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Mouse neuronal cells expressing exogenous
bovine PRNP and simultaneous downregulation
of endogenous mouse PRNP using siRNAs

Sang-Gyun Kang,' Yu Mi Roh,! Mi Lan Kang,' Yong-Sun Kim? and Han Sang Yoo'*

'Department of Infectious Diseases; College of Veterinary Medicine; KRF Zoonotic Disease Priority Research Institute and BK21 Program for Veterinary Science;

Seoul National University; Seoul, Republic of Korea; ?llsong Institute of Life Science and Department of Microbiology; College of Medicine; Hallym University;
Anyang, Republic of Korea

Key words: BSE, GT1, knockdown, N2a, prion, siRNA

Abbreviations: TSE, transmissible spongiform encephalopathy; BSE, bovine spongiform encephalopathy; GT1, mouse

hypothalamic cell line; GbP, GT1 harboring bovine Prnp gene; N2a, mouse neuroblastoma cell line; NbP, N2a harboring bovine

Prnp; moPrnp/boPrnp, mouse/bovine prion gene; moPrP/boPrP, mouse/bovine prion protein; RNAi, RNA interference; siRNA,
small interfering RNA

Prion diseases, which are called transmissible spongiform encephalopathies (TSEs), comprise a group of fatal infectious
neurodegenerative disorders. Investigation of prion strains and generation of species dependent TSE model are
necessary to understand pathogenesis of the disease. To establish a BSE-specific in vitro cell culture model, N2a and GT1
mouse neuronal cell lines were generated to express the bovine prion protein by transfection of the bovine prion gene
(Prnp). In addition, the endogenous mouse prion protein was suppressed in N2a, NbP, GT1 and GbP cell lines using the
siRNA duplexes, siRNA1 and siRNA2 that target the N- and C-termini of murine Prnp, respectively. Both siRNA1 and siRNA2
effectively decreased murine prion protein levels by more than 80% and the downregulation efficacy was increased
in siRNA dose-dependent manner. The greatest downregulation was observed 48 h after siRNA delivery. The moPrnp
knockdown NbP and GbP cell lines and the Prnp-targeting siRNA technique established in the present study would be
useful tools for dissecting the basic mechanisms of prion infection, especially for BSE.

Introduction

Transmissible spongiform encephalopathies (TSEs), or prion
diseases, are inevitably fatal, and there is no effective therapy.!
Although prion diseases have been recognized for decades, or
even centuries, important questions still remain regarding the
nature of the infectious agents, the mechanisms of prion replica-
tion, the molecular properties underlying prion strains, and the
mechanistic basis of species barriers."* Two properties of TSEs
are particularly perplexing. The first is the existence of multiple
prion strains that produce distinct disease phenotypes within
the same animal species.>* The second is the species barrier that
restricts transmission of prion diseases between different mam-
malian species.” There are several strains that cause TSE. Each
strain has distinguishing characteristics, in particular by their
incubation periods and neuropathological profiles when passaged

4,6,

into panels of inbred mice.*®” Most prion researchers have inves-

tigated TSE in mouse and hamster experimental models.
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RNA interference (RNAI) provides a rapid way of depleting
mRNA through the introduction of double-stranded RNA that
is homologous to a particular message, leading to the degradation
of the targeted message.®'® This technique has been adopted by
the research community as a versatile tool with a wide range of
applications.'"'? The utility of RNAI has resulted in an explosion
of interest in deciphering the molecular mechanisms”" behind
such processes as oncogene repression in cancer," cell signal-
ing” and the development of novel therapeutics.'®" In the field
of neurodegenerative disorders, several RNAi-based studies have
focused on developing therapies that knockdown Prip of a dis-
ease-causing mutated gene.®!316181

