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Fig. 1. Standard curve for recombinant BoPrP.

The ratio of the fluorescence intensity of the bound
antibody in the presence of rBoPrP to that in the
absence of rBoPrP (B/Bo) were plotted against the
amounts of rBoPrP added. Bars are means + SE
(n=3).
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Fig. 2. Expression of bovine PrP in Prnp-
deficient neuronal HpL3-4 cells.

Whole cell lysates from the parental HpL3-4 cells
(lane 1), empty vector-transfected cells (lane 2), and
vector coding for bovine PrP gene-transfected cells
(Jane 3) were subjected to immunoblotting with 6H4
mAb.
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Fig. 3. Detection of splice variant of bovine PrP
mRNA using exon-exon junction primers.

BCE C/E-1b cells for 40 days after 13 passages
(P13D40) were cultured. First strand-cDNA from
total RNA (5 pg) and genomic DNA (25 ng) were
prepared, followed by PCR using bovine prp exon-
exon junction primers (BoE3SV5/BoE3L7, lanes 1
and 5; BoE3U1/BoE3SV6, lanes 2 and 6), bovine
prp primers (BoE3U1/BoE3L7, lanes 3 and 7) and B-
actin primers with Ex taq polymerase. PCR
products were separated on a 2% agarose gel and
visualized with ethidium bromide.

exon 1 exon 2 exon 3

ORF
exon2  exon3a

Fig. 4. Schematic representation of alternative
splicing model of bovine prp gene.

We confirmed the sequences of ordinary (upper
panel) and alternatively spliced bovine prp gene
(lower panel). Cryptic donor and acceptor sites are
designated as exon 3a and 3b, respectively. The
untranslated regions (white bars), ORFs (black bars),
retained intron (double line), additional ORF (gray
bar), and deduced amino acid sequences of ordinary
and alternatively spliced (underlined) prp are
indicated. The arrow indicates a GPI anchoring site.
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Abstract

Our previous studies have shown that the persistent expression of Borna disease virus phosphoprotein (BDV P) in mice leads to behavioral
abnormalities resembling those in BDV-infected animals. In this study, we investigated whether the neurobehavioral abnormalities genetically
induced by BDV P influence experimental prion disease. The effect of the phosphoprotein on prion diseases was evaluated based on the incubation
time and survival curve, as well as the abnormal isoform of prion protein (PrP%) levels in brains of BDV P Tg mice treated with proteinase K
(PK) treatment and subjected to western blotting. Increased expression of the BDV P transgene had no effect on the PrP5 level, incubation time,
or survival curve. The abnormalities induced by BDV P are different from those induced by prion diseases, indicating that the signaling cascades
induced by the phosphoprotein differ from those induced by prion diseases.

© 2007 Elsevier Ireland Ltd. All rights reserved.

Keywords: Borna disease virus; Prion; Scrapie; PrP; Psychiatric disease

Prion diseases are neurodegenerative disorders characterized
by the accumulation of an abnormal isoform of prion pro-
tein (PrP5¢) and astrocytosis in the central nervous system
(CNS) [1]. The prion diseases include scrapie, bovine spongi-
form encephalopathy (BSE), Creutzfeldt-Jakob disease (CJD),
Gerstmann-Striussler-Scheinker disease (GSS), and fatal famil-
ial insomnia (FFT). The PrP5¢ isoform shows increased B-sheet
content and proteinase-K (PK) resistance compared to the cel-
lular isoform of prion protein (PrPC) [20]. The phenomena
may be associated with the deposition of amyloid by scrapie-
associated fibrils, which is specific to the prion diseases [15]).
Therefore, resistance to proteinases such as PK is usually used
as an index of prion infections in both clinical diagnosis and
laboratory testing [26]. Furthermore, although the protein-only
hypothesis has not been finally proved [19], it states that PrPS€ is
replicated by autocatalytic conversion of PrPC into PrPS¢ [20].
Recently, experiments with protein misfolding cyclic amplifica-
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tion (PMCA) have come very close to proving this hypothesis by
producing a prion disease in a natural host using a prion entirely
generated in vitro [3,35].

Bomna disease virus (BDV) is a noncytolytic and neurotrophic
virus that belongs to Mononegavirales and can infect a broad
range of vertebrates, including all warm-blooded animals and
possibly also humans [7,21,31]. BDV infection leads to a vari-
ety of abnormal behaviors such as anxiety [22], aggression [22],
hyperactivity [6,22], abnormal play behavior 18], chronic emo-
tional overactivity [18], inhibition of responses to novel stimuli
[6], and abnormal social behavior [18]. Various disorders could
also be induced by BDV infection including cognitive deficits
[5], reminiscent of autism [11], and schizophrenia [30]. Loss of
Purkinje cells [4,6,33] and alterations in cytokine and chemokine
gene expression [6,17,28] following neonatal BDV infection
have been also demonstrated. Furthermore, epidemiological
studies have demonstrated a higher prevalence of BDV infection
in psychiatric patients such as schizophrenics than in controls
[2,7,i14]. Notably, as BDV phosphoprotein (P) is abundant in
infected animal brains and interferes with a multifunctional pro-
tein, high-mobility group protein box 1 (HMGBI1), in neuronal
cells [10,16], it is thought to affect neuronal cells in the infected
CNS. BDV P transgenic (Tg) mice develop behavioral abnor-
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malities resembling those in BDV-infected animals, and severe
neurological disturbances are linked to neurobehavioral disor-
ders. Therefore, the BDV P Tg mouse is thought to be a good
experimental psychiatric animal model [29].

