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Abstract

Loss of parkin function is responsible for the majority of autosomal recessive
parkinsonism. Here we show that parkin is not only a stress-protective, but also a stress-inducible
protein. Both mitochondrial and endoplasmic reticulum (ER) stress induce an increase in parkin-
specific mRNA and protein levels. The stress-induced up-regulation of parkin is mediated by
ATF4, a transcription factor of the unfolded protein response (UPR) that binds to a specific
CREB/ATF site within the parkin promoter. Interestingly, c-Jun can bind to the same site, but
acts as a transcriptional repressor of parkin gene expression. We also present evidence that
mitochondrial damage can induce ER stress, leading to the activation of the UPR and thereby to
an up-regulation of parkin expression. Vice versa, ER stress results in mitochondrial damage,
which can be prevented by parkin. Notably, the activity of parkin to protect cells from stress-
induced cell death is independent of the proteasome, indicating that proteasomal degradation of
parkin substrates cannot explain the cyto-protective activity of parkin. Our study supports the
notion that parkin plays a role in the interorganellar crosstalk between the ER and mitochondria
to promote cell survival under stress, suggesting that both ER and mitochondrial stress can

contribute to the pathogenesis of Parkinson’s disease.



I ntroduction

Mitochondrial dysfunction has long been implicated in the pathogenesis of Parkinson's
disease (PD). Mitochondrial toxins targeting complex I of the electron transport chain can
induce acute parkinsonism in humans and are being used to model PD in animals. In line with
a crucial role of mitochondrial function, complex I activities were reported to be reduced in
the substantia nigra and less consistently, also in peripheral tissues from PD patients. More
recently, several PD-associated genes have been shown to influence mitochondrial function,
morphology, dynamics and turnover (rev. in (1-3). In addition to mitochondrial dysfunction
several lines of evidence indicate that ER stress may contribute to the pathogenesis of PD
(rev. in (4, 5). First, toxins such as MPTP, 6-OHDA or rotenone, used to induce parkinsonism
in animal models, have been shown to cause ER stress (6-13). Second, ER stress accounts for
at least some aspects of ai-synuclein toxicity. a-Synuclein has been shown to block ER to
Golgi vesicular trafficking in different model systems (14), and overexpression of o-
synuclein can induce ER stress (14-16). Finally, ER stress has been documented in
dopaminergic neurons of the parkinsonian substantia nigra, exemplified by increased levels of
phospho-PERK, phospho-elF2o and caspase-4 (17, 18). The link between PD and ER
dysfunction was recently reinforced by the observation that the E3 ubiquitin ligase parkin can
protect cells from ER stress-induced cell death induced by the overexpression of Pael-R, a
putative parkin substrate which is prone to misfolding within the secretory pathway (19-22).
Mutations in the parkin gene were identified as a cause of autosomal recessive PD with
juvenile onset in Japanese families (23). Since then, more than one hundred different
mutations have been described in patients of diverse ethnic backgrounds, accounting for the
majority of autosomal recessive parkinsonism (24).

ER stress originates from the accumulation of un- or misfolded secretory proteins,

perturbations in calcium homeostasis or redox status, alterations in glycosylation, or energy



deprivation. The ER has evolved sophisticated stress response signaling pathways collectively
called the unfolded protein response (UPR), destined to increase the ER folding capacity, to
reduce the ER folding load and to restore ER homeostasis (rev. in (25-27). Conversely, when
ER stress conditions are severe or persistent, apoptotic cell death is induced (rev. in (28-31).
The sensing and transduction of ER stress is orchestrated by three ER transmembrane
proteins, PERK, ATF6 and IRE1. PERK (double-stranded RNA-activated protein kinase-like
ER kinase) induces an immediate and transient attenuation of protein biosynthesis via
phosphorylation of elF2a (eukaryotic translation initiation factor 2ot). Phosphorylated elF2o.
inhibits general translation initiation, but allows selective translation of some mRNAs, such as
ATF4 (activating transcription factor 4). Activation of ATF6 (activating transcription factor
6) involves regulated intramembrane proteolysis in the Golgi complex, resulting in an active
transcription factor for UPR target genes. IRE1 (inositol requiring kinase 1) is a bifunctional
protein which is trans-autophosphorylated upon ER stress to activate its RNase activity.
Cleavage of XBP1 (X-box binding protein 1) mRNA by activated IRE1 leads to the
generation of a transcription factor responsible for the expression of various UPR target
genes.

Recent research revealed that the ER physically and functionally interacts with
mitochondria to influence key aspects of cellular physiology and viability (rev. in (32, 33).
Interactions between these organelles allow the exchange of metabolites and are implicated in
the regulation of calcium signaling and cell death pathways. Our study shows that parkin
expression is increased upon ER stress and mitochondrial stress via the PERK/ATF4 branch
of the UPR. Increased expression of parkin prevents ER stress-induced mitochondrial damage
and cell death, providing evidence for a functional link between parkin, ER stress and

mitochondrial integrity.



Results

Mitochondrial membrane dissipation induced by CCCP causes ER stressand leadsto a
transcriptional up-regulation of parkin

The protonophore CCCP (carbonyl cyanide m-chlorophenyl hydrazone) is being used to
induce mitochondrial damage in various model systems. CCCP renders the mitochondrial
inner membrane permeable for protons and causes dissipation of the proton gradient across
the inner mitochondrial membrane. We recently observed that the complex I inhibitor
rotenone induces an up-regulation of parkin-specific mRNA and protein levels (34). CCCP
has recently been shown to cause the translocation of parkin to damaged mitochondria, which
are then removed by autophagy (35-39). We therefore addressed the question of whether
CCCP might also have an impact on the transcriptional regulation of parkin. Human
neuroblastoma-derived SH-SYSY cells were incubated with CCCP (10 uM) for the indicated
time and parkin-specific mRNA levels were analyzed by quantitative RT-PCR. Parkin mRNA
levels were significantly increased after CCCP treatment (Fig. 1 A). This phenomenon was
also observed in CCCP-treated primary mouse cortical neurons (Fig. 1 B). To get insight into
the mechanism underlying the regulation of parkin gene expression, we screened the parkin
promoter for possible binding sites of stress-regulated transcription factors by using
TFSEARCH (Searching transcription Factor Binding Sites, http://www.rwcpor.jp/papia (40).
We discovered a putative CREB/ATF site in the parkin promoter that is located at —169 to —
161 bp relative to the transcriptional start site (TSS). A further in-depth analysis identified
this site as a possible binding sequence for ATF4 (Fig. 1 C and 3 A). The CREB/ATF site
within the parkin promoter is conserved among species (Homo sapiens, Mus musculus, Bos
taurus and Equus caballus, Fig. 1 C), supporting the notion that this site might be functionally

relevant (41). An additional binding site is located downstream of the transcriptional start site



within the first intron of human, bovine and rodent parkin, which in addition to the other
ATF4-binding site may play a role in the regulation of parkin expression (Fig. 1 C).

ATF4 is a transcription factor which is activated in response to ER stress. Some toxins
used to model PD, such as MPTP and rotenone, have been associated with ER stress,
therefore we analyzed whether mitochondrial membrane dissipation induced by CCCP can
cause ER stress. Transcriptional/translational regulation of genes in response to ER stress is
mainly mediated by the UPR, a stress response program that collectively re-establishes
cellular homeostasis via the combinatorial action of specific transcription factors, which bind
to ER stress-responsive elements in the regulatory regions of UPR target genes (rev. in (25,
27). To test whether CCCP induces ER stress, we cloned a luciferase reporter construct
containing the ER stress-responsive element ERSE-II (ERSE-II-luc, Supplemental Fig. 5).
Treatment of cells transiently expressing the luciferase reporter construct with the N-
glycosylation inhibitor tunicamycin induced an increase in luciferase expression,
demonstrating the functionality of this ER stress reporter construct (Fig. 1 D). Moreover,
CCCP was also able to significantly increase luciferase expression from the ER stress reporter
construct (Fig. 1 D). In addition, we quantified the mRNA of the ER chaperone BiP, which is
a major target of the UPR. In line with the data from the ER stress luciferase reporter assay,
CCCP treatment caused an up-regulation of BiP mRNA expression (Fig. 1 E), indicating that

the mitochondrial toxin CCCP can indeed induce ER stress.

