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Abstract

Objective—Mutations in the gene encoding the prion protein (PrP) are responsible for
approximately 10-15% of cases of prion disease in humans, including Creutzfeldt-Jakob disease
(CJD). Here we report the discovery of a previously unreported C-terminal PrP mutation (A224V)
in a CJD patient exhibiting a disease similar to the rare VVV1 subtype of sporadic CJD and
investigate the role of this mutation in prion replication and transmission.

Methods—We generated transgenic (Tg) mice expressing human PrP with the V129
polymorphism and A224V mutation, denoted Tg(HUPrP,V129,A224V) mice, and inoculated them
with different subtypes of sporadic (s) CJD prions.

Results—Transmission of sCID VV2 or MV2 prions was accelerated in
Tg(HuPrP,v129,A224V) mice compared to Tg(HuPrP,\VV129) mice, with incubation periods of
~110 days and ~210 days, respectively. In contrast, SCJD MML1 prions resulted in longer
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incubation periods in Tg(HUPrP,V129,A224V) mice compared to Tg(HuPrP,\vV129) mice (~320
days v. ~210 days). Prion strain fidelity was maintained in Tg(HuPrP,V129,A224V) mice
inoculated with sCJD VV2 or MML1 prions, despite the altered replication kinetics.

Interpretation—Our results suggest that A224V is a risk factor for prion disease and modulates
the transmission behavior of CJD prions in a strain-specific manner, arguing that residues near the
C-terminus of PrP are important for controlling the kinetics of prion replication.

INTRODUCTION

The prion diseases caused by the prion protein (PrP) are a group of orphan disorders caused
by invariably fatal neurodegeneration in both humans and animals 1. In humans,
approximately 85% of all PrP prion disease cases are sporadic with the majority being
classified as sporadic (s) Creutzfeldt-Jakob disease (CJD). Heritable forms of these
disorders, such as familial (f) CJD, Gerstmann-Straussler-Scheinker disease (GSS), and fatal
familial insomnia (FFI) account for approximately 10-15% of cases and are caused by
mutations in the PRNP gene, which encodes PrP. Human prion diseases that are acquired via
an infectious route comprise <1% of cases and include variant (v) CJD.

In the PrP prion diseases, the cellular isoform of PrP (PrPC), which is predominantly a-
helical, adopts an alternative conformation that becomes self-propagating. In contrast to
PrPC, the pathogenic isoform PrPSC is enriched in B-sheets and exhibits propensity to
assemble into oligomers as well as amyloid fibrils. During replication, PrPS¢ templates the
conformational conversion of PrPC into nascent copies of PrPSC; this self-propagating
process enables the multiplication and spread of prions throughout the brain and ultimately
results in spongiform (vacuolar) degeneration, PrPSC deposition, astrocytic gliosis, and
neuronal dysfunction. PrPSC can be differentiated from PrPC by digestion with proteases
such as proteinase K (PK): whereas PrPC is completely sensitive to PK digestion, PrPSC is
partially resistant 2. Digestion of human PrPS¢ with PK and PNGase F typically results in a
PK-resistant core with a molecular mass of either ~21 kDa or ~19 kDa, which are referred to
as “Type-1” or “Type-2” PrPSC, respectively 3. Type-1 and Type-2 PrPSC constitute distinct
strains of prions, which are thought to represent different structures of PrPSc 4.5,

A common polymorphism exists in human (Hu) PrP at codon 129, where either a
methionine (M) or valine (V) residue can be present. Sporadic CJD can be classified into
distinct disease subtypes according to the patient’s codon-129 genotype (MM, MV, or VV)
and the presence of Type-1 or Type-2 PrPSC in the brain 3 6. The most common subtypes are
MM1, VV2, and MV2, whereas V1 accounts for only ~1-2% of all sCJD cases 3 7. CID
prions can be transmitted to transgenic (Tg) mice expressing human HuPrP, and
transmission is most efficient when the recipient Tg mice express an allele that matches the
PrPSC sequence in the CJD patient. For example, sSCID VV2 prions transmit disease
efficiently to Tg mice expressing HuPrP(V129) in ~200 days but do not infect Tg mice
expressing HUPrP(M129) 8.9,

Here, we identify a novel C-terminal PrP mutation (A224V) in a CJD patient homozygous
for valine at codon 129 and with Type-1 PrPSC in the brain. Tg mice expressing
HuPrP(V129) with the A224V mutation exhibited shorter incubation periods upon
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inoculation with sCJD VV2 or MV2 prions compared to Tg(HuPrP,\vV129) mice, without any
apparent alteration in prion strain properties. Our findings argue that the kinetics of prion
replication can be modulated by residues near the C-terminus of PrP and suggest that
A224V is a prion disease risk factor.

MATERIALS AND METHODS
Evaluation of the CID(A224V) patient

Clinical brain MRI with diffusion weight imaging (DWI) was performed on a 1.5T magnet
with sedation. Levels of neuron-specific enolase in the CSF were determined at the Mayo
Laboratory and levels of total tau in the CSF were determined by Athena Diagnostics.
Sequencing of the PRNP gene was performed at the National Prion Disease Pathology
Surveillance Center.

Generation of transgenic mice

Mouse lines

Tg mice expressing wt or mutant A224V HuPrP(\V129) under the control of the Syrian
hamster Prnp promoter were generated as described previously 10 and were maintained by
backcrossing to FVB-Prnp®® mice 11. Transgene expression levels relative to the level of
PrP expression in wt FVB mice were determined by sandwich ELISA 12 using F20-108a 13
as the capture antibody and HRP-labeled HuM-P 14 as the detection antibody.

