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Mitochondrial dysfunction triggered by loss of HtrA2
results in the activation of a brain-specific
transcriptional stress response

N Moisoi'"®, K Klupsch?®, V Fedele', P East®, S Sharma®, A Renton?, H Plun-Favreau®, RE Edwards®, P Teismann®, MD Esposti’,
AD Morrison®, NW Wood*, J Downward*? and LM Martins*’

Cellular stress responses can be activated following functional defects in organelles such as mitochondria and the endoplasmic
reticulum. Mitochondrial dysfunction caused by loss of the serine protease HtrA2 leads to a progressive movement disorder in
mice and has been linked to parkinsonian neurodegeneration in humans. Here, we demonstrate that loss of HtrA2 results in
transcriptional upregulation of nuclear genes characteristic of the integrated stress response, including the transcription factor
CHOP, selectively in the brain. We also show that loss of HtrA2 results in the accumulation of unfolded proteins in the
mitochondria, defective mitochondrial respiration and enhanced production of reactive oxygen species that contribute to the
induction of CHOP expression and to neuronal cell death. CHOP expression is also significantly increased in Parkinson’s
disease patients’ brain tissue. We therefore propose that this brain-specific transcriptional response to stress may be important
in the advance of neurodegenerative diseases.
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The serine protease HtrA2 (also known as Omi) was initially
identified as a mammalian homolog of the Escherichia coli
stress responsive proteases HtrA/DegP and DegS.! Mamma-
lian HtrA2 normally resides in the mitochondrial intermem-
brane space, with full-length HtrA2 being attached to the inner
mitochondrial membrane. Initial studies have suggested that
HtrA2 contributed to apoptosis in a manner analogous to
pro-apoptotic Reaper family proteins present in Drosophila
melanogaster.? However, this view of HtrA2 function has been
thrown into doubt by the phenotype of mice with loss of HtrA2
activity, which do not show decreased apoptosis, but die
prematurely at about 30 days of age, displaying a progressive
neurodegenerative disorder with parkinsonian features.®*

In humans, a polymorphism and a mutation in HtrA2 that
affect its proteolytic activity have been found in Parkinson’s
disease (PD) patients.® More recently, HtrA2 and the putative
kinase PINK1 have been proposed to be components of a
mitochondrial stress sensing pathway that might be defective
in PD patients.® HtrA2 may act to protect mitochondria from
certain stresses, in a manner similar to the homologous
stress-adaptive proteins DegP and DegS in bacteria,”® and
may be part of the mechanism underlying the well established

but poorly understood link between mitochondrial dysfunction
and neurodegenerative disease.®

Eukaryotic cells respond to diverse stress signals with
programmes of nuclear gene expression designed to repair
cellular damage or induce apoptosis. The endoplasmic
reticulum (ER) specific or mitochondria-specific unfolded
protein responses (UPRs) are activated when misfolded
proteins accumulate in the respective organelle (UPRER10
and UPR™'"'2) The integrated stress response (ISR) is a
general stress response program that acts to modulate protein
biosynthesis by integrating various types of stress stimuli. The
UPRER itself causes activation of the ISR, whereas several
other stresses such as oxidative stress, nutrient limitation and
double-stranded RNA will activate this program without
affecting the UPRER (Supplementary Figure S1). Activation of
the ISR results in the induction of downstream genes, inclu-
ding the transcription factor CHOP (also known as GADD153
or DDIT3).'® Reactive oxygen species (ROS) inducing parkin-
sonian mimetic toxins have been shown to induce the activation
of the UPRER with concomitant activation of the ISR.*'°

On the basis of the hypothesis that loss of HirA2 may
contribute to enhanced mitochondrial stress, we have
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identified the stress-inducible transcription factor CHOP as
being differentially regulated upon loss of this protease.
CHOP is induced in HtrA2 knockout (KO) mice specifically in
the brain, and epistasis analysis shows that its loss
suppresses neuronal cell death in HtrA2 KO animals.
Transcriptional profiling revealed a set of genes, including
CHOP, that are specifically upregulated in HtrA2 KO mouse
brains and that had previously been characterized to be
induced in neuronal cells stimulated with neurotoxins,!*®
transcripts related to activation of the ISR but not the UPRER.
Additionally, analysis of CHOP and HERP transcripts in
human brains showed a significant upregulation in a subset of
patients suffering from idiopathic PD (IPD) further linking the
concept of ISR activation to neurodegenerative processes.
Loss of HtrA2 contributes to increased accumulation of
unfolded components of the respiratory machinery in mito-
chondria, defects in the electron transport chain and to
enhanced production of ROS. Antioxidant treatment of HtrA2
KO mice alleviates their phenotype and partially suppresses
neurodegeneration, suggesting that an increase in ROS
production upon loss of HtrA2 might contribute to the
activation of a stress response of mitochondrial origin in the
brain that promotes neurodegeneration.

Results

HirA2 KO cells show increased sensitivity to
mitochondrial stress characterized by enhanced CHOP
expression. To test the contribution of HtrA2 to the
transcriptional activation of a stress response, wild-type
(WT) and HtrA2 KO primary mouse embryonic fibroblasts
(MEFs) were challenged with an inducer of mitochondrial
stress and their transcriptional response was monitored
using microarray technology (experimental outline, Supple-
mentary Figure S2a). WT and HtrA2 KO MEFs were chosen,
as these cells have been shown earlier to display differential
sensitivity to drug-induced stresses triggered by specific
respiratory inhibitors such as rotenone, which specifically
blocks complex 1.# This analysis revealed that in HtrA2 KO
MEFs, the number of rotenone-induced transcriptional
changes was significantly enhanced, suggesting that loss
of HtrA2 results in an enhanced transcriptional response
(Figure 1a). Among the genes most highly induced by
rotenone treatment in HtrA2 KO cells was the transcription
factor CHOP (Supplementary Table S1), which is known to
be induced in response to various stresses such as activation
of the UPRER, UPR™ and ISR.

The increased induction of CHOP following rotenone
treatment in HirA2-deficient cells was confirmed by perform-
ing reverse transcriptase quantitative real-time PCR (gPCR)
analysis on immortalized WT and HirA2 KO MEFs
(Figure 1b). Furthermore, downregulation of HtrA2 using
siRNAs was sufficient to promote CHOP upregulation in the
absence of any additional stress stimulus (Figure 1c; Supple-
mentary Figure S3a). As a control, we treated HirA2 KO MEFs
with the HtrA2-specific siRNAs (Figure 1c). Taken together,
the data indicated that the transcriptional response to
rotenone-mediated stress was significantly enhanced in cells
lacking HtrA2, suggesting that this could be due to a
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diminished threshold for mitochondrial stress in HtrA2 KO
cells.

CHORP is specifically induced in the brains of HirA2 KO
mice. The observation that the neuroblastoma cell line
Neuro-2a showed enhanced upregulation of CHOP when
HirA2 was silenced (Figure 1c) together with our earlier
observations that HtrA2 KO mice show selective loss of
neuronal cells* led us to investigate the transcriptional profile
of brain tissue lacking HirA2. Neurons in HirA2 KO mice
might be subjected to enhanced levels of mitochondrial
stress even in the absence of exogenous stimuli. We
therefore proceeded to compare transcript levels in brain
tissue from the cortex of WT and HirA2 KO mice
(Supplementary Figure S2b). We chose a cortical region as
there is no evidence of neuronal loss in this region enabling
us to compare identical cellular populations. Transcriptional
profiling revealed a significant number of genes with altered
expression in the cortex of HirA2 KO mice (Figure 2a;
Supplementary Table S2).