Parkin gene expression isup-regulated in responseto ER stress

In a next step we tested whether gene expression of parkin is influenced by ER stress.
SH-SYS5Y cells were incubated with either the ER Ca*"-ATPase inhibitor thapsigargin (TG)
or the N-glycosylation inhibitor tunicamycin (TM). Parkin-specific mRNA levels were
analyzed by quantitative RT-PCR. Both ER stressors significantly increased the level of

parkin-specific mRNA with a maximum at 12 hours after drug treatment (Fig. 2 A, B).



Another classical inducer of ER stress is amino acid starvation (42). We therefore made use of
L-histidinol, a histidine analogue which inhibits activation of histidine by histidyl-tRNA
synthetase. Also in this ER stress paradigm, treating cells with L-histidinol for 15 hours led to
an increase in parkin mRNA levels (Fig. 2 C). Employing mouse embryonic fibroblasts from
PINK1 knockout mice, we observed that the up-regulation of parkin upon ER stress in not
dependent on PINK1 expression (data not shown). Notably, the up-regulation of parkin in
response to ER stress induced by thapsigargin, tunicamycin or L-histidinol was also observed
on the protein level (Fig. 2 D, E, F) and was not restricted to SH-SY5Y cells since a
significant up-regulation of parkin in response to thapsigargin or tunicamycin treatment was
also observed in HEK293T cells, mouse embryonic fibroblasts, and primary neuronal cultures

prepared from mouse cortex (Fig. 2 G, H, I).

Parkin isatarget of theunfolded protein response (UPR) viathe PERK/ATF4 pathway

To test whether the putative ATF4-binding site we discovered within the parkin
promoter (—169 to —161 bp relative to TSS) can indeed mediate up-regulation of parkin in
response to ER stress, we created a luciferase reporter construct using the pGL3-luc promoter
vector containing the putative ATF4-binding site (in triplicate) in front of a sequence coding
for luciferase (park-luc, Fig. 3 A). As a positive control, we cloned the confirmed ATF4-
binding site of the insulin growth factor binding protein 1 (IGFBP1) promoter (43)
analogously to the park-luc construct. This control construct was termed ATF4RE (ATF4-
responsive element)-luc (Fig. 3 A). As a negative control, we cloned a mutant park-luc
construct, harboring two point mutations in the putative ATF4-binding motif (mut. park-luc,
Fig. 3 A). We tested the park-luc construct in comparison to the ATFARE-luc construct under
ER stress conditions and observed that luciferase expression from both reporter constructs
was increased to a similar extent under ER stress, while the mutant park-luc construct

behaved like the pGL3-luc vector control, both in HEK293T and SH-SYSY cells (Fig. 3 B).



Of note, CCCP treatment also induced increased transcription from both the ATF4RE-luc and
the park-luc reporter construct (Supplemental Fig. 1 A, B). Moreover, forced expression of
ATF4 or upstream PERK also activated transcription from the park-luc construct (Fig. 3 C).
In line with this observation, dominant negative ATF4AN, which lacks the N-terminal
transcriptional activation domain (44), significantly interfered with the ER stress-induced
activation of park-luc (Fig. 3 D).

To increase experimental evidence for a role of endogenous ATF4 in mediating the
transcriptional up-regulation of parkin under ER stress, we knocked down ATF4 expression
by RNA interference. SH-SY5Y cells were transfected with ATF4 siRNA or control siRNA
and the efficiency of the ATF4 knockdown was verified at the ATF4 mRNA and protein level
(Fig. 4 A, right panel). Of note, ATF4 is specifically induced after ER stress, while under
non-stress conditions ATF4 expression levels are low. Remarkably, in ATF4-deficient cells
the up-regulation of parkin induced by ER stress (thapsigargin) or mitochondrial stress
(CCCP) was significantly reduced (Fig. 4 A, left panel). The same results were obtained
employing two different ATF4-specific siRNA duplexes (data not shown). Moreover, we
analyzed the transcriptional regulation of parkin in primary cortical neurons derived from
ATF4 knockout mice (45). The up-regulation of parkin in response to the ER stressor
tunicamycin was significantly reduced in ATF4-deficient primary neurons (Fig. 4 B),
indicating that ATF4 indeed plays an important role in the stress-induced regulation of parkin
gene expression. Interestingly, in our experimental approach a transient downregulation of
ATF4 had a more severe effect on the stress-induced up-regulation of parkin than a stable
knockout of ATF4. It is conceivable that compensatory effects in ATF4 knockout mice
account for this observation. The lack of ATF4 from early embryogenesis could induce
differential regulation of other transcription factors of the ATF/CREB family members, which

partly can compensate for a loss of ATF4 function.



Finally, binding of ATF4 to the parkin promoter could be demonstrated by chromatin
immunoprecipitation (ChIP) assays using a polyclonal anti-ATF4 antibody. A rabbit
polyclonal antibody against chicken IgG was used as nonspecific control. After isolation of
cross-linked chromatin from cells incubated with or without 300 nM thapsigargin,
immunoprecipitated DNA was analyzed by real time PCR. The ChIP analysis revealed
specific binding of ATF4 to the parkin promoter after 2 and 8 hours of thapsigargin treatment

in HEK293T as well as SH-SYS5Y cells (Fig. 4 C).

c-Jun actsasatranscriptional repressor of parkin and has a dominant effect on ATF4

When we performed electrophoretic mobility shift assays (EMSAs) using the putative
ATF4-binding site of the parkin promoter as a radiolabeled probe (park oligo), we observed a
second complex in addition to the ATF4-DNA complex. This complex showed a reduced
electrophoretic mobility in comparison to the ATF4-park oligo complex and its relative
intensity was increased after ER stress (Fig. 5 A, lanes 1, 2). By testing various antibodies
against transcription factors which in principle could bind to the CREB/ATF site for their
potential to supershift the upper band, we found that c-Jun is also able to bind to the park
oligo. The respective band was supershifted by an anti-c-Jun antibody (Fig. 5 A, lane 3) and
was competed by an excess of unlabeled park oligo (Fig. 5 A, lane 5). To test whether c-Jun
might have an impact on the transcriptional regulation of parkin expression, we first analyzed
the effect of c-Jun on the park-luc reporter construct. Interestingly, increased levels of c-Jun
significantly reduced transcription from the park-luc construct under ER stress (Fig. 5 B).
Moreover, c-Jun suppressed ATF4-induced activation of park-luc, both under basal and ER
stress conditions, indicating a dominant negative effect (Fig. 5 C). Next we performed a c-Jun
knockdown approach by RNA interference. c-Jun-specific siRNA duplexes were transfected
into SH-SYSY cells, resulting in a reduction of c-Jun mRNA of ~ 87% under normal

conditions and ~ 69% under ER stress conditions (Supplemental Fig. 2). The knockdown
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efficiency was also verified at the protein level (Fig. 5 D, lower panel). Notably, in ¢c-Jun-
deficient cells parkin up-regulation in response to ER stress was significantly increased and
also in non-stressed cells a higher parkin expression was observed when c-Jun was silenced
(Fig. 5 D, upper panel). These results indicate that c-Jun can bind to the ATF4-binding site
within the parkin promoter to mediate repression of parkin gene expression. c-Jun is a major
target of INKs (c-Jun N-terminal kinases), a subfamily of the mitogen-activated protein
kinase (MAPK) superfamily. JNK1 and JNK2 are ubiquitously expressed, while JNK3 is
primarily found in brain, heart and testes (rev. in (46-48). Since JNK3 has been linked to cell
death in several models of neurodegeneration (rev. in (49, 50), we tested whether it has an
impact on parkin gene expression. Increased expression of JNK3 indeed significantly
suppressed transcription from the park-luc construct (Fig. 5 E). Moreover, treatment of cells
with the JNK inhibitor SP600125 increased parkin mRNA and protein levels both under stress

and non-stress conditions (Fig. 5 F).