Interestingly, a rare mutation in the prion protein (PrP) gene
has been discovered in a family with a strong history of psychi-
atric disease, and was linked to a complex phenotype including
typical symptoms of schizophprenia like persecutory delusions
and auditory hallucinations [27]. However, other studies found
no association of single nucleotide polymorphisms (SNPs) in
PrP gene with schizophrenia [23,32]. It is conceivable that
psychiatric diseases and prion diseases share several signaling
cascades and have some association. However, there was no
appropnate experimental system for examining this issue. Here,
we studied survival and the accumulation of PrPS¢ in brains of
scrapie (chandler)-infected BDV P Tg mice.

PrPS¢ was intracerebrally (i.c.) inoculated into C57BL6J
(wild-type, WT) mice and BDV P Tg mice [9] older than 8
weeks of age. The inoculation (i.c.) was conducted in P3 biohaz-
ard facilities as follows. Twenty microliters of inocula including
1% homogenate prepared from the brains of terminally diseased
mice with mouse-adapted scrapie (chandler strain) was injected
into the cerebral ventricular system of mice using a microsyringe
as described previously [8]. The clinical symptoms (tremors and
ataxia) were observed for the calculation of incubation time.

Semiquantitative reverse-transcription  (RT)-polymerase
chain reaction (PCR) and DNA-PCR was performed with the
primers P1 (5'-TCA GAC CCA GAC CAG CGA A-3) and P2
(5'-AGC TGG GGA TAA ATG CGC G-3') for BDV P (p24),
and G1 (5'-ACC ACA GTC CAT GCC ATC AC-3') and G2
(5'-TCC ACC ACC CTG TTG CTG TA-3') for glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) as described previously
[24]. The intensity of gel bands was analyzed with Scion Image
software (Scion Corp., Frederick, MD).

To discriminate PrPS¢ from PrPC, 50 g of protein per sam-
ple was treated in the absence and presence of 20 pg/ml of PK
(Merck & Co. Inc., Whitehouse Station, NJ, USA) at 37°C
for 30 min. After termination of the reaction, the product was
analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) and western blotting.

Brains were removed from dead mice within 24 h and frozen
at —80°C in a refrigerator. The samples were solubilized in
radio-immunoprecipitation assay (RIPA) buffer and sonicated
at 4°C. The RIPA buffer was composed of 10mM Tns—-HCl
(pH 7.4) containing 1% sodium deoxycholate, 1% Nonidet P-40,
0.1% SDS and 0.15 M sodium chloride. Then, the protein sam-
ples {20 p.g/lane for PrP [PK(—)]; 50 pg/lane for PrP [PK(+)]}
were dissolved in SDS-PAGE sample buffer [70mM SDS, 10%
(w/v) glycerol, 1% 2-mercaptoethanol, 15mM bromophenol
blue, and 62.5 mM Tris—HC]I, pH 6.8] and incubated at 100 °C
for 10 min before electrophoresis in a' 15% polyacrylamide gel
containing 0.1% SDS at a constant current of 30 mA for 1h.
After electrophoresis, the proteins in the gel were electrically
transferred to a polyvinylidene difluoride (PVDF) membrane
(see below).

Proteins separated by SDS-PAGE were electrically trans-
ferred onto PVDF membranes (Amersham Biosciences,

Piscataway, NJ), which were pretreated with methanol and trans-
fer buffer [48 mM Tris, 39 mM glycine, 20% (v/v) methanol
and 1.3mM SDS] at a constant voltage of 12V (ca. 100mA)
for 1 h. After the transfer, the membrane was blocked with 5%
skim milk (Wako, Osaka, Japan) for 1 h at room temperature
with gentle shaking before incubation with a mouse anti-PrP
antibody, SAF83 (SPI bio, Montigny le Bretonneux, France)
diluted with phosphate-buffered saline (PBS) containing 0.5%
(v/v) skim milk and 0.1% (v/v) Tween 20. After 1 h of agitation
at room temperature, the membrane was washed three times
with PBS containing 1% (v/v) Tween 20 (PBS-T) for 5 min.
The membrane was then incubated with horseradish peroxidase
(HRP)-conjugated anti-mouse immunoglobulin antibody (Jack-
son Immunoresearch, West Grove, PA) for 1 h before being
thoroughly washed with PBS-T. HRP was detected using an
ECL™ kit (Amersham Biosciences) as described in the kit's
instructions. The electrophoreogram was recorded on X-ray film
(Amersham Biosciences). Each PrP5¢ and/or total PrP band
intensity was measured using Scion Image for Windows soft-
ware (Scion Corp., Frederick, MD, USA) in western blotting,
and the PrPS¢ and/or total PrP level of each brain was estimated
as a percentage (compared with the band intensity of cerebral
PrPC of the uninfected mouse).