All mice were maintained on an FVB-Prnp®° background, and all Tg lines were maintained
in a hemizygous state, except Tg152 mice 15 and Tg2669 mice 19, both of which were
maintained in a homozygous state. Bigenic Tg8422/152 and Tg8422/2669 lines were created
by crossing hemizygous Tg8422 mice with homozygous Tg152 or homozygous Tg2669
mice, respectively.

Prion bioassays

Brain samples for prion bioassays were obtained from pathologically confirmed and
genotyped cases of sSCID exhibiting the VV1, VV2, MV2, or MML1 disease subtypes as well
as the brainstem of the CID(A224V) patient. Frozen brain material was thawed and then
homogenized to 10% (wt/vol) using a bead beater (PreCellys) and then further diluted to 1%
(wt/vol) in 5% BSA prior to inoculation into mice. Prion inoculations and disease
monitoring were conducted as described previously 16. The Log-rank (Mantel-Cox) test was
used to assess statistical differences in the survival curves between different groups of
inoculated mice using Prism 5 software (GraphPad Software). All animal experiments were
performed under biosafety level 3 (BSL-3) containment conditions using protocols approved
by the Institutional Animal Care and Use Committee (IACUC) at the University of
California San Francisco (UCSF). UCSF is accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC).
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Immunoblotting and protease digestions

Frozen mouse or human brain samples were thawed and then homogenized to final
concentration of 10% (wt/vol) in PBS lacking calcium and magnesium (Life Technologies)
using a bead beater homogenizer (PreCellys). PK digestion reactions using a final PK
concentration of 50 pg/mL as well as immunoblotting experiments were performed as
previously described 16 using the anti-PrP antibody HuM-P at a concentration of 0.1-0.2
pg/mL.

Conformational stability assays

Conformational stability assays for PrPSC upon exposure to increasing concentrations of
guanidine hydrochloride (GdnHCI) were conducted as described previously 6.

Neuropathology

A brain-only autopsy of the CID(A224V) patient was performed at UCSF. Sections were
fixed in 10% buffered formalin, embedded in paraffin, and 8-um-thick slices cut. The
sections were stained with hematoxylin and eosin (H&E) to evaluate the degree and type of
vacuolation; by immunohistochemistry using the anti-PrP monoclonal antibody 3F4 (with
hydrolytic autoclaving to eliminate PrPC staining); by GFAP immunohistochemistry to
determine the degree and distribution of reactive astrocytic gliosis; by the Bielschowsky
silver stain for axons; and the Nissl stain to estimate the degree of nerve cell body loss. For
neuropathological analysis of mouse brains, mice were euthanized and then brains were
removed, fixed in 10% buffered formalin, and then embedded in paraffin. H&E staining as
well as immunohistochemistry for PrPSC using the antibody 3F4 was performed as
previously described 16,

Characterization of wt and mutant PrPS¢ by mass spectrometry

PrPS¢ was purified from the frontal lobe of the CID(A224V) patient using PK digestion and
phosphotungstic acid precipitation, and then the GPI anchor and N-linked oligosaccharides
were removed by digestion with PIPLC and PNGaseF, respectively. Proteins were reduced,
alkylated, and then fractionated by SDS-PAGE. Based on the migration of molecular weight
markers, regions predicted to contain PrPS¢ were excised from the gel and then trypsinized.
Tryptic peptides were analyzed by LC-MS/MS on an LTQ Orbitrap XL mass spectrometer
equipped with a NanoAcquity LC system. Standard curves of peptide concentrations against
extracted ion chromatogram peak areas were generated using synthetic peptides
ESQAYYQR and ESQVYYQR, and were used to calculate the concentrations of wt (A224)
and mutant (\V224) PrPSC peptides in the brain of the CJD(A224V) patient. Statistical
differences were assessed using a paired two-sided t-test test with a significance threshold of
P =0.05.

RESULTS

Clinical evaluation of the CID(A224V) patient

A 49-year-old woman was referred to our center with suspected CJD. The onset of
symptoms occurred 10 months earlier, when her colleagues first noted brief memory lapses.
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By 6 months post-onset, she developed problems with planning and organization. By month
8 post-onset, she stopped driving because she no longer remembered how to get to even
local, familiar places. At 9 months following the onset of symptoms, she was evaluated at a
memory clinic, in which an antibody-mediated paraneoplastic syndrome was suspected, but
the brain MRI was noted to be suggestive for CJD. Between months 9-10 post-onset, she
became more confused, was getting lost at home, developed mild irritability, began walking
slower, developed a right hand tremor, and began needing reminders to shower. A
comprehensive metabolic, infectious, cancer, and autoimmune/paraneoplastic screen was
unrevealing.

Ten months after the onset of symptoms, she was seen at UCSF for a second opinion
regarding a diagnosis of CJD. Cognitively, she had significant problems with short-term
memory, was extremely perseverative, and was not oriented to the month, year, or her age.
CSF showed normal protein (39 mg/dl) and glucose (86 mg/dl), but elevated levels of
neuron-specific enolase (39 ng/ml) and total tau (6,300 pg/ml), both of which are consistent
with CJD 1718, Electroencephalograms (EEG) did not reveal any periodic sharp wave
complexes (PSWC). A repeat MRI conducted 3 weeks after the initial MRI revealed cortical
ribboning and striatal hyperintensities on DWI, with restricted diffusion, which was
consistent with CJD 1920 (Fig. 1A).