Parkin protects cellsfrom ER stress-induced cell death

Conceptually, up-regulation of parkin expression in response to ER stress might help
to preserve cellular function and survival within the adaptive phase of the UPR. To test the
capacity of parkin to protect cells from ER stress-induced toxicity, we treated SH-SYSY cells
transiently expressing wildtype (wt) parkin or pathogenic parkin mutants with thapsigargin or
tunicamycin. Cells undergoing apoptosis were analyzed by indirect fluorescence using an
antibody specific for activated caspase-3. In contrast to control cells and cells expressing
parkin mutants associated with autosomal recessive parkinsonism, cells overexpressing wt
parkin were protected against cell death induced by ER stress (Fig. 6 A). To increase evidence
for a role of endogenous parkin in coping with ER stress, we analyzed the consequences of a
parkin knockdown induced by RNA interference. Parkin knockdown cells showed a

significant increase in apoptotic cells after ER stress in comparison with control siRNA-
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transfected cells (Fig. 6 B). A decrease in the viability of parkin-deficient SH-SY5Y and
HEK293T cells after ER stress was also observed by employing the MTT assay
(Supplemental Fig. 3 A, B). Notably, the increased vulnerability of parkin-deficient cells to
ER stress-induced cell death could be rescued by the expression of siRNA-resistant wt parkin,
confirming a parkin-specific effect (Fig. 6 B). In addition, we analyzed the viability of mouse
embryonic fibroblasts (MEFs) derived from parkin knockout mice (51) under ER stress
conditions. In comparison to MEFs derived from wildtype mice the parkin knockout MEFs
showed a decreased viability under ER stress induced by thapsigargin (Fig. 6 C). Moreover,
primary skin fibroblasts from three patients with mutations in the parkin gene displayed a
significant increase in cell death in response to tunicamycin treatment compared to age- and
gender-matched control fibroblasts from healthy individuals (Fig. 6 D). Of note, levels of
CHOP, phospho-c-Jun and phospho-JNK, which have been associated with the with the pro-
apoptotic branch of ER stress pathways, were increased in patient fibroblasts under ER stress

(Supplemental Fig. 4).

Parkin does not decreasethelevel of ER stress and functionsindependently from the
proteasome

The experiments described above established a protective role of parkin in response to
ER stress. To address the question of whether parkin may have an effect on the severity of ER
stress, we quantified the mRNA expression of the ER chaperone protein BiP by RT-PCR in
parkin knockdown cells in response to ER stress. After ER stress induced by thapsigargin BiP
mRNA was highly up-regulated (~15-fold compared to untreated cells). Interestingly,
downregulation of parkin had no significant impact on BiP mRNA levels, both under basal
conditions and ER stress (Fig. 7 A). In addition, MEFs derived from parkin knockout mice
did not show increased levels of BiP mRNA after thapsigargin or tunicamycin treatment when

compared to control MEFs (Fig. 7 B). Moreover, BiP mRNA levels in parkin knockout MEFs

12



were unchanged under non-stressed conditions (data not shown). These results indicated that
the transient or stable loss of parkin function does not cause ER stress. In line with these
results, increased expression of parkin did not significantly influence the level of ER stress as
monitored by luciferase reporter assays using four different ER stress-responsive elements
(ESRE, ERSE-II, UPR and ATF4RE), which cover all branches of the UPR (Fig. 7 C and
Supplemental Fig. 5). In a next step we tested whether the protective activity of parkin under
ER stress is dependent on the proteasome. SH-SY5Y cells were exposed to thapsigargin in the
presence of the proteasomal inhibitor epoxomycin. First, we used a non-toxic concentration of
epoxomycin (0.1 uM), which efficiently inhibited the proteasome, as shown by an increase in
endogenous p53 levels and an accumulation of ubiquitylated proteins (Fig. 7 D). Notably, the
efficiency of parkin to protect against ER stress-induced cell death was not impaired when the
proteasome was inhibited. Furthermore, increasing parkin expression also prevented cell
death induced by a toxic concentration of epoxomycin (10 M), indicating that protein

degradation via the proteasome is not required for the pro-survival effect of parkin (Fig. 7 E).

Parkin interfereswith ER stress-induced mitochondrial damage

Obviously, parkin does not reduce ER stress per se, but it can protect cells from ER
stress-induced cell death. Based on the fact that parkin has an impact on mitochondrial
integrity (52), we analyzed the effect of ER stress on mitochondrial morphology and
determined whether parkin might play a role in this pathway. SH-SYS5SY cells treated with
either tunicamycin or thapsigargin were incubated with the fluorescent dye DiOC6(3) to
visualize mitochondria in living cells by fluorescence microscopy. Under normal conditions
when mitochondrial fusion and fission activities are balanced, cells show a tubular
mitochondrial network (rev. in (53-56). When fission is increased relative to fusion, small
rod-like or spherical mitochondria can be observed, which are classified as fragmented. An
increase in fusion relative to fission results in elongated, highly connected mitochondria.

13



Typically, about 70% of SH-SY5Y cells show a tubular mitochondrial network under normal
conditions, the remaining 30% are characterized by fragmented mitochondria (52, 57). ER
stress induced by either tunicamycin or thapsigargin increased the percentage of cells with
fragmented mitochondria up to 60% after 5 hours or 70% after 16 hours ER stress (Fig. 8 A).
Remarkably, increased expression of parkin significantly reduced ER stress-induced
mitochondrial fragmentation (Fig. 8 A, B). Moreover, we observed that parkin loss of
function increases the vulnerability of cells to ER stress-induced mitochondrial damage since
the cellular ATP production in response to ER stress induced by tunicamycin was
significantly reduced in parkin-deficient SH-SYS5Y (Fig. 8 C). Thus, parkin maintains
mitochondrial integrity under ER stress and prevents alterations in mitochondrial morphology

and bioenergetics.
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Discussion

A characteristic feature of PD is a strong pathogenic influence by extrinsic and
intrinsic cellular stressors. Environmental toxins, such as paraquat, rotenone and manganese
increase the risk to develop PD, and the accidental intoxication of young drug addicts with
MPTP in the early 1980s strikingly demonstrated that a toxin is able to cause irreversible
parkinsonism. A common feature of these toxins is that they damage mitochondria, increase
reactive oxygen species (ROS) production and cause ER stress. Intrinsic stress in
dopaminergic neurons arises from the enzymatic and non-enzymatic metabolism of
dopamine, leading to the generation of ROS. Another source of endogenous stress is
excitotoxicity involving overstimulation of glutamate receptors in the substantia nigra.
Intriguingly, oxidative stress, excitotoxicity and ER stress are closely linked (28, 58-60),
suggesting that both mitochondria and the ER are crucial organelles implicated in the
pathogenesis of PD and other neurodegenerative diseases.

In this study we show that parkin is transcriptionally up-regulated by mitochondrial
and ER stress via the UPR to promote viability under cellular stress. We identified the
transcription factor ATF4 as a key player in the stress-induced regulation of parkin expression
which binds to a CREB/ATF site within the parkin promoter. An essential role for ATF4 in
the regulation of parkin expression was substantiated by the following observations: First, a
dominant negative ATF4 mutant prevented ER stress-induced up-regulation of parkin.
Second, in ATF4 knockdown cells and primary neurons from ATF4 knockout mice, parkin
up-regulation in response to ER stress was significantly impaired. Finally, we could
demonstrate by a ChIP assay that ATF4 indeed binds to the parkin promoter. Our analysis
also revealed that c-Jun acts as a transcriptional repressor of parkin. Intriguingly, c-Jun can
bind to the same site within the parkin promoter as ATF4 to induce downregulation of parkin