The survival curves were analyzed by the Logrank test using
Prism 4 Software (GraphPad Software, San Diego, CA, USA).
Data on incubation time was analyzed with Student’s ¢-test. The
band intensities in the western blotting and RT-PCR analysis
were subjected to a non-repeated measure ANOVA followed by
the Bonferroni correction test.

In this study, we intracerebrally injected chandler prion into
brains of WT mice and BDV P Tg mice and compared the two
groups in terms of survival rate, incubation time, and PrPS¢ accu-
mulation. First, the survival rate of the groups was compared
(Table 1 and Fig. 1). All 11 prion-infected WT mice showed
abnormal behavior including tremors and ataxia from 161 days
and had died by 219 days. Similarly, all 5 prion-infected BDV
P Tg mice showed clinical symptoms of prion disease from
182 days and died by 215 days. The Longman test showed
that the survival rate of two groups was not significantly dif-
ferent (Fig. 1). The survival rate reflected a similar tendency in
incubation time (Table 1). The incubation times of infected WT
mice (197.3 & 5.6) were not significantly different from those of
infected BDV P Tg mice (194.8 + 5.8) according to Student’s
t-test. As predicted, non-injected WT and BDV P Tg mice sur-

Table 1
Incubation time of wild-type (WT) and BDV P transgenic (Tg) mice infected
with scrapie

Inoculum Mean incubation NINg®
time + S.E.M.? (days)
WT  Chandler prion 197.3+56 11l
Normal brain homogenate >280 0/10
Tg Chandler prion 1948+5.8 SIS
Normal brain homogenate

>280 0/2

2 §.E.M,, standard error of the mean.
b N, number of dead animals; Ng, number of inoculated animals.
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Fig. 1. Effect of Borna disease virus (BDV) phosphoprotein (P) on survival of
scrapie-infected mice. Survival times of wild-type mice (WT, dotted line) and
BDV P expressing transgenic mice (BDV P Tg, line) injected intracerebrally
with chandler prion-infected brain homogenate. The survival curve of WT mice
was not significantly different from that of BDV P Tg mice according to the
Logrank test with p <0.05 considered significant.

vived more than 280 days (Table 1). These results indicate that
BDV P expression does not delay or accelerate the onset of
clinical signs of disease and does not prolong survival.

Next, to investigate whether prion infection influences BDV
p24 mRNA levels, a RT-PCR analysis of BDV p24 mRNA was
performed using brains of prion-infected BDV P Tg mice at the
terminal diseased stage as well as uninfected BDV P Tg mice
(Fig- 2). All 5 infected and all 2 uninfected BDV P Tg mice
expressed BDV p24 mRNA in the brain (Fig. 2, left panel).

9 10111213141516
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Fig. 2. Expression of BDV P transgene after scrapie infection in BDV P Tg
mice. (A) The mRNA expression levels of BDV p24 in mouse brain were exam-
ined by reverse transcription (RT)-polymerase chain reaction (PCR) (left panel)
and DNA-PCR (right panel). Brains of BDV P-expressing Tg mice (lanes 2-6,
10-14) and wild-type (WT) mice (lanes 1, 9) infected with chandler prion (+)
were collected within 24 h of death. Non-infected Tg mice [Tg(~)] were also
collected (lanes 7, 8, 15, 16). The presence of BDV p24 mRNA and DNA in
the BDV P Tg mice was confirmed. (B) The expression levels of BDV p24
mRNA in BDV P Tg mice infected [Tg(+)] and non-infected (Tg(—)] with
chandler prion were measured. As a control, WT mice infected with chandler
prion [WT(+)] were also examined. The expression level of BDV p24 mRNA
in Tg(+) was taken as 1. There is no significant difference in BDV p24 mRNA
-levels between infected and non-infected BDV P Tg mice. Error bars indicate
standard deviations (S.D.).

Genomic DNA of these mice was confirmed to contain BDV p24
DNA by DNA-PCR (Fig. 2, right panel). The band intensities of
GAPDH mRNA varied slightly among the mice. Therefore, the
relative BDV p24 mRNA levels were normalized to the GAPDH
band and compared based on band intensity in RT-PCR images
(Fig. 2B). The results showed that BDV p24 mRNA levels
were not significantly different between infected and uninfected
mouse brains. This means that the proportion of cells expressing
BDV p24 mRNA was not changed by prion infection, indicat-
ing that BDV p24 expression does not contribute to the onset of
prion disease. :

