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Genetic PrP Prion Diseases
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Genetic prion diseases (gPrDs) caused by mutations in the prion protein gene (PRNP) have
been classified as genetic Creutzfeldt—Jakob disease, Gerstmann-Straussler—Scheinker
disease, or fatal familial insomnia. Mutations in PRNP can be missense, nonsense, and/or
octapeptide repeat insertions or, possibly, deletions. These mutations can produce diverse
clinical features. They may also show varying ancillary testing results and neuropathological
findings. Although the majority of gPrDs have a rapid progression with a short survival time of
a few months, many also present as ataxic or parkinsonian disorders, which have a slower
decline over a few to several years. A few very rare mutations manifest as neuropsychiatric
disorders, with systemic symptoms that include gastrointestinal disorders and neuropathy;
these forms can progress over years to decades. In this review, we classify gPrDs as rapid,
slow, or mixed types based on their typical rate of progression and duration, and we review

the broad spectrum of phenotypes manifested by these diseases.

uman prion protein (PrP) prion diseases

(PrDs) are classified into three types based
on how they arise: sporadic, genetic, and ac-
quired. By far the most common is sporadic—
sporadic Creutzfeldt—Jakob disease (sCJD), ac-
counting for ~85%-90% of PrD cases (Parchi
et al. 1999; Brown and Mastrianni 2010; Puoti
etal. 2012). Mutations in the prion protein gene,
PRND, cause genetic PrDs (gPrDs), which ac-
count for ~10%—15% of human PrDs (Masters
et al. 1979; Kovacs et al. 2005; Ladogana et al.
2005). The most notorious, acquired PrDs ac-
count for <1% of all cases of human PrD (Mas-
tersetal. 1979; Ladogana et al. 2005; Brown et al.
2006; UK National CJD Surveillance Unit 2015).

For a review of sporadic and acquired PrDs, see
Will and Ironside (2017).

Historically, gPrDs have been categorized as
one of three diseases based on their clinical and
neuropathological features: familial CJD (fCJD,
Online Mendelian Inheritance in Man [OMIM]
catalog  #123400), Gerstmann—Strdussler—
Scheinker disease (GSS, OMIM #137440), and
familial fatal insomnia (FFI, OMIM #600072).
Familial CJD (fCJD) typically presents as a rap-
idly progressive dementia with motor features
and a short survival time (usually <1 yr) from
onset. Its features are most similar to those of
sCJD. Most forms of fCJD also show similar
neuropathological features to those of sCJD, in-
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cluding synaptic, granular, or plaque-like pat-
terns of PrP*° (in which Sc stands for scrapie,
the prion disease of sheep and goats) deposition,
vacuolation (spongiform changes), gliosis, and
loss of neurons. Typically, there is a direct rela-
tionship between disease duration and the se-
verity of neuropathology (Gambetti et al.
2003a). GSS usually presents as an ataxic disor-
der, often with parkinsonism and dementia oc-
curring later in the illness. Survival is typically
~3-10 yr, but some patients have a much short-
er course, with symptoms more typical of sCJD.
Usually, prominent PrP*® amyloid plaques are
found in the cerebellum and cortex (Gambetti
et al. 2003a). FFI usually begins with insomnia
and dysautonomia, with later development of
cognitive impairment and motor features. The
median survival time of FFI patients is ~ 18 mo.
As with GSS, faster forms, more similar to sCJD
in their disease course, also can occur, but there
can be variability even within families. The neu-
ropathology of FFI is quite distinct, typically
with thalamic nerve cell loss and gliosis causing
thalamic atrophy, but also similar pathology in
the inferior olivary nucleus atrophy, as well as
gliosis, but with sparse vacuolation and Prp*°
deposition, in the midbrain and hypothalamic
gray matter. In cases of long duration, the cortex
also is involved (Parchi et al. 1995; Gambetti et
al. 2003a). The classification scheme for gPRDs,
however, was developed before the identification
of PRNP, and we know now that several PRNP
mutations do not fit into one of these three dis-
ease groups, as we discuss later in this review.
In 1989, mutations in PRNP were first
shown to cause gPrDs (Goldgaber et al. 1989;
Hsiao et al. 1989; Owen et al. 1989). Yet, it was
back in 1930 that Meggendorfer first reported
the Backer family, a German kindred with
fCJD (Meggendorfer 1930). Affected members
presented with rapidly progressive dementia
(RPD) and had spongiform changes in the
brain. Many decades later, affected descendants
of this family were shown to carry the D178N
codon 129V PRNP mutation (see below)
(Kretzschmar et al. 1995). J. Gerstmann, E.
Strdussler, and 1. Scheinker reported in 1936 an
Austrian kindred, the “H” family, presenting
with slowly progressive cerebellar ataxia and