Interestingly, the transcription factor CHOP was among the
most highly upregulated transcripts in cortex tissue from
HtrA2 KO mice. Extending this analysis, gPCR measure-
ments revealed that CHOP expression was significantly
upregulated in HirA2 KO mice in all brain regions tested
(Figure 2b). However, CHOP expression was not upregulated
in any other tissue of HtrA2 KO mice tested (Figure 2c),
suggesting that the brain displayed a selective vulnerability to
loss of HtrA2 function. Analysis of animals heterozygous for
HtrA2 revealed that CHOP expression was comparable to that
of WT animals (data not shown).

To determine whether CHOP upregulation preceded the
movement disorder of HtrA2 KO mice, the levels of CHOP
mRNA were monitored in specific brain regions isolated
before (postnatal days P10-17) and after (P28) development
of the phenotype. CHOP was selectively upregulated first in
the basal ganglia at P15. This upregulation extended to the
cortex at P17 and finally the cerebellum at P28 (Figure 2d).
The increase of CHOP expression in the brains of HtrA2 KO
mice appears progressive, with the earliest induction coincid-
ing with the area where neurodegeneration is detected.
Interestingly, the brain areas affected during this progressive
CHOP upregulation are similar to those described for staging
the brain pathology of sporadic PD patients.'®

CHOP contributes to striatal neurodegeneration in HtrA2
KO mice. To determine the contribution of CHOP to the
neuronal cell loss observed in HirA2 KO mice, we generated
mice deleted for both genes. Heterozygotes for both HirA2
and CHOP mutant alleles were intercrossed and F, progeny
born with the expected Mendelian inheritance, indicating that
deletion of both CHOP and HtrA2 does not result in
embryonic lethality (data not shown). Mice lacking both
CHOP and HtrA2 failed to gain weight (Figure 3a),
suggesting that CHOP deletion does not affect the
pleotropic effects caused by deletion of HirA2. HtrA2 KO
mice are characterized by loss of striatal neurons; however,
no cellular loss has been detected in the substantia nigra
(Martins et al.* and Supplementary Figure S4a). Levels of
tyrosine hydroxylase are similar in WT and HtrA2 KO mice
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representation of the overlap of probe sets regulated by rotenone in WT and HtrA2 KO MEFs. (b) CHOP is upregulated in immortalized HtrA2 KO MEFs by rotenone treatment.
Short treatment with rotenone fails to induce CHOP expression in WT cells, whereas it results in approximately twofold induction in HtrA2 KO cells. Prolonged rotenone
treatment leads to a more pronounced induction of CHOP in KO MEFs when compared with WT controls. MEFs were treated with vehicle, 25 uM rotenone for 3h or 10 uM
rotenone for 8 h. Transcript levels of CHOP are shown relative to vehicle treatment. Mean values + S.D.; n= 3. Statistically significant values (two-tailed unpaired ttest) are
indicated. (¢) CHOP mRNA is induced by transient downregulation of HtrA2. HtrA2 was downregulated using siRNA in Neuro-2a neuroblastoma cells, and immortalized WT
and HtrA2 KO MEFs. Transcript levels of HtrA2 and CHOP are shown relative to control siRNA. Mean values + S.D.; n= 3. Statistically significant values (two-tailed unpaired

t-test) relative to control siRNA are indicated. ** for P<0.01 and * for P<0.05

(Supplementary Figure S4b) and levels of striatal dopamine
(DA) and its metabolite dihydroxyphenylacetic acid are not
significantly altered in HtrA2 KO mice (Supplementary Figure
S4c and S4d). Given the brain specificity of CHOP
upregulation, we compared the neuronal cell loss in HirA2
KO and HtrA2 KO/CHOP KO littermates. Loss of CHOP in
HtrA2 KO background results in a decrease in striatal
neurodegeneration (Figure 3b), although increased GFAP
staining of astrocytes suggests that astrogliosis is occurring
and neurodegeneration has been initiated. Quantitation of
the density of NeuN-positive neurons and apoptotic cells
(active caspase-3-positive cells) showed that the selective
loss of striatal neurons and enhanced apoptosis observed in
HtrA2 KO mice is partially suppressed in the absence of
CHOP (Figure 3c and d).

Activation of the ISR following loss of HtrA2. To identify
genes that might be part of a stress response to loss of
HtrA2, we compared expression data from MEFs after
rotenone treatment with that obtained from WT and HtrA2
KO cortex samples. We tested the significance of this
comparison using gene set enrichment analysis (GSEA)."”
When rotenone-regulated genes in MEFs (gene set: MEF
rotenone) were tested against gene expression in HirA2 KO
brain, the GSEA indicated a robust statistical significance
(Table 1), revealing an overlapping transcriptional stress
response both in vitro and in vivo (Table 2).

It has been reported that cultured neuronal cells treated with
parkinsonian mimetics activate a transcriptional program
characteristic of activation of the UPRER and ISR, including
the transcription factor CHOP.'*'® Furthermore, CHOP is

upregulated in neurotoxin models of parkinsonism in vivo.'®

We noted that genes induced in neuronal cells by both
6-OHDA (6-hydroxydopamine) and MPP + (1-methyl-4-
phenylpyridinium) were characteristic for activation of the
ISR (gene set: neurotoxin treatment (ISR)), whereas only
6-OHDA would additionally activate genes characteristic for
the UPRER (e.g. Grp58, Xbp1) (gene set: neurotoxin treat-
ment (UPRER)).'* We thus examined whether the transcrip-
tional changes in the brains of HtrA2 KO mice were
comparable with the data sets derived from in vitro neurotoxin
models. GSEA revealed high statistical significance between
genes characteristic for the ISR, but not the UPRER, which are
upregulated by these neurotoxins in vitro and genes upregu-
lated in brains of HtrA2 KO mice (Tables 1 and 2), suggesting
that loss of HtrA2 in vivo leads to activation of the ISR, but not
the UPR®R in the brain.

To further confirm the presence of ISR-characteristic genes
upregulated in HtrA2 KO brain, we compared our data set with
data from a study where WT and ATF4-deficient MEFs were
treated with tunicamycin.'® In WT cells, tunicamycin treatment
results in activation of the UPRE® and concomitantly the ISR;
however, in ATF4-deficient cells only the UPRER is activated
and ATF4-dependent ISR transcripts are suppressed. GSEA
showed a robust statistical significance (Table 1; gene set:
ATF4 target genes), confirming that transcripts related to
activation of the ISR are upregulated in brain tissue from
HtrA2 KO mice (Table 2).

