (26), we next examined aSyn inclusion
formation in PC12 cells transiently transfected with either
WTaSyn or A53TaSyn tagged to enhanced green fluorescent
protein (EGFP) by fluorescence microscopy. Xestospongin C

substantially reduces not only the fraction of cells bearing
cytoplasmic aSyn inclusions but also the size of the inclusions
(Supplementary Material, Fig. S3). These fluorescent aggre-
gates were not detected in PC12 cells transfected with EGFP
alone (data not shown).

Herp counteracts ER stress through the homeostatic
regulation of ER-resident Ca21 release channels

Because Herp counteracts Tuni-induced cell death through the
stabilization of ER Ca2+ homeostasis (16), we next deter-
mined whether Herp protects PC12-A53TaSyn (Fig. 2C and
D) by a similar mechanism. Knockdown of Herp substantially
increases the amplitude of the BK-induced Ca2+ transients
(Fig. 5A) that result from the marked accumulation of IP3R1
(Fig. 5B; Supplementary Material, Fig. S4A). Levels of
pan-RYR but not PS1 proteins were also affected by Herp
knockdown (Fig. 6B; Supplementary Material, Fig. S4A).
Consequently, the deficits in Herp-dependent homeostatic
regulation of ER Ca2+ release channels are also accompanied

Figure 4. Pharmacological inhibition or gene knockdown of ER-resident Ca2+ release channels ameliorates ER stress-induced cell death. (A) Histograms show
the percent of viable PC12 cells after treatment with Tuni (20 mg/ml) (+) or vehicle (2) for 24 h in the absence or presence of the indicated doses of xestos-
pongin C (an IP3R blocker) or dantrolene (a RyR blocker). Both drugs were added 2 h prior to Tuni. Values are the mean+SEM of three independent experi-
ments. #P , 0.05; ∗P , 0.01, compared with vehicle control and between the indicated groups. (B) Histograms show the percent of viable PC12 cells expressing
empty vector (VT), wild-type (WT) and mutant (A53T) a-Syn. Xestospongin C (5 mM) or dantrolene (50 mM) were added 24 h after induction. Values are the
mean+SEM of three independent experiments. #P , 0.05; ∗P , 0.01, compared with VT and WTa-Syn and between the indicated groups. (C) Histograms
show the fold change of the indicated ER Ca2+ release channel, IP3R1 (top) or RYR1/RYR3 (bottom), in PC12 cells 24 h after transfection with the respective
siRNAs (left panels) and the percent of viable transfected PC12 cells at the indicated time points after exposure to Tuni or vehicle (Con) (right panels).
The siRNAs were added either 8 or 24 h (denoted by asterisk) prior to Tuni exposure. Values represent the mean+SEM of three independent experiments.
#P , 0.05; ∗P , 0.01, compared with Con and between the indicated groups. (D) Histograms show the viability of the indicated PC12 cells in the
presence of siRNA-IP3R1 (top) or siRNA-RYR1 and siRNA-RYR3 combined (bottom). Values represent the mean+SEM of three independent experiments.
#P , 0.05; ∗P , 0.01, compared with siRNA-Con.
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by increased levels of the ER stress markers Grp94/78 and
CHOP (Fig. 5B; Supplementary Material, Fig. S4A) and
enhanced vulnerability to aSyn-induced death (Fig. 5C). Con-
versely, ectopic expression of Herp suppresses the aberrant
accumulation of IP3R1 and pan-RYR but not PS1 proteins
(Fig. 5D; Supplementary Material, Fig. S4B). Neither knock-
down nor ectopic expression of Herp alters mRNA levels of
IP3R1 and pan-RYR (Supplementary Material, Fig. S4C and
D), suggesting that Herp promotes the homeostatic regulation
of these ER-resident Ca2+ release channels through a mechan-
ism that is independent of transcription.

Knockdown of Herp also increases basal (Fig. 5E and F)
and stress-induced accumulation (Fig. 5E and G) of both
IP3R1 and pan-RYR proteins independently of transcription
(Fig. 5H) in PC12-Tuni. Consistent with the notion that
Herp counteracts Tuni-induced death (19), knockdown of
Herp results in a significant increase in the CHOP protein by
transcriptional regulation (Fig. 5E and H).

Herp promotes degradation of ER-resident Ca21 release
channels through ERAD

Because Herp has been shown to bind to and target protein
substrates for ERAD (17), we next tested whether Herp mod-
ulates the levels of IP3R1 and/or pan-RYR proteins by a
similar mechanism. Immunoprecipitation with an anti-Herp
antibody followed by immunoblotting with antibodies to
each ER Ca2+ release channel demonstrated that a greater
fraction of Herp forms a complex with IP3R1 and pan-RYR
in PC12-Tuni when compared with vehicle-treated control
cells (Fig. 6A). The specificity of the interaction was con-
firmed by immunoblotting the Herp-containing protein
complex with an antibody to Grp78 (Supplementary Material,
Fig. S5A) and by performing the co-immunoprecipitation
assay using lysates from human embryonic kidney 293
(HEK293) expressing c-myc-tagged Herp (Supplementary
Material, Fig. S5B). Neither the pre-immune normal IgG nor
Grp78 antibody forms a protein complex with Herp. Double
immunofluorescence labeling confirmed Herp colocalization
with each ER Ca2+ release channel protein in PC12-Tuni
(Supplementary Material, Fig. S5C). Herp also interacts with
A53TaSyn (Supplementary Material, Fig. S5D and E), sug-
gesting that this interaction could possibly interfere with the
protective role of Herp (see Discussion).