PrPS¢ is characterized by a partial resistance to PK and can
be distinguished from PrPC by western blotting after treatment
with PK. The resistance is thought to reflect the protein’s con-
formation and/or aggregation. Therefore, the level of PrPS¢ is
thought to correlate with the amount accumulated in the brain
leading to the onset of prion disease. To investigate whether
the expression of BDV P is able to affect the accumulation of
PrP5¢ in the brain, brain homogenates from prion-infected WT
and BDV P Tg mice at the terminal of the disease as well as
the corresponding uninfected mice were treated with PK and
analyzed by western blotting using anti-PrP antibody, SAF83
(Fig. 3A). Without digestion, three broad bands of PrP were
detected. The intensity of these three bands in BDV P Tg mice
appeared to be similar to that in WT mice. Upon digestion with
PK, the bands from uninfected WT and BDV P Tg mice disap-
peared, whereas the three bands in infected WT and BDV P Tg
mice remained, albeit they shifted to a slightly lower position
due to partial degradation of PrPS¢, suggesting that PrPC was
completely digested by PK whereas PrPS¢ was only partially

(A) W1 W2 W3 W4 W5 W6 W7 W8 W9 Tgl Te2 Te3 Ted Te5

Total
Prp

PrP
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WTPK() TgPK() WTPK®) TgPK®H)
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Fig. 3. PrP5¢ and total PrP levels in brains of WT and BDV P Tg mice infected
with chandler prions. (A) The relative concentrations of total PrP and PrP% in
brains of WT mice (W1-W9) and BDV P Tg mice (Tg!-Tg5) infected with
chandler prions via intracerebral inoculations were examined by western blot-
ting before (—) and after (+) proteinase K (PK) treatment, respectively. (B)
Densitometric measurements of the signal of PrPS¢ and total PrP in the westermn
blotting were performed. The level of total PrP in brains of uninfected WT mice
in the absence of PK was taken as 100%. Error bars indicate standard deviations
(8.D.).
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degraded. No difference in levels of PrP5¢ and total PrP was
observed between WT and BDV P Tg mice after infection in the
. absence or presence of PK. To confirm the results, the relative
PrP levels were statistically compared based on PrP band inten-
sity in western blot images (Fig. 3B). The results showed that
levels of PrPS¢ and total PrP did not differ significantly between
BDV P Tg and WT mice in the absence and presence of PK,
indicating that BDV P expression did not affect PrP€ and PrP5¢
levels.
There are several reports investigating the relationship
between prions and viruses. Transfection of human immunode-

ficiency virus (HIV) DNA-induced PK-resistant PrP in human

293T cells [12]. Moloney murine leukemia virus (MoMuLV)
infection and transfection of MoMuLV Gag enhanced the release
of PrPC and PrPS¢ from NIH3T3 cells [13]. Furthermore, sev-
eral reports have suggested that oxidative stress metabolism is
related to the pathogenesis of diseases caused by prions and BDV
infection [25,34]. Therefore, these diseases may be associated
with signaling cascades.

In this study, we investigated the differences between WT
mice and BDV P Tg mice after prion infection in terms of
survival and PrPS¢ accumulation using western blotting. This
study design is important in the context of a possible search
for relationships between prion diseases and other diseases.
We approached whether psychiatric disease exerts an addictive
effect on the onset of prion diseases using a psychiatric mouse
model, BDV P Tg mice. This study shows that BDV P expression
does not have any addictive effect on the onset or progression
of prion diseases. This is consistent with the results of western
blotting, which revealed no difference in PrP5¢ and total PrP
levels between BDV P Tg mice and WT mice at the terminal
stage of prion diseases. This suggests that BDV P expression
does not enhance the accumulation of PrPS¢ and expression of
PrPC. Reduction in brain-derived neurotrophic factor (BDNF)
expression, numbers of serotonin (5-HT) receptors, and the den-
sity of synapses have been reported in the hippocampus of BDV
P Tg mice [9]. Therefore, it seems that these abnormalities do
not have any association with the pathogenic mechanism of
prion diseases. More importantly, this also suggests that the
BDV P-induced psychiatric phenotype does not share signal-
ing cascades with prion-induced neurodegeneration. In addition,
although relationships between PrP polymorphisms and psychi-
atric disease were reported, the present results experimentally
support that psychiatric disease is not associated with PrP poly-
morphisms [32]. Our experimental model is also consistent with
the previous observation of no relationship between psychiatric
disease and prion disease [1].
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Octapeptide repeat region of prion protein (PrP) is required
at an early stage for production of abnormal prion protein
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Abstract

An abnormal isoform of prion protein (PrP5), which is composed of the same amino acids as cellular PrP (PrP€) and has proteinase
K (PK)-resistance, hypothetically converts PrPC into PrP>. To investigate the region important for PrPS production, we examined the
levels of PrP> in PrP gene-deficient cells (HpL3-4) expressing PrP€ deleted of various regions including the octapeptide repeat region
(OR) or hydrophobic region (HR). After Chandier or Obihiro prion infection, PrP5¢ was produced in HpL34 cells expressing wild-type
PrPC or PrP€ deleted of HR at an early stage and further reduced to below the detectable level, whereas cells expressing PrPC deleted of
OR showed no PrP% production. The results suggest that OR of PrPC is required for the early step of efficient PrPS production.

© 2007 Elsevier Inc. All rights reserved.