One solution considering various species and strains in prion
biology is an establishment of new research models. To generate
a BSE-specific in vitro cell culture model, N2a and GT1 mouse
neuronal cells were generated to express the exogenous bovine
prion protein (boPrP) through transfection of the bovine prion
gene (boPrnp). Then, small interfering RNA (siRNA) target-
ing the endogenous mouse prion gene (molrnp) were designed,
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Figure 1. Real-time RT-PCR analysis to determine the level of mouse prion mRNA (A) and RT-PCR analysis to determine the expression of bovine prion
mRNA (B) in NbP and GbP cells after transfection with different concentrations of siRNA. The quantity of mouse prion mRNA was normalized to that
of GAPDH. An increase in siRNA resulted in a gradual suppression of the mouse prion mRNA, while the expression of bovine prion mRNA remained

and the siRNA-mediated knockdown of mouse prion protein
(moPrP) was evaluated in each of the cell lines.

Results

Generation of stable cell lines, NbP and GbP, expressing the
bovine prion protein. The insertion of boPrnp was confirmed
through genomic PCR and compared to the cells transfected
with the empty vector and to wild-type cells. By genomic PCR,
NbP and GbP tested positive for the 1,119 bp amplicon con-
taining the multiple cloning site (MCS) of the vector plus the
inserted boPrnp, while cells transfected with the empty vector
yielded only the 300 bp amplicon containing the MCS of the
empty vector. No amplification occurred with genomic DNA
from wild-type N2a and GT1 cells (data not shown).

Expression of endogenous murine Prnp gene was dose-
dependently downregulated while the expression of bovine Prup
gene was constant regardless siRNA concentration (Fig. 1).
RT-PCR was performed to detect the transcripts of the derived
gene using boPrnp-specific primer pairs. The 819 bp amplicons
with similar density were observed in N2a and GT1 cells har-
boring the boPrnp ORF (NbP and GbP), while there were no
amplicons from cells transfected with empty vector or from wild-
type cells. No DNA contamination was observed in the RNA
samples, as verified by repeating the above procedure with reverse
transcriptase omitted (data not shown).

Efficient downregulation of endogenous moPrP expression
using siRNAs. The knockdown efficiency of siRNAI, which
targets the N-terminus of moPrnp, was investigated through
one-step real time RT-PCR. A standard curve was calculated
using linear regression analysis. This standard curve displayed
a linear relationship between threshold cycle (Ct) values and
the log copy number of the input molecules: Ct = -2.5114 Log
(CopyNr) + 36.956 (R* = 0.9717). The corresponding copy
number of the PCR amplified moPrnp ORF was calculated
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using the equation 1 pg of 1,000 bp DNA = 9.1 x 10" mol-
ecules.?® The amount of product in a particular sample was
determined from the standard curve of Ct values. The target
mouse prion mRNA was dramatically reduced in dose-depen-
dent manner by the introduction of siRNA1 into NbP and GbP
cells. The observed percentage of inhibition ranged from 88.6
to 98.5% in NbP cells and from 74.0 to 99.6% in GbP cells
following transfection of 20 to 400 nM of siRNA1, respectively
(Fig. 1A).

The downregulation of endogenous moPrP and the stable
expression of exogenous boPrP were verified by western blot
analysis using mouse PrP specific-3F10 and both PrP detecting-
SAF70 antibodies. In the analysis with moPrP specific-3F10,
expression level of moPrP was 30.9 and 50.3% in NbPsiRNA
and GbPsiRNA cells respectively compared with moPrP of wild
type cells. However, with SAF70 in these cells, total PrP includ-
ing moPrP and boPrP was not downregulated and showed 97.9
and 127.4% of prion protein because boPrP was stably expressed
regardless of anti moPrnp-siRNA treatment. Likewise, total prion
protein in NbP or GbP cells showed the highest level because
moPrP and boPrP displayed simultaneously in these cells (Fig.
2).

