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ABSTRACT

The pathogenic mechanism(s) underlying neurodegenerative diseases associated
with protein misfolding is unclear. Several studies have implicated ER stress pathways
in neurodegenerative conditions, including prion disease, amyotrophic lateral sclerosis,
Alzheimer's disease and many others. The ER stress response and upregulation of
ER stress-responsive chaperones is observed in the brains of patients affected with
Creutzfeldt-Jacob disease and in mouse models of prion diseases. In particular, the
processing of caspase-12, an ER-localized caspase, correlates with neuronal cell death
in prion disease. However, the contribution of caspase-12 to neurodegeneration has not
been directly addressed in vivo. We confirm that ER stress is induced and that caspase-12
is proteolytically processed in a murine model of infectious prion disease. To address the
causality of caspase-12 in mediating infectious prion pathogenesis, we inoculated mice
deficient in caspase-12 with prions. The survival, behavior, pathology and accumulation
of proteinase K-resistant PrP are indistinguishable between caspase-12 knockout and
control mice, suggesting that caspase-12 is not necessary for mediating the neurotoxic
effects of prion protein misfolding.

INTRODUCTION

Prion diseases are neurodegenerative diseases of sporadic, inherited or acquired
origin.! While it is firmly established that the key pathogenic event in prion disease is
the misfolding of the prion protein (PrP), the mechanism by which misfolded PrP causes
neuronal dysfunction is poorly understood.>* The common neuropathological hall-
marks of prion disease include widespread vacuolation, glial proliferation, synapse loss,
and deposition of proteinase K-resistant aggregates of PrP> Neuronal cell death and
necrosis have been observed in diverse organisms with prion disease.” Understanding
how protein misfolding causes neuronal dysfunction and death is vital for combating
neurodegenerative diseases and other protein conformational disorders.

Different stress pathways have been implicated in prion toxicity, including oxidative
stress, mitochondrial dysfunction, calcium imbalance and endoplasmic reticulum (ER)
stress.® Growing evidence suggests that the ER is potentially important not only for matu-
ration of PrP, but also for the formation of misfolded and cytotoxic, disease-associated
forms of the protein.8!! Alteration of ER homeostasis correlates with synapse loss and
neuronal death observed in infectious forms of prion disease.!2-14 Furthermore, stress
inducible ER chaperones, such as Grp58 and Grp78/BiP, are upregulated in the brains of
human patients affected with Creutzfeldt-Jacob disease.!?13:15

Accumulating evidence suggests that a cellular overload of misfolded proteins in the
ER can trigger caspase-dependent cell death.!® Caspases are evolutionarily conserved
cysteine proteases that are critical for the cellular commitment to undergo apoptosis.!”
This pathway includes the activation of the ER-localized caspase-12 (C12) in rodents and
its putative human ortholog, caspase-4, in addition to the executioner caspases, caspase-3
and-7.18-20 Furthermore, stable expression of C12 sensitizes cells to ER stress, which is
associated with increased caspase-3 cleavage.?!

Interestingly, it has been observed that C12 is proteolytically processed in the brains
of prion infected mice.!? Given the prior observations of ER stress and C12 activation in
prion disease, we hypothesized that intense ER stress associated with prion toxicity leads to
C12 activation and neuronal cell death. To directly address this possibility, we inoculated
mice deficient for C12 with RML prions and assessed their survival, behavior, pathology
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and accumulation of proteinase K-resistant PrP. We did not observe
any alteration of these disease parameters in C12 knockouts (KO)
compared to controls, suggesting that C12 is not required for prion
pathogenesis.

MATERIALS AND METHODS

Western blotting. Brain homogenates were prepared in glass
dounce homogenizers as 10% homogenates (weight/volume) of
whole brain in PBS from samples frozen at indicated timepoints.
After sonication, large debris were pelleted by low speed centrifu-
gation. Further dilutions were made into RIPA buffer (20 mM
Tris pH 8.0, 150 mM NaCl, 0.1% SDS, 0.5% DOC, 0.5% triton
X-100) containing a protease inhibitor cocktail (Roche) or lysis
buffer (PBS, 150 mM NaCl, 1% Triton X-100 and 1% Tween 20)
without protease inhibitor for proteinase K digests. The equivalent of
30-50 ug of total protein was loaded onto 4—12% SDS-PAGE (Novex
NuPage, Invitrogen), transferred to nitrocellulose membranes, and
analysed by Western blotting. The following antibodies and dilu-
tions were used: 6H4 anti-PrP 1:10,000 (Prionics), SAF83 anti-PrP
1:3000 (Cayman), anti-Caspase-12, 1:5,000 (Exalpha); anti-Grp58,
1:5,000 (StressGene), 1:1,000 anti-phospho JNK and anti-]NK
(Cell Signaling Technology). For proteinase K treatment, 10%
brain homogenates from terminally ill WT or Caspase-12 KOs were
diluted to 1% in lysis buffer and treated with 50 pg/ml proteinase K
(Invitrogen) for one hour at 37°C.