To determine whether binding of Herp to IP3R1 and
pan-RYR results in proteasome-mediated protein degradation
of these ER Ca2+ release channel proteins, PC12 cells were
treated with the proteasome inhibitor MG-132. Consistent
with the notion that the degradation of IP3R1 and pan-RYR
proteins is mediated by the proteasomes (27,28), MG-132
markedly increases steady-state protein levels of these
ER-resident Ca2+ release channels (Fig. 6B; Supplementary
Material, Fig. S6A). Ectopic expression of Herp results in a
significant reduction in IP3R1 and pan-RYR protein levels
that can be reversed upon inhibition of proteasome activity
(Fig. 6C, Supplementary Material, Fig. S6B). In contrast,
expression of DUBL-Herp failed to induce a significant
decrease in the levels of these ER Ca2+ release channel
proteins (Fig. 6D).

Note that MG-132 also increases Herp protein levels
(Fig. 6B and C), suggesting that Herp itself is a proteasome
substrate (29). In support for this notion, Herp interacts
and co-localizes with the ubiquitin-interacting S5a subunit
of the proteasome in PC12-Tuni (Supplementary Material,
Fig. S7A and B). Increased co-localization of S5a with the
Grp78-labeled ER was also detected in PC12 cells transfected
with Herp (Supplementary Material, Fig. S7B). Although the
S5a protein level was not markedly altered in PC12-Tuni
(Supplementary Material, Fig. S7C), knockdown of Herp
substantially reduces S5a co-localization with the ER in
PC12-Tuni, suggesting that ER stress-induced upregulation
of Herp but not S5a is sufficient for the recruitment of protea-
somes to the ER (Supplementary Material, Fig. S7D). Conse-
quently, Herp knockdown also results in a marked decrease in
the steady-state level of the ubiquitinylated IP3R1 protein
(Fig. 6E). Collectively, our data indicate that aberrant accumu-
lation of IP3R and pan-RYR perturbs ER Ca2+ homeostasis in
ER-stressed cells and that Herp prevents aberrant ER Ca2+

release by targeting these ER-resident Ca2+ release channels
for ERAD.

Accumulation of ER stress markers and ER-resident
Ca21 channels in A53TaSyn transgenic mice

Next, we explored whether A53TaSyn-induced ER stress
markers and ER Ca2+ channels were detected in vivo. Trans-
genic mice overexpressing A53TaSyn (A53T mice) develop
motor abnormalities associated with the accumulation of
aSyn inclusions in spinal cord motor neurons (30). Immuno-
blotting reveals marked upregulation of Herp and Grp78/Bip
proteins in spinal cords of ≥8-month-old A53T mice (symp-
tomatic) when compared with 2-month-old A53T mice (pre-
symptomatic) and non-transgenic (non-Tg) mice (Fig. 7A
and B). The CHOP protein was low in non-Tg mice but was
readily detected in A53T mice (Fig. 7A and B). Immunohisto-
chemistry indicates a marked increase in nitrated aSyn in
NeuN-labeled spinal cord neurons and further confirms the
increase in ER stress markers and ER-resident Ca2+ release
channels in 13–15-month-old (symptomatic) when compared
with 5-month-old (pre-symptomatic) A53T mice (Supplemen-
tary Material, Fig. S8A). In contrast to the ER stress markers,
the upregulation of ER-resident Ca2+ release channels was not
attributed to increased expression (Supplementary Material,
Fig. S8B). The amounts of IP3R1 and pan-RYR in the spinal
cord homogenates that form a protein complex with Herp
were also markedly higher in A53T compared with non-Tg
mice (Fig. 7C and D) consistent with the notion that ERAD
may contribute to the homeostatic regulation of ER Ca2+

release channel proteins in spinal cord motor neurons. The
interaction between Herp and A53TaSyn was also confirmed
in spinal cords of symptomatic transgenic mice (Supplemen-
tary Material, Fig. S8C), suggesting that this interaction may
impair the ability of Herp to prevent the aberrant accumulation
of ER-resident Ca2+ release channels and, hence, its ER Ca2+-
stabilizing action in ER stressed motor neurons. These findings
link aberrant ER Ca2+ regulation and chronic ER stress to
motor neuron dysfunction and death in the pathophysiology
of synucleinopathies.
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DISCUSSION

Neuronal loss in both familial and sporadic forms of neurode-
generative disorders is accompanied by formation of protein
inclusions or fibrillar aggregates composed of misfolded pro-
teins that can induce ER stress. The accumulation of evidence
that ER stress is critically involved in the pathogenesis of neu-
rodegenerative disorders suggests that approaches that aim to
halt ER stress may prevent the pathological cascades
induced by protein inclusions. There is growing evidence
that the ER can play pivotal roles in regulating cell survival
and apoptosis in a variety of cell types, including neurons
(30,31), but the mechanisms linking ER stress to apoptosis
are incompletely understood. The identification of conditions
that slow ER stress may reveal novel strategies for counteract-
ing ER stress-mediated cell death.

