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Human Prion Protein with
Valine 129 Prevents Expression
of Variant CJD Phenotype
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Variant Creutzfeldt-Jakob disease {(vCJD) is a unique and highly distinctive
clinicopathological and molecular phenotype of human prion disease
associated with infection with bovine spongiform encephalopathy (BSE)-ike
prions. Here, we faund that generation of this phenotype in transgenic mice
required expression of human prion protein (PrP) with methionine 129.
Expression of human PrP with valine 129 resulted in a distinct phenotype and,
remarkably, persistence of a barrier to transmission of BSE-derived prions on
subpassage. Polymorphic residue 129 of human PrP dictated propagation of
distinct prion strains after BSE prion infection. Thus, primary and secondary
human infection with BSE-derived prions may result in sporadic CJD-like or
novel phenotypes in addition to vCjD, depending on the genotype of the prion

source and the recipient.

Distinct prion strains are associated with
biochemically distinct forms of disease-related
prion protein (PrP5). Four PrPS¢ types have
been observed in brain tissue from patients
with distinct Creutzfeldt-Jakob disease (CJD)
phenotypes: types 1 to 3 in classical (sporadic
or iatrogenic) CJD and type 4 in vCID (I-3).
Polymorphism at. residue 129 of human PrP
{where éither methionine -or valine can be
encoded) powerfully affects genetic suscepti-
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bility to human prion diseases (¢-7) and ap-
pears to critically influence the propagation of
these hurnan PrPSe types. So far, types 1 and 4
PrPS¢ have .been found only in humans
homozygous for Met'?; type 3 PrP5< is seen
almost exclusively in individuals with at least
one -valine allele; and type 2 PrPS¢ has been
commonly observed in all codon 129 geno-
types (I1-3). BSE and vCID prion infection in
transgenic mice expressing hurnan PrP, but not
mouse PrP (1, 8-10), indicates that codon 129
polymeorphism determines the ability of human
PrP to form type 4 PrPSc and to generate the
neuropathological phenotype of vCID.
Challenge of transgenic mice expressing
human PrP Met'2? (129MM Tg3S5 and
129MM Tgd5 mice) with BSE and vCID
prions (I1) resulted in faithful propagation of
type 4 PrPSe (10) (Figs. 1 and 2) accompanied
by the key neuropathological hallmark of
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vCID, the presence of abundant florid PrP
plaques (10). However, transgenic mice
expressing human PrP Val'?® (129VV Tgl52
mice) responded quite differently. Although
these 129VV Tg152 mice Jack a ransmission
barrier to classical forms of CID, regardless of
the codon 129 genotype of the inoculum (I, 8,
9), the primary challenge with vCJD prions
was characterized by a substantial transmis-
sion barrier to infection (omly ~S50% of
inoculated mice were infected, compared with
100% of 129MM Tg33 and 129MM Tgd3
mice) (Fig. 1; table S1). In addition, rather
than type 4 PrPSe, vCID-inoculated 129VV
Tgl52 mice propagated type 5 PrPSc (9),
which shares the same predominance of the
diglycosylated glycoform seen in type 4 PrPSc
but is distinguished by proteinase K digestion
products of greater molecular mass (Fig. 2A),
which closely resemble those seen in human
type 2 PrPSc (9). Type 5 PrPs is associated
with very weak diffuse PrP deposition in the
brain (9), which contrasts markedly with the
florid PrP plaques associated with the propa-
gation of type 4 PrPSc in humans (12) or
transgenic mice (J0). Similar diffuse deposi-
tion of PrP is also observed in clinically
affected BSE-inoculated 129VV Tgl52 mice;
however, type 5 PrP5< is undetectable in brain
homogenate (9).