Keywords: Prion protein; PrP%: PrP gene-deficient cell line

Transmissible spongiform encephalopathies (TSEs) are
caused by an infectious agent, prion [1], and so are called
prion diseases. They include scrapie in sheep, bovine spon-
giform encephalopathy in cattle, and Kuru and CJD in
humans [1]. Prion is thought to be mainly composed of
abnormal prion protein (PrP5¢). A key event in the patho-
genesis of prion diseases is the conversion of cellular PrP
(PrP€), which is expressed mainly in the brain and also in
peripheral tissues [2], into PrP5¢ [1]. PrP> contains more
B-sheet and less o-helix than PrPC [3]. This is why it is resis-
tant to proteinase-K (PK). Therefore, resistance to diges-
tion by PK is a specific feature distinguishing PrP5° from
PrPC [4]. Most current methods used for the diagnosis of
prion infections rely on the presence of PrP> [4]. PrP€ is
completely degraded, whereas the C-terminal of fragment
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E-mail address: sakudo@biken.osaka-u.acjp (A. Sakudo),
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PrP> which remains after PK digestion is detectable by
methods such as Western blotting.

Transgenic mice have been used to analyze the specific
amino acid residues and domains in PrP® necessary for
prion infections and the accumulation of PrP° in organs/
tissues [5-13]. Although results obtained from these exper-
iments provide important information on prion biology,

-the events induced by prion infections in independent cells

remain unclear, as results obtained in vivo may reflect a sys-
temic process involving heterogeneous cell populations in
the brain. Cell-culture models designed for the study of
prion infections have improved understanding of the
molecular mechanisms by which PrP% forms as well as
the role of the amino acid sequence and structural domains
of PrP€ in the conversion of PrP€ to PrP% in a cell-auton-
omous fashion [4]. Hitherto, such studies have been using
persistently infected cell cultures [14-16], because de novo
infections of cell cultures with prions are restricted by a rel-
atively low infection efficiency [4,17]. Cell lines susceptible
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to prions co-expressed with exogenous PrPC are used for
some experiments [4]; however, interference by endogenous

PrPC in the pathogenicity of prion agents from other spe- -

cies has also been reported [18-20). Moreover, the concom-
itant expression of heterogeneous species of PrPC seems to
inhibit prion infection, even if cell lines expressing unde-
tectable levels of PrPC (e.g., rabbit kidney epithelial
RK13 cells) are used [21]. As such, PrP gene-deficient cell
lines lacking endogenous PrP® may serve as models for
analysis of the domain of PrP€ required for the pathogenic-
ity of prions without interference from endogenous Prp¢
through the transfection of various deletion mutants of
PrP€ following prion infection [22].

In this study, the requirement of specific regions of PrP€
for the production of PrPS¢ was examined by evaluating the
PrP5° level in a PrP gene-deficient cell line expressing vari-
ous deletion mutants of PrPC after prion infection. Our
findings indicate that full-length PrP¢ leads to the produc-
tion of PrP%° at an early stage, whereas deletion of the OR
of PrP€ prevents production of PrP.

Materials and methods

Cell cultures. ScN2a I3/15-9 cells [23] (kindly supplied by Professor
Motohiro Horiuchi, Hokkaido University, Japan), an N2a cell line infected
by the scrapie Chandler isolate and that persistently produces PrP%, were
grown in OptiMEM (Invitrogen, Carlsbad, CA, USA) supplemented with
10% fetal calf serum and standard antibiotics (100 U/ml penicillin and
100 pg/mt streptomycin). HpL3-4 cells [24] and the transfectants [HpL3-4-
EM, HpL3-4-PrP, HpL3-4-A#1, and HpL3-4-A#2] [25-27] were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma, St. Louis,
MO) supplemented with 10% fetal calf serum (FCS) and standard antibi-
otics at 37 °C in a humidified 5% CO, atmosphere. For the preparation of
ScN2a lysates, two 10 cm dishes of ScN2a 13/15-9 cells were solubilized in
100 pl of OptiMEM, freeze—thawed two times in —80 °C, and solubilized
with a 22 G syringe. The prion infection was performed by plating HpL3-4-
EM, HpL3-4-PrP, HpL3-4-A#1, and HpL3-4-A#2 cells at 5 x 10% cells/well
in 24-well plates. After incubation for 24 h, cells were incubated ford hin the
presence of 1 ml of OptiMEM containing 20 pl of ScN2a lysate or 200 ulof
1% brain homogenate of Chandler or Obihiro prion-infected mice (kindly
supplied by Professor Motohiro Horiuchi), with 1 mlof 10% FCS-DMEM.
After that, the medium was replaced with new 10% FCS-OptiMEM. The
culture was moved to a 6 cm dish and then to a 10 cm dish. The lysate from
the confluent culture of the 10 cm dish is designated passage 1 (P1). Cells
were further passaged from P1 to P5. The levels of total PrP and PrP>in the
cell lysate were determined using Western blotting.