The ER is the major intracellular store of Ca2+ and aberrant
regulation of luminal ER Ca2+ is thought to play critical roles
in many apoptotic cascades (31). Deregulated ER Ca2+

homeostasis has also been implicated in the pathophysiology
of chronic neurodegenerative diseases, such as prion disorders,
Huntington’s and Alzheimer’s (32–34). Here we showed that
A53TaSyn evokes ER stress and that the attendant distur-
bances in ER Ca2+ homeostasis contributes to a higher sensi-
tivity to ER stress-induced cell death. We demonstrate that
Herp counteracts A53TaSyn-induced cell death by stabilizing
ER Ca2+ homeostasis. Ectopic expression of Herp markedly
reduced A53TaSyn-induced toxicity, whereas knockdown of
Herp exacerbates or prolongs ER stress leading to a significant
augmentation of toxicity. Hence, a better understanding of the
function of Herp is therefore of high significance to elucidate
the functional link between the ER stress and ER Ca2+ homeo-
stasis and to develop mechanism-based neuroprotective strat-
egies for PD and related neurodegenerative diseases.

The underlying molecular mechanism(s) whereby Herp mod-
ulates ER Ca2+ homeostasis remains poorly understood. Knock-
down of Herp leads to the accumulation of IP3R1 and pan-RyR
proteins in PC12 cells and, consequently, promotes aberrant ER
Ca2+ release that in turn may decrease the threshold for the
activation of ER stress-related cell death pathways. Consistent
with this notion, gene knockdown and pharmacological inhib-
ition of ER Ca2+ release channels ameliorates ER stress
and protects PC12-A53TaSyn and PC12-Tuni against ER

stress-induced cell death (Fig. 4). Conversely, overexpression
of Herp stabilizes ER Ca2+ homeostasis and inhibits ER
stress-induced cell death by preventing the accumulation of
ER Ca2+ release channel proteins in PC12-A53TaSyn. It is
noteworthy that the accumulation of IP3R1 and pan-RyR proteins
was partially suppressed in spite of the elevated level of
endogenous Herp in PC12-A53TaSyn, suggesting that binding
of Herp to A53TaSyn (Supplementary Material, Fig. S5D and
E) and its accumulation in the core of Lewy bodies (18) may inter-
fere with its protective function and that ectopically expressed
Herp can overcome this A53TaSyn-mediated inhibition.

A recent study by Higo et al. (35) reported that various ER
stressors disrupt IP3R1 channel activity by impairing its tetra-
meric assembly. At the molecular level, the interaction of
IP3R with Grp78, a chaperone that is critical for the assembly
of functional IP3R complexes, was inhibited during ER stress.
It is noteworthy that the inhibition of IP3R1-tetrameric assem-
bly and IP3R1-mediated Ca2+ release can be prevented by
ectopic expression of Grp78 (35). Hence, we proposed that
cell-type-specific regulation of the ER stress response which
determines the expression level of Grp78 and, consequently,
the susceptibility to the disruption of IP3R1 channel activity
may be responsible for the observed discrepancy. Alternatively,
we cannot exclude the possibility that a molecule that targets the
interaction between Grp78 and IP3R1 may be induced in a dose
or cell-type-specific manner during ER stress.

Higo et al. (35) also reported that knockdown of IP3R1 in
Purkinje neurons and HeLa cells, both cell types that predom-
inantly express IP3R1, resulted in enhanced vulnerability to
ER stress-induced death. In their study, the expression of
IP3R1 was abrogated by RNA interference for 48 h. As IP3R-
mediated Ca2+ signaling is vital for processes important for
survival, such as transcription, proliferation and plasticity,
impaired IP3R1 function is likely to increase vulnerability to
a low dose of the ER stressor. Using the same knockdown
approach for 8 and 24 h, we were able to effectively suppress
the ER stress-induced accumulation of IP3R1 without causing
a significant reduction in the basal level of this ER Ca2+

release channel (Supplementary Material, Fig. S2).
Mechanistically, Herp interacts with and facilitates the deg-

radation of ER Ca2+ release channel proteins by ERAD.
Several recent studies support a role for Herp in ERAD (17)
based on the notion that Herp is rapidly degraded in a