Previously, CHOP upregulation has been implicated in a
mitochondria-specific stress response (UPR™) leading to
increased expression of mitochondrial chaperones, inclu-
ding Hsp60, Hsp10 and CIpP."? Although none of these
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(CB) and substantia nigra (SN) at P28. Transcript levels of CHOP are shown relative to WT. (¢) CHOP expression is specifically upregulated in HtrA2 KO brain tissue. Brain,
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are presented as mean values + S.D.; n=2-3in each group. Statistically significant values (one-way (b, ¢) or two-way (d) ANOVA with Bonferroni’s post-test) relative to WT

are indicated. *** for P<0.001, ** for P<0.01 and * for P<0.05

mitochondrial proteins was differentially expressed in our
GeneChip analysis, we measured their expression by qPCR.
The transcripts of ATF3 and HERP, both proteins that can be
induced by the ISR, were found to be upregulated in brains
from HtrA2 KO mice, but neither Hsp60 nor CIpP transcripts
were differentially expressed (Figure 4a), suggesting that
CHOP induction in the brain fails to induce any mitochondria
protective genes. Similarly to CHOP, ATF3 and HERP
expression was upregulated in the brains of HtrA2 KO mice,
but not in other tissues tested (Figure 4b).

The data reported so far suggest that HtrA2 deficiency
contributes to activation of the ISR specifically in brain tissue
of these mice. To investigate whether such a transcriptional
response might be present in humans suffering from
neurodegenerative disorders, we analyzed brains from PD
patients as HtrA2 has been implicated in this disease.>® Using
gPCR, we compared the levels of CHOP and HERP mRNA
expression in a group of control brains and a group of brains
that fulfilled agreed criteria for the diagnosis of IPD. This
revealed a relative increase in the ISR genes CHOP and
HERP in a number of IPD patient brains compared with the
control group (Figure 4c). Measuring the expression levels of
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the normalizer transcripts RPS18 and SDHA revealed no
significant difference between control and IPD patient groups
(Figure 4c), showing that this increased expression is specific
to the ISR transcripts measured in this analysis.

Loss of HirA2 KO results in the accumulation of
unfolded proteins in mitochondria and defective
respiration. We investigated whether loss of HtrA2 led
to protein misfolding in the mitochondria by analyzing
detergent-insoluble mitochondrial proteins.’ The enrich-
ment of several proteins in HtrA2 KO mitochondria
compared with WT (Figure 5a), indicated that these
proteins are present as misfolded species in HtrA2 KO
mitochondria. Given the close proximity of HtrA2 to the
mitochondrial inner membrane,?® we determined whether
loss of HirA2 affects the correct folding of abundant inner
membrane proteins. Interestingly, this revealed a significant
increase in detergent-insoluble subunits of respiratory chain
complexes in HtrA2 KO mitochondria (Figure 5b) under
gentle lysis conditions.?! Additionally, given that the bacterial
homolog of HtrA2 is involved in the correct folding of outer
membrane f-barrel porins, we detected the presence of
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slower migrating forms of VDAC in HtrA2 KO brain mito-
chondria (Figure 5b, asterisk), consistent with enhanced
misfolding of this porin. We failed to see incorrect folding of
other mitochondrial proteins including SOD2 (Figure 5b) and
DJ-1 (data not shown).

To estimate the effect of misfolded respiratory complexes in
HtrA2 KO cells, we measured their activity by high-resolution
respirometry, using isolated brain mitochondria and cortex
tissue samples from WT and HtrA2 KO mice at P30. Coupled
mitochondria derived from HtrA2 KO mice showed a
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Table 1 Activation of the ISR in HtrA2 KO brain
Gene set GSEA P-value Comments
MEF rotenone <0.0005 MEFs treated with rotenone (this study)
Neurotoxin treatment (ISR) <0.0005 Genes induced in MN9D cells by both 6-OHDA and MPP+, characteristic for ISR
Neurotoxin treatment (UPRER) 0.128 Additional genes induced in MN9D cells by 6-OHDA, characteristic for UPRER
ATF4 target genes <0.0005 Genes induced in an ATF4-dependent manner in response to tunicamycin treatment,

characteristic for ISR

GSEA was performed on genes differentially expressed in HtrA2 KO brain tissue, and resulting P-value is dlsplayed for each gene set tested. Gene sets were curated

from (1) genes that are modulated by rotenone treatment in MEFs (MEF rotenone, our own study), (
characteristic of ISR or genes additionally activated by the UPRER (neurotoxin treatment (ISR) and (UPR!

significant reduction in oxygen consumption. A decrease in
respiration of 40-50% was observed using substrates of
complexes | and Il (Figure 5c), as well as substrates of
complex IV (Figure 5d). A generalized respiratory dysfunction
was thus present in HtrA2 KO brain mitochondria, consistent
with the presence of unfolded subunits of complexes I-IV
(Figure 5b). This dysfunction was confirmed by measuring
respiratory activities under uncoupled conditions with whole
cortical brain (Figure 5e). Addition of cytochrome c¢ with
complex IV substrates did not restore the respiratory activity in
HtrA2 KO mitochondria, thereby excluding cytochrome c¢
availability as a potential limiting factor in the decreased
respiratory activity (Figure 5d and e).

The mtDNA content of WT and HtrA2 KO brain analyzed by
gPCR failed to reveal significant differences (Figure 5f),
suggesting that the deficit in respiration in HtrA2 KO does not
reflect a general loss of mtDNA.

To address whether induction of ISR components CHOP
and HERP were linked to any mitochondrial defect in the
IPD patient cohort (Figure 4c), we selected a subset of
IPD patients displaying significantly higher levels of these
transcripts and assessed the levels of respiratory complexes
in brain samples. This revealed a significant decrease in
subunits of respiratory complexes in cortex from several IPD
patients when compared with controls (Figure 5g).

Loss of HirA2 contributes to increased levels of
ROS. We hypothesized that defective electron transport in
HtrA2 KO mitochondria leads to increased oxidative stress,
explaining the induction of the ISR. Therefore, we measured
the intracellular concentration of ROS in immortalized WT
and HtrA2 KO MEFs treated with the neurotoxin 6-OHDA,
showing a marked increase in H,DCF-DA (2'-7'-dichloro-
fluorescein diacetate)-positive cells derived from HtrA2 KO
animals when compared with WT by flow cytometry
(Figure 6a). HtrA2 KO cells treated with 6-OHDA displayed
increased levels of superoxide, measured using MitoSOX,
when compared with WT cells (Figure 6b), confirming the
mitochondrial origin of the ROS. Consistently, we observed
increased accumulation of ROS and mitochondrial
superoxide in immortalized HtrA2 KO MEFs following other
treatments known to induce oxidative stress and/or related to
neurotoxicity, such as H,O, and rotenone (data not shown).
Next, we re-introduced HtrA2 using a lentiviral expression
system and confirmed this by western blot (Supplementary
Figure S3b). Re-expression of HirA2 in HtrA2 KO MEFs
suppressed ROS generation following 6-OHDA treatment
(Figure 6¢). To extend our analysis to primary cells, we
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g genes that are upregulated in neurotoxm-treated cells
R)1%) and (3) ATF4 target genes'®

compared levels of ROS in primary MEFs (Figure 6d) and
T cells from control and HtrA2 KO mice (Figure 6e). This
confirmed that loss of HtrA2 results in enhanced production
of oxygen radicals in cells treated with known inducers of
cellular ROS.