expression. What might be the physiological relevance of this observation? Conceptually, c-
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Jun may terminate the ATF4-mediated up-regulation of parkin expression by competing with
ATF4 on the parkin promoter. In line with this scenario, we observed that c-Jun has a
dominant effect on ATF4; it can suppress ATF4-mediated up-regulation of parkin expression.
It is also conceivable that severe or prolonged ER stress leads to a preferential binding of c-
Jun to the parkin promoter in order to suppress cytoprotective pathways and to favor the
elimination of irreversibly damaged cells by pro-apoptotic pathways. In support of this view,
CHOP, a pro-apoptotic transcription factor activated upon severe or prolonged ER stress,
suppressed parkin expression (Supplemental Fig. 6). Parkin transcription was also repressed
by JNK3, a kinase upstream of c-Jun, which has been implicated in neuronal cell death
pathways in dopaminergic neurons (61-65). Indeed, our data show that the use of a JNK
inhibitor is able to increase the expression of parkin, particularly under stress conditions.
Interestingly, parkin has been reported to suppress JNK activity in cellular models and
Drosophila melanogaster (66-70). In line with these studies, we observed that phospho-JNK
and phospho-c-Jun levels are increased in parkin-deficient patient fibroblasts under ER stress
(Supplemental Fig. 4) Our finding that the INK pathway can negatively regulate parkin gene
expression suggests a reciprocal interaction between parkin and JNK3, which might be
instrumental in the dichotomy of cell survival and death. Depending on the cellular context
and the severity of stress conditions, parkin can shift the balance towards cell survival by
attenuating JNK3 signaling, while JNK3 gaining the upper hand suppresses pro-survival
pathways, either directly or indirectly, for example by inhibiting the expression of parkin.
The increased expression of parkin in response to ER stress clearly serves a
cytoprotective function. Cells overexpressing wildtype but not mutant parkin are protected
against ER stress-induced cell death, while parkin-deficient cells show an increased
vulnerability to ER stress. It will now be interesting to determine which cell types are affected
in their response to stress by the loss of parkin function. Based on the emerging concept of

non-cell autonomous cell death in neurodegeneration it is conceivable that an impaired stress
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response in glial cells in the neighborhood of dopaminergic cells can contribute to
nigrostriatal degeneration.

Neither an acute nor a permanent loss of parkin function per se causes ER stress.
Furthermore, increased parkin expression does not decrease the severity of ER stress, arguing
against a direct role of parkin in the ERAD (ER-associated degradation) pathway. In support
of this notion, the protective activity of parkin is independent of the proteasome. We observed
that proteasomal inhibition does not impair the ability of parkin to prevent ER stress-induced
cell death. Which activity of parkin may then be responsible for its protective effect under ER
stress? In this context it is important to note that organellar stress within cells cannot be
regarded in an isolated manner. In fact, our study adds evidence for an interaction between the
ER and mitochondria in response to stress (71). ER stress induced by tunicamycin or
thapsigargin causes mitochondrial stress, resulting in a bioenergetic deficit and mitochondrial
fragmentation. Our working model would suggest that, at this interplay, parkin seems to enter
the stage, preventing the pathophysiological consequences of ER stress on mitochondrial
integrity (Fig. 9). The next important step will be to figure out what the precise role of parkin
might be in the communication between the ER and mitochondria. A key player in this inter-
organellar crosstalk is calcium since mitochondrial uptake of calcium that has been released
from the ER can stimulate metabolic activity and increase ATP production (rev. in (32, 72).
However, a massive and/or prolonged accumulation of calcium leads to a mitochondrial
calcium overload and triggers cell death. Interestingly, it has recently been reported that loss
of PINK, another PD-associated gene which seems to be functionally linked to parkin, leads
to mitochondrial calcium overload (73). Parkin can compensate for PINK1 deficiency in
different models, thus, it is tempting to speculate that parkin can prevent mitochondrial

calcium overload and/or its consequences.
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Materials and methods

DNA constructs

The following constructs were described previously: wild-type (wt) human parkin, G430D,
AUBL mutant parkin (34, 74, 75), ATF4 (76), ATF4AN (44), PERK (77), c-Jun (78), JNK3
(79), Bcl-2-FLAG (80), and mCherry (52, 81). To generate siRNA-resistant parkin four silent
mutations were introduced into human wt parkin, in order to prevent binding of parkin-
specific siRNA1 (Invitrogen, Karlsruhe, Germany). The following mutations were introduced
by standard PCR cloning techniques: C 1038 to T, G 1044 to A, C 1053 to A and A 1059 to
G. The luciferase reporter constructs were cloned by subcloning the unfolded protein response
element (UPRE) (82), the ER stress response element (ERSE) (83), the ER stress response
element II (ERSE-II) (84), the ATF4 binding site of the IGFBP-1 promoter (ATF4RE) (43) or
the ATF4 binding element of the parkin promoter (PARK) in triplicate flanked by Nhel and
BgllI restriction sites into the pGL3 promoter vector (Promega, Mannheim, Germany). To
generate the renilla luciferase construct, the SV40 promoter from the pGL3 vector was
subcloned into the phRL-TK vector (Promega), thereby replacing the HSV-TK promoter. The
plasmids encoding enhanced yellow fluorescent protein (EYFP) and enhanced green
fluorescent protein (cGFP) were purchased from Clontech (Mountain View, CA, USA).

Céll culture and transfections

SH-SYS5Y (DSMZ number ACC 209) and HEK293T (ATCCC number CRL-1573) cells were
transfected with Lipofectamine Plus (Invitrogen) according to the manufacturer’s instructions.
For RNA interference, SH-SY5Y or HEK293T cells were reversely transfected with Stealth
small interfering RNA (siRNA) (Invitrogen) using Lipofectamine RNAIMAX (Invitrogen) for
the SH-SYSY cells and Lipofectamine 2000 (Invitrogen) for the HEK293T cells.

Antibodies and reagents
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The following antibodies were used: anti-parkin mouse monoclonal antibody (mAb) PRKS
(Millipore, Schwalbach, Germany), anti-parkin polyclonal antibody (pAb) 2132, anti-
ubiquitin P4D1 pAb (Cell Signaling Technology, Danvers, MA, USA), anti-SAPK/JNK pAb,
anti-phospho-SAPK/JNK (Thr183/Tyr185) pAb, anti-phospho-c-Jun (Ser63) II rabbit pAb
(Cell Signaling Technology, Danvers, MA, USA), anti-CHOP mAb (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-B-actin mAb, anti-Flag M2 mAb, and anti-myc
9E10 mAD (Sigma, Taufkirchen, Germany), anti-c-Jun (N) sc45 rabbit pAb, anti-c-Jun (N)
sc45X rabbit pAb, anti-CREB-2 C-20 rabbit pAb, and anti-TRAF6 (H-274) rabbit pAb (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), anti-ATF4 pAB (Cocalico Biologicals,
Reamstown, PA, USA),), anti-p53 mAb (Calbiochem/Merck, Darmstadt, Germany), anti-
active caspase-3 rabbit pAb (Promega), Alexa 555-conjugated goat anti-rabbit pAb (Sigma),
horseradish peroxidase (HRP)-conjugated anti-mouse, and anti-rabbit IgG antibody
(Promega). Thapsigargin was purchased from Sigma, tunicamycin from Fluka/Sigma
(Taufkirchen, Germany), epoxomycin from Calbiochem, L-histidinol from Sigma, the INK
inhibitor SP600125 from Enzo Life Sciences (Loerrach, Germany), dialysed FCS and 3,3'-
dihexyloxacarbocyanine iodide (DiOC6(3)) from Invitrogen. The mounting medium Mowiol
(Calbiochem) was supplemented with 4°, 6-diamidimo-2-phenylindole (DAPI; Sigma).
Western blot analysis

SDS-PAGE and Western blotting was described earlier (34). Antigens were detected with the
enhanced chemiluminescence (ECL) detection system (Amersham Biosciences, Freiburg,
Germany) or the Immobilon Western chemoluminiscent HRP substrate (Millipore).

Mouse embryonic fibroblast cultures

Primary mouse fibroblasts were isolated from parkin knockout and wildtype mice with the
same genetic background (51). E12.5 mouse embryos were extracted and the head and inner
organs were removed. The remaining tissue was dissociated by trypsination and trituration.

