In addition, the expression levels of the prosurvival pro-
teins pCREB and BDNF also increased in gad mice.
Consistent with these results, caspase-3 expression was
suppressed in gad mice. Cryptorchid testes of Uch3
knockout mice showed slightly increased exprassion of
the apoptotic proteins p53, Bax, and caspase-3 after
injury, although similar increases were also observed in
wild-type control mice. In total, these results suggest that
UCH-L1 plays a role in balancing the expression of ap-
optesis-inducing and apoptosis-protecting proteins. In
contrast, UCH-L3 seems to resist germ cell apoptosis
after cryptorchid injury.

Recent studies demonstrate that many molecules in
the celluler apoptosis machinery, such as p53,%%4' Bgl-2
family,*243:54 X|AP 52 and caspase* members, are tar-
gets for ubiquitination.®® This suggests that ubiguitination
is one of the major mechanisms by which apoptotic cell
death is regutated. UCH-L1 has been suggested to as-
sociate with monoubiquitin,'® and the monoubiquitin poot
is reduced in gad mice relative to wild-type mice. Protec-
tion from cryptorchid injury was reported in testes of mice
expressing a mutant K48R ubiquitin,®® suggesting that
ubiquitin plays a critical role in processing or modulating
testicular insults. Normally, damaged proteins are poly-
ubiguitinated and degraded via the ubiquitin-proteasome
system; however, if damaged proteins are not degraded
as easily when monoubiquitin is either depleted or mu-
tated, then germ cell death could be delayed.'”22 Qur
results with the gad mouse suggest that ubiquitin induc-
tion plays a critical role in regulating cell death during
cryptorchid injury-mediated germ cell apoptosis.

Uch!3 knockout mice exhibit severe retinal degeneration,
suggesting that the UCH-L.3-mediated ubiquitin pathway is
invalved in retinal homeostasis.® In the cryptorchid testes
of Uchi3 knockout mice, however, the profound testicular
weight reduction and germ cell apoptosis after injury.cannot
be explained by ubiquitin induction alone. Qur present re-

| UCH—LG]

&“‘”"a Degradatipn
R N

I Apoptosis l

Figure 8. Differentia! function of the two UCH isozymes in response to
experimentzl cryptorchidism. UCH-13 has specificity for Nedds. Cryptorchid
injury results in protein damage and the accumulation of NeddS-conjugated
proteins. The accumulation of Nedd8-conjugated proteins in Tchi3 knockout
mice may contribute to profound germ cell loss via apoptosis. Hence,
UCH-L3 might function as an anti-apeptotic regulator. UCH-L1 is involved in
the muintenance of monouhiquitin levels. A deficiency in monoubiquitin
results in delayed polyubiquitination and the aceunwulation of short-livec
proteins after cryptorchid injury. Hence, UCH-L1 may function as a regulator
of apoptosis.
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sults show that Uchi3 knockout and wild-type mice have
simitar ubiquitin expression level in the testes, suggesting
that UCH-L3 has another nonhydrolase activity in the ubi-
quitin-proteasome system. UCH-L3 alsa binds and cleaves
the C-terminus of the ubiguitin-like protein, Nedds.1458 This
activity is unique to UCH-L3 because UCH-L1 does not
cleave Nedd8. Thus, UCH-L3 appears to have dual affini-
ties for ubiquitin and Nedd8. Our present results show that
Nedd8 is strongly induced in scrotal testes of Uchi3 knock-
out mice compared with those of wild-type mice (Figure 7).
Cryptorchid testes of both Uchi3 knockout and wild-type
mice showed Nedd8 induction after injury, although the
induction was higher in Uchi3 knockout mice. These obser-
vations suggest that UCH-L3 may function as a deneddy-
lating enzyme'® in vivo, although further studies are neces-
sary to clarify whether UCH-L3 interacts with Nedd8 during
spermatogenesis,

In the present study, we demonstrate apparent recipro-
cal functions for the two deubiquitinating enzymes, UCH-L1
and UCH-L3, with respect to mediating injury after experi-
mental cryptarchidism {Figure 8). Our results advance our
understanding of the role of the ubiguitin-proteasome sys-
tem in regulating apoptosis, and provide a unique opportu-
nity for effective therapeutic intervention.
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Abstract

Recent studies suggest that the disease isoform of prion protein (PrP%) is non-neurotoxic in the absence of cellular isoform of prion
protein (PrPC), indicating that PrPC may participate directly in the neurodegenerative damage by itself, Meanwhile, transgenic mice harboring
a high-copy-number of wild-type mouse (Mo) PrP¢ develop a spontaneous neurological dysfunction in an age-dependent manner, even
without inoculation of PrP® and thus, investigations of these aged transgenic mice may lead to the understanding how PrPC participate in the
neurotoxic property of PrP. Here we demonstrate mitochondria-mediated neuronal apeptosis in aged transgenic mice overexpressing wild-
type MoPrP¢ (Tg(MoPrP}4053/FVB). The aged mice exhibited an aberrant mitochondrial localization of PrPC concomitant with decreased
proteasommal activity, while younger littermates did not. Such aberrant mitochondriat localization was accompanied by decreased mitochondrial
manganese superoxide dismutase (Mn-SOD) activity, cytochrome ¢ release into the cytosol, caspase-3 activation, and DNA fragmentation,
most predominantly in hippocampal neuronal cells. Following cell culture studies contirmed that decrease in the proteasomal activity is
fundamental for the PrPC-related, mitochondria-mediated apoptosis. Hence. the neurotoxic property of PrPC could be explained by the
mitochondria-mediated neuronal apoptosis, at least in part.
© 2004 Elsevier Ireland Ltd. All rights reserved.

Kevwords: PrPC; Proteasomal aclivity; Mitochondrial focalization: Superoxide dismutase activity: Mitochondria-mediated apopiosis

The posttranslational conformational change of the cellu-
lar isoform of prion protein (PrPC) into its scrapie isoform
(PrP5¢) is the fundamental process underlying the pathogen-
esis of prion diseases [24], but the molecular events through
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which prion infection and the resulting accumulation of PP
lead to the neuronal dysfunction, vacuolation, and death that
characterize prion pathology remain unclear [6].
Emportantly, PrP3¢, the disease isoform of PP, seems to
be non-neurotoxic in the absence of PrPC, suggesting that
PrP® may participate directly in the prion neurodegenera-
tive damage by itself, and the cellular pathways activated by
neurotoxic forms of PrP that wltimately result in neuronal
death are also being investigated, and several possible mech-
anisms have been uncovered [6]. For example, cross-linking
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PrPC in vivo with specific monoclonal antibodies was found
to trigger neuronal apoptosis, suggesting that PrPC functions
in the control of neuronal survival [26]. In fact, neural tis-
sues overexpressing PrPC grafted into the brains of PrPC-
deficient mice develop the severe histopathological changes
characteristic of prion disease when infected with priens, but
no pathological changes were seen in PrPC-deficient tissue,
not even in the immediate vicinity of the gratts despite the
presence of high levels of PrPS¢ [2]. In addition, interrup-
tion of PrPC expression during an ongoing prion infection
prevents neuronal loss and reverses early spongiform change
[16]. The continued accumulation of PrP3€ in this model after
neuronal PrPC depletion is likely to reflect prion replication
predominantly in both microglia and astrocytes glial cells
without PrPC depletion, which support PrPS€ replication. The
PrPS¢ deposits colocalize with astrocytes in the brains of in-
fected mice with neuronal PrPC depletion, which was not
seen in scrapie-infected control animals without PrP deple-
tion. The fact that these mice remain asymptomatic indicates
that even extensive extraneuronal PrPS¢ replication does not
cause clinical disease or neurodegeneration in this model.
Thus, neuronal PrPC seems to be fundamental for the neuro-
toxic property of PrP even in the PrPS°-infected conditions,
but the detailed molecular events especiatly with non-mutant,
wild-type PrPC still remained unclear.