Cells derived from mice where the proteolytic activity of
HtrA2 has been abolished display enhanced sensitivity to
stress stimuli.®* To determine the relevance of ROS
accumulation for cell death sensitivity of HtrA2 KO cells, we
investigated the effect of antioxidants on the viability of WT
and HtrA2 KO MEFs (Figure 6f). This revealed a marked
suppression of cell death (Pl-positive cells) induced by
6-OHDA in HirA2 KO cells pretreated with the antioxidant
N-acetyl-L-cysteine (NAC). To determine whether the increa-
sed production of ROS in HtrA2 KO cells is related to a deficit
in proteins involved in the response to oxidative stress, we
performed western blot analysis for the antioxidant enzymes
SOD1 and SOD2, revealing comparable levels in WT and
HtrA2 KO (Supplementary Figure S3c). We compared the
oxidative status of DJ-1, a sensor of oxidative stress, in 2D
gels of mitochondrial lysates from WT and HtrA2 KO mice,
which failed to detect significant alteration in this protein
(Supplementary Figure S3d). Additionally, qPCR analysis of
the mRNA levels of antioxidant enzymes GSTA4, SOD1 and
SOD2 did not detect significant alterations in HtrA2 KO tissues
(data not shown).

Finally, we explored whether loss of HirA2 resulted in
increased oxidative damage at the membrane level in vivo. To
this end, we performed mass spectrometric analysis of
mitochondrial lipids from murine liver and brain.?2 Detailed
analysis of electrospray profiles revealed an increase in
peroxidized lipid species in both brain and liver mitochondria
from HirA2 KO mice (Table 3), thereby suggesting an
enhanced ROS-mediated damage to membrane lipids in
these animals. Consequently, loss of HirA2 appears to trigger
accumulation of oxidative stress at both the protein and lipid
levels.

Antioxidants suppress striatal neurodegeneration in
HtrA2 KO mice. We investigated whether increased ROS
were causally implicated in the severe phenotypic defects in
HtrA2 KO by treating the animals daily with the antioxidants
NAC and TEMPOL. We did not detect significant difference
in weight loss in HtrA2 KO mice treated with antioxidants
when compared with the controls (Figure 7a), suggesting that
in vivo, antioxidant treatment fails to suppress the pleotropic
effects caused by loss of HtrA2. However, antioxidant treated
HirA2 KO mice displayed a significant decrease in the
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Table 2 Genes differentially expressed in brain tissue from HtrA2 KO mice selected by GSEA

Gene set Gene set Gene set
Genebank Gene symbol Gene name KO/WT MEF Neurotoxin  ATF4 target
rotenone treatment (ISR) genes
NM_007837  CHOP C/EBP homologous protein 3.62 Y Y Y
BB758291 Shmt2 Serine hydroxymethyl transferase 2 3.03 Y N N
(mitochondrial)
BG076333 Mthfd2 Methylenetetrahydrofolate dehydrogenase 2.69 Y N Y
(NAD+ dependent)
BC025169 Chac1 ChaC, cation transport regulator-like 1 (E. coli) 2.29 Y N N
AF378760 Plxdc1 Plexin domain containing 1 2.16 Y N N
NM_013525 Gas5 Growth arrest specific 5 2.15 N Y N
BB774473 Stc2 Stanniocalcin 2 2.13 Y N Y
AF173681 Txnip Thioredoxin interacting protein 2.07 Y N N
BB550183 Dbp D site albumin promoter binding protein 1.97 Y N N
Al317241 Cars Cysteinyl-tRNA synthetase 1.93 N Y N
AV216412 Eif4ebp1 Eukaryotic translation initiation factor 4E-binding  1.92 Y Y Y
protein 1
NM_022331 Herp Homocysteine-, ER stress-inducible, ubiquitin- 1.90 N N Y
like domain member 1
BC026131 SlIc7a5 Solute carrier family 7 (cationic amino acid 1.87 Y Y Y
transporter, y+ system), member 5
BC008612 Sars Seryl-aminoacyl-tRNA synthetase 1.86 Y N Y
AV212753 Asns Asparagine synthetase 1.85 Y N Y
NM_133900 Psph Phosphoserine phosphatase 1.75 Y N Y
BC026611 Aars Alanyl-tRNA synthetase 1.74 N N Y
NM_011150 Lgals3bp Lectin, galactoside-binding, soluble, 3 binding 1.71 N N Y
protein
Bl143942 Sord Sorbitol dehydrogenase 1.68 Y N N
BC010318 Pck2 Phosphoenolpyruvate carboxykinase 2 1.67 Y N Y
(mitochondrial)
B1465857 KIf5 Kruppel-like factor 5 1.67 Y N N
NM_007625 Cbx4 Chromobox homolog 4 (Drosophila Pc class) 1.66 Y N N
Al266964 2610042014Rik  RIKEN cDNA 2610042014 gene 1.64 Y N N
BE956863 Pvt1 Plasmacytoma variant translocation 1 1.59 Y N N
NM_026230 H2afy3 H2A histone family, member Y3 1.59 Y N N
NM_134151 Yars Tyrosyl-tRNA synthetase 1.57 N N Y
BG065238 Phf17 PHD finger protein 17 1.56 Y N N
D11089 Hspa9a/Grp75 Heat-shock protein 9A 1.56 N Y Y
NM_134137 Lars Leucyl-tRNA synthetase 1.54 N N Y
AK013880 Nars Asparaginyl-tRNA synthetase 1.52 N N Y
BB277461 Sic1a4 Solute carrier family 1 (glutamate/neutral amino ~ 1.49 Y Y N
acid transporter), member 4
BC012955 Trib3 Tribbles homolog 3 (Drosophila) 1.49 Y N Y
AK018158 Stx17 Syntaxin 17 1.49 Y N N
AA985754 Eif2s2 Eukaryotic translation initiation factor 2, subunit 1.47 Y N N
2 (beta)
BB238025 Zxdc ZXD family zinc finger C 1.46 Y N N
AW539046 Sfrsé Splicing factor, arginine/serine-rich 6 1.44 Y N N
BC019946 Atf3 Activating transcription factor 3 1.44 Y Y Y
AK011528 Sfrs2 Splicing factor, arginine/serine-rich 2 (SC-35) 1.42 Y N N
NM_008135  Slc6a9/Glyt1 Solute carrier family 6 (neurotransmitter 1.40 N Y Y
transporter, glycine), member 9
U25708 Slc3a2 Solute carrier family 3 (activators of dibasic and 1.39 Y N Y
neutral amino-acid transport), member 2
NM_025875 Rbm8a RNA-binding motif protein 8a 1.39 Y N N
NM_008654 Myd116/Gadd34 Myeloid differentiation primary response gene 1.39 N Y N
116
AK004695 Vpsii Vacuolar protein sorting 11 (yeast) 1.37 Y N N
NM_018772  Bri3 Brain protein I3 1.37 Y N N
BC005518 Rhbdd1 Rhomboid domain containing 1 1.36 Y N N
Al506310 Brd2 Bromodomain containing 2 1.35 Y N N
NM_010072  Dpmf1 Dolichol-phosphate (beta-D) 1.34 Y N N
mannosyltransferase 1
AKO011367 Btf314 Basic transcription factor 3-like 4 1.32 N N Y
AK007667 1810031K17Rik  RIKEN cDNA 1810031K17 gene 1.29 Y N N
AY015061 Lats2 Large tumor suppressor 2 1.28 Y N N
B1408204 Ubap2| Ubiquitin-associated protein 2-like 0.78 Y N N
AK018482 Fbxo9 f-box only protein 9 0.75 Y N N
BQ174163 Tmem167 Transmembrane protein 167 0.73 Y N N
BG069656 E430034L04Rik  RIKEN cDNA E430034L04 gene 0.73 Y N N
NM_130450 Elovlé ELOVL family member 6, elongation of long 0.73 Y N N
chain fatty acids (yeast)
AV012790 Sfrs12 Splicing factor, arginine/serine-rich 12 0.73 Y N N
BC025600 Tmem119 Transmembrane protein 119 0.72 Y N N
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Table 2 (Continued)