Genetic testing revealed a heterozygous C-to-T transition mutation at position 671 of the
PRNP open reading frame, which resulted in a novel alanine to valine substitution at codon
224 of HuPrP. The patient was homozygous for valine at polymorphic codon 129, indicating
that the A224V mutation was in cisto VV129. The patient had no family history of dementia
or neurodegenerative disease. Her mother died from confirmed brain cancer in her 70s. Her
father was alive and healthy in his late 70s and carried the A224V mutation but with
heterozygosity (MV) at codon 129. She was treated with quinacrine and doxycycline on a
compassionate basis for CJD, but continued to progress. She stopped walking and became
bedbound over the next several months, requiring extensive 24-hour nursing care. She died
in a vegetative state 32 months after onset.

Pathological and biochemical evaluation of the CID(A224V) patient’s brain

Severe, bilateral cortical atrophy was observed in the frontal lobes of the CID(A224V)
patient’s brain, and moderately severe atrophy was found in the parietal, temporal, and
occipital lobes. The main histopathological features were severe degeneration and loss of
neurons. Because of the severe loss of neurons, the typical intraneuronal spongiform
degeneration of CJD was replaced in most cortical regions with a large, irregular, and
extracellular pattern of vacuolation designated status spongiosis (Fig. 1B).
Immunohistochemistry for PrP revealed densely packed, finely granular PrPSC¢ deposits,
which were most intense in layers 2—6 and less intense in layer 1 (Fig. 1C), confirming the
diagnosis of CJD. A very intense reactive astrocytic gliosis filled the entire cerebral cortex
(Fig. 1D), underlying white matter, and striatum. Nissl staining revealed 60-80% loss of
cortical neurons in the prefrontal lobe (Fig. 1E), parietal lobe, medial occipital lobe, and
insula. The cerebellar cortex contained vacuoles in the molecular layer, marked loss of
Purkinje cells, and greater than 50% loss of granule cell neurons (Fig. 1F). PrPSC deposits
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were found throughout the cerebellar cortex (Fig. 1G) and were associated with intense
reactive Bergman radial glia in the molecular layer and intense reactive astrocytic gliosis in
the Purkinje and granule cell layers (Fig. 1H). Loss of neurons from the dentate nucleus was
30-50% and was reflected in the development of proximal Purkinje cell axonal swellings
(torpedoes) (arrows in Fig. 1F, H, and I). No neurofibrillary tangles were observed.

The brain of the CID(A224V) patient contained abundant PK-resistant PrP (Fig. 1J). The
unglycosylated PK-resistant PrP band migrated to ~21 kDa following electrophoresis (Fig.
1K), consistent with Type-1 PrPSC. To determine the relative levels of mutant and wt PrPSC
in the CID(A224V) patient, we partially purified protease-resistant PrPSC from the patient’s
brain and then performed mass spectrometry. Wild-type (A224) and mutant (V224) PrpSc
were found in roughly equal proportions in the CID(A224V) patient’s brain (Fig. 1L).

Transmission of CIJD(A224V) prions to transgenic mice

We next performed transmission studies with the CJD(A224V) prions in
Tg(HuPrP,VvV129)152 mice, denoted Tg152, which express wt HUPrP(V129). For
comparison, we also transmitted a sample from an sCJD patient exhibiting the VV1 disease
subtype. Both the CID(A224V) and sCJD VV1 cases transmitted disease with 100%
efficiency to Tg152 mice (Table 1, Fig. 2A). The brains of CID(A224V)- and sCJD VV1-
inoculated Tg152 mice contained Type-1 PrPSC species similar to the inoculum (Fig. 2B),
suggesting that the properties of the prion isolates remained unchanged. Intense spongiform
degeneration was observed in the cerebral cortex and striatum of mice inoculated with
CID(A224V) (Fig. 2C, D), and large numbers of granular PrPSC deposits, similar to those
observed in the CID(A224V) patient’s brain, were evident in the granule cell layer of the
cerebellum and the thalamus (Fig. 2E, F). Similar neuropathological changes were apparent
in the sCJD VV1-inoculated animals (Fig. 2G-J). No obvious differences in the distribution
of vacuolation or PrPSC deposition patterns were observed between CJID(A224V)- and sCID
VV1-inoculated Tg152 mice.

Generation of Tg(HUPrP,V129,A224V) mice and transmission studies

To investigate the role of the A224V mutation in the formation and replication of prions, we
generated Tg mice expressing HUPrP(V129) with the A224V substitution. Four lines of mice
were obtained, with levels of PrP expression ranging from 1.5- to 3.2-fold the levels
observed in the brains of non-Tg mice (Fig. 3A, Table 1). We also generated three additional
lines of mice expressing wt HUPrP(V129), with 2.6- to 4.5-fold levels of PrP expression in
the brain. Tg lines expressing wt HuPrP(\V/129) or mutant HUPrP(V129,A224V) were
observed for ~600 days, and none developed any signs of spontaneous neurologic illness
(Table 1) nor exhibited any PK-resistant PrP (Fig. 3B) or prion disease-specific
neuropathological changes in their brains (not shown). Clinical disease was not observed in
Tg(HuPrP,V129,A224V) mice inoculated with CID(A224V) prions during an observation
period of greater than 500 days (Table 1). However, 5 of 5 CID(A224V)-challenged
Tg18807 mice examined at 543 days postinoculation exhibited abundant Type-1 PK-
resistant PrPSC in their brains (Fig. 3C). Similarly, sCJD VV1 prions transmitted disease to a
subset of Tg8422 mice with an incubation period of ~540 days (Table 1, Fig. 3C),
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suggesting that the VV1 subtype of CJD prions propagates more slowly in mice expressing
mutant PrP(A224V) than in mice expressing wt PrP.