who developed dementia late in their illness
(Gerstmann et al. 1936). Similar to the Backer
family, theirs was an autosomal dominant pat-
tern of inheritance. The H family is now con-
sidered the first known GSS family. Decades lat-
er, the P102L mutation in PRNP was identified
in the family (Hainfellner et al. 1995). The term
“FFI” was coined in 1986 by Lugaresi and col-
leagues (1986) who reported an Italian family
with progressive insomnia, dysautonomia, mo-
tor dysfunction, and degeneration of the thala-
mus. In 1992, a PRNP D178N (codon 129M)
mutation was found in an Italian FFI kindred,
showing this also to be a genetic PrD (Medori
etal. 1992). The same D178N mutation resulted
in two different phenotypes, either fCJD or FFI,
depending on whether the PRNP cis codon 129
polymorphism was methionine or valine: me-
thionine was typically associated with FFI and
valine with fCJD (Goldfarb et al. 1992).

Although most PRNP mutations causing
gPrD are missense, several insertions, a few non-
sense and at least one deletion mutation have
also been identified (Beck et al. 2001; Takada
et al. 2017). Most insertions are octapeptide re-
peat insertions (OPRIs) in the PRNP region
corresponding to the copper-binding domain
of PrP. OPRI mutations can manifest as a
gCJD or GSS phenotype (Owen et al. 1990;
Brown and Mastrianni 2010; Takada et al.
2017). A patient with a 1-OPRI near codon
129, and distant from the copper-binding do-
main of typical OPRI mutations, presented with
a GSS phenotype and seizures (Hinnell et al.
2011). Recently identified nonsense or stop-co-
don mutations in PRNP have been reported only
in a few kindreds. These patients present with
highly variable atypical clinical features for most
PrDs, and neuropathological findings reveal
amyloid plaques and /or prion amyloid angiop-
athy (Mead et al. 2013; Guerreiro et al. 2014;
Fong et al. 2016).

Prion Protein (PrP) and the Prion Protein
Gene (PRNP)

The human PrP gene, PRNB is located on chro-
mosome 20p13 and has two exons with the en-
tire open reading frame in exon 2. Prion protein

2 Cite this article as Cold Spring Harb Perspect Biol 2018;10:a033134
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genes have been highly conserved across mam-
mals, suggesting that PrP plays an important
role in the organism. The canonical PrP se-
quence consists of 253 amino acids, which is
processed posttranslationally, in which a 22-
amino-acid, N-terminal signal peptide and a
23-amino-acid, C-terminal peptide are re-
moved. This modification directs the addition
of a glycosylphosphatidylinositol anchor, teth-
ering the protein to the cell membrane (Colby
and Prusiner 2011). The N-terminal domain of
PrP contains an unstable region with repeats of a
nonapeptide (Pro-Gln-Gly-Gly-Gly-Gly-Trp-
Gly-GlIn) followed by four octapeptide repeats
(Pro-His-Gly-Gly-Gly-Trp-Gly-Gln) (Fig. 1).
PrP can be unglycosylated, monoglycosylated,
or diglycosylated at asparagine residues 181

PRNP variants

G127V M129V

Genetic PrP Prion Diseases

and/or 197 (Capellari et al. 2011; Colby and
Prusiner 2011; Yusa et al. 2012).

