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INTRODUCTION
The neurodegenerative diseases in-

clude Alzheimer’s, Parkinson’s, and
Huntington’s diseases as well as the
frontotemporal dementias, amyotrophic
lateral sclerosis, and the prion diseases.
Not since the introduction of L-dopa for
treatment of Parkinson’s disease (1) has a
meaningful advance in the therapeutics
for neurodegenerative diseases been
recorded. Despite this drought, studies
on the pathogenesis of the neurodegener-
ative diseases have been impressive.

The results of numerous studies have
converged to argue that prions are com-
posed solely of the disease-causing prion
protein, designated PrPSc. A posttransla-
tional process generates PrPSc from the
cellular isoform PrPC (2). Recent studies

of prions produced in cell-free systems
and bioassayed in mammals or fungi
have demonstrated that only a protein is
necessary for prion infectivity (3,4). Ani-
mal models can faithfully reproduce
human prion disease, making them an
excellent system in which to develop
new pharmacotherapeutics. Moreover,
expression of chimeric human-mouse
PrP transgenes permits the study of
human prions in mice with incubation
times of ~100 days (5).

Several approaches to the therapeutics
of prion disease have been investigated,
including diminishing the levels of PrPC

(6-9), slowing the conversion of PrPC into
PrPSc (10-13), and enhancing the degra-
dation of PrPSc (14). Anti-PrP antibodies
have been shown to diminish the forma-

tion of PrPSc in ScN2a cells (15,16) and in
mice inoculated intraperitoneally with
prions (17-19).

Of all the compounds studied,
quinacrine seems to offer the most hope
as an anti-prion therapeutic due to its
long history of clinical use and its po-
tency against PrPSc. The concentration
of quinacrine required for half-maximal
reduction (EC50) of PrPSc in cultured
ScNa2 cells was ~300 nM (12). To iden-
tify compounds with increased efficacy
over quinacrine, bis-acridine molecules
were synthesized. Some of these com-
pounds exhibited EC50 values 10-fold
lower than quinacrine (20). Neither
quinacrine nor the bis-acridines have
been shown to be effective in attempts
to prolong the incubation periods of
mice inoculated intracerebrally (i.c.)
with prions (21,22). Oral quinacrine is
currently being evaluated in the treat-
ment of sporadic and variant
Creutzfeldt-Jakob disease (CJD). In ad-
dition to quinacrine, pentosan polysul-
fate is being evaluated in humans, but
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this drug must be administered in-
trathecally. Pentosan polysulfate in-
fused intraventricularly into mice has
been reported to prolong the incubation
time (23).

In a quest to identify new lead com-
pounds for the treatment of prion dis-
ease, we investigated oligonucleotides as
potential pharmacotherapeutics. Phos-
phorothioate DNA (PS-DNA) oligonu-
cleotides were reported to slow prion
propagation when administered in-
traperitoneally (i.p.) for 20 days consecu-
tively beginning immediately after inoc-
ulation of prions (24). To extend these
findings, we exposed ScN2a cells to
22-mer, single-stranded PS-DNAs of var-
ious sequences. Phosphorothioate modi-
fication renders oligonucleotides resist-
ant to nucleases while maintaining their
charge and structure, by replacing an
oxygen in the backbone phosphate with
a sulfur atom (25). We found that PS-
DNAs diminished the levels of both PrPC

and PrPSc in ScN2a cells. A brief prelimi-
nary description of our studies was re-
ported earlier (26) and an extensive
study of PS-DNAs as inhibitors of PrPSc

formation by others was published re-
cently (27). Here we report that the EC50
for PrPSc was ~70 nM and the effect of
PS-DNA on PrP levels was independent
of the nucleotide sequence. Because the
EC50 of PS-DNA for PrPC was much
higher than that for PrPSc, the diminished
levels of PrPSc after exposure to PS-DNA
could not be due to decreased levels of
PrPC. Bioassays in transgenic mice
demonstrated a substantial diminution
in the prion infectivity after ScN2a cells
were exposed to PS-DNAs. The mecha-
nism by which PS-DNA diminished the
level of PrPSc in cultured cells remains
unknown.