Gene set Gene set Gene set
Genebank Gene symbol Gene name KO/WT MEF Neurotoxin  ATF4 target
rotenone treatment (ISR) genes
M25487 Hist1h2bp Histone 1, H2bp 0.72 Y N N
AB072498 Apex2 Apurinic/apyrimidinic endonuclease 2 0.70 Y N N
U31625 Brca1l Breast cancer 1 0.70 N N Y
BC005547 Tubb2c Tubulin, beta 2¢ 0.69 Y N N
BC004738 Dhcr24 24-Dehydrocholesterol reductase 0.69 Y N N
BB354684 Trib2 Tribbles homolog 2 (Drosophila) 0.68 Y N N
AKO004285 1110057K04Rik  RIKEN cDNA 1110057K04 gene 0.68 Y N N
AW491660 Tuba4 Tubulin, alpha 4 0.67 Y N N
NM_007856  Dhcr7 7-Dehydrocholesterol reductase 0.67 Y N N
BC023136 Sbno1 sno, strawberry notch homolog 1 (Drosophila) 0.67 Y N N
NM_009062  Rgs4 Regulator of G-protein signaling 4 0.66 Y N N
NM_009722  Atp2a2 ATPase, Ca** transporting, cardiac muscle, slow  0.65 Y N N
twitch 2
BF147037 Sfrs1 Splicing factor, arginine/serine-rich 1 (ASF/SF2)  0.65 Y N N
Al467599 Crem cAMP responsive element modulator 0.64 Y N N
BB049138 Pvr Poliovirus receptor 0.63 Y N N
NM_007631  Ccnd1 Cyclin D1 0.62 Y N N
BE648432 Arpp19 cAMP-regulated phosphoprotein 19 0.61 Y N N
AW555393 Mest Mesoderm-specific transcript 0.59 Y N N
BG060909 Scd1 Stearoyl-Coenzyme A desaturase 1 0.59 Y N N
BC010816 Lims2 LIM and senescent cell antigen-like domains 2 0.57 Y N N
NM_009270 Sqle Squalene epoxidase 0.56 Y N N
M12573 Hspa1b/Hsp70 Heat-shock protein 1B 0.54 Y N N
NM_020010  Cyp51 Cytochrome P450, family 51 0.53 Y N N
BB705380 Hmgcs1 3-Hydroxy-3-methylglutaryl-Coenzyme A 0.52 Y N N
synthase 1
NM_019469 Hist2h3c1 Histone 2, H3c1 0.52 Y N N
NM_010444  Nrdal/Nurr77 Nuclear receptor subfamily 4, group A, 0.50 Y N N
member 1
AK014587 Stard4 StAR-related lipid transfer (START) domain 0.49 Y N N
containing 4
AF425607 Ldlir Low-density lipoprotein receptor 0.48 Y N N
BC004801 1di1 Isopentenyl-diphosphate delta isomerase 0.37 Y N N
NM_018790  Arc Activity regulated cytoskeletal-associated 0.31 Y N N

protein

List of genes compiled from the overlaps between genes differentially expressed in WT and HtrA2 KO cortex and the gene sets used for GSEA. For gene sets, see the
legend of Table 1. The KO/WT column shows the fold change in HtrA2 KO cortex compared with WT

akinetic phenotype as assessed by open-field locomotor
assays (Figure 7b). Next, we analyzed their striatal
neurodegenerative phenotype, revealing that treatment of
HtrA2 KO animals with NAC resulted in a reduction of the
loss of NeuN-positive neurons and in the number of apoptotic
cells (Figure 7c—e). GFAP immunostain revealed that even
though antioxidant treatment suppressed the loss of NeuN-
positive neurons, it failed to abolish glial cell invasion
(Figure 7c).

We next tested the effects of antioxidants on the stress-
induced transcriptional upregulation of CHOP. In cultured
MEFs, pretreatment of cells with NAC led to the suppression
of CHOP expression induced by 6-OHDA (Figure 7f), further
confirming earlier studies®>2* showing a role for mitochondrial
ROS in the transcriptional upregulation of CHOP. Given that
our data suggest that CHOP plays a significant role in
neuronal cell death following induction of ROS, we next
compared cell death rates in primary neurons derived from
WT, HtrA2 KO, CHOP KO or HtrA2 KO/CHOP KO mice
challenged with 6-OHDA in the presence or absence of
antioxidants (Supplementary Figure S5). This revealed that
deletion of CHOP is sufficient to protect neurons from ROS
inducers even in the absence of antioxidants.

Cell Death and Differentiation

Discussion

In the present study, we have determined that loss of murine
HtrA2 leads to compromised mitochondrial respiration and
damage with accumulation of peroxidized lipids and unfolded
proteins in this organelle. Such damage initiates a transcrip-
tional stress response including the activation of ISR genes,
which in vivo is specific to the brain. The bacterial protease
DegS is a critical mediator of a transcriptional stress response
initiated in the periplasmic space that mediates a transcrip-
tional program in response to unfolded periplasmic proteins.2®
In mammalian mitochondria, the absence of HtrA2 might
compromise such a stress response inherited from bacteria
and lead to enhanced mitochondria-initiated stress, possibly
due to poor protein quality control in this organelle. Such
failure in quality control, particularly at the level of the
mitochondrial inner membrane, might affect normal electron
transport through the respiratory chain. Consistent with such a
model, our data suggest that absence of HirA2 results in a
generalized respiratory dysfunction.