Meanwhile, aged transgenic mice harboring a high-copy-
number of wild-type PrP-B transgenes spontaneously de-
veloped mitochondrial encephalomyopathy including focal
vacuolation of the central nervous system, skeletal muscles
and peripheral nerves without PrP inoculation [28]. Such
focal vacuolation was localized to the hippocampus, the su-
perior colliculus, and midbrain tegmentum, which resembled
that seen in experimental scrapie, albeit less intense. Other
transgenic lines harboring a high-copy-number of wild-type
PrP transgenes also exhibited spontaneous neurological dys-
function in an age-dependent manner [21,27]. For example,
transgenic mice overexpressing the wild-type mouse (Mo)
PrP-A gene (Tg(MoPrP}053/FVB) used in this study be-
came symptomatic at around the age of 700 days, although
no pathological evidence for prion diseases was evident {27].

Since no PrP% has been inoculated in these mice, investiga-
" tions of these aged transgenic mice overexpressing wild-type
PrP€ may lead to the better understanding how PrPC partici-
pate in the neurotoxic property of PrP.

Here we show that the Tg(MoPrP)4053/FVB mice
exhibited an aberrant mitochondrial localization of PrPC ac-
companied by decreased mitochondrial manganese superox-
ide dismutase (Mn-SOD) activity, cytochrome ¢ release in
the cytosol, caspase-3 activation, and DNA fragmentation,
concomitant with decreased proteasomal activity in an age-
dependent manner, -

Teg(MoPrP)4053/FVB and its littermate were kindly pro-
vided by Dr. S$.B. Prusiner {Univérsity of California, San
Francisco). Antibodies K3 and K4 against PrP were rab-
bit polyclonal sera raised against PeP peptides correspond-
ing to residues 76-90 and 96-110 in MoP(P, respectively.

Anti-cytochrome ¢ and anti-porin antibodies were purchased
from BD Biosciences. Anti-Hsc70 antibody was purchased
from Stressgen Biotechnologies Corporation. Mitotracker
Red CMXRos was purchased from Molecular Probes. Lac-
tacystin, ALLN, and MG132 were purchased from Sigma.
The AWm detection kit and APO-BrdU TUNEL assay kit
were purchased from Trevigen Inc. and Molecular Probes,
respectively. Antibodies were used at 1:1000 {Western blot-
ting} or 1:100 (immunofluorescence microscopy) unless oth-
erwise noted. For immunc-electronmicroscopy, 10nm golds
were purchased from DAKO.

Cells or brains were homogenized with 9 volumes of mito-
chondrial buffer (220 mM mannitol, 70 mM sucrose, 10 mM
Hepes-KOH, pH 7.4, and 0.1 mM EDTA) and centrifuged at
700 x g for Smin at 4°C, and the supernatant was further
centrifuged at 5000 x g for 10 min at 4 °C. The supernatant
was used as a post-mitochondrial supernatant. The resulted
pellet was washed three times with mitochondrial buffer, re-
suspended in 9 volumes of the same buffer, and then cen-
trifuged at 2000 x g for 2 min at 4°C followed by 5000 x g
for 8 min at 4 °C. The pellet was resuspended in 9 volumes of
the same buffer, and then centrifuged at 5000 x g for 10 min
at 4°C. The final pellet was recovered and stored on ice until
use {mitochondrial fraction). The post-mitochondrial super-
natant was further centrifuged at 100,000 x g for I hat4°C,
and the supernatant was used as cytosolic fraction, and the
pellet was resuspended in mitochondrial buffer (microsome
fraction). Western blots were performed at 5 g of total pro-
tein/lane.

Mitochondrial manganese  superoxide  dismutase
(Mn-SOD) and cytosolic copperfzinc SOD {Cu/Zinc-SOD)
activities were measured by the SOD assay kit (Dojindo
Molecular Technologies, Inc.), and cytosolic glutathione
(GSH) was measured by the Glutathione quantification kit
(Dojindo Molecular Technologies, Inc.) according to the
manufacturer’s instructions. Caspase-3 activity was mea-
sured using the PARP Western Blot Kit {(WAKO) according
to the manufacturer’s instructions. DNA fragmentation was
measured by the TUNEL assay (ApopTag® Peroxidase /1t situ
Apoptosis Detection Kit, CHEMICON International), which
was performed according to the manufacturer’s instructions
before being visualized with an Olympus CX40 (Olympus
Optical Co., Ltd.). Sections were counter-stained by 0.5%
methy!l green (WAKO) in 0.1 M sodium acetate (pH 4.0).

Proteasomal activity assay was performed as previously
described [3,9,31].

Tg(MoPrP)4053/FVB harboring a high-copy-number of
wild-type PrP-A transgenes at the age of 520 days (TG320)
and an age-matched non-transgenic littermate {WT520)
showed similar migration rates of PrPC on poly acrylamide
gel electrophoresis and Western blotting using anti-PrP-
antibody K4 (Fig. 1A, PK(-)). As increased resistance to
protease K digestion is often a feature of PrP5¢, this was ex-
amined in TG520 and WT520. No resistance to proteinase K
digestion was detected in any of these mice (Fig. 1A, PK(+)).
Histological examinations of the TG520 brains including
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Fig. 1. PrPC is localized to the mitochondrial fraction in Te(MoPrP)4053/FVB overexpressing wild-type PrPC, WT520: non-transgenic littermate at the age
of 520 days. TG52Q: Tg(MoPrP)4053/FVB at the age of 520 days. WT50: non-transgenic littermate at the age of 50 days. TG50: Tg(MoPrP}4053/FVB at the
age of 50 days. (A) Western blot analysis and resistance to proteinase K digestion of PreC in WT520 and TG520. PK(~): Western blot analysis with anti-PrP
antibody K4. Bands derived from PrPC appear to be normal. PK(+): resistance to proteinase K digestion. Five hundred microliter of brain homogenates (5 p.g
of total protein/lane) were digested with proteinase K (20pug/ml, Sigma) at 37 C for 1 h followed by centrifugation at 100,000 x g for { h at 4 ‘C and the
resuspended pellet was loaded onlo the gels. No resistance to proteinase K digestion is detected. Mr: molecular weight marker. (B) Immuno electron microscopy
{30,000} detects PrPC with anti-PrP K3 (10 nm golds) in the mitochondria of neuronal ¢cells in TGS520. (C) Total brain homogenates of TGS520 exhibit aberrant
localization of overexpressed PrPC, whereas those of WT50, WTS20 and TG30 do not. Western blot analysis with anti-PrP antibody K4 (1:1000). Anti-porin
antibody (1:1000) was used as a mitochondrial (Mt) marker, anti-BiP antibody (1:1000) was used as a microsome (Ms) marker, and anti-Hsc70 antibody

{1:1000) was used as a cytosolic (Cyt) marker.

dentate gyrus, hippocampus, other cerebral cortices, basal
ganglia and cerebellum by hematoxylin and eosin as well as
methyl green-pyronin staining revealed no apparent patho-
logical evidence in the brain sections of WT520 and TG520
(data not shown).

Since older transgenic mice (not inoculated with PiP5c)
that harbor a high-copy-number of wild-type PrP-B trans-
genes develop mitochondrial encephalomyopathy including
focal vacuolation of the central nervous system, skeletal mus-
cles and peripheral nerves [28], we set out to determine
whether PrPC could be detected in the mitochondrial frac-
tion of TG520. Although the TG520 appeared clinically and
histologically normal, they exhibited aberrant mitochondrial
localization of PrP€ as determined by immuno electron mi-
croscopy; immunogold-labelled PrPC localized at the mito-
chondria of the granular cells in the hippocampal dentate
gyrus of TG520 but not of WT520 (Fig. 1B). Such aberrant
mitochondrial localization of PrPC was further confirmed in
TG520 by Western blotting using a subcellular fractionation,
whereas younger non-transgenic littermate at the age of 50
days (WT350), WT520, and younger Tg{MoPrP}4053/FVB at
the age of 50 days (TG50) did notexhibit the feature (Fig. 1C).