MATERIALS AND METHODS

Oligonucleotides
All oligonucleotides were purchased

from TriLink Biotechnologies (San Diego,
CA, USA) after HPLC purification and
verification using mass spectroscopy. The
oligonucleotides synthesized for the

present study had the following base
sequences:
CpG 22-mer CpG-PS-DNA: TGACTGT

GAACGTTCGAGATGA
Scr 22-mer SCR-PS-DNA: CAGTGATA

GCTATGTGAGCTAG
6-mer PS-DNA: TGTGAG
12-mer PS-DNA: CAGTGATAGCTA
15-mer PS-DNA: TGCTCAACAGTATGA
18-mer PS-DNA: CAGTGATAGCTAT

GTGAG
44-mer PS-DNA: CAGTGATAGCTAT

GTGAGCTAGCAGTGATAGCTA
TGTGAGCTAG

Treatment of Cells with
Oligonucleotides

N2a cells (28,29) were grown in
10-cm dishes in minimal essential
medium (MEM) until attaining 90% to
95% confluence. Cells were trypsinized
and diluted ten-fold into 60-mm plates
containing 4 mL of Dulbecco’s modified
Eagle’s medium (DMEM). On the fol-
lowing day, the cells were washed once
with fresh DMEM and 2.5 mL of new
medium was applied to the cells.
Oligonucleotides were then added to
the dish at various concentrations and
incubated for variable periods of time.
Cells were incubated with 1 !M of
6-mer, 12-mer, 15-mer, 22-mer, and
44-mer PS-DNA for 48 h. A range of
concentrations (0.01 !M to 10 !M) of
22-mer PS-DNA was also incubated
with the cells for 48 h (Figure 2). All in-
cubations were performed at 37°C.
Cells were harvested in 0.5 mL cold
lysis buffer (10 mM Tris-HCl, pH 8;
100 mM NaCl; 0.5% NP-40; and 0.5%
deoxycholate). Cell lysates were incu-
bated for 3 min at 4°C and DNA aggre-
gates were collected from the lysate
using a sterile tip. Stock cultures of cells
were maintained in MEM. The cells
were harvested using 4 mL of 0.5%
trypsin and plated in a 1:20 dilution,
fed on day 4, and trypsinized again in a
1:3 dilution onto 10-cm plates on day 6.
All media were supplemented with 10%
fetal bovine serum, 2 mM Glutamax
(Gibco BRL, Carlsbad, CA, USA),
100 units/mL penicillin, and

100 units/mL streptomycin in a humid-
ified 37°C incubator with 5% CO2.

Primary Cell Cultures
Cerebellar granule neurons and hip-

pocampal neurons were prepared from
6-day-old (P6) FVB and FVB/Prnp0/0

mice, using an established dissociation
protocol, as described previously (30).
Briefly, P6 mice were decapitated and
their heads immediately placed into a
Petri dish containing both ice-cold
Hank’s BSS, Ca2+- and Mg2+ -free without
Phenol Red (UCSF cell tissue facility, San
Francisco, CA, USA), and a high concen-
tration of penicillin/streptomycin (Gibco)
to slow down metabolism and decrease
contamination. The whole brain was
moved into fresh, ice-cold Hank’s solu-
tion. Under a dissecting microscope
(Nikon SMZ 1500), the cerebellum or hip-
pocampus was removed and cleaned of
meninges tissue to decrease glial cell con-
tamination in the culture. The tissue was
transferred to a sterile 15-ml (Falcon, BD
Sciences; Bedford, MA, USA) conical
tube, which was then spun at 200g in a
Beckman GS-6 centrifuge for 5 min. The
supernatant was carefully aspirated,
mixed thoroughly with a solution con-
taining 20 units of Papain (Worthington,
Lakewood, NJ, USA) and 0.005% of
DNase (Worthington), and incubated at
37°C for 20-45 min, depending on tissue
volume. The tissue was mechanically dis-
sociated using a 5-ml pipette followed by
a 1000-!L pipette tip. Cells were then
passed through a 40-!m cell strainer
(Falcon), spun at 200g and resuspended
in 3 mL of Neurobasal Media-A (Gibco)
that contained 10% fetal bovine serum
(Gibco) and B27 supplement (Gibco). The
cells were counted and plated in fresh
Neurobasal-Media A at a concentration
of 1 " 105 cells/well in 96-well plates
that had been coated with poly-D-lysine
(250 !g/mL). One day postplating, 0.1%
Arabinose-C (Sigma) was added to the
Neurobasal Media-A to further limit glial
cell growth. PS-DNAs were then added
at the indicated final concentrations in
Neurobasal media-A and incubated for
up to 5 days.
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Cell-Survival Assay
Cell survival was assayed using calcein