Itis attractive to propose that lack of HtrA2 might, directly or
indirectly, have a deleterious effect on the proper folding of a
number of mitochondrial proteins, in particular components or
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Figure 4 Activation of the ISR in brains from HtrA2 KO mice and IPD patients. (a) ATF3 and HERP are upregulated in HtrA2 KO brain tissue, but not Hsp60 or ClpP. Basal
ganglia were dissected from brains of WT and HtrA2 KO mice at P27. Transcript levels are shown relative to WT. Mean values + S.E.M.; n=3-5 in each group. (b) ATF3 and
HERP expression are specifically upregulated in HtrA2 KO brain tissue. Brain, heart, kidney, liver and skeletal muscle tissue were isolated from WT and HtrA2 KO mice at P22.
Transcript levels of ATF3 and HERP are shown relative to WT. Mean values + S.D.; n=23 in each group. Statistically significant values (one-way ANOVA with Bonferroni’s
post-test) relative to WT are indicated. (c) CHOP and HERP are significantly upregulated in a subset of IPD patients. Transcript levels are shown relative to one control patient.
Means are indicated by the horizontal bars. Purple dots correspond to a selected set of IPD patients displaying levels of the CHOP transcript above the mean value. P-values
(two-tailed ttest assuming unequal variance) relative to control are indicated. *** for P<0.001, ** for P<0.01 and * for P<0.05

modulators of respiratory complexes at the mitochondrial activity of HtrA2 is absent. The generalized damage to
membrane. This could possibly reflect a failure to clear mitochondrial respiration resulting from loss of HirA2 leads
unfolded respiratory complex proteins when the protease to excessive production of ROS and consequent accumula-
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Figure 5 Defective mitochondria in HtrA2 KO mice and IPD patients. (a) Detection of misfolded proteins in mitochondria derived from HtrA2 KO mice. Mitochondria were
lysed in the indicated concentrations of NP-40 or in 2% SDS under gentle lysis conditions as described,?" insoluble proteins were isolated, separated by SDS-PAGE and
visualized by silver staining. Arrowheads indicate NP-40-insoluble proteins enriched in mitochondria lacking HtrA2. (b) Detection of protein misfolding in mitochondria derived
from HtrA2 KO mice. Mitochondria were processed as before and proteins were detected by western blot using the indicated antibodies. Asterisk indicates the position of
slower migrating VDAC. (c) Mitochondria isolated from brains of WT and HtrA2 KO mice were assayed for complex |- and Il-dependent respiration. (d) Mitochondria isolated
from brains of WT and HtrA2 KO mice were assayed for complex IV-dependent respiration either in the absence or presence of exogenous cytochrome c. (e) Frozen cortex
brain tissue prepared from WT and HtrA2 KO mice was used to measure uncoupled respiration. All data are represented as mean values + S.D.; n>4 in each group.
Statistically significant values (two-tailed unpaired ttest) are indicated. (f) Similar amounts of mtDNA are found in mitochondria from brains of WT and HtrA2 KO mice. Mean
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Cell Death and Differentiation

" &-o Sun EEN SN GED MED @SS G A\PDH

Liver

Brain



Loss of HtrA2 induces a brain-specific stress response
N Moisoi et a/

459
a : b
20 ol 30 *
Jwr CJwr *
) [l HtrA2 KO - [ HirA2 KO
© o
© 15 P
= < 20
A N
2 :
10 g
) 5
L s
(&) < 10
o []
o 5 2
< =
’ /*i
0 0
Vehicle 25pM 50uM Vehicle 25pM 50pM
6-OHDA 6-OHDA
c : d .
[] restored HtrA2 CJwr
2 30 -| | HrA2 KO o 50 7|0 HirA2 HET
a2 3 [l HtrA2 KO 1 « *
+ + 40 ¥ *
g g Il HirA2 KO 2
€ 20 1 € 30 -
8 8
5 &5 20
0 10 - o
T T
) 1 o r‘rPJ
(] 0
Vehicle Vehicle 6-OHDA Rot TNFo
€ 100 - : f 50
Clwr . Cwr .
P . HtrA2 KO . HtrA2 KO %
o ® 40 -
(3] =
X 8
n +
g g 30
< g
L S 20
8 3
QN o
b X 10
0
Veh 1 5 10 20 40 25 50 100 Vehicle NAC 6-OHDA NAC +
6-OHDA
Rotenone (uM) 6-OHDA (uM)

Figure 6 Loss of HtrA2 leads to increased accumulation of ROS. (a) Accumulation of ROS is enhanced in HtrA2 KO cells. Immortalized WT and HtrA2 KO MEFs were
stained with H,DCF-DA to measure intracellular ROS, treated with increasing concentrations of 8-OHDA for 3 h and analyzed by flow cytometry. (b) Increased accumulation of
superoxide in HtrA2 KO mitochondria. Immortalized WT and HtrA2 KO MEFs were loaded with the mitochondrial superoxide indicator MitoSOX, treated with increasing
concentrations of 6-OHDA for 3 h and analyzed by fluorescence microscopy (Cellomics KSR reader). (c) Restoration of HirA2 expression reduces the accumulation of ROS as
compared with non-restored cells. Immortalized HtrA2 KO MEFs and MEFs where HirA2 expression was restored were stained with HoDCF-DA. (d) Primary WT, HET and
HtrA2 KO MEFs were stained with H,DCF-DA and treated for 3h (6-OHDA 50 uM, rotenone 10 M and TNFa 25 ng/ml). (€) Thymocytes isolated from WT and HtrA2 KO
animals were stained with H,DCF-DA and treated with increasing concentrations of 6-OHDA or rotenone for 3 h. (f) Immortalized WT and HirA2 KO MEFs were pretreated with
vehicle, NAC (100 M, 2.5 h) and treated with 6-OHDA (50 M, 16 h) or both, stained with propidium iodide (PI) to measure cell death and analyzed by flow cytometry. All data
are presented as mean values + S.D.; n= 3 in each group. Statistically significant values (one-way (a, b, ¢, f) or two-way (d, €) ANOVA with Bonferroni’s post-test) relative to
WT are indicated. *** for P<0.001, ** for P<0.01 and * for P<0.05
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tion of oxidative damage. Importantly, we report here that this
damage occurs also at the level of mitochondrial membrane
lipids, similarly to what has been documented in PD
patients.?®

Transcriptional consequences of enhanced mitochon-
drial stress triggered by loss of HtrA2. The induction of
CHOP expression has been observed earlier in vitro when
unfolded proteins accumulate in the mitochondria:'?
activation of the UPR™ leads to a CHOP-dependent
upregulation of mitochondrial chaperones including Hsp60,
Hsp10 and CIpP, forming a feedback mechanism that acts to
clear mitochondria of unfolded proteins. Our study provides
the first in vivo evidence pointing toward an important role for
CHORP in a response initiated through mitochondrial stress.
However, we failed to detect any changes in Hsp60 or ClpP,
suggesting that the transcriptional changes in the brain of
HtrA2 KO mice are temporally or qualitatively distinct from
activation of the reported UPR™.'2

The transcription factor CHOP has been implicated as a
mediator of apoptosis in the context of oxidative stress,?”:2
and was shown to be a target of mitochondrial ROS in cultured
cells.?® Recently, oxidative stress elicited through 6-OHDA
treatment was shown to lead to the induction of CHOP,?*
therefore placing the generation of ROS upstream of
transcriptional changes. However, it is interesting to note that
we detected an increase in peroxidized lipids in mitochondria
obtained from both livers and brains of HtrA2 KO mice,
whereas the upregulation of CHOP was selective to the brain
and not observed in the liver or any other organ. We therefore
reason that any ROS-dependent induction of CHOP might be
selective to particular cell lineages.