The oxidative stress leads to dysfunctions of the respira-
tory enzymes and the depletion of ATP followed by a de-
crease in reduced glutathione (GSH) concentration, which
triggers the cycle of oxidative stress, mitochondrial dysfunc-

tion, and further antioxidant depletion. Exposure of tissue
to oxygen free radicals results in lipid peroxidation, protein
oxidation and DNA damage, which is in concert with “apop-
tosis™. In order to prevent such damages, mammalian cells are
equipped with both non-enzymatic and enzymatic scaveng-
ing systems to eliminate oxygen free radicals, anti oxidant
enzymes, i.., SOD, catalase, and glutathione peroxidase are
essential to cells in removing O»~ and hydrogen peroxide
(H2037) from the tissues exposed to oxidative stress. There-
fore, we next examined mitochondrial Mn-SOD as well as
cytosolic Cu/Zn-SOD activities.

The mitochondiial Mn-SOD activity decreased signifi-
cantly in TG520 compared to that in WT50, TG50, or WT520
{Fig. 2A), whereas no significant difference in the cytosolic
copper/zinc SOD (Cu/Zn-SOD) activity was observed among
them (Fig. 2B). Furthermore, cytosolic GSH level was dra-
matically decreased in TG5320 but not in WT50, TG50, or
WT520 (Fig. 2C). These results indicated that mitochondria-
localized PrPC induced oxidative stress in TG520.

Subsequently, release of cytochrome ¢ from the inner-
membrane space into the cytosol (Fig. 3A), caspase-3 ac-
tivation (Fig. 3B}, and DNA fragmentation (Fig. 3C) were
observed in TG520 brain, whereas no release of cytochrome
¢/ DNA fragmentation but faint caspase-3 activation was
detected in WT520 brain (Fig. 3A-C). Serial specimens
of TGS520 and WT520 brains were further examined by
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Fig. 2. Mitochondria-localized PrPC induces oxidative stress in TGS20. (A} Mitochondrial manganese superoxide dismutase {(Ma-50D) and (B) cytosalic
copperizine SOD (Cw/Zinc-SO0) activities. The Mn-SOD activity decreases significantly in TG520 compared to that in WT50. TGS50 or WT320, whereas the
cytosolic Cu/Zn-SOD activily remained similar among them. Error bars represent mean % $.D. (C) Cytosolic glutathione (GSH) level is dramatically decreased
in TGS520 but not in WTS0. TG5O, or WT520. Error bars represent mean £8.D.

the TUNEL assay (Fig. 3D). As shown, the TUNEL assay
showed that the DNA fragmentation most predominantly in
granular cells in the hippocampal dentate gyrus and to a lesser
extent pyramidal cells in the CAl and CA2 regions of TG520
(Fig. 3D).

In an age-dependent development of other aggregation
disorders, the accumulation and aggregation of the disease
related-proteins are associated with an age-dependent de-
crease in proteasomal activity and are promoted by inhi-
bition of proteasomal activity [31]. Therefore, it is also
likely that such aberrant mitochondrial localization requires
PrPC retained in the cytoplasm with the proteasomal ac-
tivity decreased. Therefore, the hydrolysis of Suc-Leu-Leu-
Val-Tyr-4-methyl-coumaryl-7-amide {Suc-LLVY-MCA) by
chymotrypsin-like proteasomal activity in brain homogenates
of WTS50, WT520, TG50, and TG520 was then investi-
gated. As expected, proteasomal activity of both transgenic
mice Tg{MoPrP)4053/FVB and non-transgenic littermate de-
creased with increasing age (Fig. 3E).

The posttranslational conformational change of PrP® into
PrP3¢ is the fundamental process underlying the pathogene-

sis of prion diseases [24]. Many concurrent reports have sug-
gested that PrP© may play a role in neuronal survival or death.
The removal of serum from cells in culture causes apoptosis
in PrPC-deleted cells but not in wild-type cells {13]. PrP€
also inhibits Bax-mediated neuronal apoptosis in human pri-
mary neurons [1]. The binding of a ligand to PrPC transduces
neuroprotective signaling through a cAMP/PKA-dependent
pathway. Therefore, PrPC may function as a trophic receptor
whose activation results in a neuroprotective state [5].

On the other hand, misfolded Prb€ is subject to degrada-
tion by proteasomes. Like many misfolded secretory proteins
112,231, it is recognized in the ER and subject to retrograde
transport to the cytoplasm and degradation by the protea-
some [11,14,29,30). Or, a small fraction of PrP chains is
not translocated into the ER lumen during synthesis, and is
rapidly degraded in the cytoplasm by the proteasome as far
as proteasome function remains normal [8]. As proteasome
function gradually decreases with age over a very long period
or with inhibitors in the case of cultured cells, PrPC over-
flows in the cytoplasm, targeted to the mitochondna, which
subsequently induces the mitochondria-mediated apoptosis.
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Fig. 3. Neuronal apoptosis in the TG520 brain. (A) Measurement of cy-
tochrome ¢ released into the cytosol. Western blot analysis with anti-
cytochrome ¢ antibody detects cytochrome ¢ in the cytosol of the TG520
but not WT520 brain. Mt: mitochondria! fraction, Ms: microsome fraction,
Cyt: eytosolic fraction. (B) Caspase-3 activation in TGS520 brain. Brain ho-
mogenates {5 pg of total protein/lane} of younger WT50 and TG50 do not
exhibit caspase-3 activation. Note that a faint band is detected in WT520
brain. The 85 kDa bands corresponding to the degradation products of poly
ADP-ribose polymerase (PARP, {16 kDa) is a measure of caspase-3 activity.
(C) DNA fragmentation in brain homogenates of TG520 is shown (I pg of
genomic DNA/lane). Brain homogenates of WT520 show no DNA fragmen-
tation. Genomic DNA«s were applied onto 1% agarose gel. (D) Serial frozen
sections of total brains {teft panels) and the hippocampal regions (right pan-
els, 40x, lower right corner panels, 400x ) were made. Top panels: WT3520.
Bottom panels: TG520, Neuronal apoptosis (brown) is evident in the bottom
panels as compared with the top panels. (E) Age-dependent decrease in brain
proteasomal activity. Chymotrypsin-like proteolytic activity was assayed in
brain homogenates (1 g of total proteinfassay) of WTS0, TG5O, WT520,
and TGS520. Error bars represent mean=£S.D. (n=13).

In fact, accumulation of PrPC in the cytoplasm is known to be
strongly neurotoxic in both transgenic mice overexpressing
the cytosolic form of PrPC [ 15] and cyclosporin A-treated cul-
tured cells [7]. In these systems, PipC expression enhances
staurosporine-stimulated neuronal toxicity and DNA frag-
mentation, caspase-3-like activity and p53 transcriptional ac-
" tivities, all of which suggests that PrPC sensitizes neurons

to apoptotic stimuli through caspase-3-mediated activation
{20]. Proteasome inhibitors increase PrPC-like immunoreac-
tivity and unmask basal caspase-3 activation [19].

Despite these efforts, little is known about the PrPC lo-
calization and its metabolic fate in the cytoplasm. Ma et al.
reported that PrP accumulated in the cytoplasm when protea-
somal activity was compromised, and PrPC formed aggre-
gates, often In association with Hsc70 [14]). With prolonged
incubation, these aggregates accumulate in an “aggresome”-
like state, surrounding the centrosome. Contrary to this re-
port, other investigators reported there was a prominent shift
in the intracellular locations of PrP immunostaining, but there
was no “aggresome”-like PrP accumulation in the centro-
some region [29]. The PrP signal was especially pronounced
around the nucleus, and this signal only partially overlapped
with both ER (calnexin, BiP and concanavalin A) and Golgi
{wheat germ agglutinin). Thus, further examination has been
awaited for determining the precise intracellular localization
of PrPC in the cytoplasmic face.