AM, according to the manufacturer’s pro-
tocol (Molecular Probes, Eugene, OR,
USA). Calcein AM was prepared in
DMSO/Dulbecco’s phosphate-buffered
saline (PBS; Gibco/Invitrogen). Briefly,
after plating on black, 96-well plates
(Thermo LabSystems, Vanta, Finland),
cells were treated with the PS-DNAs at
various concentrations for up to 5 days.
After treatment, cells were washed three
times in Ca2+ - and Mg2+ -free Dulbecco’s
PBS (Gibco/Invitrogen) before incubation
at 37°C for 30 min in calcein AM (1:10).
The survival of the cells was read using a
fluorescence microplate reader (Tecan,
Research Triangle Park, NC, USA) using
a filter with excitation at 490 ± 10 nm and
emission at 530 ± 15 nm.

Long-term Treatment of Cells
ScN2a cells were prepared as de-

scribed above for days 1 and 2. For each
treatment, we prepared three sets of
plates. On day three, 2 mL of DMEM
was added to the cells. On day four, 4
mL of new medium containing the
oligonucleotides was applied to the cells.
On day 6, one set of plates was
trypsinized and cells were transferred to
new 60-mm plates as described to enable
continuous treatment. Another set of
plates was allowed to grow without the
presence of oligonucleotides. The third
set of plates was washed with 2 mL PBS,
followed by harvesting of the cells in 0.5
mL cold lysis buffer, as described above.

Competitive Binding Experiments
For antibody binding experiments,

N2a cells were pre-incubated with a
panel of different recHuM Fabs at a con-
centration of 20 !g/mL. After 6 h, 4 !M
of 22-mer PS-DNA was added to the cells
and incubated for an additional 6 h.

For experiments investigating the lyso-
somal pathway, N2a and ScN2a cells were
pre-incubated with 4 different lysosomal
inhibitors: 100 nM bafilomycin A, 10 mM
monesin, 100 !M chloroquine, or 30 mM
ammonium chloride. All compounds
were purchased from Sigma. After pre-in-

cubation for 1 h, cells were exposed to
20 !M 22-mer PS-DNA for 6 h.

For experiments investigating the pro-
teasomal pathway, N2a and ScN2a cells
were exposed to 20 !M of 22-mer PS-
DNA for 6 h. Then three different protea-
somal inhibitors were added to the cells
and incubated for 1 h: 15 !M lactacystin,
15 !M MG132, and 150 !M ALLN.

After incubation, cells were washed and
harvested as described above. ScN2a cells
were digested with 20 !g/mL PK for 1 h at
37°C. Immunoblots were prepared and
probed with the anti-PrP Fab D13 antibody.

Antibodies and Immunoblotting
Protein concentration in each sample

was determined using the bicinchoninic
acid (BCA) kit (Pierce, Rockford, Illinois,
USA). Levels of PrPSc were measured by
densitometry of the PK-resistant bands
on Western blots. PK (20 !g) was added
to 1 mg/mL cell lysate and incubated for
1 h at 37°C. Digestion was stopped by
2 mM phenylmethylsulfonylfluoride
(PMSF), 800 !L of acetone was added,
and samples were centrifuged at 15,000g
at 4°C for 1 h on a tabletop centrifuge.
Pellets were resuspended in 40 !L " 2
Laemmli buffer and boiled for 6 min. A
sample of 20 !L was loaded on a 12%
Pre-Cast SDS/PAGE gel (BioRad, Her-
cules, California, USA) and protease-re-
sistant PrPSc was probed using Fab D13
(31,32). To quantify PrPC levels, 40 !g
from each sample was loaded on the
same gels before PK digestion and de-
tected using Fab D13. To demonstrate
that an equal amount of total protein was
loaded from the different samples, we
used the anti-mouse tubulin antibody,
anti-mouse Thy1 antibody, anti-mouse
Trk B-3 antibody, anti-mouse ATF-3 anti-
body, or anti-mouse actin antibody
(Sigma, St. Louis, Missouri, USA). For
N-CAM staining, we used the mono-
clonal mouse IgG2a antibody RDI-
N-CAM13abm (Research Diagnostics,
Inc., Flanders, New Jersey, USA). For Dpl,
we used the polyclonal antibody E6977.