Figure 5. Herp stabilizes Ca2+ homeostasis by preventing ER stress-induced accumulation of ER-resident Ca2+ release channels. (A) Representative recordings
of the BK-evoked increase in intracellular Ca2+ ([Ca2+]i) in PC12 cells expressing mutant (A53T) aSyn 24 h after transfection with siRNA-Con or siRNA-Herp
(100 nM). Arrow indicates the time of BK addition. Cells were loaded with fura-2 and [Ca2+]i was recorded in Ca2+-free medium as described under ‘Materials
and Methods’. Histograms show Ca2+ peak values (change from baseline) and AUC. Values are the mean+SEM of determinations made in four to six separate
cultures (15–20 cells assessed/culture). ^P , 0.001, compared with siRNA-Con. (B) Representative immunoblots of ER stress proteins and Ca2+ release chan-
nels in PC12 cells expressing VT, WT or A53T 24 h after transfection with siRNA-Con and siRNA-Herp (100 nM). Asterisk indicates the protein band corre-
sponding to pan-RYR. The level of actin is not affected by siRNA treatment. (C) Histograms showing the viability of PC12 cells expressing VT, WT or A53T
24 h after transfection with siRNA-Con or siRNA-Herp (100 nM). Values represent the mean+SEM of three independent experiments. #P , 0.05; ∗P , 0.01,
compared with the siRNA-Con-treated groups. (D) Representative immunoblots of levels of ER stress proteins and Ca2+ release channels in PC12 cells expres-
sing VT, WT or A53T after transfection with empty vector (2) or vector expressing Herp (+) for 48 h. Asterisk indicates the protein band corresponding to
pan-RYR. (E–G) Representative immunoblots and results of densitometric analysis of the indicated protein levels in PC12 cells that were either transfected with
the indicated siRNAs and collected 24 h after (basal condition; left panels) or transfected with the siRNAs 8 h prior to incubation with Tuni (20 mg/ml) for 24 h
(ER stress condition; right panels). ∗P , 0.01, compared with the siRNA-Con-treated groups. (H) qRT-PCR analysis of the relative expression of the indicated
proteins in PC12 cells that were treated with vehicle control (Con), Tuni (20 mg/ml) or siRNA-Herp (100 nM) for 24 h. Values represent the mean+SEM of
three independent experiments. The mRNA level in Con was set at 1. ∗P , 0.01, compared with Con.
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proteasome-dependent fashion (29) and that knockdown of
Herp leads to the accumulation of several established ERAD
substrates (17). Herp has been shown to interact with Hrd1, a
membrane-anchored E3 ligase that is required for ERAD (17),
and with ubiquilin, a shuttle protein that delivers ubiquitinated
substrates to the proteasome for degradation (36). We found
that Herp knockdown in ER stressed cells leads to the accumu-
lation of both IP3R1 and pan-RYR proteins. Conversely, ectopic
expression of Herp prevents the accumulation of these ER Ca2+

release channels. Treatment with MG-132 not only elevates
basal levels of IP3R1 and pan-RYR proteins but also prevents
the ability of Herp to suppress their accumulation in ER stressed
cells (Fig. 6B and C), suggesting the critical involvement of
ERAD in the homeostatic regulation of these ER Ca2+ release
channels. Deletion and function analyses further support the
involvement of ERAD in Herp-mediated cell protection via
the stabilization of ER Ca2+ homeostasis. Ectopic expression
of Herp lacking the UBL domain that is essential for the efficient
degradation of ERAD substrates (17,36) fails not only to stabil-
ize ER Ca2+ homeostasis but also to protect PC12-Tuni (16) and
PC12-A53TaSyn from ER stress-induced death (Fig. 2E). The
potentiation of A53TaSyn-induced cell death following
ectopic expression ofDUBL-Herp may be related to the aberrant
accumulation of IP3R1 and pan-RYR proteins (Fig. 6D).

It is noteworthy that Miura et al. (37) showed that Herp KO
cells were resistant to proteolytic stress resulting from the
inhibition of proteasomes, suggesting that the protective
action of Herp may be related to the types of cellular stress.
The accumulation of two cytosolic proteins, including aSyn
and synphilin-1, was markedly lower in F9 Herp KO cells
when compared with wild-type control cells, indicating that
Herp may retard the degradation of these cytosolic proteins
whose accumulation may result in enhanced vulnerability to

proteolytic stress-induced death. Whether knockdown of Herp
may improve the viability of PC12-A53TaSyn under proteolyt-
ic stress was not investigated in this study. These data suggest
that modulation of Herp can differentially impact the turnover
of ER and cytosolic proteins and, consequently, the cell fate
that is dependent on the type of cellular stress.

Our data provide the first evidence that ER stress is regulated
by the activity of ER-resident Ca2+ release channels. We found
that pharmacological inhibition or knockdown of ER Ca2+

release proteins ameliorates ER stress-induced cell death, sug-
gesting that the aberrant ER Ca2+ release is associated with
higher susceptibility to chronic enhancement of ER stress.
Though the detailed mechanisms underlying Ca2+-dependent
cell death in PC12-A53TaSyn was not investigated in the
present study, it is likely that accumulation of ER Ca2+

release channels leads to enhanced ER to mitochondria Ca2+

flow that triggers the loss of mitochondrial membrane potential
and increased generation of reactive oxygen species (ROS) (16).
Previous studies demonstrate that ROS-induced damage to the
ER may amplify Ca2+ release via a mechanism involving
oxidation-induced activation of RYR and IP3R (38). Ectopic
expression of Herp has been shown to counteract this deleterious
positive feedback loop by inhibiting the proapoptotic Ca2+ flow
from the ER to mitochondria in PC12 cells exposed to the
PD-inducing toxin 1-methyl-4-phenylpyridinium (MPP+)
(19). The increase in CHOP detected in PC12-Tuni,
PC12-A53TaSyn and siRNA-Herp-treated PC12 cells likely
results from the depletion of ER Ca2+ store associated with
the aberrant accumulation of IP3R1 and pan-RYR as ectopic
expression of Herp counteracts CHOP upregulation by promoting
the homeostatic regulation of these ER Ca2+ channel proteins.