Primary cortical neuronal culture
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Cortical neurons were cultured from wildtype or ATF4 transgenic mouse embryos at E14.5-
E15.5 days of gestation and individually dissected. Briefly, neurons from each embryo were
plated individually, into six-well dishes (~3 million cells/well) coated with poly-D-lysine (100
pg/ml) in serum-free medium [MEM/F12 (1:1) supplemented with 6 mg/ml D-glucose, 100
pg/ml transferrin, 25 pg/ml insulin, 20 nM progesterone, 60 UM putrescine, 30 nM selenium]
as described previously (85). At 2 days in vitro cortical neurons were treated with
tunicamycin (3 pug/ml) for 8 h. Stock solutions of tunicamycin were prepared in DMSO (all
from Sigma Aldrich, Oakville, ON, Canada) and diluted in culture media immediately prior to
addition. Total RNA was isolated from cells at indicated time points using Trizol reagent as
per manufacturers’ instructions (Invitrogen). RNA concentrations were measured on a
spectrophotometer at A260nm.

Human primary fibroblast cultures

Punch skin biopsies were taken from PD patients with compound heterozygous mutations
(c101delAG, het. del ex3/4; patients 1 and 2) or a heterozygous mutation (het. dupl. ex7;
patient 3) in the parkin gene. Genotyping was performed using direct DNA sequencing and
the Multiplex ligation-dependent probe amplification parkin gene dosage kits (P051; MRC-
Holland, Amsterdam, Holland), covering all exons of the parkin gene, as well as other known
Mendelian PD genes. Sex and age-matched control fibroblasts from healthy individuals were
provided by the Department of Orthopedics (Universititsklinik fiir Orthopédie, Eberhard
Karls University, Tiibingen, Germany). Chopped tissue pieces were placed into a tissue
culture flask and carefully covered with maintenance medium (RPMI medium supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin, | mM sodium pyruvate).
Cultures were kept at 37°C in a humidified atmosphere containing 5% CO2. Harvested
fibroblasts were aliquoted and frozen for storage between passages 2 and 10.

Real-Time RT-PCR

Real-Time RT-PCR was performed, as described before (34). Briefly, SH-SYS5Y cells were
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incubated with 1 uM thapsigargin or 2 pg/ml tunicamycin, 10 uM CCCP or 10 uM SP600125
for the indicated time. Total cellular RNA was isolated according to manufacturer’s
instructions (RNaesy mini kit, QIAGEN, Hilden , Germany). cDNA was synthesized using
iScript cDNA Synthesis Kit (Bio-Rad, Miinchen, Germany). For the quantification of human
parkin mRNA the TagMan Gene Expression Assay (parkin: Hs01038827-m1; beta actin: P/N
4326315E; 18sRNA: P/N 4319413E) (Applied Biosystems, Foster City, CA, USA) was used.
For all other mRNA quantifications, PCR reactions were performed with 2x Power SYBR
Green PCR Master Mix (Applied Biosystems) and 1 UM of each primer pair; mouse (m)
parkin forward primer (F): 5’-AAA CCG GAT GAG TGG TGA GT-3’; m-parkin reverse
primer (R): 5’-AGC TAC CGA CGT GTC CTT GT-3’; m-actin- F: 5>~ AGC CTT CCT TCT
TGG GTA TG-3’; m-actin-f R: 5’-GGT CTT TAC GGA TGT CAA CG-3’; m-BiP F: 5’-
GCC TCA TCG GAC GCA CTT-3’; m-BiP R: 5’-GGG GCA AAT GTC TTG GTT-3’;
human (h) ATF4: F: 5°-CCC TTC ACC TTC TTA CAA CCT C-3’; h-ATF4 R: 5’-GTC TGG
CTT CCT ATC TCC TTC A-3’; h-c-Jun F 5’-CGC CTG ATA ATC CAG TCC A-3’; h-c-Jun
R: 5’-CCT GCT CAT CTG TCA CGT TC-3’ ; h-BIP F: 5°-GCT CGA CTC GAA TTC CAA
AG-3; h-BIP R: 5’-GAT CAC CAG AGA GCA CAC CA-3’; h-actin-B F: 5°-TGG ACT
TCG AGC AAG AGA TG-3¢; h-actin-B R: 5°-AGG AAG GAA GGC TGG AAG AG-39).
Quantification was performed with 7500 Fast Real Time System (Applied Biosystems) based
on triplicates per primer set. Gene expression was normalized with respect to endogenous
housekeeping control genes, B-actin and 18sRNA, which were not influenced by ER stress.
Relative expression was calculated for each gene using the AACt method. Statistical analysis
of RT-PCR data is based on at least three independent experiments with tripicates samples.
Luciferase Assays

HEK?293T or SH-SYSY cells transiently expressing renilla luciferase and firefly luciferase

reporter plasmids were subjected to the stress treatment indicated. Luciferase activity of cell
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lysates was determined luminometrically using an LB96V luminometer (Berthold
Technologies, Bad Wildbad, Germany) by the dual luciferase assay system (Promega) as
specified by the manufacturer. The measured values were analyzed with WinGlow Software
(Berthold Technologies). Quantification was based on at least three independent experiments.
Per experiment, each transfection was performed at least in triplicate.

Apoptosisand cell viability assays

Activation of caspase-3 was determined as described previously (80). Briefly, SH-SYS5Y cells
or skin fibroblasts were grown on glass coverslips. 24 h after transfection (for parkin
knockdown three days later), cells were incubated with thapsigargin, tunicamycin and/or
epoxomycin as indicated. The cells were then fixed and activated caspase-3 detected by
indirect immunofluorescence using an anti-active caspase-3 antibody. To detect cells
undergoing apoptosis, the number of activated caspase-3-positive cells out of at least 300
transfected cells was determined using a Zeiss Axioscope 2 plus microscope (Carl Zeiss,
Gottingen, Germany). Quantifications were based on triplicates of at least three (SH-SY5Y
cells) or two (human skin fibroblasts) independent experiments. Per experiment > 300 cells
per coverslip of triplicate samples were assessed. For the cell viability assays SH-SYSY cells,
HEK293T cells or mouse embryonic fibroblasts were plated into 12 well plates. SH-SY5Y
cells and HEK293T cells were reversely transfected with parkin or control siRNA. 2 days
later the cells were stressed with tunicamycin or thapsigargin as indicated and the Vybrant
MTT Cell Proliferation Assay was performed according to manufacturer’s instructions
(Invitrogen).

Electrophoretic mobility shift assay

Nuclear extracts were prepared as described earlier (34). For the binding reaction 10 pug of
extracts were incubated with 10 mM HEPES (pH 7.9), 50 mM NacCl, 5 mM MgCl,, 2 mM
DTT, 0.1 mM EDTA, 5% glycerol, 10 ug BSA, 2 ug poly(dI-dC) and 0.2 ng (20,000 cpm) of
32p_labeled, double-stranded park oligonucleotide (5’-CCCCGGTGACGTAAGATTGC-3’)
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in a final volume of 20 pl. For supershift assays 0.2 lg of the ATF4 antibody or 2 g of the c-
Jun (N) sc45X antibody, for competition experiments 50 ng (100x) of cold park
oligonucleotide was added to the binding reaction. After binding on ice for 30 min, mixtures
were loaded onto nondenaturating 4% polyacrylamide gels in 0.5 x TBE (45 mM Tris borate
and 1 mM EDTA). Gels were electrophoresed at 4°C for 4 h at 160V, dried, and exposed for
autoradiography at -80°C.

Chromatin immunoprecipitation (ChlP)

HEK293T or SH-SYS5Y cells were replenished with fresh medium 12 h prior to initiating all
treatments to ensure that the cells were in the basal state. To trigger the UPR, fresh medium
containing 300 nM thapsigargin was added. To monitor ATF4 binding to the parkin gene, a
ChIP assay was performed as previously described (86). The ATF4 antibody was a rabbit
polycolonal antibody. DNA enrichment at the parkin promoter region that contains the
potential ATF4 binding site was analyzed with quantitative real time PCR. A 5 pl aliquot of
DNA was mixed with 62.5 pmol of each PCR primer and 12.5 pl of SYBR Green PCR master
mix (Applied Biosystems) in a 25 pl total volume. The real-time PCR was performed with a
DNA Engine Opticon 3 system (Bio-Rad). The reaction mixtures were incubated at 95°C for
15 min, followed by amplification at 95°C for 15 s and 60°C for 60 s for 35 cycles. All
experiments were performed in triplicate and each sample was subjected to PCR in duplicate.
The primers used were: forward: 5’-GTTGCTAAGCGACTGGTCAA-3’ and reverse: 5°-
CAGCCCCCCACCcaGCeaee-3.