Northern blot assays were performed
as described (33) with the exception of
the amount of RNA loaded on the gel.

Bioassays in Mice
Bioassays were performed as de-

scribed (15). Briefly, ScN2a cells were
treated with 1 !M 22-mer PS-DNA for
8 weeks. Subsequently, 10-cm confluent
tissue culture plates were lysed with 1
mL of PBS free of Ca2+ and Mg2+. Thirty
microlitres of the cell lysate were inocu-
lated i.c. into Tg(MoPrP-A)4053/Prnp+/+

mice that overexpress wild-type mouse
PrP (34) and in wild-type CD-1 Swiss
mice at the age of 7 weeks. Mice were
scored daily for onset of clinical signs of
prion disease.

RESULTS
We exposed ScN2a cells to 22-mers of

single-stranded PS-DNAs of various se-
quences. All the 22-mer PS-DNAs were
transfected into ScN2a cells via DOTAP
(Roche, Indianapolis, IN, USA) at a con-
centration of 1 !M, and incubated for
48 h. Subsequent studies showed that the
PS-DNA did not need to be transfected to
observe a reduction in PrPSc. Initially two
different PS-DNA sequences were tested:
one containing a CpG motif (purine,
purine, cytosine, guanine, pyrimidine,
pyrimidine), which is known to elicit the
innate immune response and cytokine se-
cretion (35), and a second that is a scram-
bled version of the CpG-PS-DNA. An ad-
ditional control was the methylated
version of the CpG-PS-DNA. We found
that the PS-DNA sequence carrying the
CpG motif and the scrambled PS-DNA
were equally potent in abolishing the PrPSc

signal seen on Western blots after limited
Proteinase K digestion (Figure 1). Interest-
ingly, the methylated CpG motif also abol-
ished the PrPSc signal even though it is not
able to activate the innate immune re-
sponse. Moreover, 22-mer PS-DNA com-
posed of poly-C, poly-T, or poly-A/C had
the same effect as poly-G/C (data not
shown). From these results, we concluded
that the sequence of PS-DNA is irrelevant
in the process that leads to a diminution in
PrPSc levels in ScN2a cells. Because the PS-
DNA did not need to be transfected for a
diminution in the level of PrPSc to be ob-
served, it seems likely that PS-DNA inter-
acts with PrPSc at the cell surface.
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Next, we incubated PS-DNAs of vari-
able lengths with ScN2a cells. PS-DNAs
composed of 6-mers, 12-mers, and 15-
mers had no effect on the levels of PrPSc

in ScN2a cells. In contrast, PS-DNAs
composed of 18-mers, 22-mers, and
44-mers abolished PrPSc (data not
shown). The mechanism by which PrPSc

levels are lowered by 18- to 44-mer PS-
DNAs remains to be established.
Whether longer PS-DNAs adopt an ac-
tive conformation that shorter PS-DNAs
are unable to achieve is unknown.

It is noteworthy that double-stranded
PS-DNA had the same effect as the sin-
gle-stranded PS-DNA described above.
In contrast to the phosphorothioate-mod-
ified DNA, unmodified, single-stranded
phosphorodiester DNA as well as PS-
RNA were unable to reduce PrPSc levels
at the concentrations and lengths for
which PS-DNA were highly effective.

The levels of PrPC and PrPSc in N2a
cells were determined as a function of
the concentration of a 22-mer PS-DNA.