To determine if the A224V mutation can modulate the transmission of other CJD prions, we
challenged the eight lines of Tg(HuPrP,vV129) and Tg(HuPrP,VV129,A224V) mice with two
different SCJD isolates: VV2 “case i” and an MML1 case (Table 1). Whereas prions from
sCJD VV2 case i transmitted disease to Tg(HuPrP,V129) mice with mean incubation
periods of ~200 days, Tg(HuPrP,VV129,A224V) mice inoculated with the same isolate
required approximately half the time (105-128 days) to develop disease (Table 1, Fig. 4A).
The brains of clinically ill Tg mice injected with V2 case i harbored Type-2 PK-resistant
PrPSC, as was observed for the inoculum (Fig. 4B). In contrast, the mean incubation periods
for MML1 prions in Tg(HUPrP,V129,A224V) mice (224-325 days) were longer than those
observed in the Tg(HUPrP,V129) mice (206-233 days) (Table 1, Fig. 4C). Tg mice injected
with MM1 prions contained Type-1 PK-resistant PrPSC, similar to the inoculum (Fig. 4B).
Among the Tg(HUPrP,V129,A224V) lines, the PrP expression levels and incubation periods
were inversely correlated for VVV2 prions and directly correlated for MM prions (Fig. 4D).
To determine the reproducibility of our findings, we bioassayed additional SCID samples in
Tg152 and Tg8422 mice (Table 2). A second sCID VV2 isolate (“case ii”’) as well as an
sCJD MV2 case both transmitted disease with significantly shorter incubation periods in
Tg8422 mice than Tg152 mice (P < 0.001, Fig. 4A, Table 2). The brains of clinically ill
Tg152 or Tg8422 mice inoculated with sCJD VV2 case ii or MV2 prions contained Type-2
PK-resistant PrPSC (Fig. 4E).

To determine whether the relatively shorter incubation periods for VV2 prions and longer
incubation periods for MM1 prions were due to transmission barrier effects, we performed
second passage experiments in Tg(HuPrP,V129,A224V) mice. The incubation period for
sCJD VV2 prions was unchanged upon second passage in either the Tg8422 or Tg18807
lines (Table 1), and the incubation period for sCID MM prions in Tg18807 mice upon
second passage was slightly extended compared to the first passage (252 v. 224 days). Thus,
transmission barriers were unlikely to feature during passage of VVV2 or MM1 prions in
Tg(HUPrP,v129,A224V) mice.

The brains of sCJD VV2-inoculated Tg152 mice contained plaque-like PrPSC deposits in the
corpus callosum (Fig. 5A). Similar deposits were found in the brains of Tg8422 mice
following one or two passages of SCIJD VV2 prions (Fig. 5B, C), arguing for the
maintenance of strain fidelity. We also performed conformational stability assays, which are
commonly used to distinguish different strains of prions, on PK-resistant PrPSC in the brains
of sCJD VV2-inoculated Tg152 and Tg8422 mice. The denaturation profiles (Fig. 5D) and
denaturation curves (Fig. 5E) were similar for sCID VV2 prions propagated in either Tg152
or Tg8422 mice and yielded [GdnHCI]4/, values that were not significantly different from
each other (1.65 £ 0.05 M and 1.70 £ 0.09 M, respectively).

As a final test of strain fidelity, we performed a “retrotransmission” experiment in which
sCJD VV2 prions that had been propagated in Tg(HuPrP,V129,A224V)18807 mice were
reinoculated into Tg152 mice expressing wt HUPrP(\V129). The survival curves for Tg152
mice inoculated with sCJD VV2 prions or with sCID VV2 prions passaged once in Tg18807
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mice were not significantly different from each other (Fig. 5F). Moreover, the Type-2 PrpS¢
of the sCJD VV2 strain was maintained upon retrotransmission, and the banding patterns of
PrPSC from the original sCJD VV2 inoculum, passaged sCJD VV2, and retrotransmitted
sCJD VV2 prions were indistinguishable (Fig. 5G). Cumulatively, these results indicate that
the fidelity of the sCJD VV2 strain was maintained upon passage in
Tg(HuPrP,VV129,A224V) mice, despite their rapid incubation periods.

We were curious whether the simultaneous presence of wt HUPrP alleles may influence the
ability of mutant HuPrP(V129,A224V) to accelerate the replication of sSCID VV2 prions.
Therefore, we generated bigenic mice coexpressing mutant HUPrP(\V129,A224V) and either
wt HuPrP(V129) or HuPrP(M129), denoted as Tg8422/152 and Tg8422/2669 mice,
respectively. Tg152 and Tg2669 mice express similar levels of HUPrP in their brains 10: 15,
A proportion of Tg8422/152 and Tg8422/2669 mice exhibited ataxia and circling behavior
beginning at ~500 days of age (Table 2). However, neither insoluble, PK-resistant PrP (Fig.
6A) nor prion disease-specific neuropathological changes (not shown) were found in the
brains of these animals, arguing that the spontaneous signs of neurologic illness derive from
prolonged overexpression of PrP 21,

The incubation period for sCIJD VV2 case i in bigenic Tg8422/152 mice was slightly longer
(~130 days) compared to Tg8422 mice (~110 days; Table 2), arguing that coexpressing wt
HuPrP(V129) has only a minimal, if any, effect on the ability of HUPrP(\VV129,A224V) to
propagate sCJD VV2 prions. In contrast, the incubation period for sCID VV2 in
Tg8422/2669 mice was ~200 days (Fig. 6B), implying that wt HuPrP(M129) interfered with
the ability of HUPrP(\V129,A224V) to propagate sCJD VV2 prions. Because the PK-resistant
PrPSC isoforms were similar in the brains of sCID VV2-infected Tg8422/152 and
Tg8422/2669 mice (Fig. 6C), this finding argued that the presence of HuPrP(M129) did not
alter the properties of the sCJD VV2 prions. Because sCJD VV2 prions did not transmit
robustly to mice expressing HUPrP(M129) 8 22, we speculate that the presence of
HuPrP(M129) in trans abrogates the enhanced Kinetics of sCID VV2 prion replication in
Tg(HuPrP,Vv129,A224V) mice.