PrP exists in multiple isoforms, two of which
are most relevant to PrD, PrP¢ and PrP%. Both
PrP€ and PrP* isoforms have the same amino
acid sequence, but PrP“ consists mainly of a-
helix, whereas PrP5 has a structure rich in B-
sheet (Pan et al. 1993). This conformational dif-
ference makes PrP*° insoluble in detergents and
relatively resistant to degradation by proteases
(Mastrianni 2010; Colby and Prusiner 2011).
PrP%¢ has been shown to be infectious and to
self-propagate byacting as atemplate thatinduc-
es the conversion of PrP¢ to PrP% (Prusiner
1998). Some researchers believe that the accu-
mulation of PrP* leads to neurodegeneration
(Prusiner 2013), whereas others believe that the

E219K

Y145X Q160X Y163X D178Efs25X |Y226X Q227X

1 51 91 253
Octapeptide GPI anchor
———————————r— e LI :
Octapeptde LI G BT 2 [ @ [ o7l
2-OPRD P84S A117Y R148H V176¢ A224V \P238S
2-OPRI
3-OPRI P102L | G114V g}g;G Y218N M232R
4-OPRI
5_8PR| P105L A133V v180Y/ Q217R
6-OPRI/6-OPRI P1055
P105T/ G131V| D178N-129v T1834 1215V
7-OPRI/7-OPRI D178N-129M
8-OPRI 365-388dup H187|3 Q212P
9-OPRI T188R
12-OPRI S1321 T188K E211D
T188A E211Q
V2101
Legend T193] Y
K194E R208H
I Mutation usually associated with genetic CJD
I Mutation usually associated with GSS E196K V203l
Il Mutation usually.assomated with FFI F198S D202N
I Nonsense mutation F198V D202G
[ Risk polymorphism E200K
Low or intermediate penetrance variants E200G

Figure 1. Schematic of prion protein gene (PRNP) disease—associated variants. Mutations are color coded based
on clinicopathological classification as genetic Creutzfeldt—Jakob disease (gCJD), Gerstmann—Straussler—
Scheinker disease (GSS), familial fatal insomnia (FFI), or nonsense mutations. PRNP mutations present in
the UCSF cohort are shown in bold. Most mutations are shown below the gene schematic; nonsense mutations
and polymorphisms associated with prion disease risk are above the gene schematic. Low- or intermediate-
penetrance variants are based on Minikel et al. (2016) (not all low/intermediate-penetrance variants are shown).
For the F198V mutation, the clinical presentation was not classifiable as gCJD, GSS, or FFI (see Table 3), and
neuropathology was not reported (Zheng et al. 2008). Variants that are most likely benign (largely based on
Minikel et al. 2016) are not included (e.g., G54S, P39L, E196A, R208C) (Beck et al. 2010; Minikel et al. 2016).
OPRYI, Octapeptide repeat insertion; OPRD, octapeptide repeat deletion. (Reprinted from Takada et al. 2017.)
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process of converting PrP® to PrP*leads to neu-
ronal injury and loss (Mallucci et al. 2007; Mo-
reno et al. 2013). PrP*° propagates as oligomers,
which polymerize to form amyloid fibrils (Pru-
siner 2013). This prion-like pathogenic mecha-
nism may also apply to other neurodegenerative
proteinopathies (Colby and Prusiner 2011; Soto
2011; Prusiner 2012; Woerman et al. 2015).

PrP%¢in sCJD cases is classified as type lor2;
when brain homogenates from patients with
PrD are treated with proteinase K (PK) (which
digests most of PrP® but leaves behind PrP*°)
and run on a Western blot, three bands are
shown: diglycosylated, monoglycosylated, and
unglycosylated forms of PrP*, When the molec-
ular weight of the unglycosylated band is
21 kDa, the PrP** is categorized as type 1; type
2 PrP* is characterized by a 19-kDa band
(Parchi et al. 1996). Only either type 1 or type
2 of PrP*¢ is found in two-thirds of cases at pa-
thology, but types 1 and 2 are reported to co-
occur in about one-third of cases (Parchi et al.
2009). These prion types can be found in many
gPrDs, particularly genetic CJD (gCJD), where-
as in GSS, there are many more bands, with a
prominent band around 7-8 kDa.