The PS-DNA was incubated with the
cells for 48 h at 37°C. The curve relating
increasing PS-DNA concentrations to
the level of PrPC in N2a cells demon-
strates an exponential relationship (Fig-
ure 2a). The EC50 of PS-DNA for PrPC

was just under 4 !M. The curve relating
increasing PS-DNA concentrations to
the level of PrPSc in ScN2a cells is also
exponential (Figure 2b). The EC50 of PS-
DNA for PrPSc was approximately 70
nM, around 50-fold lower than that
found for PrPC.

Because PS-DNA diminished PrP lev-
els in a concentration-dependent manner,
we investigated the time dependence of
this process. A decrease in PrPSc and PrPC

levels was detected after a minimal incu-
bation of 4 h with 1 !M 22-mer PS-DNA
(data not shown). Longer incubation
times resulted in a progressive decline in
the levels of PrPC and PrPSc. After 48 h of
exposure to PS-DNA at 1 !M, PrPSc in
ScN2a cells was undetectable by
immunoblotting.

To extend our observations in ScN2a
cells, we performed studies on PS-DNA
added to ScGT1 cells (36). In agreement
with results from ScN2a cells, both PrPSc

and PrPC levels were reduced by PS-
DNA in ScGT1 cells (data not shown).
This finding excluded the possibility of a
cell-line dependent artifact.

After determining that the effect of PS-
DNA is dependent on duration of expo-
sure, the length and concentration of PS-
DNA, we wished to examine its
mechanism of action. We asked whether
the effect of PS-DNA is mediated via spe-
cific PrP degradation, a general decrease
in cellular proteins, or reduction of pro-
teins that are anchored by a glyco-
sylphosphatidyl inositol (GPI) moiety,
similar to PrP (37). Levels of tubulin and
neural cell-adhesion molecule (N-CAM),
a GPI-anchored protein (38) that binds to
PrP (39,40), were measured before and
after incubation with PS-DNA. The lev-
els of neither protein were altered by PS-
DNA (Figure 3). Furthermore, actin, glyc-
eraldehyde-3-phosphate dehydrogenase
(GAPDH), thymus cell antigen 1 (Thy1),
tyrosine kinase receptor (TrkB-3), activat-
ing transcription factor 3 (ATF-3), and
doppel, a PrP paralogue, were unaffected
by the presence of PS-DNA, suggesting
that PS-DNA selectively modifies PrP.
The same pattern and levels of numerous
proteins in the presence or absence of PS-
DNA were found from PVDF mem-
branes stained with Ponceau-S and from
Comassie-stained gels after SDS-PAGE
(data not shown).

Cell-survival assays revealed no toxic-
ity of PS-DNA to primary cells, even at
concentrations as high as 5 mM (data
not shown). To ensure that the apparent
reduction of PrPC and PrPSc levels on
immunoblots is not due to steric hin-
drance of primary antibody binding to
PS-DNA, we used a panel of antibodies
directed against many different epitopes
of native PrP. Recombinant (rec)
chimeric HuM Fabs denoted E123, E149,
D13, D18, R72 and R1, that recognize
PrP epitopes 29-37, 72-86, 95-105, 133-
157, 152-163 and 226-231, respectively
(41,42), detected similar levels of PrPC

Figure 1. Effect of different PS-DNA sequences and PS-DNA transfection on PrPSc in ScN2a
cells. Cells were exposed to different oligonucleotides for 48 h. CpG, PS-DNA that con-
tains the CpG motif as described in Methods; Scr, scrambled sequence of the CpG
oligonucleotide; Met, methylated version of CpG oligonucleotide: C, control ScN2a cells
without PS-DNA. In all transfected cells, DOTAP was added while the non-transfected cells
were incubated with PS-DNA only. Cells were either undigested (-PK) or subjected to PK
digestion at 37°C for 1 h (+PK), and all immunoblots were stained with the D13 anti-PrP
antibody.
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or PrPSc. The similar results obtained
with this panel of recHuM Fabs argue
that our findings with PS-DNA are not
artifacts.

To determine whether PS-DNA al-
tered the levels of PrPC and PrPSc at the
transcriptional level, PrP mRNA levels
were measured at different durations of
incubation with 22-mer PS-DNA at 1
!M. We selected three time-points at
which immunoblots revealed reduced
levels of PrPSc in ScN2a cells. Northern
blot analysis revealed no change in
the levels of PrP mRNA after exposure
of cells to PS-DNAs for 4, 15, or 48 h. 