Flourescent staining of mitochondria

SH-SYS5Y cells were grown on 15 mm glas coverslips, and were fluorescently labeled with
0.1 uM DiOC6(3) in cell culture medium for 15 min. After washing coverslips with medium,
living cells were analyzed for mitochondrial morphology by fluorescence microscopy as
described previously (52) using a Leica DMRB microscope (Leica, Wetzlar, Germany). Cells

were categorized in two classes according to their mitochondrial morphology: tubular or
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fragmented. Quantifications were based on three independent experiments. Per experiment the
mitochondrial morphology of > 300 transfected cells per coverslip of triplicate samples was
assessed.

Measurement of cellular ATP levels

A quantitative determination of ATP in SH-SYS5Y cells was performed using the ATP
Bioluminescence Assay Kit HS II (Roche, Mannheim, Germany) according to the
manufacturer’s instructions. Briefly, SH-SY5Y cells were reversely transfected with the
indicated siRNA duplexes. 24 h prior to harvesting the culture medium was replaced by low
glucose medium containing 3 mM instead of 25 mM glucose. 5 h before the measurement
cells were treated with 2 pg/ml tunicamycin. Cells were washed twice with PBS, scraped of
the plate and then lysed according to the provided protocol. ATP content of the samples was
determined using an LB96V luminometer (Berthold Technologies), analyzed with WinGlow
Software (Berthold Technologies) and normalized to total protein levels. Quantification was
based on at least three independent experiments. Per experiment, each transfection was
performed at least in triplicate.

Bioinformatics

Transcription factor (TF) binding sites were identified by the TFSEARCH (40) and the
Matlnspector (87) program. All sequences were derived from the promoter sequence retrieval
database ElDorado 02-2010 (Genomatix, Munich/Germany). Promoter sequences of parkin
from four different mammalian species were aligned with the DiAlign TF program (87) in the
Genomatix software suite GEMS Launcher to evaluate overall promoter similarity and to
identify conserved CREB/ATF binding sites (BSs). The promoter sequences were defined as
in ElDorado and elongated at the 3’ end of the promoter (downstream) by 150 base pairs.
Position weight and matrices were used according to Matrix Family Library Version 8.2

(January 2010) for promoter analyses. BSs were considered as “conserved BSs” if the
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promoter sequences of human and the orthologs can be aligned in the region of CREB/ATF
BSs with the help of the DiAlign TF program (using default settings).

Statistical analysis

Data were expressed as means + SE. Statistical analysis was carried out using ANOVA. *p <

0.05, **p <0.01, ***p <0.001.
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Figure Legends

Fig. 1. Mitochondrial stressinduced by CCCP activates the UPR and leadsto an up-
regulation of parkin. A. Parkin mRNA levels are increased in response to mitochondrial
membrane dissipation induced by CCCP. SH-SYS5Y cells were incubated with 10 uM CCCP
for the indicated time. Cells were harvested and total cellular RNA was isolated and subjected
to quantitative RT-PCR using parkin-specific primers. The amount of RNA of each sample
was normalized with respect to the endogenous housekeeping gene B-actin. Shown is the fold
increase of parkin-specific mRNA compared with untreated control cells. B. Parkin mRNA is
up-regulated upon CCCP treatment in primary mouse cortical neurons. Primary cortical
neurons derived from embryonic mouse brain were incubated with CCCP (10 uM) for 12 h
and analyzed as described in A. C. Human, mouse, bovine and equine promoter sequences of
parkin, which are elongated downstream of the transcription start site (TSS) by 150 bp. Red
arrow indicates the TSS and positions are denoted relative to the TSS. The CREB/ATF-
binding sites are indicated by semicircles. Red, yellow and blue semicircles are predicted by
three different binding motifs, which correspond to a Genomatix-defined family of 14
matrices describing the CREB/ATF-binding site. The red and yellow colored binding site is
conserved between Homo sapiens, Bos taurus and Equus caballus, and Homo sapiens and
Equus caballus, respectively, whereas the blue binding site is conserved across all four
species. The green semicircles (not conserved) are additional binding sites. Downstream of
the TSS, in the first intron of the parkin gene, an additional CREB/ATF-binding site is located
in Homo sapiens, Mus musculus and Bos taurus. The consensus ATF4-binding site is written
in bold letters. hsa, Homo sapiens; mmu, Mus musculus; bta, Bos taurus; eca, Equus caballus.
D, E. CCCP activates the UPR and causes ER stress. D. The ER stress luciferase reporter
construct ERSE-II-luc (ER stress response €lement II) is activated by CCCP. HEK293T cells

were transfected with the ERSE-II-luc reporter. 24 h after transfection, the cells were treated
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with 10 uM CCCP for 24 h. As a positive control the cells were treated with the ER stressor
tunicamycin (2 pg/ml, 24 h). Shown is the fold induction of luciferase activity in CCCP-
treated cells in comparison to non-treated control cells. Quantification is based on triplicates
of at least 3 independent experiments. E. BiP expression is increased in response to CCCP
treatment. As an indicator of ER stress BiP mRNA levels were analyzed in SH-SYS5Y cells
treated with CCCP (10 uM) for the indicated time by quantitative RT-PCR as described in
Fig. 1 A. Tunicamycin (2 pLg/ml) was used as a positive control to induce ER stress. *** p <

0.001, ** p <0.01.

Fig. 2. Parkin gene expression is up-regulated in responseto ER stress. A, B. Parkin
mRNA levels are increased under ER stress induced by thapsigargin or tunicamycin. SH-
SYSY cells were incubated with 1 uM thapsigargin (TG) (A) or 2 pg/ml tunicamycin (TM)
(B) for the indicated time. Cells were harvested and total cellular RNA was isolated and
subjected to quantitative RT-PCR using parkin-specific primers. The amount of RNA of each
sample was normalized with respect to the endogenous housekeeping gene B-actin. The same
results were obtained when 18sRNA was used as a control gene (data not shown). Shown is
the fold increase of parkin-specific mRNA compared with untreated control cells. C. Amino
acid starvation leads to the up-regulation of parkin mRNA. SH-SYSY cells were treated with
2 mM L-histidinol in cell culture medium containing 10% dialysed FCS for 14 h. The cells
were then harvested and total cellular RNA was isolated and subjected to quantitative RT-
PCR using parkin-specific primers as described under Fig. 1 A. D-F. Parkin protein
expression is increased after ER stress induced by TG, TM, or amino acid starvation.
Expression of endogenous parkin after treatment of SH-SYSY cells with TG (D), TM (E) or
L-histidinol (F) for 14 h was analyzed by Western blotting using the anti-parkin mAb PRKS.

Loading was controlled by re-probing the blots for B-actin. The Western blot image (E) was
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re-arranged by excluding one line, as indicated by a white line; all samples originate from one
gel. G-I. Parkin mRNA is up-regulated upon ER stress in HEK293T cells, mouse embryonic
fibroblasts, and primary mouse cortical neurons. HEK293T cells (G), mouse embryonic
fibroblasts (H), or primary cortical neurons derived from embryonic mouse brain (I) were
incubated with TG (1 uM) or TM (2 pg/ml; primary cortical neurons: 3 pg/ml) for 12 h or 8
and 12 h (primary cortical neurons) and analyzed as described in A. *** p <0.001, ** p <

0.01, * p < 0.05.