At codon 129 in the general population,
~55% of individuals are homozygous for me-
thionine (MM), 36% are heterozygous (MV),
and 9% are homozygous for valine (VV) (1000
Genomes Project Consortium et al. 2012). The
polymorphism (rs1799990) affects not only dis-
ease susceptibility, but also the clinicopatholog-
ical features of the genetic, sporadic, and ac-
quired forms of PrD. Homozygosity at codon
129 is a well-established risk factor for sporadic
and acquired PrD (Palmeretal. 1991; Mead et al.
2012). For example, in sCJD cohorts from Eu-
rope, Australia, Canada, and the United States,
67% are MM, 16% MYV, and 17% VV, showing
that codon 129 homozygosity is overrepresented
(Parchi et al. 1999; Collins et al. 2006).

In gPrD, the cis codon 129 polymorphism
usually has greater effect on disease presenta-
tion, whereas the trans polymorphism has less
or no effect (Capellari et al. 2011). As noted
above, the cis codon 129 polymorphism has a
strong influence on whether the PRNP D178N
mutation presents as gCJD (D178N-129V) or

FFI (D178N-129M) (Goldfarb et al. 1992). The
codon 129 polymorphism also may influence
phenotypes associated with other PRNP muta-
tions (Goldfarb et al. 1992; Capellari et al. 2011).
The combination of PrP** type and PRNP codon
129 polymorphism has been used to molecularly
classify the clinicopathological phenotypes of
sCJD (for reviews, see Parchi et al. 1999; Brown
and Mastrianni 2010; Puoti et al. 2012).

Common PRNP Mutations in Various Cohorts

More than 60 PRNP variants suspected to be
pathogenic have been reported in the literature,
although several are of questionable pathoge-
nicity. It is highly likely that some variants may
be either benign or mutations with low pene-
trance (Kovacs et al. 2005; Minikel et al. 2016).
Per data from nine major clinical prion centers,
five mutations—namely, E200K, V2101, V180I,
D178N, and P102L—are responsible for ~85%
of gPrD cases (Minikel et al. 2016). The first four
mutations cause fCJD, whereas P102L is associ-
ated with GSS. For as few as four mutations—
E200K, D178N, A117V, and P102L—there is
very strong evidence of pathogenicity, with the
mutation segregating with affected individuals
in multiple generations as well as causing spon-
taneous disease in transgenic mice (Minikel
et al. 2016).

Because of misdiagnosis, low penetrance, de
novo occurrence, or other factors, many fCJD
patients do not have a known family history of
PrD (Dagvadorj et al. 2002; Kovacs et al. 2005;
Krasnianski et al. 2016), and, therefore, we pre-
fer to use the term “genetic CJD (gCJD)” rather
than fCJD (Kovacs et al. 2005). For the same
reason, we prefer the term “gPrD” when refer-
ring to any case caused by a PRNP mutation.

A few PRNP mutations have large regional
clusters attributable to a founder effect. These
include the E200K mutation cluster among Slo-
vakians and another among Sephardic Jews
(mostly of Libyan origin but many of whom
now are in Israel) (Hsiao et al. 1991a; Lee et al.
1999; Mitrova and Belay 2002); the V1801 mu-
tation most commonly found in Japan; and the
V210I mutation, which is the most common in
Italy (Ladogana et al. 2005; Minikel et al. 2016).

4 Cite this article as Cold Spring Harb Perspect Biol 2018;10:a033134
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Division into Fast versus Slow Presentations