Decreased expression of prion protein was observed in each
cell line treated with siRNA1 or siRNA2 targeting the N- or
C-terminus of the mouse prion gene, respectively, compared with
the non-treated control. Densitometric evaluation of the west-
ern blot demonstrated a 66.6 to 98.7% downregulation from
the transfection of 200 nM siRNA1 and a 38.6 to 92.4% down-
regulation from 100 nM siRNAL. In the case of siRNA2, the
knockdown ranged from 92.6 to 99.2% at a concentration of
200 nM and from 41.0 to 60.6% at a concentration of 100 nM
(Fig. 3). The highest downregulation was observed at 48 h after
transfection with a 94.9% downregulation at 100 nM siRNA1
and a 96.6% downregulation at 100 nM siRNA2 in N2a cells
(Fig. 4).
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after transfection of 100 nM of siRNA. Densitometric evaluation showed downregulated moPrP and stable expressed boPrP in

NbPsiRNA cells (A) or GbPsiRNA cells (B) compared with siRNA non-treated cells.

A NbP N2a GbP GT1

34kDa ™ ".‘”‘H. E! ! } mOPrP(3F10)
Bae

E— T s > I Sms e M G .O APDH

120 100 100 100

100 -
80 61.4
] 13 9 7.6
20 1. 1.6
g 1 | 16

T

200 100 O 200 100 O 200 100 O 200 100 O
Concentration of siRNA1 (nM)

Expression of Prion
Protein (%)

B NbP N2a GhP GT1

L

I \
supa = R =e LA B -. } moPrP(3F10)

c s s e s S e o GED e s amn =

2 _ 120 100 100 100 "o - GAPDH
o X 100 -

-

c £

Sg

0N O

g 200 100 O 200 100 0 200 100 O 200 100 0

Concentration of siRNA2 (nM)

Figure 3. Downregulation of prion expression by different concentrations of siRNA1 or siRNA2. Cells were transfected with siRNA1 (A) or siRNA2 (B)
and incubated for 48 h. The level of the expressed prion protein was determined by western blot (above) and evaluated by densitometry (below).
Increasing concentrations of siRNA resulted in a gradual suppression of prion protein expression.
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Figure 4. Time-dependent inhibition of prion expression by siRNA-mediated knockdown. Cells were transfected with 100 nM siRNA. The levels of
prion expression were determined by western blot (above) and evaluated by densitometry (below). The downregulation by each siRNA was effective

Discussion

To establish BSE-specific cell culture models, mouse neuronal
cells were transfected with boPrzp and then moPrP was down-
regulated by moPrmp specific siRNA. N2a and GT1 cells were
selected because only a few cell lines, including these cell lines
and the rat adrenal phacochromocytoma line PC12, can propa-
gate scrapie prions over many passages.”’ The successful down-
regulation of prion protein in several species, including mice,
has been reported previously.'®®1%22 However, the siRNA target
sequences for moPrnp designed previously could not be applied to
this experiment because they recognized or very closely matched
with boPrnp sequences.” It is obviously important to verify that
an siRNA which is fully homologous to the desired mRNA target
has as little homology as possible to other mRNAs."* Therefore,
the coding sequence of the moPrnp ORF was processed with
a computer algorithm and the siRNA output was screened by
alignment with boPrzp OREF to avoid redundant sequences.

Successful RNAI experiments depend on the effect of deliv-
ery system for siRNA into cells. Variable and low transfection
efficiency can be one of limiting factors in gene silencing experi-
ments, particularly with difficult-to-transfect cells such as pri-
mary neurons or suspension cells.'®? The siRNA duplexes labeled
with fluorescent dyes are frequently used to monitor transfec-
tion efficiency, and can allow the optimization of experimental
conditions. The siRNA transfection efficiency in this study was
approximately 2 times greater than a previous report showing an
82% knockdown at a fluorescenin siRNA concentration of 400
nM in N2a cells.”?