Fig. 3. Transcriptional up-regulation of parkin under ER stressismediated by ATF4. A.
Schematic representation of the consensus ATF4-binding site, the putative ATF4-binding site
within the parkin promoter and the luciferase reporter constructs cloned for the analysis
described in the following: park-luc contains the putative ATF4-binding site of the parkin
promoter in triplicate, mutant park-luc habors two point mutations within the putative ATF4-
binding site, and ATF4RE-luc contains the confirmed ATF4-binding site of the insulin
growth factor binding protein 1 (IGFBP1) promoter in triplicate. Of note, the putative binding
site for ATF4 within the parkin promoter is located on the complementary strand in 5°—3’
direction. B. The park-luc reporter construct is induced after ER stress. HEK293T cells or
SH-SYS5Y cells were transfected with either the control luciferase reporter construct pGL3-luc
(vector), the ATF4RE-Iuc construct containing the confirmed ATF4-binding site, the park-luc
construct or the park-luc construct with a mutated ATF4 binding site (mut. park). 8 h after
transfection cells were incubated with 1 uM thapsigargin (TG) and harvested after 14 h of
treatment. Shown is the fold induction of luciferase activity in stressed cells compared to the
non-stressed control based on triplicates of at least 3 independent experiments. C. Increased
expression of ATF4 or upstream PERK induces transcription from the park-luc reporter
construct. HEK293T cells were co-transfected with the ATF4RE-Iuc reporter plasmid or the

park-luc reporter plasmid and ATF4, PERK, or GFP (as a control). As a positive control one
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set of cells was treated with TG as described under B. Shown is the fold induction of
luciferase activity compared to GFP-expressing control cells based on triplicates of at least 3
independent experiments (left panel). Expression levels of ATF4 and PERK were analyzed by
immunoblotting using the anti-ATF4 pAb C-20 or the anti-myc mAb 9E10 (right panels).
Notably, TG treatment (1 uM, 14 h) induced the increased expression of endogenous ATF4.
Loading was controlled by re-probing the blots for B-actin. D. A dominant negative mutant of
ATF4 (ATF4AN) interferes with the activation of the park-luc reporter construct in response
to ER stress. HEK293T cells were co-transfected with the park-luc reporter plasmid and
ATF4, ATF4AN, or GFP (as a control). 8 h after transfection cells were incubated with 1 UM
TG for 14 h. Shown is the fold induction of luciferase activity in comparison to GFP-
expressing control cells based on triplicates of at least 3 independent experiments (left panel).
Expression levels of ATF4 and ATF4AN were analyzed by immunoblotting using the anti-
ATF4 pAb C-20 (right panel). Loading was controlled by re-probing the blots for B-actin. ***

p <0.001, ** p <0.01, n.s. = not significant.

Fig. 4. ATF4 bindsto the parkin promoter and mediates parkin up-regulation in
responseto ER and mitochondrial stress. A. ER and mitochondrial stress-induced up-
regulation of parkin is impaired in ATF4-deficient cells. SH-SYS5Y cells were transfected
with ATF4-specific or control siRNA duplexes. 2 days later cells were re-transfected with
siRNA duplexes and then incubated with 1 uM TG or 10 uM CCCP for 14 h. The cells were
harvested and analyzed as described in Fig. 1 A by quantitative RT-PCR using parkin-specific
or ATF4-specific primers. The amount of RNA of each sample was normalized with respect
to B-actin. Shown is the fold increase of parkin mRNA in response to TG or CCCP treatment
left panel). The efficiency of ATF4 downregulation was determined by quantitative RT-PCR

(right panel) and Western blotting (lower right panel) using the anti-ATF4 pAb C-20. B. ER
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stress-induced up-regulation of parkin is impaired in primary cortical neurons from ATF4
knockout mice. Primary cortical neurons from ATF4-deficient or wildtype mice were treated
with tunicamycin (3 pg/ml) for 8 h. Total RNA was isolated and analyzed using parkin-
specific primers as described in Fig. 1 A. C. ATF4 binds to the parkin promoter in vivo.
HEK?293T cells or SH-SYSY cells incubated with or without 300 nM TG for 2 and 8 h were
used to perform a ChIP analysis using a pAb specific for ATF4 in comparison to a non-
specific rabbit IgG. For the final real time PCR step, primers specific for the parkin promoter

region were used. *** p <0.001, ** p<0.01, * p <0.05.

Fig. 5. c-Jun suppresses the up-regulation of parkin after ER stress. A. c-Jun binds to the
parkin oligonucleotide harboring the CREB/ATF-binding site. HEK293T cells were incubated
with 2 UM thapsigargin (TG) and harvested after 3 h. Nuclear extracts were prepared and
tested for binding to the **P-labeled oligonucleotide comprising the putative ATF4-binding
site within the parkin promoter (park oligo; lanes 1-5) by an electrophoretic mobility shift
assay (EMSA). The labeled oligonucleotides were incubated with nuclear extracts in the
absence or presence of a 100-fold excess of unlabeled park oligo (lane 5) to compete with the
binding reaction. To test for supershift activity, the anti-c-Jun pAb (N) sc-45X (lane 3) or the
anti-ATF4 pAb C-20 (lane 4) was added to the binding reaction. B. c-Jun decreases
transcription from the park-luc reporter after ER stress. HEK293T cells were co-transfected
with the park-luc reporter construct and c-Jun or GFP (as a control). 8 h after transfection, the
cells were treated with 1 pM TG for 14 h. Shown is the fold induction of luciferase activity in
c-Jun-expressing cells in comparison to GFP-expressing control cells based on triplicates of at
least 3 independent experiments. Expression levels of c-Jun were analyzed by
immunoblotting using the anti-c-Jun pAb (N) sc-45 (lower panel). 3 pg protein of total cell
lysates were loaded. Loading was controlled by re-probing the blots for B-actin. C. c-Jun

suppresses the ATF4-mediated activation of the park-luc construct. HEK293T cells were co-
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transfected with the park-luc reporter plasmid and either GFP (as a control), ATF4 plus GFP
or ATF4 plus c-Jun. 8 h after transfection, the cells were treated with 1 uM TG for 14 h.
Shown is the fold induction of luciferase activity in ATF4-expressing cells in comparison to
ATF4- and c-Jun-expressing cells based on triplicates of at least 3 independent experiments.
Expression levels of ATF4 and c-Jun were analyzed by immunoblotting using the anti-ATF4
pADb C-20 or the anti-c-Jun pAb (N) sc-45. 3 ug protein of total cell lysates were loaded.
Loading was controlled by re-probing the blots for B-actin (lower panel). D. ER stress
induced up-regulation of parkin is increased in c-Jun-deficient cells. SH-SYS5Y cells were
transfected with c-Jun-specific or control siRNA duplexes. 1 day later cells were re-
transfected with siRNA duplexes and incubated with 1 uM TG for 14 h. The cells were
harvested and analyzed as described in Fig. 1 A by quantitative RT-PCR using parkin-specific
primers. The amount of RNA of each sample was normalized with respect to B-actin. Shown
is the fold increase of parkin mRNA in response to TG treatment (upper panel). The
efficiency of c-Jun downregulation was determined by Western blotting using the anti-c-Jun
anti-c-Jun pAb (N) sc-45 (lower panel). 30 pg protein of total cell lysates were loaded. E.
JNK3 decreases transcription from the park-luc reporter. HEK293T cells were co-transfected
with the park-luc reporter plasmid and JNK3 or GFP (as a control). 24 h after transfection, the
cells were treated with 1 WM TG for 8 h. Shown is the fold induction of luciferase activity in
JNK3-expressing cells in comparison to GFP-expressing control cells based on triplicates of
at least 3 independent experiments. Expression levels of INK3 were analyzed by
immunoblotting using an anti-JNK pAB (lower panel). Loading was controlled by re-probing
the blots for B-actin. F. The JNK inhibitor SP600125 increases parkin up-regulation in
response to ER stress. SH-SY5Y cells were treated with or without the JNK inhibitor
SP600125 (10 uM) for 24 h. Thapsigargin was added after 10 h for additional 14 h. To

quantify parkin-specific mRNA, cells were harvested and analyzed as described in Fig. 1 A
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for quantitative RT-PCR using parkin-specific primers. The amount of RNA of each sample
was normalized with respect to B-actin. Shown is the fold increase of parkin mRNA. Parkin
protein levels were analyzed by immunoblotting using an anti-parkin PRK8 mAb (lower
panel). The efficiency of SP600125 was controlled by blotting against phosphorylated c-Jun
using the phospho-specific anti-c-Jun antibody X (Ser63) II pAb. 15 pg protein of total cell
lysates were loaded. Loading was controlled by re-probing the blots for c-Jun and B-actin. ***

p <0.001, ** p < 0.01, * p < 0.05.