DISCUSSION

In the studies described here, we demonstrate that a previously unreported C-terminal PrP
mutation found in a patient with CJD is capable of modulating the replication kinetics of
four distinct strains of CJD prions (MM1, VV2, MV2, and VV1). An important issue is
whether the A224V mutation causes disease or is a rare polymorphism that was found by
coincidence in an sCJD patient exhibiting the VV1 subtype. Indeed, several PRNP
mutations that were originally believed to be pathogenic are now thought to instead
constitute uncommon polymorphisms, as they have been found in patients without any
family history of prion disease, including long-lived asymptomatic individuals who carry the
“mutation” and those whose autopsies show no evidence of prion disease 23 24, Definitive
proof of the disease-causing nature of the A224V mutation will require the emergence of
additional cases. However, our finding that A224V modifies the kinetics of prion replication
strongly suggests that the mutation is a risk factor for prion disease.
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A survey of ~3600 control and prion disease patients did not identify any individuals with
the A224V substitution 24. Moreover, sequencing data from the Exome Aggregation
Consortium (EXAC) reveal that the A224V mutation was not found in more than 60,000
individuals without a neurodegenerative disease phenotype 2°, suggesting that A224V is
unlikely to be a rare, benign polymorphic variant. Because VV1 is the rarest subtype of
sCJD, accounting for only ~1-2% of all sSCID cases 3 / and thus occurring at a frequency of
1-2 cases per 100 million people, it is unlikely that a previously unobserved polymorphism
would be first discovered by chance in a patient with sCJD VV1.

The strongest evidence against the causative nature of the A224V mutation is that the
patient’s father also possesses the mutation but remains asymptomatic, potentially
suggesting that the mutation alone is inadequate to confer a disease phenotype. Several
explanations seem plausible. The A224V mutation may have incomplete penetrance, as has
been suggested for the V2101 mutation 25, or may exhibit a highly variable age of disease
onset, as has been observed with the E200K mutation 27. The patient’s father could also
exhibit somatic mosaicism for the mutation, resulting in the mutant allele only being
expressed in a minority of cells in the brain 28, Alternatively, the gene product of the non-
mutant PrP allele may play a crucial role. The CID(A224V) patient was VV homozygous at
polymorphic codon 129, whereas the patient’s father is MV heterozygous at this locus.
Sporadic CJD is known to occur more frequently in patients who are homozygous at codon
129 29, and the disease course has been reported to be prolonged in FFI patients who are
heterozygous at codon 129 30, We found that the PK-resistant PrP in the CID(A224V)
patient’s brain was composed of both wt and mutant A224V PrPSC¢, suggesting that the wt
and mutant PrP alleles interact with each other. Indeed, we discovered that the ability of the
A224V mutation to accelerate the kinetics of sSCID VV2 prion replication was abrogated
with the coexpression of wt HuPrP(M129), but not with wt HuPrP(\V129). Thus, the
presence of wt HUPrP(M129) in the patient’s father may prevent or impede the formation of
prions specified by the A224V mutation.

Based on the transmission properties of the CID(A224V) and sCJD VV1 isolates, we were
unable to identify differences in the prion strains. However, this does not preclude a
causative role for the A224V mutation since fCJD caused by the E200K mutation and sCJD
MM1 are clinically and pathologically indistinguishable and exhibit identical transmission
properties in Tg mice and bank voles 15 31. 32 There were some clinical and pathological
overlaps of our CID(A224V) patient with sSCID VV1 cases, in that both have: younger age
of onset, a long disease duration, lack of PSWCs on EEG, positive CSF biomarkers,
prominent MRI cortical ribboning including hippocampal involvement, severe vacuolation
in many cortical regions and the striatum, and similar cortical and striatal distributions of
PrPSC deposition. Unlike most sSCJD V1 cases, however, our patient had striatal DWI
hyperintensity and diffuse PrPSC in the cerebellar cortex, including the granular layer 33: 34,

Four unique lines of Tg mice expressing HUPrP(V129,A224V) at levels of up to ~3x failed
to develop any signs of spontaneous neurological illness for more than 600 days, failing to
support the hypothesis that the A224V mutation is pathological. However, many lines of Tg
mice expressing PrP alleles containing familial prion disease-causing mutations do not
develop spontaneous disease (reviewed in 35). In particular, the context of the mutation may
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play an important role. For example, knock-in mice expressing MoPrP containing the
disease-causing E200K mutation develop spontaneous disease 3¢, as do Tg mice expressing
a chimeric mouse/human PrP with the mutation 37. In contrast, E200K does not cause
disease in Tg mice when present in a HuPrP backbone 38. Similarly, the P102L GSS
mutation causes disease in Tg mice when present in a MoPrP 3%-41 but not a HuPrP
backbone 38. Thus, the lack of spontaneous disease in Tg(HuPrP,V129,A224V) mice does
not necessarily imply that A224V is a benign polymorphism as opposed to a disease-causing
mutation or risk factor. We chose a HuPrP(V129) backbone for investigating the effects of
the A224V mutation on prion formation and transmission since replication of sCJD VV?2
prions in Tg mice expressing chimeric mouse/human PrP with the V129 polymorphism is
inefficient 42,