Preparation of HpL3-4 cell lysates. Lysates were made from the cell
lysate of prion-infected HpL3-4 transfectants. Cells were detached with a
scraper and washed twice with ice-cold phosphate-buffered saline (PBS).
The washed cells were solubilized in radio-immunoprecipitation assay
(RIPA) buffer containing 10 mM Tris-HC! (pH 7.4), 1% deoxycholate, 1%
Nonidet P-40, 0.1% sodium dodecyl sulfate ( SDS), and 150 mM NaCl and
then sonicated at 4 °C for 10 min. The cellular debris was removed by
centrifugation at 5000g for ! min. The protein concentration of the
supernatants was measured by Bio-Rad DC protein assay (Bio-Rad, Her-
cules, CA, USA). The sample (120 pg protein) was treated with PK at
20 pg/ml for 30 min at 37 °C. An equal volume of 2x SDS gel-loading buffer
[90 mM Tris/HCI (pH 6.8), 10% mercaptoethanol, 2% SDS, 0.02% brom-
ophenolblue, and 20% glycerol] was added and the samples were heated at
100 °C for 10 min to terminate the reaction before Western blotting. Cells
treated as above except for the digestion by PK were also included.

Western blot analysis. Proteins were separated by SDS—-polyacrylamide
gel electrophoresis (PAGE) (12%) as described previously [28]. The pro-

teins were further transferred to polyvinylidene difluoride (PVDF) mem-
branes (Amersham Biosciences, Piscataway, NI) by using a semidry
blotting system (Bio-Rad, Cambridge, MA). The membranes were
blocked with 5% skim milk (Wako, Osaka, Japan) for | h at room tem-
perature, and incubated for 1 h at room temperature with anti-PrP anti-
body SAF83 (SPI bio, Montigny le Bretonneux, France) which recognizes
residues 126-164 of PrP [29] in PBS-Tween (0.1% Tween 20) containing
0.5% skim milk. Then, the membranes were washed three times for 10 min
in PBS-Tween, incubated with horseradish peroxidase (HRP)-labeled anti-
mouse immunoglobulin secondary antibody (Jackson Immunoresearch,
West Grove, PA) in PBS-Tween containing 0.5% skim milk for 1h at
room temperature before being washed three times in PBS-Tween for
10 min. After development with an enhanced chemiluminescence (ECL)
reagent (Amersham) for 5 min, blots were exposed to ECL Hypermax film
(Amersham). Films were processed automatically in an X-ray film pro-
cessor (Konica, Tokyo, Japan).

Results

To determine if the reintroduction of PrP gene into the
PrP gene-deficient neuronal cell line restored the ability to
produce PrP5° after prion infection, HpL3-4-PrP and
HpL3-4-EM cells were treated with a mixture containing
cell lysate of ScN2a or brain homogenate infected with
Chandler or Obihiro prion. To detect PK-resistant PrPS¢
in extracts from the cell lysate, Western blotting with the
anti-PrP antibody SAF83 was performed. The addition
of lysate of ScN2a cells was able to induce PrPS¢ signals
(18-27 kDa) in HpL3-4-PrP cells at P1 but not in HpL3-
4-EM cells (Fig. 1A). Total PrP levels were also investi-
gated by the detection of PrP in samples not treated with
PK. The signals of total PrP were unchanged after several
passages in HpL3-4-PrP cells. In addition, brain homoge-
nate infected with Chandler prion (Fig. 1B) and Obihiro
prion (Fig. 1C) also enabled HpL3-4-PrP cells to produce
PrP* at P2 (Chandler prion infected brain homogenate)
or P1-P3 (Obihiro prion-infected brain homogenate). Time
course experiments showed that PrP5¢ levels were reduced
by P2 for ScN2a lysate, P3 for Chandler prion-infected
brain homogenate, and P4 for Obihiro prion-infected brain
homogenate and remained under the detectable limit up to
P5 (Fig. 1A-C). Total PrP and PrP% signals were not
detected in HpL3-4-EM during passaging after the addi-
tion of ScN2a lysate (Fig. 1A), brain homogenate of Chan-
dler prion (Fig. 1B), and Obihiro prion (Fig. 1C).

Western blotting with SAF83 recognizing the C-termi-
nal of PrP showed that PrP exhibited broad signals with
an approximate molecular weight of 20-37 kDa in PrP-
expressing cells (HpL3-4-PrP) in the absence of PK after
infection with ScN2a lysate but not in HpL3-4-EM cells
(Fig. 2B). Comparable signals of PrP(A53-94, Q52H) and
PrP(A95-132) proteins (Fig. 2B) were detected as well at
slightly lower bands. ScN2a lysate-infected HpL3-4-PrP
and HpL3-4-A#2 but not HpL3-4-A#1 produced PrP sig-
nals at P1 (Fig. 2B).