The historical classification of gPrDs (gCJD,
GSS, and FFI), which occurred before the iden-
tification of PRNE has several limitations be-
cause nonsense mutations and many OPRIs
and an octapeptide repeat deletion (OPRD)
do not fit completely into one of these three
clinicopathological categories. Therefore, we re-
fer to each PRNP mutation individually and
distinguish gPrDs into “Fast” and “Slow” types
according to the typical rate of clinical decline
and total disease duration. We applied the con-
cept of RPD (dementia with rapid decline and a
total disease duration of <3 yr but often <1 yr)
(Geschwind 2016) to classifying gPrDs. Fast
types of gPrD usually present as RPDs, whereas
Slow types have more gradual decline and a total
disease duration usually 3 yr or longer. This
classification categorizes almost all gCJD, FFI,
a few OPRIs (usually those with four or fewer
octapeptide repeats) and the single OPRD as
Fast, and almost all GSS, most OPRIs (some
five to seven OPRI and most octapeptide repeats
greater than eight), and all nonsense mutations
as Slow. Admittedly, even this classification has
limitations. Some OPRIs of the same repeat size
can sometimes manifest as Fast and other times
as Slow, even rarely within the same family
(Goldfarb et al. 1991; Takada et al. 2017). For
OPRIs of the same size but in different families,
this may result from variations in the pattern of
repeats or the location of the repeat within the
octapeptide region (Schmitz et al. 2016). We
discuss below the features of each mutation
starting with the Fast type. We then discuss the
Slow type, OPRIs/OPRD, and, lastly, we review
the very rare nonsense mutations. To determine
the frequency of symptoms, demographics, and
test sensitivities for cases of specific PrDs,
weighted averages were calculated when data
from multiple studies were available.

FAST-TYPE GENETIC PRION DISEASES
Genetic Creutzfeldt—Jakob Disease (gCJD)

The majority of PRNP mutations historically
have been associated with gCJD, with clinico-
pathological features resembling those seen in

Genetic PrP Prion Diseases

sCJD (Budka et al. 1995). To our knowledge, 23
missense variants in PRNP have been reported
to cause gCJD (P105T, G114V, R148H, D178N
[with codon 129 cis V], V1801, T183A, T188A,
T188K, T188R, T193I, K194E, E196A, E196K,
E200K, E200G, V2031, R208H, V210I, E211Q,
1215V, A224V, M232R, and P238S), although
for some of these variants, the true pathogenic-
ity is questionable (Gelpi et al. 2015; Minikel
et al. 2016; Takada et al. 2017). For example,
with some PRNP variants (e.g., M232R), almost
no cases have a positive family history despite
having older unaffected family members carry-
ing the same PRNP variant. Furthermore, these
or other PRNP variants have been found in
the Exome Aggregation Consortium (ExAC),
or other population genetic data sets, at a
much higher than expected frequency for high-
ly penetrant, Mendelian disease—causing vari-
ants. Thus, some of these reported mutations
are low-penetrance mutations, risk factors for
PrD, or even may be benign with no effect on
PrD risk (Minikel et al. 2016). The V210I mu-
tation, most frequently reported (and the single
most common mutation) in Italy, has an esti-
mated penetrance of only ~10%. Two of the
most commonly reported mutations in Japan,
V180I and M232R, even have much lower esti-
mates of penetrance, 1% and 0.1%, respectively
(Minikel et al. 2016). Thus, as we discuss below
where information is available, the penetrance
of each PRNP mutation is variable. Some vari-
ants have been reported in only a few patients
and are not discussed below, but are only shown
in Table 1.

Notably, a large European study using the
EuroCJD database (including Australia, Aus-
tria, Canada, France, Germany, Italy, The Neth-
erlands, Slovakia, Spain, Switzerland, and the
United Kingdom) reported that 47% of patients
with gPrD (i.e., diagnosed with PrD and found
to have a PRNP mutation) did not have a pos-
itive family history of PrD or other neurological
disorder. For GSS alone, only about one-third
of subjects had no family history of PrD or other
neurological disorder (Kovacs et al. 2005). In
some cases, more detailed evaluations of the
family history reveal dementia or neuropsychi-
atric illness, which was likely misdiagnosed

Cite this article as Cold Spring Harb Perspect Biol 2018;10:a033134 5
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(Goldman et al. 2004); however, in many cases,
negative family histories were due to incomplete
penetrance, early death, or less likely de novo
mutations or nonpaternity (Mitrova and Belay
2002; Kovacs et al. 2005).