Caspase-12 knockout mice. All animal experiments were approved
by the MIT committee on animal care. Mice were genotyped from
isopropanol extracted DNA isolated from tail clips. C12 KO mice
were previously described (ref. 18) and subsequently backcrossed
to C57Bl/6 for >10 generations. The primers for genotyping were
“TN1” CCAATGAGCACTCTAAAATGATGAACT and “TN2”
TTACAAAACTGATCACGTGGACAAAG for amplification of the
WT allele and “PGKP-1" TTGGCGCTACCGGTGGATGTGGA
ATGTG and TN2 amplify the knockout allele. We noted that C12
knockout females often died while giving birth, so we generated the
mice used in this study by intercrossing mice heterozygous for the
C12 deletion allele.

Prion inoculations. For prion inoculations, brain homogenate
was prepared as a 1% weight/volume suspension from the brains of
terminally ill Rocky Mountain Laboratory Chandler (“RML”) strain
infected mouse brain in PBS + 2% FBS. Prions were inoculated
directly into the brain using a 26 gauge needle. The titer of prions
used was approximately 6.5logLDs;/30ul. The samples shown in
(Fig. 1A) were from RML inoculated CD1 mice (Taconic Farms).

Behavioral analysis. Behavioral analysis was performed essen-
tially as previously described (ref. 22). Briefly, C12 WT and KO
mice (n = 6-9 per group) were singly housed and video recorded
for a single 24 hour light-dark cycle (using dim red lighting
during the dark cycle) beginning at one month post inoculation
(mpi), then at 2, 3, 3.5, 4, 4.5 and 5 mpi video data was analyzed
using HomecageScan 2.0 software (Clever Systems, Inc.). Data in
(Fig. 1C-E) represents the mean and standard error of the mean
pooling across each genotype at each time point. Data is shown
beginning at 3 mpi which is prior to the onset of symptoms in RML
infected C57BL/6 mice.

Neuropathological analysis. Brains were immersion fixed in
formalin, paraffin embedded, and sectioned coronally. Five micron
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Figure 1. ER stress is activated in prion disease. Upregulation of ER stress
markers was determined in prion infected CD1 mice (n = 2 per timepoint)
after inoculation with 6.5loglDs, RML prions. Western blot analysis was
performed to analyze the levels of C12, Grp58, JNK phosphorylation, ERK
phosphorylation, total PrP and proteinase K-resistant PrP. The total level of
INK, ERK, and actin were measured as loading controls. Faint processing
of C12 is visible at 4 months post inoculation (mpi) but more clearly at
4.5 and 5 mpi (active fragments of C12 are indicated by an arrow head).
Phosphorylation of JNK (PJNK) as well as induction of Grp58 was observed
at 4.5 and 5 mpi. Phosphorylation of ERK was observed at 4.5 and 5
mpi. Higher order SDS-resistant PrP species were first visible at 3 mpi and
thereafter (an arrow head marks the migration of monomeric PrP) along with
proteinase K resistant PrP.

sections were stained with hematoxylin and eosin. For GFAP immu-
nostaining, sections were deparaffinized and then incubated in 98.6
degree waterbath at pH 6.0 for 40 minutes, after which the sections
were stained using an automated stainer, using a rabbit anti-cow
GFAP antibody at 1:400 dilution (Dako). A blinded analysis of vacu-
olation and gliosis in the hippocampus, thalamus, striatum, cortex
and cerebellum was conducted.

Statistical analysis. Statistical analysis was performed using
GraphPad Prism. A Wilcoxon rank sum test was used for analysis
of behavioral data and a log rank test was used for analysis of
survival data. No statistically significant (p < 0.05) differences were
detected.