Table 3 Levels of peroxidized lipids in mitochondria derived from control and
HtrA2 KO animals

Lipid species m/z Liver Brain
(WT/KO) (WT/KO)
Ultraperoxidized arachidonate 381 25/107 ND
Ultraperoxidized arachidonate 365 170/280 355/780
Lipoxin-like 353 8/53 ND
Lipoxin-like 331 8/43 25/125
Arachidonate 301 17/40 27/60

Mitochondria were isolated to high purity from WT and HtrA2 KO liver and brain
tissue. Quantitative analysis was performed by mass spectrometry to determine
the amount of peroxidised lipids. The data were normalized to the major
phosphatidyl choline, that is PO-PC (m/z 758), which was in turn normalized to
other reference ions like (m/z 685). m/z: mass-to-charge ratio

We determined that a transient stimulus with neurotoxins
such as rotenone, 6-OHDA or MPP + modulates a similar
subset of genes found upregulated in the brain of HtrA2
KO mice, namely genes of the ISR. However, target genes of
the UPRER were not significantly modulated. In agreement
with this, CHOP upregulation was detected in animals
treated with neurotoxins, but no evidence for UPRER activa-
tion could be detected, suggesting that also these drug-
induced animal models of parkinsonism might primarily
be characterized by activation of the ISR alone. It is noted
that oxidative stress has been shown earlier to lead to
induction of the ISR and concomitant upregulation of CHOP
expression without activation of the UPRER in neuronal
cells,?® suggesting that deregulation of this pathway might
be common in the development of neurodegenerative
diseases.

In response to ER stress, IRE1, ATF6 and PERK are
activated, with PERK leading to induction of the ISR, which
can also be activated by other stresses, such as oxidative
stress, starvation, viral infection and so on (Supplementary
Figure S1). For ER stress, it has recently been shown that
IRE1 signaling is protective but transient, whereas persistent
activation of PERK and the ISR in the absence of sustained
IRE1 signaling leads to cell death in a model of retinitis
pigmentosa caused by mutant rhodopsin.2® In HtrA2 KO mice,
we similarly observe ISR activation/CHOP induction leading
to enhanced neuronal cell loss, although we failed to detect
any evidence of upregulation of the ER chaperones such as
BiP (data not shown).

CHOP as a molecular marker and effector of
parkinsonian neurodegeneration. It is striking that the
transcriptional activation of CHOP in HtrA2 KO mice was
detected exclusively in the brain even though loss of HtrA2
leads to generalized cellular dysfunction. This could
potentially mirror a higher level of stress in brain due to an
increased demand for mitochondrial function or a decreased
capacity to cope with the stress elicited by loss of HtrA2
function. CHOP is upregulated in neuronal tissues of HtrA2
KO mice, even in areas where no neuronal degeneration is
observed, suggesting that CHOP might represent an early
marker of mitochondrial dysfunction that precedes any
cellular loss. Significantly, we obtained evidence for
enhanced expression of ISR genes CHOP and HERP in a
subset of IPD patients. Additionally, we detected decreased
levels of respiratory complexes in this patient subset,
suggesting that mitochondria dysfunction or possibly
mitochondrial loss might be linked to the induction of these

>

Figure 7 Antioxidants suppress neurodegeneration in HtrA2 KO mice. (a) Antioxidant treatment fails to suppress failure to gain weight in HtrA2 KO mice. Average body
weight of control (HtrA2 WT and HET) and HtrA2 KO animals fed with either milk or milk supplemented with NAC. Mean values + S.E.M.; n=3. (b) Effect of antioxidants on
the locomotor activity of male HtrA2 KO mice measured at P29. Data represented as scatter plot. (¢) Features of localized striatal degeneration at P30 in control, HtrA2 KO
mice and HtrA2 KO mice treated with NAC. Upper panels, NeuN staining, lower panels, inmunofluorescence images showing GFAP staining (green) of astrocytes and
Hoechst staining (purple) of cell nuclei. Scale bar corresponds to 400 :m. (d) NAC treatment of HirA2 KO mice rescues neuronal loss. Density of NeuN-positive neurons in the
area affected by HtrA2 loss at P30 in control, HtrA2 KO and HtrA2 KO mice treated with NAC. (e) NAC treatment of HtrA2 KO mice suppresses caspase-3 activation. Density of
cells staining positive for cleaved caspase-3 in control, HtrA2 KO and HtrA2 KO mice treated with NAC. (f) Inmortalized WT and HtrA2 KO MEFs were treated with vehicle,
NAC (10 mM), 6-OHDA (25 M) or a combination of both for 18 h. Transcript levels of CHOP are shown relative to vehicle control for same genotype. Data in (d, e, f) are
represented as mean values £ S.D.; n=3 in each group. Statistically significant values (one-way ANOVA with Bonferroni’s post-test) relative to vehicle-treated WT are

indicated for (b, d, e, f). *** for P<0.001, ** for P<0.01 and * for P<0.05
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genes. Given that CHOP upregulation is likely to precede Deletion of CHOP delays the neurodegenerative process of
neurodegeneration, CHOP may be an early indicator of HtrA2 KO mice, in line with recent studies showing that CHOP
parkinsonian neurodegeneration in humans. plays an important role in neurodegeneration triggered by
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in PD patients®

ischemia® as well as in a mouse model for Charcot-Marie—
Tooth 1B neuropathy.®' It has recently been demonstrated that
HtrA2 is part of the mitochondrial complex containing the
protease Parl and the Bcl-2-family-related protein Hax-1. This
complex has been proposed to regulate the levels of Bax and
therefore susceptibility to apoptotic cell death. This study showed
that deficiencies in Bax, Bak or Bim suppressed enhanced cell
death of HtrA2-deficient lymphocytes but not the neurodegen-
erative phenotype caused by loss of HtrA2,32 indicating that the
mechanisms of neuronal cell death in the absence of HtrA2 are
distinct from those present in other cells or tissues. In the present
study, we provide compelling data supporting this divergence in
cell death mechanisms, demonstrating that cell death in the
brains of HirA2 KO animals involves transcriptional changes in
gene expression and CHOP activation.

In the absence of HirA2, cumulative build-up of oxidative
damage occurs. Failure to control the effects of oxidative stress
causes further amplification of ROS accumulation by impairing
normal respiratory processes. Consequently, activation of
stress response-specific genes characteristic for an ISR takes
place presumably to protect against stress. However, activation
of antioxidant mechanisms or induction of protective mitochon-
drial chaperones could not be detected. Thus, prolonged
activation of stress transcriptional factors in the absence of
upregulation of protective mechanisms appears to have a
detrimental effect and contributes to cell death.

The HirA2 KO mouse is the first genetic mouse model
suffering from a neurodegenerative phenotype that shows
upregulation of CHOP, interestingly specifically in the brain. A
model can thus be proposed whereby HtrA2 modulates the
levels of unfolded proteins in the mitochondria and oxidative
stress. Loss of HirA2 compromises this pathway leading to
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enhanced accumulation of unfolded proteins, increased
oxidative stress, resulting in expression of CHOP and
modulation of a number of other genes leading to neuronal
cell death (Figure 8). This mouse model of parkinsonism has
permitted insights into human PD, including our observation of
upregulation of CHOP expression in brain tissue of IPD
patients. Our earlier studies indicate that the putative kinase
PINK1 acts upstream of HtrA2 in a mitochondrial stress
sensing pathway that might be defective in PD, and the
possibility exists that the products of other genes implicated in
PD might also influence this pathway. It is attractive to
propose that activation of ISR genes, including CHOP might
be a common feature in PD, in particular when mitochondrial
dysfunction is the main causative agent. We suggest that this
transcriptional response to stress may play an important role
in the progression of neurodegenerative diseases and could
present new therapeutic opportunities.