A single amino acid mismatch between PrPS¢ in the inoculum and PrPC in the recipient
animal is often sufficient to prolong incubation periods in bioassays 43, likely due to the
introduction of a transmission barrier. In contrast, we found that inoculation of
Tg(HuUPrP,v129,A224V) mice with sCJD VV2 prions (which do not contain the A224V
mutation) dramatically accelerated disease transmission without altering the strain properties
of the sCJD VV2 isolate, arguing for an effect on prion replication kinetics rather than
modulating a transmission barrier. The A224V mutation is located within the third a-helix
of the C-terminal structured domain of HuPrP 44, proximal to the GPI-anchor attachment
site. Prion disease-causing missense mutations, other than those that generate anchorless PrP
variants in GSS patients 4°, have not previously been reported in this region of PrP. The
increased hydrophobicity conferred by the presence of valine at residue 224 may slightly
alter the conformation of PrPC, its orientation relative to the cellular membrane, its
interaction with membrane lipids or proteins 48, or its affinity for prion replication

cofactors 15 47 all of which may potentially affect the kinetics of prion formation.
Alternatively, the mutation may affect the kinetics of prion spreading via axonal or
transneuronal transport, which may be important for the propagation of prions in many
neurodegenerative diseases 48: 49,
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Figure 1. Characterization of the CID(A224V) patient’s brain
(A) 1.5T brain MRI with DWI sequences at 10.5 months following disease onset showing

hyperintensity with reduced diffusion involving the cortex of the middle and superior frontal
gyri, bilateral insula, bilateral hippocampi (solid arrows), bilateral cingulate gyri (black
arrowheads), bilateral caudate and anterior putamen (dashed arrows), bilateral occipital
(white arrowheads) and temporal cortex (dotted arrows). (B—1) Neuropathological analysis
of the CID(A224V) patient. Sections of the prefrontal cortex (B—E) and the cerebellar cortex
(F-1) show features of severe CJD. (B, F) H&E stain reveals status spongiosis in cortical
layers 1-3 and marked nerve cell loss in layers 2 and 3 (B) and spongiform degeneration of
the molecular layer, Purkinje nerve cell loss, and at least 50% granule cell neuron loss (F).
Arrow indicates a torpedo along the proximal portion of a Purkinje cell axon. (C, G)
Immunostaining with 3F4 reveals dense finely granular staining for PrPSC with less intense
staining in layer 1 (C) and abundant PrPSC deposition in the molecular layer and granule cell
layer (G). (D, H) GFAP immunostaining shows severe reactive astrocytic gliosis in all
layers (D), and reactive Bergman radial glia in the molecular layer and reactive astrocytes in
the granule cell layer and underlying white matter (H). Arrow indicates a torpedo. (E) The
Nissl stain verifies marked nerve cell loss in layers 2 and 3. (1) The Bielschowsky silver
stain strongly stains a Purkinje cell torpedo (arrow). Bar in B represents 100 um and applies
to all photomicrographs. In B, numbers denote cerebral cortical layers. In F, regions of the
cerebellar cortex are indicated: m, molecular layer; p, Purkinje cell layer; g, granule cell
layer; w, white matter. (J) Immunoblot of brain homogenates from a control (non-
neurodegenerative disease) patient and the CID(A224V) patient with (+) or without (=)
digestion with PK. (K) Immunoblot of PK-resistant PrPSC in the brain of the CID(A224V)
patient reveals a Type-1 signature (migration to ~21 kDa) similar to that observed in an

Ann Neurol. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Watts et al.

Page 15

SCJD VV1 patient. In J and K, PrP was detected using the antibody HuM-P. (L)
Quantification of the relative amounts of wt (A224) and mutant (V224) PK-resistant PrPSc
in the brain of the CJID(A224V) patient. Approximately equal proportions of wt and mutant
PrPSC were found (no significant difference: P = 0.08 by the t-test). Data (mean + SEM)
from 4 technical replicates are shown.
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Figure 2. Transmission of CJD(A224V) to transgenic mice
(A) Kaplan-Meier survival curves for Tg(HuPrP,VV129)152 mice inoculated with brain

homogenate from either the CID(A224V) patient (solid black line, n=7) or an sCJD VV1
patient (dashed black line, n = 7). The curves were not significantly different by the Log-
rank test (P = 0.56). (B) Immunoblot of PK-resistant PrPSC in the brains of clinically ill
Tg152 mice at the indicated days postinoculation (dpi) with either CID(A224V) or sCJD
VV1 brain homogenate. PrPSC profiles in the human brain homogenates used for inoculation
(“Inoc.”) are shown for comparison. PK-resistant PrP was detected using the antibody HuM-
P. (C-J) Neuropathological characterization of CJD-inoculated Tg152 mice. Brain sections
from clinically ill mice at 313—-337 dpi with either CID(A224V) (C-F) or sCJD VV1 (G-J)
brain homogenate were analyzed by H&E staining (C, D, G, and H) or by immunostaining
for PrP (E, F, I, and J). Prominent spongiform degeneration was observed in the parietal
cortex (C, G) and striatum (D, H), and abundant granular PrPSC deposition was observed in
the granule cell layer of the cerebellum (E, 1) as well as the thalamus (F, J). PrPSC deposits
were visualized using the antibody 3F4. Scale bar in C represents 100 pm and also applies to
panels D, G, and H; scale bar in E represents 50 um and also applies to panels F, I, and J.
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Figure 3. Tg(HuPrP,V129,A224V) mice do not develop spontaneous disease
(A) Immunoblot of PrP in undigested brain homogenates from wt FVB mice and four