It is noteworthy that chronic enhancement of ER stress
resulting from the disruption of ER Ca2+ homeostasis could

Figure 6. Herp interacts with and facilitates proteasomal-mediated degradation of ER-resident Ca2+ release channels. (A) Representative immunoblots of the
indicated ER Ca2+ release channels immunoprecipitated (IP) by anti-Herp antibody from lysates of PC12 that were treated with either Tuni (20 mg/ml) or vehicle
for 16 h. The pre-immune normal IgG used as the negative control failed to yield an immunopositive band for IP3R or RYR. Input verifies the presence of these
ER Ca2+ release channel protein in cell lysates. (B) Representative immunoblots of Herp, IP3R1 and pan-RYR protein levels in PC12 cells that were treated with
the indicated doses of the proteasomal inhibitor MG-132 for 3, 6, 12 and 24 h. (C) Representative immunoblots of Herp, IP3R and pan-RYR protein levels in
PC12 cells that were transfected with either an empty plasmid (Vector) or a plasmid expressing Herp 24 h prior to the addition of 1 mM MG-132. Cells were
collected at the indicated time points after MG-132 addition. (D) Representative immunoblots of Herp, IP3R1 and pan-RYR protein levels in PC12 cells
after transfection with the empty vector (VT) or a vector expressing either Herp or DUBL-Herp. Cells were collected at 24 h. Blots were reprobed for actin
to confirm equality of total protein loading. The DUBL-Herp and IP3R1 protein bands are indicated by the asterisk and arrowhead, respectively. (E) Represen-
tative immunoblots of the levels of ubiquitinylated IP3R1 in lysates of PC12 that were treated with siRNA-Con or siRNA-Herp (100 nM) for 24 h. Levels of the
ubiquitinylated IP3R1 protein were assessed by immunoprecipitation (IP) with the anti-IP3R1 antibody and immunoblotted (IB) with the anti-ubiquitin
antibody (top) and, conversely, by IP with the anti-ubiquitin antibody and IB with the anti-IP3R1 antibody (center). The pre-immune normal IgG used as
the negative control failed to yield an immunopositive band for IP3R1. Input verifies the presence of IP3R1 in cell lysates. Knockdown of Herp was confirmed
by immunoblotting (bottom).
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trigger aSyn protein aggregation in the cytosol and that block-
ade of ER Ca2+ release channels (Supplementary Material,
Fig. S2) ameliorates aSyn inclusion formation suggesting a
causative link between chronic ER stress and aSyn oligomer
formation. Consistent with this notion, sustained ER Ca2+

release triggered by thapsigargin accelerates the formation of
potentially cytotoxic oligomers in aSyn-EGFP transfected
cells (26). Tuni at doses that induce chronic stress associated
with sustained ER Ca2+ release (16,39) has also been shown
to promote the accumulation of aSyn oligomers (40). Consist-
ent with the findings in PC12-A53T cells, we detected higher
levels of several ER stress markers, including the ER
stress-induced apoptotic mediator CHOP, and ER-resident
Ca2+ release channels in the spinal cords of symptomatic
A53T mice when compared with non-Tg and pre-symptomatic
A53T mice, suggesting that accumulation of A53TaSyn pro-
motes motor neuron degeneration in part by a mechanism
involving chronic ER stress associated with the deregulation
of ER Ca2+ homeostasis. In addition to the elevation of the
Herp protein, we detected increased interaction of Herp with
A53TaSyn in spinal cord homogenates of symptomatic

A53T mice which further supports the notion that Herp-
dependent ERAD of ER-resident Ca2+ release channels may
be impaired in vulnerable motor neurons.

DA neurons appear to be relatively resistant to degeneration
in A53T mice (30,41) and express relatively high levels of the
Ca2+-binding protein calbindin (41). In contrast, spinal cord
motor neurons are characterized by low cytosolic Ca2+ buffer-
ing capacities (41) and, hence, may be more susceptible to
chronic ER stress induced by A53TaSyn and associated
degenerative processes triggered by the aberrant ER Ca2+

release. Future studies will determine whether direct modula-
tion of Herp expression in vivo may impact the levels of
ER-resident Ca2+ release channel proteins, aSyn inclusion
formation, disease manifestations and progression. Because
ER stress elicited by the aggregation of amyotrophic lateral
sclerosis-linked mutant superoxide dismutase 1 has been
implicated in motor neuron death (42,43), elucidation of the
cellular and molecular mechanisms that promote or prevent
disturbances in ER Ca2+ homeostasis may lead to novel
approaches for therapeutic intervention for synucleinopathies
and motor neuron diseases.