With an artificial PrP peptide corresponding to PrP
residues 106-126 [PrP(106~126)], chronic exposure of pri-
mary rat hippocampal cultures to micromolar concentrations
of the peptide induces neuronal death with DNA fragmenta-
tion in degenerating neurons, having indicated apoptotic cell
death [10]. The earliest detectable apoptotic event was the
rapid depolarization of mitochondrial membranes, occurring
immediately following treatment of cells with PrP(106-126).
Subsequently, cytochrome ¢ was released and caspase-3 was
activated. It has also been demonstrated that the fusogenic
peptide PrP(118-135) induced time- and dose-dependent
apoptosis in rat cortical and retinal neurons that included
caspase-3 activation and DNA condensation/fragmentation
[4,22]. These results have implicated mitochondria as the pri-
mary site of action [18]. Unfortunately, this implication has
been restricted to the cell death with the artificial PP pep-
tides, and thereby further illustrates the significance of our
current observations in terms of the neurotoxic property of
wild-type PrPC in vitro and in vivo.

There are potentially other mechanisms involved in neu-
rotoxicity of the PrP3c-infected conditions, for example as-
trocytes, microgliaf cells and cytokines [17,25]. The acti-
vation of glial cells, which precedes neuronal death, and
subsequent release of cytokines/chemokines may also con-
tribute directly or indirectly to the neuronal cell death in
prion diseases. In mutant PrPC metabolism, on the other
hand, the ER also seems to play another important role as
well. Mutant PrP{Q2 | 7R} remains associated with the chap-
erone BiP at the ER for an abnormally long perod of time
and is degraded by the proteasomal pathway [11]. Nonethe-
less, our current observations suggest that wild-type PrPC
participate in the prion neurodegenerative cascade through
the mitochondria-mediated events, at least in part. At the
same time, the segregation of the infectious and neurotoxic
properties of PrP suggests a new therapeutic strategy since
prevention of mitochondrial mislocalization of PrP€ can be
regarded as putative therapeutic targets aimed at protecting
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cells from mitochondria-mediated apoptosis, even though the
prion infection is not fully preventable.
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Abstract

A pathogenic truncation of an amber mutation at codon 145 (Y1458TOP) in Gerstmann-Straussler-Scheinker disease (GSS) was
investigated through the real-time imaging in living cells, by utilizing GFP-PrP constructs. GFP-PrP(1-144) exhibited an aberrant
localization to mitochondria in mouse neuroblastoma neuro2a {N2a) and HpL3-4 cells, a hippocampal cell line established from
prip gene-ablated mice, whereas full-length GFP-PrP did not. The aberrant mitochondrial localization was also confirmed by Wes-
tern blot analysis. Since GFP-PrP(1-121), as previousty reported, and full-length GFP-PrP do not exhibit such mitochondrial local-
ization, the mitochondrial localization of GFP-PrP(1-144} requires not only PrP residues 121-144 (in human sequence) but also
COOH-terminal truncation in the current experimental condition. Subsequently, the GFP-PrP(1-144) induced a change in the mito-
chondrial innermembrane potential (A%,,), release of cytochrome ¢ from the intermembrane space into the cytosol, and DNA frag-
mentation in these cells. Non-fluorescent PrP(1-144) also induced the DNA fragmentation in N2a and FpL3-4 cells after the
proteasomal inhibition. These data may provide clues as to the molecular mechanism of the neurotoxic property of Y145STOP
mutation. Furthermore, immunoelectron microscopy revealed numerous electron-dense deposits in mitochondria clusters of
GFP-PrP{1-144)-transfected N2a cells, whereas no deposit was detected in the cells transfected with full-length GFP-PrP. Co-local-
ization of GFP/PrP-immunogold particles with perin-immunogold particles as a mitochondrial marker was observed in such
electron-dense vesicular foci, resembling those found in autophagic vacuoles forming secondary lysosomes. Whether such elec-

tron-dense deposits may serve as a seed for the growth of amyloid plagues, a characteristic feature of GSS with Y145STOP, awaits
further investigations.

© 2004 Elsevier Inc, All rights reserved.

Keywards: Cellular prion protein; Green fluorescent protein; PrP Y1458TOP mutation; Mitochondrin-mediated apoptosis: PrP-containing
deposils

Prion protein (PrP) consists of two isoforms, one is a
host-encoded cellular isoform (PrP%) and the other is an
abnormal protease-resistant pathogenic isoform (PrP*),
of which the latter is a causative agent of prion disease,

* Corresponding author. Fax: +81 42 346 1748,
E-mail address: kaneko@ncnp.go.jp (K. Kaneko).
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PrP% stimulates the conversion of PrPC into nascent
PrP%, and the accumulation of PrP* leads to central
nervous system dysfunction and neuronal degeneration
both in humans and animals {1} The human prion dis-
eases include kuru, Creutzfeldi-Jakob disease, Gerst-
mann-Straussler-Scheinker disease (GSS), and f{atal
familial insomnia [2,3],
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We previously demonstrated the microtubule-associ-
ated intracellular localization of the NHj-terminal fluo-
rescent PrP® fragment [4] in mouse neuroblastoma
neuro2a (N2a) and HpL3-4 cells, a hippocampal cell line
established from prap gene-ablated mice [5], by utilizing
double-labeled PrP<. We detected NH-terminally fluo-
rescent-tagged PrPC predominantly in the intracetlular
compartments, COOH-terminally fluorescent-tagged
PrP< mostly at the cell surface membranes overlapping
with lipid rafts, and PrP€ in full length with the merged
color in Golgi compartments. Truncated PrP€ with the
amino acid residues 1-121, 1-111, and 1-91 in mouse
PrP exhibited a proper distribution profile. Following
real-time imaging analysis with GFP-PrP° revealed that
the discrete NH-terminal amino acid residues are indis-
pensable for the anterograde and the retrograde intra-
cellular movements of GFP-PrP< [6]. Consistent with
our reports, other groups also found the GFP-tagged
version of PrP® to be properly anchored at the cell sur-
face and its distribution pattern to be similar to that of
the endogenous PrPC, with labeling at the plasma mem-
brane and in an intracellular perinuclear compartment
[7-11].

Meanwhile, a pathogenic truncation of an amber
mutation at codon 145 (Y1455TOP)} in the prnp gene,
which was identified in a Japanese patient with GSS
[12], came to our notice. The Y145STOP in human prrp
gene corresponds to Y144STOP in mouse prap gene
which yields a product, mouse PrP(1-143) but hereafter
designated PrP(1-144}, and results in intracellular accu-
mulation if proteasomal degradation is impaired [13].
Until now, its precise subcellular localization and rele-
vance to the neurotoxic property have not been well
characterized. Hence, GFP version of PrP(1-144) trans-
gene was constructed and transfected in two indepen-
dent cell lines, N2a and HpL3-4 cells.

Here we demonstrate for the first time that GFP-
PrP(1-144) exhibited an aberrant mitochondrial
localization accompanied by the depolarization of
mitochondrial innermembrane, cytochrome ¢ release in
the cytosol, DNA fragmentation, and the formation of
numerous PrP-containing deposits in intracellular vacu-
oles resembling secondary lysosomes.

Materials and methods

Construction of GFP-PrP and GFP-PrP(1-144). GFP-PrP con-
structs were made as previously described [4.6], and the resulied
plasmid was designated pSPOX-MHM2PrP;:GFP. The mutant was
amplified by PCR from the pSPOX-MHM2PrP:GFP (for amino acid
residucs A144-230 in mouse PrP) [4,6], digested with BumHi and Xhol,
and replaced with the BwnHl-Xhel fragment of pSPOX-
MHM2PrP:GFP {14} Non-fluorescent PrP consiructs were made
from the pSPOX-MHM2PrP [14). The resulted plasmid was verified by
direct DNA sequencing.

Antibodics amd drugs. Antibody K3 against PrP® was rabbit poly-
clonal sera raised against N-terminal PrP peptides correspending to

residues 76-00 in mouse PrP. Anti-cytochrome ¢ and anti-porin were
purchased from BD Biosciences. Anti-Hsc70 and anti-BiP were pur-
chased from Stressgen Biotechnologies. Anti-GFP was purchused from
Sigma. Mitotracker Red CMXRos was purchased from Molecular
Probes. Lactacystin, ALLN, and MG132 were purchased from Sigmu.
The mitochondrial innermembrane potential (AW, detection kil was
purchased from Trevigen. DNA fragmentation was measured by
TUNEL {(APO-BrdU TUNEL assay kit (Molecular Probes)), which
was performed according to the manufacturer's instructions before
being visualized with a Delta-Vision microscopy system {Appiied
Precision), and out-of-focus images were removed by iuteraclive
deconvolution. Antibodies were used at 1:1000 (Western blotting) or
1:100 {immunoelectron microscopy) unless otherwise noted. For
immunoelectron microscopy, 10 and 20 nm golds were purchased from
DAKO.