Next, we examined the potential role
of the lysosomal and proteasomal degra-
dation pathways in PS-DNA-mediated
attenuation of PrP levels. ScN2a and N2a
cells were pre-exposed to inhibitors of
these pathways followed by incubation
with PS-DNA. Chloroquine, bafilomycin
A and monensin (data not shown), which
are known to inhibit lysosomal degrada-
tion of proteins (43,44), diminished the
reduction of PrPC by PS-DNA. Studies
with chloroquine also showed that this
lysosomal inhibitor could reduce the ef-
fect of PS-DNA on PrPSc levels in ScN2a
cells. Interestingly, pre-incubation with

ammonium chloride, another lysosomal
inhibitor, did not interfere with the ability
of PS-DNA to remove PrPSc and to reduce
PrPC levels.

To investigate whether proteasome in-
hibitors show an effect similar to that
seen with lysosomal inhibitors, lacta-
cystin, MG132, or ALLN (45) were added
to ScN2a cells prior to exposure to PS-
DNA. None of these three proteasome in-
hibitors altered the effect of PS-DNA on
PrPSc levels (data not shown), suggesting
that PS-DNA exerts its effects on PrP via
the lysosome but not through the protea-
some.

To explore further the mechanism of
PrP reduction meditated by PS-DNA,
N2a cells were pre-incubated with
recHuM Fabs directed against a variety
of PrP epitopes (31). Because some PrP
antibodies can eliminate PrP in N2a and
ScN2a cells (15,16,46), we chose an incu-
bation time and antibody concentration
that would not affect PrP levels but en-
able the antibody to compete with the
PS-DNA binding. N2a cells were incu-
bated for 6 h with 20 !g/mL of various
recHuM Fabs (15,31,32,47,48) followed
by exposure to 4 !M 22-mer PS-DNA for
an additional 6 h. The R1, D13, and D18
recHuM Fabs that bind to PrPC with high
affinities (Kds: 1.8 ± 0.8 nM, 3.5 ± 0.5 nM,
and 1.5 ± 0.6 nM, respectively) were able
to block the effect of PS-DNA (Figure 4).
In contrast, the E149 and R72 recHuM
Fabs did not block the effect of PS-DNA
on PrPC in N2a cells. Why some recHuM
Fabs and not others prevented the effect
of PS-DNA is unclear.

To investigate whether PS-DNA per-
manently disrupted the ability of ScN2a
cells to form PrPC and PrPSc, we moni-
tored PrPC and PrPSc levels in cells after
cessation of PS-DNA treatment. ScN2a
cells were incubated for 2 weeks with
22-mer PS-DNA followed by a recovery
period of 1 week in media without PS-
DNA. In comparison to treated ScN2a
cells (Figure 3), ScN2a cells 1 week after
cessation of treatment showed newly
synthesized PrPC but no evidence of nas-
cent PrPSc formation (Figure 5). The same

Figure 2. Effect of the concentration of PS-DNA on PrP in ScN2a and N2a cells. Increasing
concentrations of 22-mer PS-DNA are plotted against the levels of PrPC in N2a cells (A)
and PrPSc in ScN2a cells after PK digestion (B). The EC50 of PS-DNA for PrPC was ~5 !M,
whereas that for PrPSc was ~70 nM. These results are scans of Western blots and are the
average of three independent experiments.



R E S E A R C H  A R T I C L E

M O L  M E D  1 3 ( 3 - 4 ) 1 9 0 - 1 9 8 ,  M A R C H - A P R I L  2 0 0 7  |  K A R P U J  E T  A L .  |  1 9 5

results were observed after 3 weeks of re-
covery (data not shown).