RESULTS

First, we confirmed that Rocky Mountain Laboratory (RML)
prion strain infection of CD1 mice leads to the activation of C12.
Indeed, caspase activation was evident by its proteolytic processing
at the later and end stage of disease, 4.5 and 5 months post
inoculation (mpi.) as previously reported in Figure 1. In addition,
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a progressive upregulation of the ER chaperone Grp58 was observed
after prion infection (Fig. 1). This response was consistent with,
but less robust, than previous reports using a different prion strain,
139A.1213 Phosphorylation of Jun N-terminal kinase (JNK), which
is activated by ER stress?> was induced in prion inoculated mice
at 4.5 mpi (Fig. 1, P-JNK). Furthermore phosphorylation of
extracellular signal-regulated kinase (ERK), another marker of ER
stress>4 was activated at later stages of prion disease (4.5 and 5 mpi)
(Fig. 1). We also tested activation of the p38 MAPK but did not
detect an induction at any stage of prion disease (data not shown).
We noted an increase in aggregated PrP during the course of infec-
tion as indicated by a smear of SDS-resistant higher order oligomeric
structures of PrP using the 6H4 antibody and appearance of
proteinase K-resistant PrP fragments appearing at 3 mpi (Fig. 1).

To determine whether C12 promotes the pathogenesis of infec-
tious prion disease in vivo, we infected mice deficient for C12'8
with prions. This C12 knockout line has no known phenotypes
other than resistance to ER-stress induced apoptosis as previously
described (ref. 18). We inoculated C12 KO (n = 13) and control mice
(n = 26) (which were C12*/* and C12+") intracranially with RML
strain of murine prions (6.5 log LDy /dose) and assessed survival.
Surprisingly, we observed no significant differences in the duration
of time required for the C12 KO and WT groups to succumb to
disease. Median survival was 171 days post inoculation for C12 KO
and 169 days post inoculation for C12 WT (p = 0.13, log rank test)
(Fig. 2).

We also examined the onset of behavioral symptoms using high
resolution automated video-based behavior analysis of home cage
activities, a recently developed technique that robustly distinguishes
between diseased mice inoculated with prions versus mock inocu-
lated controls.?? As previously reported, the symptoms of RML prion
disease in C57BL/6 mice (the strain background used in this study)
include decreased grooming and hanging, as well as hyperactivity
as measured by the percent of total time spent walking. We video
recorded C12 WT and KO mice (n = 6-9 per group) following
prion inoculation. Their behaviors were indistinguishable, grooming
and hanging showed a similar decline (Fig. 3A and B) while walking
showed a similar increase (Fig. 3C), suggesting that deletion of
C12 during prion disease does not alter the brain circuits that are
responsible for the behaviors examined.

In addition, we conducted detailed neuropathological analysis of
C12 KO and control brains at 4.5 and 5 mpi. Their disease state was
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Figure 2. The survival after prion inoculation of C12 WT (either +/+ or
+/-for C12) and KO. The median survival for C12 WT was 169 days and
median survival for C12 KO was 171 days (p = 0.13, log rank test).

first assessed at the light microscopic level by hematoxylin and eosin
staining. Histological analysis of brain sections revealed extensive but
very similar cell damage and vacuolation in C12 KO and WT prion
infected brains compared to uninoculated control brains (Fig. 4A,
i—iii). In addition to promoting ER stress-induced cell death, C12
may function in the inflammatory response.?>2° To this end, we
determined GFAP immunoreactivity, a measure of inflammation in
the brain expressed as GFAP synthesis in reactive astrocytes. GFAP
staining increased during disease progression but was indistinguish-
able between C12 WT and KOs (Figs. 4A, iv—vi).

Finally, we assessed the amount of prion replication in C12 KOs
by western blotting as measured by the accumulation in the brain
of proteinase K resistant PrP, the classic surrogate marker for prion
infection. In terminally ill C12 KO and control brains (n = 5 of each
group), we observed high levels of proteinase K resistant PrP in whole
brain homogenates but no notable differences between C12 KOs and
controls (Fig. 4B).