Cell enlrures, DNA transfection, and drug treatments. Mouse N2u
cells were obtained from American Tissue Culture Collection, and
HpL3-4 cells were provided by Dr. T. Ounodera (the University of
Tokyo). Cells were grown and maintained at 37 °C in MEM supple-
mented with 10% fetal bovine serum. N2a and HplL3-4 cells were
transiently transfected with each construct using a DNA transfection
kit (Lipofectamin, Gibco-BRL). Western blot analyses were performed
as described [14]. To inhibit proteasomal function, N2a or HpL3-4
cells were treated with 10 pM lactacystin, ALLN, or MG132 for 3.5h
at 37°C.

“Prepuration of mitochondvial, micresemal, and cytosolic fractions
[15]. Cells were homogenized with 9 volumes of mitochondrial buffer
{220 mM mannitol, 70 mM sucrose, 10 mM Hepes-KOH, pH 7.4, and
0.1 mM EDTA) and centrifuged at 700g for 5 min at 4°C. and the
supernatant was further centrifuged at 5000¢ for 10 min at 4 °C. The
supernatant was used #s @ post-mitochondrial supernatant. The re-
sulted pellet was washed three times with mitochondrinl buffer,
resuspended in 9 volumes of the sume buffer, and then centrifuged at
2000g for 2 min at 4 °C followed by 5000g for 8 min at 4 °C. The pellet
waus resuspended in 9 volumes of the same buffer and then centrifuged
at 5000g for 10 min at 4 °C. The final pellet was recovered and stored
on ice until use {mitochondrial fraction). The post-mitochondrial
supernatant was further centrifuged at 100,000g for 1 h at 4°C, and
the supernatant was used as cytosolic fraction, and the pellet was
resuspended in milochondrial buffer (microsomal fraction). Western
blots were performed at 5 pg total protein/lane.

Real-time imaging. To observe living cells, cells were cultured on
glass-botlomed dishes (Matsunami) for 24-48h after the DNA
transfection. To visualize mitochondra, cells were incubated for
10 min at 37°C with Mitotracker Red CMXRos at desired concen-
trations. Images of cells were collected with 4 Delta Vision Microscopy
System {Applied Precision) equipped with an Olympus 1X70.

Results

The intracellular localization of fluorescent PrPS was
investigated through the real-time imaging in living cells
by utilizing GFP-PrP constructs. It was investigated in
N2a cells that can be infected with PrP* [16] and has
been widely used for studies in the PrP¢ metabolism,
as well as in HpL3-4 cells, a hippocampal cell line estab-
lished from prnp gene-ablated mice [5].

GFP-PrP(1-144) exhibited an aberrant localization
to mitochondria, as demonstrated by ils colocalization
with the mitochondrial-specific molecule, Mitotracker,
in N2a cells {Fig. 1A, upper panels) and HpL3-4 cells
(Fig. 1A, lower panels), whereas full-length GFP-PrP
did not. Previously, we also demonstrated that GFP-
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Fig. 1. Mitochondrial localization of GFP-PrP(1-144), GFP-PrP(1-144) exhibits aberrant localization in N2z cells, whereas full-length GFP-PrP
does not. ({A) GEP-PrP® localization. Full-lengthh GFP-PrP and GFP-PrP(1-144) constructs were made and transfected in N2a (upper punels) and
HpL3-4 cells {lower punels). Scale bars = 8 um. (B) Western blot analysis with anti-GFP antibody. Anti-porin antibody was used us a mitochondrial
(ML) marker, anti-BiP antibody was used as 4 microsome (Ms) marker, and anti-Hse70 antibody wis nsed as a cytosolic (Cyt) marker. Mr, molecular

weight marker.

PrP(1-121) does not exhibit such mitochondrial locali-
zation [4]. Thus. the mitochondrial localization of
GFP-PrP(1-144) requires not only PrP residues 121-
144 (in human sequence) but also COOH-terminal trun-
cation in the current experimental condition, regardless
of whether endogenous full-length PrP¢ exists. The
aberrant mitochondrial localization of GFP-PrP(I-
144) was further confirmed by Western blot analysis
using a subcellular fractionation method (Fig. 1B).
Subsequently, the GFP-PrP(1-144) induced the depo-
larization of mitochondrial innermembrane (a change in
the A¥,)) in N2a (Fig. 2A, upper panels) and HpL3-4
cells (Fig. 2A, lower panels), release of cytochrome ¢
from the intermembrane space into the cytosol (Fig.
2B), and DNA fragmentation assessed by TUNEL in
N2a (Fig. 2C, upper panels) and HpL3-4 cells (data
not shown). The PrP(1-144) is normally degraded
through the proteasomal pathway, butl intracellular

accumulation results if proteasomal degradation is im-
paired [13]. Therefore, we next set out to treat the
non-fluorescent PrP{1-144)-transfected cells with pro-
teasome inhibitors including lactacystin, ALLN, or
MGi32. After the lactacystin treatment, non-fluorescent
PrP(1-144) induced the DNA fragmentation in N2a
(Fig. 2C, lower panels) and HpL3-4 cells {data not
shown). Treatment with ALLN or MG132 also exhib-
ited similar results {data not shown). These observations
are characteristic of the mitochondria-mediated apopto-
tic process. In contrast, none of these abnormalities was
observed in N2a and HpL3-4 cells transfected with full-
length GFP-PrP construct.

During these investigations, we noticed that
GFP-PrP(1-144)-transfected N2a and HpL3-4 cells lost
its normal mitochondrial configurations as if congre-
gated predominantly in an intracellular perinuclear re-
gion. To [further investigate the ultrastructural
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Fig. 2. Accumulation of GFP-PrP{1-144) induces mitochondriu-mediated apoptosis. (A) Inactivation of the mitechondrial innermembrane potential
(AW, red; active, green; inactive) in N2u (upper panels} and HpL3-4 (lower panels) cells transfected with GFP-PrP(1-144). Scale bars =4 pm. (B)
The release of cytochrome ¢ from the mitochondria in N2u cells trunsfected with GFP-PrP(1-144). Mt, mitochondria fraction; Ms, microsome
fraction; and Cyt, cytosolic fraction. The markers are the same as shown in Fig. 1B. (C) Upper panels: DNA fragmentations measured by TUNEL
{red: negative, green; positive) are shown in N2a cells transfected with GFP-PrP(1-144). Lower panels: non-fluorescent PrP{[-144) transfected in
N2 cells also exhibits the DNA fragmentation in & lactacystin-dependent manner. Scale bars = 15 pm.

morphology of these mitochondria, we next performed
electron microscopy in N2a cells transfected with
GFP-PrP(1-144) in comparison with full-length GFP-
PrP.

As results, numerous electron-dense deposits were
observed in mitochondrial clusters of the GFP-PrP(1-
144)-transfected N2a cells, whereas none was detected
in N2a cells transfected. with full-length GFP-PrP (Fig.
3A). Some vesicles contained myelin-like figures resem-
bling those found in autophagic vacuoles forming
secondary lysosomes (Fig. 3B). Co-localization of PrP-
immunogolds (Fig. 3C, left panel)/GFP-immunogolds
(Fig. 3C, middle panel) with porin-immunogold parti-
cles as a mitochondrial marker (Fig. 3C, right panel)
was observed in such electron-dense vesicular foci.
Non-fluorescent PrP{1-144} also induced the same
deposits after the proteasomal inhibition (data not
shown).