distinct lines of Tg(HuPrP,V129,A224V) mice. (B) Immunoblot of total PrP in undigested
(=) brain homogenates or insoluble PrP following PK digestion (+) of brain homogenates
from aged Tg(HuPrP,\V129)152 and Tg(HuPrP,V129,A224V)8422 mice. Note that 100
times more material was loaded for the PK-digested samples. (C) Immunoblot of PK-
resistant PrPSC in the brains of clinically ill Tg8422 mice at the indicated dpi with sCJD
VV1 prions (left) or asymptomatic Tg18807 mice at the indicated days postinoculation (dpi)
with CJD(A224V) prions (right). The PrPSC profiles in the human brain homogenates used
for inoculation (“Inoc.”) are shown for comparison. In all panels, PrP was detected using the
antibody HuM-P.
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Figure 4. Accelerated transmission of sSCJD VV2 and MV2 prions to Tg(HUPrP,V129,A224)8422
mice

(A) Kaplan-Meier survival curves for Tg152 mice (black lines) and Tg8422 mice (red lines)
inoculated with sCJD VV2 case i (solid lines, n = 8 and 15, respectively), sCID VV?2 case ii
(dashed lines, n = 8 each), or sCJD MV?2 (dotted lines, n = 8 each) prions. The presence of
the A224V mutation significantly accelerated the onset of neurologic illness in VV2- and
MV2-inoculated mice (P < 0.001 by the Log-rank test). (B) Immunoblot of PK-resistant
PrPSC in the brains of clinically ill Tg152 or Tg8422 mice injected with SCID MM1 or sCJD
VV2 (case i) prions (15t or 2" passage) at the indicated days postinoculation (dpi). (C)
Kaplan-Meier survival curves for Tg152 mice (black line, n=7) and Tg8422 mice (red line;
n = 7) inoculated with brain homogenate from an sCJD MM patient. The presence of the
A224V mutation significantly delayed the onset of neurologic illness in MM1-inoculated
mice (P < 0.001 by the Log-rank test). (D) Correlation of PrP expression levels and
incubation periods following inoculation of Tg(HuUPrP,\v129,A224V) mice with sCJD MM1
prions (dotted line) or VV2 case i prions (solid line). As determined by linear regression,
there was a direct relationship (positive slope) between PrP expression level and incubation
period in MM1-inoculated mice and an inverse relationship (negative slope) in VV2-
inoculated mice. (E) Immunoblot of PK-resistant PrPSC in the brains of clinically ill Tg152
or Tg8422 mice injected with sCID VV2 (case ii) or SCJD MV?2 prions at the indicated dpi.
PrPSC profiles in the human brain homogenates used for inoculation (“Inoc.”) are shown for
comparison. In panels B and E, PK-resistant PrP was detected using the antibody HUMP.
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Figure 5. Passage of sSCJID VV2 case i prions in Tg(HUPrP,V129,A224V) mice did not alter the
prion strain properties

(A-C) Immunohistochemical detection of PrPSC deposition in the brains of sSCID VV2-
inoculated Tg mice at the indicated days postinoculation (dpi). Plaque-like PrPSC deposits in
the corpus callosum were observed in Tg152 mice (A) and Tg8422 mice (B, C) following
one (A, B) or two (C) passages of sSCJD VV2 prions. PrPSC deposits were detected using the
antibody 3F4. Scale bar in A represents 50 um and also applies to panels B and C. (D)
Representative immunoblots and (E) denaturation curves (n = 3 brains per group) of residual
PK-resistant PrPSC levels after conformational stability assays in brain homogenates from
clinically ill Tg152 and Tg8422 mice inoculated with sCJD VV2 prions. No significant
difference in the [GdnHCI]4/, values was observed for sCID VV2 prions upon propagation
in Tg152 or Tg8422 mice (P = 0.57 by the Extra sum-of-squares F-test). (F) Kaplan-Meier
survival curves for sCJD VV2-inoculated Tg152 (solid black line; n=8) or Tg18807 (red
line; n = 30) mice as well as Tg152 mice inoculated with sSCID VV2 prions that had been
passaged once in Tg18807 mice (dashed black line; n = 8). There was no significant
difference in the survival curves for the two groups of inoculated Tg152 mice (P = 0.15 by
the Log-rank test). (G) Immunoblots of PK-resistant PrPSC in the brains of clinically ill
Tg152 or Tg18807 mice infected with SCID VV2 prions as well as Tg152 mice inoculated
with sCJD VV2 prions passaged once in Tg18807 mice. The incubation period for each
mouse is indicated as days postinoculation (dpi). The PrPSC¢ profile in the SCID VV2 human
brain homogenate used for the original inoculation (“Inoc.”) is shown for comparison. In
panels D and G, PrP was detected using the antibody HuM-P.
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Figure 6. Replication of sSCID VV2 prions in bigenic mice coexpressing wt and mutant A224V
HuPrP alleles