Bioassays were performed to confirm
the depletion of PrPSc from ScN2a cells
by PS-DNA. The ScN2a cells were ex-
posed to 1 !M of a 22-mer PS-DNA for
8 weeks. At the end of the experiment,
untreated control, and PS-DNA-treated
ScN2a cells were homogenized and inoc-
ulated i.c. into wild-type CD-1 and
Tg(MoPrP-A)4053 mice. The untreated
cells caused disease in the CD-1 mice in
148 days and in Tg4053 mice in 68 days
(Table 1). In contrast, the PS-DNA–
treated cells caused disease in five of six
CD-1 mice with a mean of 305 days, indi-
cating that the prion titer was reduced by
a factor of more than 104 (28). Similar re-
sults were observed with the Tg4053
mice: PS-DNA-treated cells did not cause
disease Tg4053 mice in more than
400 days. Like the bioassays in CD-1
mice, the data from Tg4053 mice indicate
a reduction in prion titer of > 104.

Please note that supplementary informa-
tion is available on the Molecular Medicine

website (www.molmed.org).

DISCUSSION
When ScN2a cells were treated with a

22-mer PS-DNA, the levels of both PrPC

and PrPSc diminished without affecting
other proteins in the cells. This phenome-
non was not sequence dependent be-
cause scrambled PS-DNA was as effec-

tive as a PS-DNA with a CpG motif. The
lowering of PrPC levels by PS-DNA was
similar whether or not the cells were in-
fected with prions and probably oc-
curred at the cell surface because some
recHuM Fabs prevented this reduction of
PrPC (Figure 4) (15). The effect of PS-
DNA on PrPC levels contrasts with find-
ings reported in a recent study (27).

While reduction of PrPC and PrPSc lev-
els by the PS-DNA was not sequence-
specific, it was dependent on the length
of the oligonucleotide (Figure 2a). PS-
DNAs composed of 6-mers, 12-mers, and
15-mers had no effect on the levels of
PrPSc in ScN2a cells. In contrast, PS-
DNAs composed of 18-mers, 22-mers,
and 44-mers abolished PrPSc. Other in-
vestigators found a similar length-de-
pendent relationship, where optimal re-
duction of PrPSc levels was achieved with
PS-DNAs of 25-28 bases (27). They also
found that the optimal size of PS-DNA
for binding to recPrPs was 20 to 40 bases.
The mechanism by which PrPSc levels are
lowered by 18- to 44-mer PS-DNAs re-
mains to be established. Whether longer
PS-DNAs adopt an active conformation
that shorter PS-DNAs are unable to
achieve is unknown.

The reduction in PrPC and PrPSc levels
was dependent upon the concentration
of PS-DNAs. Because the EC50 for reduc-
tion of PrPC was ~50-fold greater than
that for PrPSc, we concluded that the ef-

Figure 3. N-CAM, tubulin, and PrP levels in ScN2a and N2a cells after exposure to PS-DNA.
ScN2a and N2a cells incubated for 2 weeks with various concentrations of scrambled
22-mer PS-DNA indicate decreased levels of PrPC and PrPSc but no change in the level of
the other proteins. Similar results were seen for shorter incubation times (data not shown).
Cell lysates without PK digestion (-PK) were probed with PrP antibody (D13), and antibod-
ies against N-CAM and tubulin on the same immunoblot. This can be accomplished be-
cause N-CAM, tubulin, and PrP have different molecular weights (140 kDa, 49.5 kDa, and
19.6 to 37.4 kDa, respectively). C, control with no PS-DNA.

Figure 4. PrP reduction in the presence of PS-DNA can be blocked by preincubation with
anti-PrP Fabs. N2a cells were incubated with 20 mg/mL of the indicated Fab for 6 h followed
by incubation with 4 !M 22-mer PS-DNA for 6 h. The following Fabs that recognize different
epitopes of PrP were used: E149, R72, R1, D13 and D18 (15). C, control, no antibody.
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fect of PS-DNA on PrPSc did not result
from a diminution in PrPC levels. Addi-
tionally, we found that PS-DNA did not
act by decreasing the level of PrP mRNA.
Some lysosomal inhibitors interfered
with the effect of PS-DNA, but NH4Cl
did not; furthermore, proteasome in-
hibitors had no effect on the lowering of
PrPC and PrPSc levels by PS-DNA.