To further evaluate the molecular and
neuropathological phenotype of vCID- or
BSE-inoculated 129VV Tgl52 mice, we
pefformed a second passage in the same
breed of mice. Primary transmission of prions
from one species to another is associated
with a species or transmission barrier that is
largely or completely abrogated on second
and subsequent passage in the second species
as the prions adapt to the new host. Second
passage then resembles within-species trans-
mission with a high (typically 100%) attack
rate and much shortened and more consistent
incubation period. It was remarkable, howev-
er, that such adaptation did not occur on
second passage of BSE or vCID prions in
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129VV Tgl52 mice. Brain inocula derived
from four clinically affected BSE-inoculated
129VV Tg152 mice failed to transmit clinical
disease or asymptomatic prion infection to
additional 129VV Tg152 mice (Figs. 1 and 3;
table S2). However, two of these inocula
produced clinical prion disease (Fig. 3; table
S2) with abundant PP accurnulation (fig.
S1) on inoculation of wild-type FVB mice
with incubation periods that are not compati-
ble with persistence of the original BSE
inoculum [supporting online material (SOM)
text]. The prion strain generated in BSE-
inoculated 129VV Tgl52 mice was thus
infectious in wild-type FVB mice; but not in
additional 129VV Tg152 mice.

Valine 129 is unique to human PrP,
and the failure of BSE prions to adapt in
129VV Tgl52 mice on second passage
contrasts sharply with the marked adapta-
tion of BSE prions in FVB mice (Fig. 3;
table S2) or in other murine (/3) or primate
(14) hosts that' encode methionine at the
corresponding position of PrP. BSE prions
also efficiently adapt on second passage in
129MM Tg35 transgenic mice. Primary

Fig. 1. Summary of tans-
missions of vCJD and BSE
prions to transgenic mice.
The total number of prion-
affected mice (both dinical
and subdinical) is reported
for each inoculated group:
129MM Tg45 mice .
120MM T35 mice (gray}. '
129VV Tg152 mice (white). -
Animals were saored by din-
ical signs, immunoblotting,
and/or immunchistochemnis- .
try. Primary transmission
data have been published
previously (9, 70). In trans-
missions that result in bi-
furcation of propagated PrP>
type, the number of samples positive for type
2 or type 4 PrPS< is reported as a proportion
of the total number of samples examined by
immunoblotting. (), The occurrence of sub-
clinical prion infection only.

Fig. 2. Molecular strain typing of
vCJD and BSE prion transmissions
in transgenic mice. (A-to D)
immunablots of proteinase K-
treated brain homogenates from
variant and sporadic CJD (PRNP
129 MM genotype) and transgenic
mice were analyzed by enhanced
chemiluminescerice- with- either
monodonal antibody 3F4 against -
Pre (A) or biotinylated monodo-
nal antibody ICSM 35 against PrP
{8 to D). The identity of the brain
sample is designated abave each
{ane with the type of PrP5° present
in the sample designated below.

transmission of BSE prions in 129MM
Tg35 mice resulted in bifurcation of prop-
agated strain type and produced either type
2 or 4 PrPs¢ (Figs. 1 and 2) and neuropa-
thology consistent with human sporadic
CJD or vCID, respectively (10). These
distinct molecular and neuropathological
phenotypes consistently “breed true” with
very high efficiency on second passage in
additional 129MM Tg35 transgenic mice
(15). These findings contrast sharply with
the complete lack of prion transmission on
second passage of the same BSE inocula in
129VV Tg152 mice, supporting the inter-
pretation that human PrP Val'?? severely
restricts propagation of the BSE prion
strain.

This conclusion was further reinforced
by study of the paramecters of second
passage of vCJD prions. As seen with
second passage of BSE prions, clinical
disease was observed only in FVB, and
not in 129VV Tgl52, recipients. Brain
inocula from clinically affected, type 5
PrPSc positive, primary vCID-inoculated
129VV Tg152 mice produced clinical prion
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disease (Fig. 3; table S2) and PrPSc accu-
mulation (fig. S1) on subpassage in FVB
mice, but produced only subclinical infec-
tion (with PrPS¢ accumulation) in 7 out of
11 inoculated 129VV Tg152 mice (Figs. 1
and 3). Notably, in four of these, high-
sensitivity methods (/6) were required to
detect PrPSe in brain homogenate (table
S2). Type S PrPS¢ was faithfully prop-
agated on second passage in 129VV
Tg152 mice (Fig. 2A). In the three mice
containing the highest levels of type 5
PrPSe, extensive spongiosis was also ob-
served (Fig. 4), and in one of these, in contrast
to the pathology seen on first passage,
numerous PrP plaques were seen (Fig. 4).
Type 4 PrPSe is invariably associated with
prominent florid plaques in the cartex of
human vCID brain (/2) and in vCID- or
BSE-prion inoculated 129MM Tg35 and Tg4S
transgenic mice (10), whereas plaques associ-
ated with type 5 PrPSc were restricted to the
corpus callosum and had a nonflorid marphol-
ogy (Fig. 4). The lack of adaptation of vCID
prions on second passage in 129VV Tgl52
mice contrasted sharply with the behavior of
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vCID prions in wild-type FVB mice, where
typical adaptation was observed on second
passage with 100% clinical prion disease
with abundant PrPSe accumulation (fig. S1) at
matkedly reduced incubation periods (Fig. 3;
table S2).