In N2a and GT1 cells, both siRNAT and siRNA2 effectively
decreased prion protein expression by more than 80%. This
downregulation was associated with a concomitant reduction of
the mRNA level by real-time RT-PCR demonstrating that, as
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expected, the siRNA-mediated regulation was mainly due to the
degradation of target mRNA rather than inhibition of its transla-
tion. The siRNA-mediated knockdown peaked at 48 h after the
transfection and gradually decreased over time as a consequence
of cell division and/or degradation of the siRNA molecules.
However, similar density of boprnp amplicon in RT-PCR and
western blot analysis with mouse specific or total prion detecting
antibodies suggested constant expression of exogenous boPrnp
transcripts as well as boPrP regardless of anti moPrnp-siRNA
treatment. In the exogenous delivery of siRNA, the significant
concern is the cytotoxic side-effects to target cells.”> Cytotoxic
effects were increased at siRNA concentrations above 200 nM,
and knockdown efficiency was positively related with the siRNA
concentration in this experiment.

The newly generated NbP and GbP cell lines in this study
and the applied siRNA technique would be useful for elucidat-
ing the basic mechanisms of prion pathogenesis, especially in
BSE. Even if knockout strategies have been applied to reduce
the gene expression for different purposes, these intergenic splic-
ing events caused ectopic gene expression of the doppel (Dpl)
protein encoded by the Prnd gene, placing the Dpl locus under
the control of the Prnp promoter.** Although untested, Dpl
expression is probably not under the control of the siRNA
machinery because siRNA is a post-transcriptional gene silenc-
ing mechanism. Reducing PrP¢ expression is one of potential
therapeutic approaches to delaying the onset of prion diseases."®
Together with liposomally formulated siRNA molecules, siRNA-
lipoplexes,?® or magnetic nanoparticles labeled with a near-infra-
red dye and covalently linked to siRNA molecules,'>? the cell
lines and siRNA technique presented in this study could poten-
tially be used as therapeutic agents for prion diseases. Further
vector-mediated siRNA studies are needed to determine siRNA
targeting sites and appropriate delivery systems.
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Table 1. Oligonucleotide sequences of primers, probe and siRNAs used in this study

Purpose Target Sequence (5'to 3') Size (bp) Product (bp)
bop Forward GTCGAATTCAACATGGTGAAAAGCCACATAGGCAGTTGG 39 515
oFrn,
P Reverse GACGAATTCGGT CTATCCTACTATGAGAAAAATGAGGAA 39
Genomic PCR Forward TTTTGGCACCAAAATCAACGGGACTTTCCA 30
moPrnp 300
and/or RT-PCR Reverse ACACTGGATCAGTTATCTATGCGGCCGCGG 30
Forward ATGGCGAACCTTGGCTACTG 20
vector 765
Reverse TCATCCCACGATCAGGAAGA 20
, Forward GCCTTGGTGGCTACATGCT 19 o
“Ti MOoFrrn
R;aT'_; R P Reverse CCTCCCAGTCGTTGCCAAA 19
probe MGB CAGGCCCATGATCCAT 16
SiIRNAT GGCCCTCTTTGTGACTATGTGGACT (Sense) 25
RNAi moPrnp
SiRNA2 CAGGCCTATTACGACGGGAGAAGAT (Sense) 25

Materials and Methods

N2a and GT1 cell cultures. N2a, a mouse neuroblastoma cell
line, and GT1, a mouse hypothalamic cell line, were maintained
in Dulbecco’s modified Eagle’s Medium (DMEM) with high glu-
cose (4.5 g/L) and 2 mM glutamine (Gibco, USA) supplemented
with 10% fetal bovine serum, penicillin and streptomycin. Cells
were cultured at 37°C in a 5% CO, incubator.