(A) Immunoblot of total PrP in undigested (-) brain homogenates or insoluble PrP following
PK digestion (+) of brain homogenates from aged Tg8422/152 mice coexpressing mutant
HuPrP(V129,A224V) and wt HUPrP(V129) and Tg8422/2669 mice coexpressing mutant
HuPrP(V129,A224V) and wt HuPrP(M129). Note that 100 times more material was loaded
for the PK-digested samples. (B) Kaplan-Meier survival curves for Tg8422/152 mice (red
line; n=7) and Tg8422/2669 mice (black line; n = 8) following inoculation with sCJD VV2
case i prions. The presence of wt HUPrP(M129) in trans significantly delayed the onset of
neurologic illness in VV2-inoculated mice (P < 0.001 by the Log-rank test). (C)
Immunoblot of PK-resistant PrPSC in the brains of clinically ill, sSCJD VV2-inoculated
Tg8422/152 and Tg8422/2669 mice at the indicated days postinoculation (dpi). PK-resistant
PrPSC in the sCJD VV2 inoculum (“Inoc.”) is shown for comparison. In panels A and C, PrP
was detected using the antibody HUM-P.

Ann Neurol. Author manuscript; available in PMC 2016 October 01.



Page 21

Watts et al.

*ABojoyredoinau 214198ds-aseasip uond pue agdd 1eIsisal->d 1o anlrebau sem Ing 1dp 98¢ 1e JoIAeyaq Bu1ja19 pue ‘alels yue|q ‘BISauIyApelq palIgIyxa asnow auQ

§

‘uone|naounsod sAep juasaidal sporsad uoregnoul ‘syuswiiadxa Jaylo [Je Jo} ‘8d1w ay) Jo abe ayy Jussaidal sporsad uoiregnaul ‘ad1w payejnaoulun o4

b

*901W adA1-pJIm Ul uoIssaidxa did 01 patedwod
x

"301W paulwexa 4o Jaquinu ‘Ou ‘uonounysAp 2160j0inau Jo suBIS [2I1UID YIAM 821W JO Jaquinu ‘u

— (L11) s¥61E — (212) ¥ ¥ 501 — — (£/0) T09 < ze L8€8(AVZCV'62TA dIdNH)BL

- (L12) s ¥ sze (LvFen GUST) TFOTT | ) 6FTrs | §(O)E0S< (2/0) 209 < 6 2zv8(AYZeY'62TA didnH)BL

— (8/8) TT ¥ L6C — (9r9) TFTTT — — (£/0) 009 < 9 T2V8(AVZeY '62TA dIdNH)BL

(9/9) 11 ¥ 2S¢ (8/8) 9 # vee (9/9) v ¥ 921 (og/0¢) ¢ ¥ 82T — (2/0) €5 < (61/0) 009 < ST L088T(AVZZY'6¢TA ' didNH)BL
— (8/8) e Fe€e — (L11) v ¥ 512 — () yT¥9ge | (9/0) 209 < S 2L2BT(6CTA'dIdNH)BL

— (8/8) € ¥ 222 — (L) v ¥zee — — (9/0) ¥09 < €Y 6.8L(62TA'dAdNH)BL

— (212) 9 7 602 — (8/8)9Fz6T | (W)eFeee | (W erwste | (L/0) €09 < v'e 2ST(6ZTA'd4dNH)BL

— (212) € 7902 — (212) s¥802 — — (£/0) €09 < 9 €126T(62TA'dIdNH)BL
abessed puZTININ ACOS | TININ ArOs obessed MeAnards | TAAAros | (Avzew)ard | pereinsoutun L(P10J-) [8Ae] aul ssnop

pu2(1) TAA Aros uoIssa1dxg did
__.%Ecv sAep ul ‘|INTS F polaad uoiregnaul ueajy

Author Manuscript

901w 21uabsuel) ul suoud ZAA pue ‘TININ ‘TAA ArD 104 spoliad uolzegnaul syl Uo UoIRINW AZZY 9yl JO 8ouanjju|

T alqel

Author Manuscript

Author Manuscript

Author Manuscript

Ann Neurol. Author manuscript; available in PMC 2016 October 01.



Page 22

Watts et al.

Author Manuscript

‘uolrenoounsod sAep jussaidal sporiad uonegnoUl ‘SluBLILIBdXa JaY10 |[e 4oy ‘801w 8y Jo abe ay) Jussaidal sporiad UoIRGNOUL ‘801 paje|ndouIuN 104

b

"301W pauIwexa 4o Jaquwinu ‘0u ‘uonounysAp 2160j0Inau Jo sUBIS [BIIUID YIAM 821W JO Jaquinu ‘u

— — (8/8) L¥86T | (21/8) TTF 06V | 6992(62TN'dIdNH)BL x 22¥8(AVZeY'62TA dIdNH)BL
— — (L1) e 782t (9/€) 0 ¥ 995 ZST(62TA'dIdNH)BL x Zz¥8(AYZZY'62TA dIdNH)BL
(8/8) ¥ ¥81T | (8/8)2F€TT | (ST/ST) TFOTT (£/0) 209 < 22r8(AVZeY '62TA dIdNH)BL
(8/8)9¥ 16T | (8/8) S ¥ L0 (8/8) 9 261 (2/0) €09 < ZST(62TA'dddNH)BL
ZANaros | (meanaros | () zanaros | palenoouiun aul| asNON

__.AOES sAep ul ‘|INTS F poltad uolregnaul ueajn

¢ ?olgel

Author Manuscript

Author Manuscript

'suoLd ZAA Ards Yum parejnaoul adiw d1uabiqg ui ssusbsuenl did uewny adA1-pjim pue jueinw Jo uoissaldxao)

Author Manuscript

Ann Neurol. Author manuscript; available in PMC 2016 October 01.