Figure 7. Elevation of ER stress markers and ER-resident Ca2+ release channels in A53T-aSyn mice. (A and B) Representative immunoblots (A) and results of
densitometric analysis (B) of the indicated ER stress proteins in lumbar spinal cords from age-matched non-Tg and mutant aSyn (A53T) mice. A representative
immunoblot confirming the expression of human aSyn in spinal cords of A53T is shown (upper panel). All immunoblots were reprobed for actin to control for
equal protein loading (bottom panels). Values represent the mean+SEM of four mice per group. #P , 0.05; ∗P , 0.01, compared with non-Tg mice. (C) Immu-
noprecipitation to quantify protein levels of IP3R1 (top) and pan-RYR (bottom) in lumbar spinal cords of 8-month-old non-Tg and A53T mice. Each ER Ca2+

release channel protein was immunoprecipitated (IP) and immunoblotted (IB) with the respective antibodies. Pre-immune normal IgG was used as a negative
control for IP. Histograms show the densitometric analysis of the band corresponding to each ER Ca2+ release channel protein. Values represent the mean+
SEM of four mice per group.∗P , 0.01 compared with non-Tg mice. (D) Representative immunoblots of IP3R1 (left) and pan-RYR (right) in protein complexes
IP with anti-Herp antibody from lumbar spinal cord homogenates of 8-month-old non-Tg and A53T mice. Pre-immune normal IgG was used as a negative
control for IP. Asterisk denotes the specific band.
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MATERIALS AND METHODS

Cells, plasmid and reagents

PC12 and HEK293 cells were purchased from ATTC. PC12
cells were selected because they are DA and have been exten-
sively studied as models of neuronal degeneration. The
pcDNA3.1 plasmids containing the c-myc-tagged full-length
or loss-of-function deletion of human Herp cDNA have been
described previously (16,19). Xestospongin C (Tocris), dan-
trolene (Sigma) and BK (Sigma) were prepared as concen-
trated ×1000 stocks in dimethylsulfoxide (DMSO; Sigma)
or Lock’s solution (mM): NaCl, 154; KCl, 5.6; CaCl2, 2.3;
MgCl2, 1.0; NaHCO3, 3.6; glucose, 10; Hepes buffer, 5 (pH
7.2). The dose of each drug was selected based on previously
published studies (11,20). Caffeine (Sigma) was freshly pre-
pared in water. Additional reagents included: Lipofectamine
2000, TRIzol, Opti-MEM, priopidium iodide, and protein A
beads (Invitrogen), MG-132 (BioMol), Trypan blue solution
(0.4%; VWR) and Tuni (Sigma).

Cell culture, transduction and electroporations

PC12 and HEK293 cells were maintained in a humidified 5%
CO2 and 95% air atmosphere at 378C in Dulbecco’s modified
Eagle medium (DMEM) high glucose medium supplemented
with 10% heat-inactivated horse serum, 5% heat-inactivated
fetal bovine serum, 50 units/ml penicillin and 0.05 mg/ml
streptomycin (16,20). PC12 cell lines expressing the human
wild-type and mutant aSyn were generated using a Tet-on
system. For the induction of aSyn expression, the culture
medium was replaced every other day with DMEM containing
1% horse and 0.5% fetal bovine sera (InVitrogen), 100 ng/ml
nerve growth factor (Upstate) and Tet (2 mM; Sigma). In some
studies, non-induced clones were transduced with recombinant
adeno-associated viral (rAAV) particles prior to induction
with Tet. Transient transfection was carried out using the
Neon transfection system according to the manufacture’s
instructions (Invitrogen). PC12 cells (1–2 × 107/ml) were
transfected by electroporation with 4–8 mg of empty vector,
wild-type aSyn or mutant aSyn (gift from Dr R.G. Perez,
Department of Neurology, University of Pittsburgh) using
the following optimized conditions: 1400 V, 20 ms and 1
pulse. The transfection efficiency following electroporation
with wild-type aSyn-EGFP was �70%.

Ectopic expression of Herp

The Herp and DUBL-Herp constructs have been inserted into a
rAAV expression construct (GenDetect). The resulting cDNAs
were cloned into the HindIII/BamHI site of the pAd-YC2
shuttle vector. For homologous recombination, the shuttle
vector (5 mg) and rescue vector pJM17 (5 mg) were
co-transfected into HEK293 cells. To amplify the recombi-
nants, cell culture supernatant was serially diluted into
serum-free media and incubated with HEK293 cells. The
recombinants were purified from supernatants by ultracentrifu-
gation. The band containing mature viral particles was col-
lected and desalted against phosphate-buffered saline (PBS)
in a Vivaspin column (Vivascience AG), and titers were deter-
mined by counting the number of plaques. Cells were infected

with the virus at a multiplicity of infection of 500 in the
medium containing 2% fetal bovine serum (FBS) for 4 h,
after which DMEM containing 10% FBS was added. Analysis
of rAAV-GFP expression indicated an infection rate of �85–
90%.