Fig. 3. Summary of transmissions
of vCJD and BSE prions to trans-
genic and wild-type FVB mice. The
total number of prion-affected
mice (both dinical and subdinical)
is reported for each inoaulated
group: 129VV Tg152 mice Swhm)
wild-type FVB mice (gray). Ani-
mals were scored by dinkal signs,
immunoblotting, and/or immuno-
histochemistry. Data are - derived
from tables S1 and S2. (x), The
occurrence of subclinical prion
infection only.

vCIO

w;

Fig. 4. Neuropathologicat
analysis of transgenic
mouse brain. Primary
transmission of vCJD
prions in 129VV Tg152
mice produces type 5
PrPS< that is maintained
after secondary passage
in 129VV Tg152 mice but
induces propagation of
either type 2 or type 4

Both BSE and vCID prions failed to
propagate efficiently on either primary or,
remarkably, second passage, in 129VV
Tg152 mice in sharp contrast to 129MM
Tg mice or wild-type animals, and where
detectable, infection was associated with a

R /11 gv-am srpnt
Typ.53 01 ‘W
M""f"‘?‘m nt.

dighycosylated | _arm Y Salycositated
‘daminarit ok

PrPSc after passage in
129MM Tg35 mice. Im-
munohistochemistry
(PrP) shows abnormal
_ PrP immunoreactivity,

including PrP-positive
plaques, stained with
monoclonal antibody 3F4

against PrP. Sections

stained with hetratm?:lin-
and-eosin (H&E) show

spongiform. neurodegen-
eration (left, corpus cal-
losum; middle and right,
parietal cortex). Scale
bar, 100 pm. Lower pan-
els show "the regional
distribution of. abnormal
Pre deposition. Green '
boxes in the sketches . -
denote -the area from.
which PrP-stained sec-
tions are derived.

www.sciencemag.org SCIENCE VOL 306 3 DECEMBER 2004

tmeminnminminminninmd.

116

REPORTS

distinct PrPSc type and pathological pReno-
type. Thus, human PrP Val'?® appears not
to be a compatible substrate for propagation
of the prion strain seen in vCJD. This inter-
pretation was supported by the transmission
properties of 129VV Tgl52-passaged vCID
prions in 129MM Tg35 mice. Here, 14 out
of 15 129MM Tg35 mice inoculated with
isolates containing type S PrPS¢ showed
PrPSe accumulation (Fig. 1; table S3), typi-
cally to much higher levels than seen in
129VV Tgl52 mice receiving the same
inocula. However, the PrPS¢ seen was not
of the type 5 pattern but instead these trans-
missions mirrored the behavior of BSE
prions in 129MM Tg35 mice (10), where,
instead, either type 4 or type 2 PrPSc were
seen (Figs. 1 and 2, B to D). Thus human
PrPSc types 4 and § are restricted to propa-
gating in mice expressing human PrP
Met2? or Val'29, respectively.

Neuropathologically, type 4 PrPSc was
associated with relatively little spongiosis
and abundant florid plaques (Fig. 4) typical
of vCJD in humans (12), whereas type 2
PrPSc was associated with much higher
levels of vacuolation in many areas of the
brain, accompanied by generally diffuse
PrP deposition and occasional small, non-
florid plaques (Fig. 4) that closely resem-
bled human sporadic CJD with type 2
PrPSe PRNP (human prion protein gene)
129MM (3). Clinical prion disease was
observed in all 129MM Tg35 mice propa-
gating type 2 PrPS¢, whereas mice propa-
gating type 4 PrPSc were subclinically
infected (table S3).