Construction of the boPrnp expression vector. The Prnp
ORF of Bos taurus coreanae (a breed of cattle native to Korea)
encodes a protein of 264 amino acids with a predicted molecular
weight of 28 kD.?° This ORF was cloned into the pIRESpuro3
eukaryotic expression vector (Clontech, USA). Primers were
designed to insert the EcoRI restriction site into the flanking
regions of boPrnp (AF517842) (Table 1). To dephosphorylate the
linearized vector, 1 uL of calf intestinal phosphatase (CIP, Roche,
Germany) and 10x CIP buffer were added and incubated at 37°C
for 1 h. The gel-purified PCR product and the dephosphorylated,
linearized vector were ligated with T4 ligase and transformed into
DH50 competent cells (RBC, Taiwan). Successful subcloning of
boPrnp was confirmed by DNA sequencing (ABI PRISM 377x L,
Perkin Elmer, USA) after colony PCR and EcoRI digestion.

Transfection and generation of stable cell lines, NbP and
GbP, expressing the bovine prion protein. To generate cells stably
expressing boPrP, N2a and GT1 cells (referred to NbP and GbP,
respectively) were transfected with 4 ug pIRESpuro3-boPrnp
using the FuGENEG6 transfection reagent (Roche, Germany).
Clonal lines were developed by limiting dilution and subsequent
puromycin selection.

Selection of target sequences for siRNA. siRNA was
designed to knockdown the endogenous Mus musculus prion
protein (moPrP) (accession number NM_011170) in each cell
line. An siRNA design algorithm provided by the Invitrogen
web-site (USA)® was used to select target sequences. The basic
local alignment search tool (BLAST) was used against the mouse
genome database to identify unique regions in the murine Prnp
(moPrnp) ORFE. Two regions were chosen and two siRNAs
that targeted the N- and C-termini of the moPrnp ORF, had a
52% GC content, and did not recognize the boPrnp ORF were
designed (Table 1).
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Transfection of siRNA. Early passage cells were transfected
with siRNA duplexes at a final concentration of 200, 100 and
0 nM. After a 48 h incubation, the knockdown efficiency was
assessed by real time RT-PCR and western blot. To assess the
time-dependent inhibition of moPrP, N2a cells were transfected
with 100 nM of siRNA, and moPrP knockdown was determined
by western blot.

Genomic PCR. Primer pairs were used at a final concentration
of 0.5 pmol/pL and were designed to amplify the 819 bp boPrnp.
Another primer pair which targets a 300 bp region, including the
MCS of the vector, was used to screen for gene insertion into cells
(Table 1). The 20 uL PCR reactions included 0.3 pg of genomic
DNA, 0.5 uL of each primer, 0.2 UL of 7zg DNA polymerase
(5 U/uL), 2 UL of 10x PCR buffer, 2 UL of ANTP mixture (2.5
mM of each), and 14.8 UL of autoclaved distilled water. The PCR
parameters consisted of an initial denaturation step at 95°C for
5 min followed by 40 cycles of denaturation at 95°C for 30 sec,
annealing at 60°C for 30 sec, and extension at 72°C for 1 min
and a final extension at 72°C for 15 min.

RT-PCR. Single-stranded cDNA was synthesized by one-step
RT-PCR with a reverse transcriptase and 7zg DNA polymerase
mixture (Invitrogen, USA). Fifty UL of the RT-PCR reaction
included 25 UL of 2x reaction mix (0.4 mM of each INTP, 2.4
mM MgSO,), 5 ug of isolated total RNA, 1 UL of each boPrnp-
specific primer at a final concentration of 0.4 pmol/uL (Table
1), 1 uL of the reverse transcriptase and 7zg DNA polymerase
mixture, and 22 pL of autoclaved distilled water. To test for
DNA contamination of the RNA samples, control reactions were
prepared by omitting the reverse transcriptase. Thermal cycling
for the RT-PCR was performed as follows: 30 min at 50°C for
reverse transcription, an initial 2 min denaturation at 94°C; 40
cycles of denaturation at 94°C for 30 sec, annealing at 60°C for
30 sec, and extension at 72°C for 1 min; and a final extension at
72°C for 15 min.