The HpL3-4-EM, HpL3-4-PrP, HpL3-4-A#1, and
HpL3-4-A#2 cells were also infected with Chandler
prion-infected brain homogenate to test whether the dele-
tion of several regions in PrP® with the OR or HR would
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Fig. 1. The production of PrP in a PrP gene-deficient cell line transfected with PrP and infected by prion-infected cell lysate and brain homogenate. To
measure production levels of PrPS¢, HpL3-4-EM, and HpL3-4-PrP cells were plated at 5x 10* cells/well in 24-well microtiter plates. Lysate of Chandler
prion-infected ScN2a cells (A) or brain homogenate of Chandler prion-infected mice (B) or Obihiro prion-infected mice (C) was added to the culture of
HpL3-4-EM and HpL3-4-PrP cells. Then, the cells were grown with changes of media. PrP5 production was evaluated after the spreading of cells on
10 cm dishes (designated as P1). Cells further passaged from Pl to P5 were also assayed as follows. The lysates from the passaged HpL3-4-EM and HpL3-
4-PrP cells were treated with proteinase K [PK(+)] or not ([PK(—)] and further subjected to Western blotting with anti-PrP antibody, SAF83, for PrPS¢ or

. total PrP, respectively. HpL3-4-PrP cells demonstrated broad PrP™> signals with an approximate molecular weight of 18-27 kDa after prion infection at P1
(Chandler prion-infected ScN2a lysate), P2 (Chandler prion-infected brain homogenate), or P1-P3 (Obihiro prion-infected brain homogenate), whereas
PrPS levels were rapidly reduced to below the detectable limit. The levels of total PrP showing broad signals with an approximate molecular weight of 20~
37 kDa were not changed during passaging in HpL3-4-PrP cells. Both total PrP and PrP*® were not detected in passaged HpL3-4-EM cells.

produce PrP*° after p\"rion infection. The total PrP level and
PrP5¢ level were analyzed with Western blotting using
SAF83 in the absence and presence of PK, respectively.
The total PrP level was not changed during passaging after
infection of HpL3-4-PrP, HpL3-4-A#1, and HpL3-4-A#2
cells. PrPS° was detected in HpL3-4-PrP and HpL3-4-A#2
cells at P2 and further reduced to below detectable levels
within P3, but was not detected in HpL3-4-A#1, cells at
P1-P5 (Fig. 2C). These results suggest that PrP and
PrP(A95-132) retain the ability to produce PrP5¢ at an
early stage, whereas PrP(A53-94, Q52H) does not.

Discussion

Cell lines are valuable in the analysis of mechanisms of
PrP5¢ accumulation, but studies have been limited by diffi-
culty in obtaining a prion-susceptible cell line [4]. If PrP
gene-deficient cells into which PrP gene was reintroduced
were susceptible to certain prions, they would offer pro-
found advantages over previous prion-cell culture models.
Furthermore, as the novel forms of PrPS¢ could be entirely
derived from exogenous PrP, this system is appropriate for
testing multiple artificial PrP molecules. The few studies of
the mechanisms by which PrP€ is converted to PrP%, all
used the transfection of PrP mutants into PrP-expressing
cell lines. Several studies have shown that the concomitant
expression of heterogeneous species of PrP results in inter-
action and affects the conversion [22). When using the PrP
gene-deficient cell line to study prion infection, the absence
of endogenous PrP is advantageous in terms of avoiding
such effects. Taking advantage of this system, here we
introduced artificial PrP molecules deleted of OR or HR
into a PrP gene-deficient cell line to identify the region of
PrP necessary for efficient production of PrP5¢, PK-resis-
tant PrPS¢ level was measured by Western blotting with
anti-PrP antibody in cells after prion infection.

The several approaches to the knockdown of PrP have
been used. RNAI technology reduced the amount of PrP
by 50% in scrapie-infected neuroblastoma cells
(N2aS12sc+) [33]. However, as it was reported that even
an undetectable amount of PrP® could influence the con-
version [21], PrP gene-deficient cells established from PrP
gene-knockout mice have been increasingly valuable for
elucidating the mechanisms by which PrP€ is converted
to PrP5°. The present study exploited structural/functional
analyses of the N-terminal region of PrP€ to locate the spe-
cific domain of PrP€ responsible for its capability to retain

. PrP% production at an early stage in PrP gene-deficient

cells. To study the region(s) of the N-terminal domain of
PrP€ affecting the production of PrPS° after prion infec-
tion, we transfected cells with plasmids containing several
PrP cDNAs, rendering them capable of expressing full-