In conclusion, we have demonstrated
that BSE and vCJD pron infection in
transgenic mice can result in the propaga-
tion of distinct molecular and neuropatho-
logical phenotypes dependent on host PrP
residue 129 and possibly other, as yet
unidentified, disease modifying loci (10).
These data predict a critical role for PRNP
codon 129 in governing the thermodynamic
permissibility of human PrPS¢ conformation
that can be interpreted within a conforma-
tional selection model of prion transmission
barriers (I7-19) (SOM text) and suggest
that there is no overlapping preferred
conformation for Val'?® and Met'2* human
PrP that can be generated as a result of
exposure to the vCID/BSE prion strain.
Biophysical measurements suggest that this
powerful effect of residue 129 on prion
strain selection is likely to be mediated by
means of its effect on the conformation of
PrPSe or its precursors or on the kinetics of
their formation, as it has no measurable
effect on the folding, dynamics, or stability
of the normal cellular prion protein PrP€

20).

Although caution must be exercised in

extrapolating from animal models, even

4
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where, as here, faithful recapitulation of
molecular and pathological phenotypes is
possible, our findings argue that primary
human BSE prion infection, as well as sec-
ondary infection with vCID prions by iatro-
genic routes, may not be restricted to a single
disease phenotype. These data, together with
the recent recognition of probable iatrogenic
transmission of vCJD prions to recipients of
blood (21, 22), including a PRNP codon 129
Met/Val heterozygous individual (22), re-
itcrate the need to stratify all human prion
disease patients by PrPSc type. This surveil-
lance will facilitate rapid recognition of novel
PrPSc types and of any change in relative
frequencies of particular PrPSe subtypes in
relation to either BSE exposure patterns or
jatrogenic sources of vCJD prions.
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Rescue of Dystrophic Muscle
Through U7 snRNA-Mediated
Exon Skipping

Aurélie Goyenvalle,” Adeline Vulin,” Frangoise Fougerousse,’
France Leturcq,” Jean-Claude Kaplan,? ’
Luis Garcia,’ Olivier Danos"*

Most mutations in the dystrophin gene create a frameshift or a stop in the
mRNA and are associated with severe Duchénne muscular dystrophy. Exon
skipping that naturally occurs at low frequency sometimes eliminates the
mutation and leads to the production of a rescued protein. We have achieved
persistent exon skipping that removes the mutated exon on the dystrophin
messenger MRNA of the mdx mouse, by a single administration of an AAV
vector expressing antisense sequences linked to a modified U7 small nudear
RNA. We report the sustained production of functional dystrophin at
physiological levels in entire groups of muscles and the cotrection of the

muscular dystrophy.

Duchenne muscular dystrophy (DMD) is an
X-linked recessive disorder caused by muta-
tions in a gene that encodes dystrophin, a
large cytoskeletal protein that complexes
with other partners at the sarcolemma and
is essential for membrane integrity of the
muscle fiber. The dystrophin gene spans

A

about 2.5 Mb and encodes a major 14-kb

"mRNA transcript processed from 79 exons.

Fuli-length dystrophin (427 kD) is composed
of several domains consisting of an actin-
binding site at the N terminus; a central rod
domain of 24 spectrin-like repeats; and a
cysteine-rich domain, which binds other

CEIELTAlgaaatg 4TI LG ATLY SaN
TPz

RO ICigas oo gt itgpes it

2023

Fig: 1. (A) (Top) Dystraphin includes an actin-binding domain (ABD) at the N terminus, a central rod
domain that contains 24 spectrin-like repeats (R) and four hinge segments (H),-a B-dystroglycan
binding, a cysteine-rich domain (CR), and a C-terminal domain :(CT). (Middle) Position of exon 23
partly encoding repeats RS and R6 in which a C to T mutation creates a stop codon in the mdx
mouse. (Bottom) Target sequences for exon skipping at the branch point {BP22) upstream of exon 23
and at the downstream donor splice site {SD23). (B) Structure of the AAV(U7-SD23/BP22) vector.
The U7-SD23/BP22 cassette indudes the U7-promoter (position —267 to +1. hatched box), the
U7SmOPT snRNA (gray box and sequence below) and downstream sequences down to position 116
(open box). It is shown between two AAV2 inverted terminal repeats (1TRs).
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