Discussion

The Y145STOP mutation at PrP residue 143 results
in a heritable human prion disease, GSS-like disorder,
with extensive PrP amyloid deposits in cerebral paren-
chyma and vessels [12,17]). The YI1458TOP, which
yields a product of PrP(i-144), lacks GPI-anchor
and is normally degraded through the proteasomal
pathway, and also results in intraceflular accumutation
if proteasomal degradation is impaired [13]). Most

PrP(1-144) is degraded very rapidly by the protea-
some-mediated pathway, and thus blockage of prote-
asomal  degradation . results in  intracellular
accumulation of PrP(1-144)., From the current results,
however, the GFP-tagged PrP(1-144) seems to be
more metabolically stable, and therefore GFP-PrP(1-
144) expression itself is sufficient to induce its intracel-
lular accumulation. In fact, non-fluorescent PriP(1-144)
required the treatment with proteasome inhibiters to
exhibit the same features.

In this paper, we revealed for the first time the site of
intracellular accumulation and the neurotoxic property
of mutant PrP<, Y1458TOP, in a human GSS model.
The GFP-PrP(1-144) exhibited an aberrant localization
to mitochondria, and subsequent mitochondria-medi-
ated apoptosis was induced. Misfolded PrP® is subjected
to degradation by proteasomes, and accumulation of
PrPC in the cytosol is strongly neurotoxic in transgenic
mice [18] and cyclosporin A-treated cultured cells [19]),
and proteasome inhibitors increase PrPS-like immuno-
reactivity and unmasked a basal caspase 3 activation
[20]. Concomitant with decreased proteasomal activity,
aberrant mitochondrial localization of PrP® followed
by mitochondria-mediated neuronal apoptosis was also
detected in aged transgenic mice overexpressing wild-
type mouse PrPS, but only after 520 days after birth
[15]. These mice develop a spontanecus neurological
dysfunction in an age-dependent manner [21,22]. Taken
together, a PrPC load in the cytosol induces the mito-
chondrial localization of PrP¢ with subsequent mito-
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Fig. 3. GFP-PrP(1-144}-reluted electron-dense deposits. Scale bars = 0.1 um, (A) Electron microscopy (30,000x) detects numerous eleciron-dense
deposits in N2a cells transfected with GFP-PrP(1-144), whereas full-length GFP-PrP induces no deposit. (B) Some vesicles contain myelin-like
figures. {C) Immunoelectron microscopy (30,000%) detects GFP-PrP(1-144) with anti-PrP antibody K3 (10 nm golds, left panel) or anti-GFP
anlibody (10 nm golds, middle panel) within the electron dénse deposits of N2a cells. Anti-porin antibody (20 nm golds) also stains the deposits (right

panel).

chondria-mediated apoptosis. Consequently, such neu-
rotoxic property may contribute to a common patho-
genic mechanism shared in various PrP-related
disorders.

Deposition of numerous electron-dense deposits
immunostained with anti-PrP antibody is another char-
acteristic in GFP-PrP(i-144)-transfected cells, and has
not been reported in other studies so far, The relevance
of such electron-dense deposits with PrP amyloid depos-
its, a characteristic feature of human GSS with
Y145STOP, is an intriguing question. These amyloid
plaques were composed of COOH-terminal truncated
PrP [12], but have not transmitted to mice [17]. Ol note,
both the electron-dense deposits in Y 1458TOP-transfec-
ted N2a cells and PrP* in scrapie-infected N2a cells
were found in the similar vacuolar compartment resem-
bling secondary lysosomes [23], suggesting that both
deposits may share a similar resistance to such a harsh
lysosomal condition.

The Y1458TOP mutation has been widely investi-
gated in terms of its biochemical property. Peptides

encompassing PrP(89-143) when mixed with PrP pro-
duced fibrous aggregates and displayed a high B-sheet
content, although no prion infectivity was observed
[24,25] Recently, Kundu et al. {26] reported a sponta-
neous conversion of the recombinant polypeptide, hu-
man PrP(23-144), from a monomeric unordered state
to a fibrillar form, in which human PrP residues within
the 138-141 region are essential. Interestingly, this
conversion has characteristics of a nucleation-depen-
dent polymerization. Whether the numerous electron-
dense deposits may serve as a seed for the growth of
aniyloid plaques with YI458TOP awaits further
investigations.

Qur current observations may provide clues as to the
yet unknown underlying mechanism concerning the her-
itable human prion disease with Y1458TOP at least in
part. At the same time, the prion disease with
Y 1455TOP has untransmitted to mice [17]. How this re-
lates to the puzzle in prion biology, the discrepancy be-
tween the infectious and neurotoxic properties of PrP
[27], remains to be further examined.
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Abstract

By utilizing double-labeled fluorescent cellular prion protein (PrPC), we revealed that the NH;-terminal and COOH-terminal
PrP€ fragments exhibit distinct distribution patterns in mouse neuroblastoma neuro2a (N2a) cells and HpL3-4, a hippocampal cell
line established from prap gene-ablated mice [Nature 400 (1999) 225]. Of note, the NH,-terminal PrP€ fragment, which predomi-
nantly localized in the intracellular compartments, congregated in the cytosol after the treatment with a microtubule depolymerizer
(nocodazole). Truncated PrP¢ with the amino acid residues 1-121, 1-111, and 1-91 in mouse (Mo) PrP exhibited a proper dis-
tribution profile, whereas those with amine acid residues 1-52 and 1-33 did not. These data indicate the microtubules-associated
intracellular localization of the NH,-terminal PrPC fragment containing at least the 1-91 amino acid residues.

© 2003 Elsevier Inc. All rights reserved.

Keywords: Prion protein; Microtubules; Fluorescent protein; Nocodazole; Proteolytic cleavage; Subcellular localization

Prion diseases are a group of neurodegenerative
disorders including kuru, Creuntzfeldt-Jakob disease
(CID), Gerstmann-Straussler-Scheinker disease
(GSS), and fatal familial insomnia (FFI} in humans,
scrapie in sheep, and bovine spongiform encephalop-
athy (BSE) in cattle, which can be presented as spo-
radic, inherited, and infectious disorders [2]. The
posttranstational conformational change of the cellular
isoform of prion protein (PrP®) into the scrapie iso-
form of prion protein (PrP%) is the fundamental
process underlying the pathogenesis of the prion dis-
case [3,4]. After PrP¢ is synthesized in the endoplas-
mic reticulum, it transits through the Golgi apparatus
to the cell surface lipid rafts which is a subcellular
compartment defined biochemically by membranes
rich in cholesterol and glycosphingolipids, where it is
bound by a glycophosphatidylinositol (GPI)-anchor
{5,6] and then PrPC is either metabolized or converted
into PrP> [7-9].

* Corzesponding author. Fax: +81-42-346-1748.
E-mail address: kaneko@nenp.go.jp (K. Kaneko).

0006-291X/$ - see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2003.11.167

Several groups have already generated fluorescent
PrPC molecules, in which a green fluorescent protein
(GFP) was either NH,-terminally or COOH-terminally
fused [10-13]. Of note, the copper treatment induced
fluorescent PrPC to be internalized like endogenous
PrP, indicating that such fluorescent PrPC could be
functional [10]. Regardless of the position of the GFP
inserts, fluorescent PrPC in a GPI-anchored form was
reported as being correctly targeted to the plasma
membrane, where it is detected in lipid rafts [10,12].
However, there has been neither direct comparison of
distribution profiles between NH;-terminally and
COOH-terminally fluorescent-tagged PrPc.

With this background, we made fluorescent PrP
constructs double-labeled at both NH,- and COOH-
termini, and then investigated the subcellular localiza-
tion in mouse neuroblastoma neuro2a (N2a) cells,
known to be infectable with PrP5 [14], and HpL3-4, a
hippocampal cell line established from prap gene-ab-
lated mice [1]. Subsequently, we are tempted to inves-
tigate the association of the NH,-terminal PrP¢
fragment with cytoskeletal proteins such as microtu-
bules and actin.