Materials and Methods

Isolation of mitochondria. Mitochondria were purified from fresh mouse
brains and livers obtained from WT and HtrA2 KO mice in homogenization buffer
(10mM HEPES pH 7.4, 50 mM sucrose, 0.4 M mannitol, 10 mM KCl and 1mM
EGTA) using a two-step differential centrifugation at 600 x g and 3000 x g,
respectively, for 15min at 4°C. The mitochondria-enriched fraction was
resuspended in a buffer containing 20mM HEPES pH 7.4, 0.4M mannitol,
10mM NaH,PO,, 0.5mM EGTA, and used for respirometry experiments or snap
frozen in liquid nitrogen and preserved at —80 °C for further analysis.

Mitochondrial fractionation. Frozen mitochondria isolated from WT and
HtrA2 KO mice were resuspended at a final concentration of 1 mg/ml in lysis buffer
(25 mM Tris-HCI pH 7.4, 300 mM NaCl, 5 mM EDTA, 1 ug/ml chymostatin, 1 ug/ml
leupeptin, 1 1ig/ml pepstatin A and 1 mM PMSF). Subsequently, an equal volume of
lysis buffer containing either SDS (4%) or NP-40 (2, 1, 0.4 or 0.2%) was added to



each sample. Samples were further incubated on ice for 10 min. The NP-40-
insoluble aggregates were pelleted by centrifugation (20000 x g) at 4°C and
resuspended in NuPAGE LDS Sample Buffer (Invitrogen, Paisley, UK). Throughout
the protein extractions, gentle lysis conditions were used?' (samples were kept on
ice in the absence of reducing agents). Proteins were resolved in NuPAGE 4-12%
gradient gels (Invitrogen) and visualized by silver staining (Invitrogen) or separated
on 12% SDS-PAGE gels for western blot analysis using the indicated antibodies.

Flow cytometry. MEFs and primary thymocytes were analyzed using a FACS
Calibur Instrument (Becton Dickinson, Mountain View, CA, USA). Cell viability was
assessed by propidium iodide staining. ROS levels were measured by staining the
cells with 50 M H,DCF-DA (Molecular Probes, Paisley, UK) for 45 min at 37 °C in
HEPES buffer (25 mM HEPES, 15 mM glucose, 120 mM NaCl, 5mM KCl, 1.8 mM
CaClp, 2mM MgCl,, pH 7.4) followed by treatment with 6-OHDA (25, 50 and
100 uM), rotenone (1-40 uM) or TNFa (25 ng/ml) in culture media for 3 h and flow
cytometry analysis.

Mass spectrometry. Lipid extraction from purified mitochondria was
accomplished as described earlier and extracts were analyzed by nano-
electrospray time of flight mass spectrometry using an LCT instrument
(Micromass, Elstree, UK) set in positive ion mode.® A few microliters of the
extracts were injected using capillary voltage at 2250 V and sample cone at 35 V.
Semi-quantitative evaluation of lipid peaks was undertaken using a set of internal
reference ions that maintained equivalent relationships within multiple spectra of the
same sample and showed little variation between WT and HtrA2 KO samples. The
data were normalized to the major phosphatidy! choline, that is PO-PC (mass-to-
charge ratio m/z 758), which was in turn normalized to other reference ions such as
C-24 ceramide (m/z 685).2*

Fluorescence microscopy. MEFs were plated on 24-well dishes loaded
with the superoxide indicator MitoSOX (Invitrogen) at 5 uM in HEPES buffer and
then treated with 6-OHDA for 3h. Cells were then loaded with Hoechst 33342 to
stain the cell nucleus (Invitrogen). Live cell microscopy was performed using a
KineticScan HCS as described earlier.®

Microarray acquisition and analysis. Experiments using Affymetrix
GeneChip MOE430A or Mouse Genome 2.0 (MOE430v2) oligonucleotide arrays
were performed using standard Affymetrix protocols. A complete description
of all procedures is available online at http://www.affymetrix.com/support/
technical/manual/expression_manual.affx and at http:/bioinf.picr.man.ac.uk/mbcf/
protocols.jsp. Probe level intensities were quantile normalized and quantified using
RMA.% Data analysis was performed with the Genespring software version 3.0
(Silicon Genetics, now Agilent, West Lothian, UK) or Bioconductor software™ for the
MEF or cortex brain array, respectively. Probe sets differentially expressed in
rotenone-treated MEFs compared with vehicle-treated cells were identified
separately in WT and HtrA2 KO MEFs by one-way analysis of variance (ANOVA)
using a false discovery rate (FDR) of 0.15. Probe sets differentially expressed in
HtrA2 KO cortex tissue compared with WT cortex tissue were identified by one-way
ANOVA using a FDR of 0.05, which returned 792 probe sets. Application of a FDR
of 0.01 did result in the identification of 79 probe sets differentially expressed in
HtrA2 KO cortex tissue. The NCBI GEO accession number for the arrays outlined
here is GSE13035.

GSEA. GSEA was performed using GeneSetTest implemented in
Bioconductor.®® Gene sets tested were curated from rotenone-induced probe
sets in MEFs (this study), the genes induced in MN9D cells by both 6-OHDA or
MPP -+, and additional genes induced by 6-OHDA treatment,"* as well as the
genes induced in an ATF4-dependent manner.'®

Respirometry. Mitochondrial respiration was assayed at 37°C by high-
resolution respirometry using an OROBOROS Oxygraph. The DatlLab software
package (OROBOROS, Innsbruck, Austria) was used for data acquisition (2 s time
intervals) and analysis, including calculation of the time derivative of oxygen
concentration, signal deconvolution dependent on the response time of the oxygen
sensor and correction for instrumental background oxygen flux. Chemical
background correction was performed for ascorbate-TMPD auto-oxidation.
Complex | activity was assayed in MiR05 respiration buffer (20mM HEPES,
10 mM KH,POy,, 110 mM sucrose, 20 mM taurine, 60 mM, K-lactobionate, 0.5 mM
EGTA, 3mM MgCl, x 6H,0, BSA (fatty acid free 1g/l) in the presence of malate
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(2mM), glutamate (10mM) and ADP (5-10 mM)). Complex Il was assayed in
respiration buffer supplemented with rotenone (1 1M), succinate (10 mM) and ADP.
Complex IV was assayed in respiration buffer supplemented with antimycin A
(5 uM) ADP, ascorbate (2mM), TMPD (0.5mM) in the presence or absence of
exogenous cytochrome ¢ (10 uM). ADP was not added for measurement of
respiration in uncoupled mitochondria obtained by one freeze (liquid nitrogen)-thaw
cycle of cortex tissue.

Statistical analysis. Data are represented as mean values and the error bars
indicate + S.D. or +S.E.M. as indicated. Groups were compared by two-tailed
unpaired ttest, and one- or two-way ANOVA using Bonferroni’s post-test using
Prism statistical analysis software (GraphPad Software, La Jolla, CA, USA). The
significance is indicated as *** for P<0.001, ** for P<0.01 and * for P<0.05.
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