Fig. 6. Parkin protects cellsfrom ER stress-induced cell death. A. Increased expression of
wildtype parkin protects cells from ER stress-induced cell death. SH-SYS5SY cells were co-
transfected with EYFP (as a control) and wildtype parkin or the pathogenic parkin mutants
G430D or AUBL. 24 h after transfection, cells were incubated with 10 uM thapsigargin (TG)
or 5 pg/ml tunicamycin (TM) at 37°C for 8 h, fixed, permeabilized, and then the activation of
caspase-3 was analyzed by indirect immunofluorescence using an anti-active caspase-3 pAb.
Shown is the percentage of apoptotic cells among transfected cells. Parkin expression levels
were determined by immunoblotting using the anti-parkin PRK8 mAb. Loading was
controlled by re-probing the blots for B-actin (lower panel). B. Parkin-deficient cells are more
vulnerable to ER stress-induced cell death. SH-SYSY cells were transfected with parkin-
specific or control siRNA duplexes and co-transfected with EYFP (as a control) or siRNA-
resistant wildtype parkin (rescue parkin). 3 days later the cells were stressed with TG (10 uM)
for 8 h fixed, permeabilized, and then the activation of caspase-3 was analyzed by indirect
immunofluorescence as described in A. Parkin expression levels were determined by
immunoblotting using the anti-parkin PRK8 mAb. Loading was controlled by re-probing the
blots for B-actin (lower panel). C. Mouse embryonic fibroblasts (MEFs) derived from parkin

knockout mice are more vulnerable to ER stress than wildtype MEFs. MEFs from wildtype
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(WT) or parkin knockout (KO) mice were stressed with TG (10 uM) for 16 h and then
cellular viability was determined by the MTT assay. Shown is the relative viability of KO
MEFs in comparison to WT MEFs after TG treatment. Quantification is based on five
independent experiments. D. Skin fibroblasts of patients carrying pathogenic mutations in the
parkin gene are more vulnerable to ER stress. Skin fibroblasts from patients and control
indivduals were stressed with tunicamycin (TM, 10 uM) for 24 h, fixed, permeabilized, and
then the activation of caspase-3 was analyzed by indirect immunofluorescence as described in

A, *% < 0.001, ** p<0.01, * p < 0.05.

Fig. 7. Parkin hasno direct effect on ER stress. A. Parkin deficiency does not increase the
level of ER stress. SH-SY5Y cells were transfected with parkin-specific or control siRNA
duplexes. 3 days later the cells were stressed with 1 uM thapsigargin (TG) for 5 h. As an
indicator of ER stress BiP mRNA levels were analyzed by quantitative RT-PCR as described
in Fig. 1A (left panel). To test for the efficiency of parkin knockdown, parkin mRNA levels
were quantified in parallel (right panel). B. The level of ER stress is not increased in mouse
embryonic fibroblasts (MEFs) derived from parkin knockout mice. MEFs from wildtype
(WT) or parkin knockout (KO) mice were stressed with 1 uM TG or 2 pg/ml tunicamycin
(TM) for 5 h. The levels of BiP mRNA were analyzed by RT-PCR as described in Fig. 1 A.
C. Overexpression of parkin has no influence on the ER stress level determined by ER stress
reporter constructs. HEK293T cells were co-transfected with the ER stress reporter plasmids
indicated (Supplemental Fig. 5) and either parkin or GFP (as a control). 24 h after
transfection, the cells were treated with 1 UM TG for 8 h. Shown is the fold induction of
luciferase activity in parkin-expressing cells in comparison to GFP-expressing control cells.
Quantification is based on triplicates of at least 3 independent experiments. Expression levels
of parkin were analyzed by immunoblotting using the anti-parkin pAB 2132 (lower panel).

Loading was controlled by re-probing the blots for B-actin. D, E. The protective activity of
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parkin after ER stress is independent of the proteasome. D. The efficiency of proteasomal
inhibition by epoxomycin was demonstrated by an accumulation of endogenous p53 and
ubiquitylated proteins. For immunoblotting an anti-p53 and anti-ubiquitin mAb was used.
Loading was controlled by re-probing the blots for B-actin. E. Proteasomal inhibition does not
impair the protective activity of parkin. SH-SY5Y cells were cotransfected with EYFP (as a
control) or wildtype parkin. 24 h after transfection, cells were incubated with 10 uM
thapsigargin (TG) and/or epoxomycin (epox, 0.1 or 10 uM ) for 8 h, fixed, permeabilized, and
then activation of caspase-3 was analyzed as described in Fig. 6 A. *** p <0.001, ** p <

0.01, n.s. = not significant.

Fig. 8. Parkin prevents mitochondrial damage and dysfunction induced by ER stress. A,
B. Increased parkin expression suppresses ER stress-induced mitochondrial fragmentation.
SH-SYS5Y cells were transfected with parkin or mCherry (as a control). 1 day after
transfection, the cells were treated with thapsigargin (TG, 1 uM for 5 or 16 h) or tunicamycin
(TM, 2 pg/ml for 5 or 16 h). Mitochondria were visualized by life cell microscopy after
incubating cells with the fluorescent dye DiOC6(3). A. The mitochondrial morphology was
classified as tubular or fragmented (small rod-like or spherical mitochondria). Shown is the
percentage of cells with fragmented mitochondria. Quantifications were based on triplicates
of 3 independent experiments. Per experiment > 300 cells per coverslip of triplicate samples
were assessed. Expression levels of parkin were analyzed by immunoblotting using the anti-
parkin pAb 2132 (lower panel). Loading was controlled by re-probing the blots for B-actin. B.
Examples of mitochondrial morphologies of the experiment described in A. Treatment of
cells with TG or TM causes a disruption of the tubular mitochondrial network, which can be
suppressed by increased parkin expression. C. Parkin deficiency increases ATP depletion in

response to ER stress. SH-SYS5Y cells were transfected with parkin or control siRNA
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duplexes. On day 2 after transfection, the cells were shifted to low glucose medium
containing 3 mM glucose instead of 25 mM. On day 3 the cells were treated with 2 pg/ml
tunicamycin (TM) for 5 h and the steady state cellular ATP levels were measured by a
bioluminescence assay. Cultured cells derived from tumors derive almost all of their energy
from aerobic glycolysis rather than mitochondrial oxidative phosphorylation, in addition,
stimulation of glycolysis in the presence of glucose inhibits mitochondrial respiration.
Therefore, low glucose concentrations in the medium forces the cells to relay on oxidative

phosphorylation to generate sufficient ATP. *** p <0.001, ** p <0.01.

Fig. 9. Interplay between ER stress, mitochondrial stressand parkin. ER stress can
induce mitochondrial damage, such as alterations in mitochondrial morphology and
bioenergetics. Vice versa, mitochondrial stress can induce ER stress, reflected by the
induction of the unfolded protein response (UPR). Parkin is transcriptionally up-regulated in
response to both mitochondrial and ER stress via ATF4, a transcription factor of the UPR.
The stress-induced transcriptional up-regulation of parkin is antagonized by c-Jun which is
activated by the JNK pathway. Increased expression of parkin under stress conditions protects
cells from stress-induced cell death, explaining the high vulnerability of parkin-deficient cells

to cellular stress.
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Figure 1, Bouman et al.
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Figure 2, Bouman et al.
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Figure 3, Bouman et al.
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Figure 4, Bouman et al.
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Figure 6, Bouman et al.
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Figure 7, Bouman et al.
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Figure 8, Bouman et al.
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Figure 9, Bouman et al.
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