DISCUSSION

A common feature of many neurodegenerative diseases is the
accumulation of misfolded proteins, which is thought to be linked to
neuronal dysfunction and death.?’2 The pathways leading to neuro-
degeneration have yet to be elucidated for many neurodegenerative
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Figure 3. Behavioral analysis of prion inoculated C12 WT and KO mice (n = 6-9 per group). Mice were single housed and video recorded for 24 hours
and their behaviors were quantitated by Homecagescan 2.0 software. A similar decrease in the amount of time spent grooming (A) and hanging (B) was
observed and a similar dramatic increase in activity as measured by the percent of total time spent walking (C) was observed in C12 WT and KO mice
inoculated with prions. Data is shown as mean values plus standard error of the mean. No statistically significant differences (at a threshold of p < 0.05)
were observed for grooming, hanging and walking (Wilcoxon rank sum test).
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Figure 4. Analysis of spongiform changes in C12 WT and KO brain sections (A, i and iii) show a similar amount of vacuolation, indicated by arrows, in
the hippocampus of prion inoculated mice but no vacuolation in uninoculated mice [C12 WT is shown in (A, i)]. The amount of gliosis was examined by
staining for GFAP, which did not show staining in uninoculated samples [C12 WT is shown in (A, iv)] but showed abundant staining in prion inoculated
samples from C12 WT and C12 KO (v and vi). For all of these parameters, blinded analysis did not reveal any differences between prion inoculated C12
KO and control brains. (B) The amount of proteinase K resistant PrP was assayed in whole brain homogenates taken from prion inoculated C12 WT (n =

5) and C12 KO (n = 5) mice (treated for 50ug/ml PK for one hour at 37C), which all showed ample PK resistant PrP by immunoblotting with SAF83. Total

PrP inputs are shown to ensure equivalent loading.

disorders. Interestingly, disease progression and neuronal loss corre-
late with C12 processing in many different models of neurological
disorders associated with protein misfolding, including Parkinson’,
Alzheimer’s and Huntington’s disease, amyotrophic lateral sclerosis,
and spinocerebellar ataxias.!®19:21:30-34 The processing of C12 has
been observed in prion-diseased brains from diverse species.!? To
our knowledge, our study is the first to address the necessity of C12
in mediating neurodegeneration. Since C12 knockouts inoculated
with RML prions do not show alterations in survival, behavior, or
pathology, C12 is not required for prion pathogenesis. However, it
is possible that inoculation with different prion strains or a lower
dose of prions than that used in our study could have revealed a
subtle protective role for C12 deletion. Our results do not rule out
ER stress as a pathogenic mechanism in prion disease, in that there
may be compensatory mechanisms for induction of cellular death or
damage in C12 knockout mice. A very recent study of prion disease
in neuronal knockouts of the transcription factor XBP-1, which is a
key mediator of the unfolded protein response and activated in prion
infection, showed no alterations in prion pathogenesis disease using
the 139A murine prion strain.>

Many in vitro and in vivo models have been developed to under-
stand the molecular basis of prion neurotoxicity. Yet at present, there
is conflicting evidence-possibly due to differences in the etiology of
the disease in various model systems-on the role of apoptotic cell
death in prion diseases. Studies by Chiesa et al.¢ utilizing a trans-
genic mouse expressing a familial mutant PrP support a role for Bax
in promoting the execution of apoptotic cell death. In a different
model of prion toxicity, where a truncated PrP mutant (PrPA32-134)
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shows cerebellar toxicity only in a PrP null background,?” apoptotic
pathways are also implicated. Two groups report a delay in disease
onset and neuronal death in PrPA32-134 transgenic mice deleted
for Bax?® or overexpressing Bcl-2.37 Moreover, Heitz, et al. provide
evidence that Purkinje cell loss is mediated by Bax/Bcl-2 cell death
pathways in a related model in which the PrP homolog, doppel, is
ectopically expressed in the brains of PrP deficient mice*4!
Dong et al. have opposing results.*?

whereas

In infectious forms of prion disease, the apoptotic pathways
mediated by Bax are unlikely to play a major role. Inoculation of
Bax KO mice with a BSE derived prion strain did not alter survival
or pathology.®3 Also, Bax deletion or transgenic over expression of
Bcl-2 specifically in neurons does not protect and may even subtly
enhance several aspects of RML prion-mediated neurodegenera-
tion.* Tt is likely that both apoptotic and nonapoptotic forms of cell
death are activated in prion disease in a context dependent manner.
Teasing apart the causal pathways of prion neurotoxicity, and that
of other misfolded proteins, remains an enormous challenge in
neurodegenerative disease research.
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