Quantitative real-time RT-PCR. The moPrnp ORF-specific
primers and probes for real-time RT-PCR were designed using
Primer Express software (Applied Biosystems, UK) (Table 1) and
did not recognize boPrnp. The TagMan minor groove binder
(MGB) probe (Applied Biosystems, UK) was labeled with a 5'

reporter dye, 6-carboxyfluorescein (FAM) and a 3' nonfluorescent
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quencher (NFQ) plus MGB. The 25 pL RT-PCR reaction
included 11 pL of RNase-free water, 5 UL of 5x 7zgMan EZ
buffer (250 mM Bicine, 575 mM potassium acetate, 0.05 mM
EDTA, 300 nM Passive ref. 1, 40% glycerol, pH 8.2), 3 uL of
manganese acetate (25 mM Mn(OAc),), 2.8 uL of INTP/dUTP
mix (10 mM each of dATP, dCTP, dGTP and 20 mM of dUTP),
2 UL of probe mix (18 UM of each primer and 5 UM probe),
1 uL of DNA polymerase (2.5 U/uL of DNA polymerase in
20 mM Tris-HCI, pH 8.0, 100 mM KCl, 0.1 mM EDTA, I mM
DTT, 50% glycerol, 0.5% Tween 20), and 0.2 pL of AmpErase
UNG (1 U/uL uracil N-glycosylase in 30 mM Tris-HCI, pH 7.5,
1 mM EDTA, 150 mM NaCl, 1 mM DTT, 5% glycerol, 0.5%
Tween 20). RNA input was normalized with the 7zgMan mouse
GAPDH endogenous control (Applied Biosystems, UK). Thermal
cycling for the 7zgMan 7000 was performed at 2 min at 50°C for
reverse transcription, 10 min at 95°C for heat inactivation of the
reverse transcriptase and activation of the DNA polymerase, 50
cycles of 15 sec at 95°C, and 1 min at 60°C. The fluorescence data
were collected at the end of the 60°C step using the 7000 system
SDS v1.2.3 (Applied Biosystems, UK). Ten-fold serial dilutions of
the PCR amplification products with the moPrnp ORF-specific
primer set were used to generate a standard curve (Table 1).
Western blot analysis. For western blot analysis, 5 lg pro-
tein from each cell lysate was prepared and separated on a 12%
Tris-glycine gel and transferred to a 0.2 micron nitrocellulose
membrane using a dry blotting system (Invitrogen, USA). The

membrane was blocked with 5% nonfat dry milk in TritonX-
tris buffered saline (TTBS: 0.1% TritonX-100 in 100 mM Tris-
HCI, pH 7.5, 0.9% NaCl) for 2 h at room temperature and then
probed with 3F10 which recognises only mouse PrP at a dilu-
tion of 1:10,000;%* and SAF70 (Sapphire Bioscience, Australia)
which cross reacts with mouse and bovine PrP at a dilution of
1:5,000. Membranes were incubated overnight at 4°C with
the primary antibody. Anti-mouse IgG secondary-conjugated
horseradish peroxidase (Santa Cruz, USA) diluted at 1:5,000
was then added. The bound antibodies were visualized by
chemiluminescence (Amersham, UK) and protein levels were
evaluated through densitometry (Multi Gauge v2.3 software,
Fujifilm, Japan). The membrane was washed twice with TTBS
and put in stripping solution (100 mM Tris-HCI, pH 7.5, 0.9%
NaCl, 7 uL/mL B-mercaptoethanol, 2% SDS) at 50°C for 15
min. The stripped membrane was blocked with 5% nonfat dry
milk in TTBS and probed with anti-mouse GAPDH (Santa
Cruz, USA) at a dilution of 1:5,000 as a cellular marker. After
an overnight incubation at 4°C, anti-mouse IgG-conjugated
horseradish peroxidase diluted at 1:5,000 was added. Protein
levels were visualized as described above.
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