— 232 —



N.S. Hachiya et al. | Biochemical and Biophysical Research Communications 313 (2004) 818-823 819

Materials and methods

Construction of fluorescent PrP and the deletion mutants. To express
fluorescent PrP in mouse neuroblastoma cells, the EGFP gene was am-
plified by PCR from pEGFP (Clontech) using primers 5-GACC
GGTATGGTGAGCAAGGGCGAGGAGCTG-Y and ¥-GACCG
GTATGGTGAGCAAGGGCGAGGAGCTG-Y, digested with Agel,
and inserted into the Agel site (between amino acid residues 34 and 35in
mouse (Mo) PeP) of pSPOX-MHM2P1P (a gift from Dr. S.B. Prusiner,
University of California, San Francisco) [15] and the resulted plasmid
was designated pSPOX-MHM2PrP::GFP. The series of deletion mu-
tants were amplified by PCR. from the pSPOX-MHM?2PrP::GFP using
§-CGGGATCCACCATGGCGAACCTTG GCTACTGGCTG-Y as
the forward primer and the following backward primers: ¥-CCG
CTCGAGTCACTTGTACAGCTCGTCCATGCCGAGA-3 (for ami-
no acid residues 1-33 in Mo PrP), ¥-CCGCTCGAGTCACTGA
GGTGGGTAACGGTT-¥ (1-52), ¥-CCGCTCGAGTCATCCTTG
GCCCCATCCACC-3 (1-91), 5-CCGCTCGAGTCACATATGCTT
CATGTTGGT-3¥ (1-111), and 5¥-CCGCTCGAGTCACACTACTG
CCCCAGCTGC-3' (1-121), digested with BamHI and Xhel, and re-
placed with the BamHI-Xhol fragment of pSPOX-MHM2PrP:;:GFP.
The resulted plasmids were verified by direct DNA sequencing.

Antibodies, organelle markers, and drugs. Anti-PrP antibodies K1,
K3, and K9 were rabbit polyclonal serum raised against the NH;-ter-
mian] PrP peptides (amino acid residues 2640, 76-90, and 196-210 in
Mo PrP, respectively). Anti-COOH-terminal polyclonal PrP¢ antibody
M20 and anti-tubulin antibody DM!A were purchased from Santa
Cruz Biotechnology and Sigma, respectively. A Golgi marker anti-
GM 130 and a marker for lipid raft anti-GM1 antibody were purchased
from BD Biosciences and Calbiochem, respectively. As ER markers,
ER-Tracker Blue-White DPX (Molecular Probes), Calnexin (Stress-
gen), BiP (BD Biosciences), and PDI (Stressgen) were purchased and
used. Other organelle markers including an early endosomal marker
EEA! (BD Biosciences), a lysosoma! marker LysoTracker Green
(Molecular Probes), and a mitochondrial marker MitoTracker Red
CHXROS {Molecular Probes) were also used for the experiments.
Nocodazole was purchased from Sigma.

Cell cultures, DNA transfection, and drug treatments. Mouse neu-
roblastoma neuro2a (N2a) cells were obtained from American Tissue
Culture Collection. A hippocampal cell line established from prrp
gene-ablated mice (HpL3-4) was kindly provided by Dr. T. Onodera.
Cells were grown and maintained at 37 °C in MEM supplemented with
10% fetal bovine serum. N2a and HpL3-4 cells were transiently
transfected with each construct using a DNA transfection kit (Lipo-
fectamin, Gibco-BRL). Western blot analyses were performed as de-
scribed [15]. Nocodazole treatment (30 uM at 30°C for 0, 30, and
180 min} was performed according to the previous report {16].

Immunofluorescent and fluorescence microscopy. For indirect im-
munofluorescence analysis, fluorescent PrPC-transfected cells were
rinsed with PBS with Ca?* and Mg®* (PBS(+)) and then fixed with
10% formalin in 70% PBS(+) &t room temperature for 30 min. After
four washes with PBS(-), the fixed cells were incubated with 10% FBS
in PBS(-) at reom temperature for 30 min. They were then incubated
at room temperature for 1 h with antibodies at desired concentrations.
After four washes with PBS(-), the cells were incubated with either
Alexa488 (green) Fluor-conjugated anti-rabbit IgG (Molecular Probes}
or Alexa594 (red) Fluor-conjugated anti-mouse IgG (Molecular
Probes), diluted 1:200 in PBS, at room temperature for | h. The stained
cells were washed four times with PBS{-) and mounted with SLOW
FADE (Molecular Probes). Immunofluorescent or autofiuorescent
samples were imaged with Delta-Vision microscopy system {Applied
Precision), out of focus light of the visualized images was removed by
interactive deconvolution.

Immunoprecipitation of tubulin and PrPC from the tubulin-PrPC
containing vesicular complex. Harvested N2a cells (13 dishes of 9cm
plate) were washed with PBS(-) twice, suspended in PEM buffer

(100 mM Pipes, 2mM EDTA, and 1 mM MgCl,) containing protease
inhibitors (5 uM each of leupeptin, pepstatin, aprotinin, antipain, and
1 mM PMSF), and homogenized 30 times at 4°C. The homogenates
were centrifuged at 3000g for 3min followed by 100,000g at 4°C for
30min and then the supernatant was recovered. To stabilize tubulin,
the supernatant was treated with taxol (20 pM) with 1 mM GTP at
37°C for 20 min and kept on ice for 10min. Monoclonal anti-tubulin
antibody DMIA was adsorbed to protein A—cellurofine in PBS at 4°C
for 5h and then used for the immunoprecipitation. PrP® signals were
detected by Western blotting with either K1 or K9 from the immu-
noprecipitated complex. Polyclonal K1 and K9 are suitable for Wes-
tern blotting (data not shown).

Results
Subcellular localization of fluorescent PrPC

The subcellular localization of fluorescent PrP¢ was
investigated by utilizing double-labeled PrP¢, GFP-PrP-
DisRed, and vice versa in N2a cells (Fig. 1A). We detected
a NH,-terminal PrP° fragment predominantly in intra-
cellular compartments as a dot-like distribution pattern, a
COOH-terminal PrPC fragment mostly at the cell surface,
and PrPC in full length intracellularly (Fig. 1B). These
results were in accordance with the behavior of endoge-
nous PrP¢ immunostained with anti-PrP polyclonal an-
tibodies K3 against the NH;-terminal residues 76-90 in
Mo PrP (Fig. 1C, left panel), and M20 against the COOH-
terminal residues in Mo PrP (Fig. 1C, right panel) and
thus, excluding the possibility of an artificial distribution
of fluorescent PrPC by fusing the fluorescent proteins.

While a large proportion of intracellular PrP€ was co-
localized with a Golgi marker (anti-GM130) (data not
shown), signals on plasma membranes were co-localized
with a marker for lipid rafts (anti-GM1) (data not
shown). These results are consistent with the previous
observations [11-13,17]. However, under our culture
conditions with N2a and HpL3-4 cells, we were unable to
demonstrate co-localization of the intracellular NH;-
terminal PrPC fragment in a dot-like distribution pattern
with known organelle markers such as ER (ER-Tracker
Blue-White DPX, Calnexin, BiP, PDI), Golgi apparatus
(GM130), early endosomes (EEA1), lysosomes (Lyso-
Tracker, Green), or mitochondria (MitoTracker Red
CHXROS) (data not shown). Thus, such intracellular
PrP¢ may not refiect the distribution to any single specific
organelle, but further examination has yet to be required.