Experimental treatments

To induce ER stress, cultures of PC12 cells were treated with
20 mg/ml Tuni. In some studies, the proteasomal inhibitor
MG-132 (0.1–10 mM) was added prior to Tuni. These drugs
were prepared in DMSO immediately before applying them
to the cultures. When DMSO was used as the solvent, their
final concentration did not exceed 0.1%. At the end of each
treatment, the cultures were processed for immunoblotting
and evaluating cell viability.

RNA interference

Cells were transfected with Mission predesigned siRNA
duplexes (Sigma) targeting Herp, IP3R1, RYR1 and RYR3,
or a control siRNA (siRNA-Con; Ambion) using Lipofecta-
mine 2000 (Invitrogen) in Opti-MEM according to the manu-
facturer’s protocol. The target sequences of each siRNA are
listed in Supplementary Material, Tables S1. Results of
qRT-PCR analysis of total RNA from PC12 cells and tissue
samples revealed expression of IP3R2, IP3R3 and RYR2
below the limit of detection of the qRT-PCR assay method
(Ct values . 35). The optimized siRNA concentrations are
100 nM of siRNA-Herp, 250 nM of siRNA-IP3R1 and 100 nM

of each siRNA-RYR1 and siRNA-RYR3 added in combin-
ation. After 4 h of transfection, the medium was replaced,
and 24–48 h later, the indicated experiments were conducted.
To monitor knockdown, cells were harvested and processed
for qRT-PCR and western blot analyses. The transfection effi-
ciency of siRNA-Con-fluorescein isothiocyanate (FITC)
(Santa Cruz) in PC12 cells was .95% (data not shown).

Assessment of cell death

Cell death was assessed by either trypan blue exclusion or pro-
pidium iodide staining as described previously (16,20). Trypan
blue and propidium iodide (50 mg/ml) stain only the cells with
disrupted plasma membrane integrity so these cells were con-
sidered dead. The PI was excited with the 568 nm yellow line
of a confocal microscope (Leica), and the acquisition of PI
labeling images was performed at the wavelength .600 nm
via a photomultiplier through a band-pass filter centered at
605 nm. Dead cells were counted in four microscopic fields
per dish, with a minimum of 100 cells per field and results
were expressed as a percentage of the total number of cells.
All of the experiments were repeated at least three times
without the knowledge of treatment history.

Immunoprecipitation

Cells and tissues were solubilized in binding buffer containing
50 mM Tris–HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM

DTT, 0.2 mM phenylmethanesulfonyl fluoride and 1.0% NP-40
as described previously (21). The homogenate was centrifuged
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at 20 000g for 10 min. Solubilized proteins were adjusted to
0.1% NP-40 and incubated for 12 h at 48C with a polyclonal
antibody to anti-Herp (BioMol), IP3R1 (Millipore) or
pan-RyR (Santa Cruz). After an additional incubation with
protein A-conjugated beads, the immune complexes were
then recovered by low speed centrifugation and washed exten-
sively with the binding buffer containing 0.1% NP-40. Immu-
noprecipitated proteins were eluted by boiling in sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) sampling buffer and analyzed by immunoblotting.

Immunoblotting

Protein lysates were centrifuged at 20,000 g and equal
amounts of the proteins were loaded into each well of a
SDS–PAGE. After electrophoretic separation and transfer to
nitrocellulose membranes (Bio-rad), blots were incubated in
blocking solution (5% milk in TBS-T) for 1 h at RT, followed
by an overnight incubation with primary the following anti-
bodies diluted in blocking buffer: a-Syn [human specific anti-
body (Abcam) or cross-reactive with human, rat, and mouse
(Santa Cruz)], KDEL (Santa Cruz), actin (Sigma), ERK1
(Cell Signaling), Casp12 (Abcam), Herp [polyclonal antibody
(Biomol) and monoconal antibody (Santa Cruz)], CHOP
(Abcam), IP3R1 (Millipore), pan-RyR (Santa Cruz), S5a
(Cell Signaling) and presenilin 1 (Abcam). Membranes were
then incubated for 1 h in secondary antibody conjugated to
horseradish peroxidase, and bands were visualized by
enhanced chemiluminescence (Thermo-Scientific). Mem-
branes were stripped and re-probed with either the actin or
ERK1 antibody to normalize protein loading. The intensity
of the signals obtained was quantified by densitometric scan-
ning using Scion (NIH Image).