. length PrP [HpL3-4-PrP], expressing PrP deleted of the

OR of PrP [HpL3-4-A#1], and expressing PrP deleted of
the N-terminal half of HR [HpL3-4-A#2}, suggesting that
removal of the OR eliminates the ability to produce PrP°.
These results are not consistent with a previous study dem-
onstrating the essential role of not only the OR but also the
HR including amino acid residues 96, 132, 150, 167, 189,
and 204 of mouse PrP for the efficient production of Prps©
after infection with the mouse-adapted scrapie strain 221
[31]. As 22L can easily induce a persistent infection in
HpL3-4 cells [31], but Chandler and Obihiro prion cannot,
it is suggested that the mechanism of persistent infection by
22L is different from that of the production of PrP> at an
early stage by Chandler and Obihiro prion. This also sug-
gests that there are several steps including an early PrP>
production step and a late persistent PrPS° production step.
The OR may be critical for both steps, but the HR may be
only needed for the latter step. It also suggests that the abil-
ity to produce PrP%¢ is not only attributable copper-binding
but to other factors as well. Moreover, Kim et al. have
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Fig. 2. Deletion of OR prevents PrP% production after prion infection. (A) From a schematic comparison of PrP, and mutants [A#1: PrP(A53-94, Q52H),
A#2: PrP(A95-132)), OR or HR was at least partially deleted in PrP(A53-94, Q52) or PrP(A95-132), respectively. The predicted glycosylphosphatidyli-
nositol (GPI)-addition, disulfides (S-S) and Asn-linked glycosylation sites (CHO), and signal peptide sequences (SP) are also shown. Cell lysates of
Chandler prion-infected ScN2a (B) or Chandler prion-infected brain homogenate (C) were added to cultures of HpL3-4 cells expressing wild-type PrP
(PrP: HpL3-4-PrP), PrP(A53-94, Q52) (A#1: HpL3-4-A#1), PrP(A95-132) (A#2: HpL3-4-A#2), or empty vector per se (EM: HpL3-4-EM). Then, the cells
were passaged from P1 to P5. The cell lysates from the passaged cells were treated with proteinase K [PK(+)] or not [PK(-)] for PrP*¢ or total PrP,
respectively. The samples were subjected to Western blotting of anti-PrP antibody, SAF83. This assay showed that HpL3-4-A#1 cells did not exhibit any
PrP5¢ signals similar to HpL3-4-EM cells after Chandler prion infection via the addition of ScN2a lysate and infected brain homogenate. HpL3-4-A#2 cells
elicited PrP%° signals with slightly lower bands (17-25 kDa) than those with 18-27 kDa in HpL3-4-PrP cells after prion infection by Chandler prion-
infected ScN2a lysate at P1 and Chandler prion-infected brain homogenate at P2, whereas PrP* levels were rapidly reduced to below the detectable limit.
These results showed that OR was responsible for PrP% production in the early stage after prion infection. Total PrP signals with an approximate
molecular weight of 20-37 kDa in HpL3-4-PrP cells and slightly lower bands (18-35 kDa) in HpL3-4-A#1 and HpL3-4-A#2 cells were not altered during
passaging. Total PrP and PrP% were not detected in HpL3-4-EM cells during passaging.

recently demonstrated that manganese, which binds to OR  duction at an early stage attributable to the efficiency of

more weakly than copper [34), is required for the replica-  PrP5° replication by copper binding are warranted to eluci-
tion of PrP% by protein misfolding cyclic amplification  date the mechanism(s) of PrP% production.
(PMCA), but copper did not facilitate amplification [35]. PrP(106-126) corresponding to residues 106-126 of the

Therefore, further studies on the extent to which PrP% pro- ~ human PrP sequence maintain most of the characteristics
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of PrP%, including the formation of aggregates [36] and
partial resistance to proteolysis [37]; however, it is still a
question whether the PrP(106-126) model reproduces the
events occurring in prion diseases. For example, although
PrP(106-126) induces cell death in neuronal cell lines such
as SH-SY5Y [38] and PC12 cells [39], several neuronal cell
lines are susceptible to prion infection but most show no
cytotoxicity [40]. Our previous studies have shown that
the HR but not OR of PrP was required for aged
PrP(106-126) neurotoxicity [27], which also supports the
dissimilarity between PrP infection and PrP(106-126)
neurotoxicity. The mechanisms of PrP“ production after
prion infection may be different from those of PrP(106—
126) neurotoxicity.

Taken together, this study showed that the OR, which
binds copper through histidine residues [32), regulates the
ability to produce PrP*° at an early stage. This is because
deletion mutagenesis indicated that the cellular capability
for PrP* production is nullified in PrP lacking the OR.
Therefore, the OR seems to be a critical region in terms
of PrP%¢ production. However, it remains unclear whether
these activities of PrP€ are the result of copper-binding and
which residues of the OR are relevant to PrP5° production
at an-early stage. Furthermore, this study also revealed that
Chandler and Obihiro prion induced PrP® production,
which may be caused by a different mechanism from the
previous study using 22L, because 22L achieved a persis-
tent infection in HpL3-4 cells [31]. As PrP5° could be ampli-
fied by a recently developed method, PMCA [30], the
combination of this cell line system and PMCA would fur-
ther contribute to understanding the mechanisms of PrP®s
conversion to PrPS¢. As bioassays are the most sensitive
method of detecting prion titers [4], use of the combination
of a PrP gene-deficient cell line and a bioassay would also
provide fruitful results.

Prion infection seems to be divided into several stages,
including an early and reversible decision stage leading to
persistent infection. Our data suggest that the OR of PrP¢
is required at an early stage for PrP% production. Further
study is necessary to fully characterize the mechanisms of
PrP* production in early stages and to clarify its biological
significance in prion infections. The cell model reported here
would enhance our understanding of the treatment of prion
diseases induced by the early step of PrPS¢ production.
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