Western blot analysis with polyclonal antibody Kl
against the NH,-terminal residues 26-40 in Mo PrP
detected the NH,-terminal PrPC fragment of 17kDa
exclusively in a non-lipid raft fraction (data not shown).
Further mapping of the NH;-terminal PrPC cleavage site
was achieved by transiently expressing 3F4 (amino acids
108/111 in Mo PrP) [18] epitope-tagged MHM2 PrP€ in
N2a cells. Again, 3F4 detected the NH,-terminal PrP¢
fragment in the non-lipid raft fraction (Fig. 1D). Taken
together, these data indicate that such NHj-terminal
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Fig. 1. Immunofluorescent analysis of fluorescent Pri€. (A) The chimeric fluorescent PrP constructs (GFP-PrP-DsRed, DsRed—PrP—GFP, and the
deletion mutant series,) used in this study. (B) Distribution patterns of GFP-PrP-DsRed (left panel); GFP-PrPC (green) predominantly in the
intracellular vesicles, PrP*-DsRed (red) mostly at the cell surface membranes, and GFP-PrPC-DsRed (yellow) in intracellular compartments. The
DsRed-PrP-GFP (right panel) exhibits an inverted color profile indicating the same distribution patterns independent of the fluorescent conjugates.
Scale bar =8 pm. (C) Eadogenous PrPC is immunostained with anti-PrP polyclonal antibody K3 at a dilution of 1:200 (left panel) or M20 at a
dilution of 1:200 (right panel). N2a cells were permeabilized with 0.1% Triton X-100. A distinct proportion of PrPC is detected in a dot-like dis-
tribution pattern {(an arrow), Scale bars = 15 um. (D} 3F4 detects NH,-terminal MHM?2 PrPC fragment of 17 kDa (arrow head) which was transiently
transfected in N2a cells. To separaie non-lipid raft fractions which contain high density, Triton X-100-insoluble intracellular membranes, we used the
procedure of Naslavsky et al. [33] with slight modifications as below. Cells were lysed and resuspended in ice-cold buffer A (25 mM Hepes-KOH, pH
7.5, 5mM EDTA, and 0.15M NaCl) containing 1% Triton X-100, and then adjusted to 50% Nycodenz containing buffer A. Samples were cen-
trifuged at 200,000z at 4°C for 4h by floatation in 1.5ml of a discontinucus Nycodenz gradient (4/30/32.5/35/37.5/40/42.5/45%). After the centri-
fugation, samples were fractionated by 0.2ml from the top of gradients.

PrP¢ fragment contains at least residues 26-40, 76-90,
and 108/111 in Mo P1P.

prompted us to further investigate its possible associa-
tion with cytoskeletal proteins such as microtubules or
actin. Co-immunostaining of endogenous PrP¢ and
microtubules by anti-PrP polyclonal antibody K3/anti-
tubulin monoclonal antibody DMIA detected PrP©
along microtubules in N2a cells (Fig, 2} as well as HpL3-

Microtubules-dependent intracellular localization of fluo-
rescent PrP¢

These observations of the intracellular NH,-terminal
PrP¢ fragment in a dot-like distribution pattern

4 cells (data not shown). Subsequently, an immunopre-
cipitation assay performed with anti-tubulin antibody
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Fig. 2. Co-immunostaining of endogenous PrPC and microtubules by
anti-PrP antibody K3 (1:200, green) and anti-tubulin antibody DM 1A
(1:200, red) detects PrPC along microtubules in N2a cells. Scale bar
(upper panels)="7pm and scale bars (lower panels)==3 pm.

{(DMIA) resulted in the co-immunoprecipitation of
tubulin and the NH,-terminal PrP® fragment of 17kDa
in N2a cells (Fig. 3A). Another polyclonal antibody K9
against the COOH-terminal residues 196-210 in Mo PrP
failed to detect COOH-terminal PrPC in the immuno-
precipitated complex (Fig. 3A).

After N2a cells (Fig. 3B) were treated with 30 pM
nocodazole which depolymerizes microtubules, the sig-

nals of GFP-PrP®¢ were congregated in a time-depen-
dent manner. On the other hand, latrunculin A, which is
widely used as an agent to sequester monomeric actin in
living cells, did not affect the localization of GFP-PrP¢
(data not shown). Finally, the deletion mutants (Fig. 14)
were used to map the amino acid residues responsible
for the microtubules-associated localization of GFP-
PrP¢. As shown in Fig. 3C, truncated constructs with
the amino acid residues 1-121, 1-111, and 1-91 in Mo
PrP exhibited its proper localization, whereas those with
amino acid residues 1-52 and 1-33 in Mo PrP lost the
dot-like distribution pattern.

Discussion

First of all, our double-labeled fluorescent PrP< de-
tected the NH,-terminal and COQH-terminal PrP¢
fragments with distinct subcellular distribution profiles,
in which cleavage of PrP€ at around a middle region was
involved [7,19,20].

Initial studies performed on the internalization of
PrPC using a chicken PrP° have determined that en-
docytosis of chicken PrP is mediated by clathrin-coated
pits, and the NH,-terminal half of the chicken PrP
polypeptide is essential for its endocytosis [21,22].
Recently, Nunziante et al. [23] also reported that the

GFPPre (1-111)

GEP-Pee (1-33)

Fig. 3. The association of intracellular GFP-PrPC with microtubules. (A) Co-immunoprecipitation of tubulin and the NH,-terminal PrPC fragment.
Anti-tubulin antibody DMIA is used for the immunoprecipitation, and a polyclonal antibody K1 (1:500) against PrP residues 26-40 but not K9
(1:500) against residues 196-210 detects the WH,-terminal PrP€ fragment of 17 kDa (lower arrow head) in the immunoprecipitated complex. Both K1
and K9 detect full length PrP€ (middle arrow head) and DMIA (1:2000) detects tubulin (upper arrow head). (B) After N2a cells were treated with
13 1M nocodazale and permeabilized with 0.1% Triton X-100, signals of GFP-PrPC congregate in a time-dependent manner (0180 min). Panels at
the lower right corners represent depolymerized microtubules stained with anti-tubulin antibody DMIA (1:200). Scale bars=15pm. (C) The
truncated GFP—PrP constructs with the amino acid residues 1-121, 1-111, and 1-91 in Mo PrP exhibit its proper localization (arrows), whereas those
with 1-52 and 1-33 lose its dot-like distribution. pattern. Scale bar =15 pm.
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N-proximal domain of the PrP functions as a putative
targeting element and is essential for both transport to
the plasma membrane and modulation of endocytosis.
Along with these observations, GFP-tagged version of
PrPC¢ was found to be properly anchored at the cell
surface and its distribution pattern was similar to that
of the endogenous PrP®, with labeling at the plasma
membrane and in an intracellular perinuclear com-
partment [10]. Further investigation concluded that
PrPC internalizes via a dynamin-dependent endocytic
pathway and that the protein is targeted to the recy-
cling endosomal compartment via RabS5-positive early
endosomes and thus, traffic of GFP-PrP¢ is delivered
to classic endosomes after internalization [I7]). Under
our culture conditions, however, we could not
demonstrate co-localization of the NH;-terminal PrP¢
fragment with any single specific organelle so far
examined.

With this background, we have shown the microtu-
bules-dependent intracellular localization of the NH,-
terminal PrPC fragment in the cells. However, the
question how intracellutar PrPC actually interacts with
microtubules still remains to be examined. After inter-
nalized, the NH;-terminal PrP¢ fragment seems to re-
side inside vesicles where integral membrane proteins
and linker proteins in some cases, for example, Jun ki-
nase-interacting proteins (JIPs) [24,25), would be re-
quired for the interaction with microtubules to bridge
the luminal and cytoplasmic phases across the mem-
branes [26]. So far, we have not identified such inter-
vening molecule/s involved in the. PrPC-microtubule
interaction. Alternatively, a transmembrane form of
PrPC may be engaged in the direct interaction with the
microtubules. It was suggested that a transmembrane
form of PrPC, termed C-transmembrane (“"PrP), has
the COOH-terminus in the lumen with the NH;-termi-
nus accessible to proteases in the c¢ytosol produced
neurodegenerative changes in mice similar to those of
some genetic prion diseases [27]. Such “™PrP exposes its
NH;-terminus to the cytosol where the “™PrP-micro-
tubule interactions could theoretically occur, although it
is less likely, as such transmembrane “"PrP is rather
pathogenic than physiologic. The fact that the truncated
PrP® with residues 1-91 cannot form “®PrP [27], but
still exhibits the microtubules-associated intraceltular
localization, also does not support the notion. Interest-
ingly, these residues 1-91 partly overlap with an octa-
peptide repeat region, which is related to the copper
metabolism [28-32]. Finally, it is also indispensable for
identifying how many NH,-terminal PrPC fragments
reside in each dot-like vesicle.

In summary, we demonstrated the microtubules-
associated intracellular localization of NH,-terminal
PrPC fragment at a steady state level. At the same time,
a real time imaging analysis of fluorescent PrPC in living
cells has yet to be done toward further understanding of

its mode of existence and dynamics along the microtu-
bular network.
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