The removal of PrPSc in ScN2a cells by
PS-DNA was dependent on the length of
the oligonucleotide, dose, and incubation
time. Treatment of ScN2a cells with 1 !M
of the 22-mer PS-DNA for 48 h was suffi-
cient to remove PrPSc in ScN2a cells
based on Western immunoblotting. Treat-
ing ScN2a cells for 2-7 weeks with PS-
DNA cured cells of prion infectivity as
determined by immunoassay and bioas-
say (Table 1). Two weeks of incubation
with 1 !M of 22-mer PS-DNA was suffi-
cient to prevent any new PrPSc formation
although newly synthesized PrPC was
present (Figure 5).

The mechanism of PrPSc removal from
ScN2a and ScGT-1 cells is unknown. Our
studies suggest that PS-DNA binds to
PrPSc and facilitates its degradation in
lysosomes; however, the mechanism may
be more complicated because the lysoso-
mal inhibitor ammonium chloride failed
to show an effect. Such a mechanism is
reminiscent of branched polyamines that
have been shown to enhance the clearance
of PrPSc from ScN2a cells (14,49). Whether

PS-DNA also inhibits the production of
nascent PrPSc remains to be established.

Bioassays of ScN2a cells treated with
22-mer PS-DNA clearly show a reduc-
tion in prion titer by a factor of > 104 in
CD-1 mice, and removed infectivity be-
yond detectable levels in Tg4053 mice
on the FVB background. These findings
in the two mouse lines suggest strain-
specific differences in the susceptibility
to prions. It is unclear whether PS-DNA
can be used to treat patients dying of
CJD. Other investigators have success-
fully extended the incubation period
two- to three-fold by administering PS-
DNAs to Tg(SHaPrP)7/Prnp0/0 mice in-
oculated with Syrian hamster prions
(27). In these studies, prions were inocu-
lated and PS-DNA administered simul-
taneously into the mice, either i.p. or

subcutaneously. It is unknown if PS-
DNA administered after prion infection
has been established in the CNS will be
effective. Anti-PrP antibodies adminis-
tered after i.p. inoculation have been
shown to prolong incubation times (17-
19), but they are ineffective if the ani-
mals are inoculated i.c. with prions.

The lack of sequence specificity in the
study reported here and in that of oth-
ers (27) contrasts with studies of ap-
tamers, in which sequence-specific
oligonucleotides have been identified
that bind tightly to PrP (50-53). In re-
cent studies, the binding of thioap-
tamers is greatly enhanced by multiple
rounds of selection against PrP (54).
Whether PrP-specific PS-DNAs will
prove to be more efficacious in treating
prion disease than random sequences
remains to be established.

In conclusion, it is unclear whether PS-
DNAs can be used to treat prion diseases
in humans effectively. Such molecules
undoubtedly will require intravenous de-
livery and may even need intrathecal in-
fusion. It is unknown whether the blood-
brain barrier will allow PS-DNA to cross
into the parenchyma and how PS-DNAs
will distribute throughout the CNS. Fur-
thermore, administration of DNA can
elicit an immune response, which may be
an additional impediment to the thera-
peutic use of PS-DNA. In spite of these
potential problems, further investigation
of PS-DNAs as pharmacotherapeutics for
the treatment of prion diseases seems
quite warranted.

Figure 5. PrP levels before and after the removal of 22-mer PS-DNA from ScN2a cells. ScN2a
cells were exposed to various concentrations of PS-DNA for 2 weeks. Thereafter, the cells
were grown for another week in DNA-free media, then harvested and digested with PK to
determine levels of PrPSc. PrPC levels returned to normal levels whereas PrPSc levels were not
restored after a recovery period of 1 week. Fab D18 was used to detect PrPC and PrPSc.

Table 1. Bioassays of prions in ScN2a cells treated with 22-mer PS-DNA

Length of Mean incubation 
Host Inoculum experiment (days) period ± SEM (days) n/n0

a

CD-1 ScN2a cells — 148 ± 2 10/10

CD-1 ScN2a cells > 600 305 ± 50 5/6
treated with PS-DNA 

for 8 weeks

Tg(MoPrP-A)4053 ScN2a cells — 68 ± 2 10/10

Tg(MoPrP-A)4053 ScN2a cells > 400 - 0/6
treated with PS-DNA 

for 8 weeks

an, number of mice with neurologic symptoms; n0, number of inoculated mice.
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