Immunostaining

Spinal cords were removed after perfusion with heparinized
saline (0.9% NaCl) transcardially followed by 4% buffered
paraformaldehyde (PFA) and post-fixed overnight in PFA.
Serial sections of the lumbar region were sectioned at
30 mm with a freezing microtome (Microm HM 505 N) and
collected on slides. Cultured cells plated on cover slips were
fixed for 20 min with 4% PFA in PBS following experimental
treatments. Cells were then incubated for 5 min in a solution
of 0.2% Triton X-100 in PBS and for 1 h in blocking solution
(0.02% Triton X-100, 5% normal horse or goat serum in PBS).
Tissue sections and cover slips were processed for immuno-
fluorescence staining as described (16,21) with the following
primary antibodies: aSyn (Abcam), nitro-aSyn (Abcam),
Herp (Santa Cruz); CHOP (Cell Signaling); KDEL (Santa
Cruz); pan-RyR (Santa Cruz), IP3R1 (Millipore) and NeuN
(Millipore). All antibodies were diluted in blocking solution
and used within the concentration ranges recommended by
the manufacturer. To test for non-specific staining by the sec-
ondary antibodies, additional sections or cover slips were pro-
cessed in a similar fashion without the primary antibodies or
with adsorbed antibodies. After three washes, sections or
cover slips were incubated with FITC-conjugated anti-rabbit
and Cy3-conjugated anti-mouse secondary antibodies and
then mounted. To stain the nuclei, sections or cover slips

were further incubated with the nucleic acid stain
4′,6-diamidino-2-phenylindole in PBS containing 1% RNase
and 0.2% Triton X-100 for 10 min, and then mounted in Fluor-
Save aqueous mounting medium (Calbiochem). Immunofluor-
escence staining was examined by using a NIKON 80i
fluorescent microscope equipped with a ×60 oil immersion
objective lens. For quantification, digitized images of immu-
nostained sections were obtained with Qimaging Retiga
2000 SVGA FAST 1394 cooled digital camera system
mounted on the microscope and then analyzed with IP lab
software (BD Biosciences Bioimaging). Total area of pixel
intensity was measured with the automated measurement
tools in the IP lab software. The total density was averaged
and expressed as normalized, corrected values.

Measurement of [Ca21]i

PC12 cells were plated at a density of 1 × 106 cells/35 mm
glass bottom MatTek dish (Ashland) the day before the experi-
ment. Cells were loaded with 2 mM Fura-2 acetoxymethyl ester
in Krebs–Ringer–Hepes (KRH) buffer [129 mM NaCl, 5 mM

NaHCO3, 4.8 mM KCl, 1.2 mM KH2PO4, 1 mM CaCl2,
1.2 mM MgCl2, 10 mM glucose and 10 mM Hepes (pH 7.4)],
for 20 min and then washed twice with KRH and incubated
for additional 30 min at 378C. Dishes were placed into a
heated chamber mounted on the stage of an inverted fluores-
cence microscope (Nikon Eclipse TiE with perfect focus and
DG-5 Xenon excitation) and perfused with Ca2+-deficient
KRH at a rate of 1.5 ml/min. Baseline was established for
6 min before stimulation. Measurements were continued for
4–5 min after Ca2+ peak was recorded. Fura-2 dual excitation
images were captured through a Nikon S Fluor ×20 objective
(NA 0.75) with a Photometrics QuantEM 16 bit EMCCD
camera using 340 and 380 nm excitation filters and a
470–550 nm emission filter. Data were acquired and analyzed
using Nikon Elements software. Background fluorescence
signals were collected at the same rate for the same wave-
lengths and were subtracted from the corresponding fluores-
cence images. The fluorescence intensities of 10–20 cells/
dish were expressed as ratio of excitation 340/380 nm and
area under the curve (AUC).

RT-PCR and qRT-PCR

Total RNA was isolated with TRIzol (Invitrogen). To prevent
genomic DNA contamination, the isolated total RNA samples
were treated with DNAse. Two micrograms of total RNA was
reverse transcribed with Superscript II reverse transcriptase
and an oligo(dT) primer (Invitrogen). RT-PCR products
were resolved on agorose gels stained with ethidium
bromide. Relative quantification of gene expression was per-
formed by normalizing the fluorescence intensities of each
band to those of actin. qRT-PCR was performed as previously
described (22). The integrity of the RT-PCR products was con-
firmed by melting curve analysis. Melting curves for all reac-
tion showed one specific peak. We used 18 S rRNA as an
endogenous control to normalize variations in RNA extraction
and variability in RT efficiency. mRNA levels were quantified
with the comparative Ct method (22). The pairs of primers
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used for RT-PCR and qRT-PCR are listed in Supplementary
Material, Tables S2 and S3, respectively.

Animals

Mice transgenic for human A53Ta-Syn (THY1-SNCA-A53T;
Jackson) have been characterized in a previous study (30). All
animal experimental procedures were performed in accord-
ance with the guidelines of the NIH and approved by the Insti-
tutional Animal Care and Use Committee at University of
Central Florida.

Statistical analysis

Comparison between two groups was performed using Stu-
dent’s t-test, whereas multiple comparisons between more
than two groups were analyzed by one-way analysis of vari-
ance (ANOVA) and post hoc tests by least significant differ-
ence. Data evaluated for the effects of two variables was
analyzed using two-way ANOVA (Prism 4 version 4.03;
GraphPad Software, Inc.). Results are presented as means+
SEM. For all analyses, statistical significance is defined as a
P value ≤ 0.05.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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