Per the EuroCJD database, the mean age of
gCJD onset is ~60 yr but shows great variabil-
ity, ranging from the second to ninth decades
(Kovacs et al. 2005). This is ~7 yr younger than
for sCJD (Brown et al. 1986; Parchi et al. 1999;
Collins et al. 2006). The median disease dura-
tion of gCJD is ~5 mo, similar to that for sCJD,
but also shows great variability—at least 75% of
gCJD patients die in <20 mo, but total dura-
tions of >8 yr have been reported (Brown et al.
1986; Parchi et al. 1999; Kovacs et al. 2002,
2005).

Dementia is reported in ~95%—98% of pa-
tients with gCJD (Meiner et al. 1997; Kovacs
et al. 2002). Cerebellar symptoms and myoclo-
nus are also quite common, being reported in
~70% and 60%—70% of patients, respectively
(Meiner et al. 1997; Kovacs et al. 2002). About
half of gCJD patients have extrapyramidal signs
and one-quarter have psychiatric symptoms
(Kovacs et al. 2002). The frequency of these fea-
tures varies considerably depending on the spe-
cific mutation. Regarding ancillary testing, the
diagnostic sensitivities of cerebrospinal fluid
(CSF) markers, electroencephalogram (EEG),
and brain magnetic resonance imaging (MRI)
scans are lower in gCJD cases than in sCJD cases
overall (Kovacs et al. 2002, 2005).

We discuss below the features of the most
common gCJD-associated PRNP mutations—
E200K, D178N-129V, V210I, V180I, and
M232R—along with three recently reported pu-
tative mutations—K194E, E200G, and A224V.
Additionally, Table 1 summarizes some key fea-
tures of other Fast gCJD mutations.

E200K

E200K is both the most common gCJD and the
most common PRNP mutation worldwide (Lee
et al. 1999; Kovacs et al. 2005; Minikel et al.
2016). There are at least four ancestral clusters,
including the two largest among Sephardic Jews
(and their ancestors) and a Slovakian cohort.

Genetic PrP Prion Diseases

Other cohorts from Europe (Germany, Sicily,
and Austria) and Japan have also been reported
(Meiner et al. 1997; Lee et al. 1999; Mitrova and
Belay 2002). Most E200K cases have cis codon
129 methionine (E200K-129M) (Kim et al.
2013).

The E200K mutation is highly, but by no
means completely, penetrant. Penetrance ap-
pears to vary by geographic origin. Among Se-
phardic E200K mutation carriers, penetrance is
70% at age 70 yr and close to 100% at age 85
(Spudich et al. 1995). Although as many as 50%
of E200K patients do not have a family history of
PrD (Spudich et al. 1995; Kovacs et al. 2005;
Higuma et al. 2013), in our experience, however,
there sometimes is a family history, but this in-
formation has not been shared outside of the
immediate family (e.g., between family branch-
es) or there have been misdiagnoses. In some
cases, however, there is reduced penetrance of
the mutation. In Slovakia, penetrance has been
reported to be much lower, ~60%, than for
Sephardic Jews (Mitrova and Belay 2002). A
few reports suggest that anticipation occurs in
this mutation (Rosenmann et al. 1999; Poc-
chiari et al. 2013), but a recent study involving
several larger international cohorts showed that
the anticipation reported by earlier studies was a
false signal most likely from ascertainment bias
(Minikel et al. 2014).

Overall, the clinical presentation of gCJD
with the E200K mutation is similar to that of
sCJD (Meiner et al. 1997; Kovacs et al. 2005).
The mean age of symptom onset is ~60 yr, a
few years less than for sCJD, but there is a wide
range (33—84 yr) (Meiner et al. 1997; Mitrova
and Belay 2002; Kovacs et al. 2005; Begue et al.
2011; Breithaupt et al. 2013; Higuma et al. 2013;
Sano et al. 2013; Krasnianski et al. 2016; Takada
et al. 2017). The median disease duration is
~5-6 mo (Kovacs et al. 2005; Begue et al.
2011; Breithaupt et al. 2013; Krasnianski et al.
2016; Takada et al. 2017).

In most E200K mutation carriers of Sephar-
dic origin, symptom onset occurs gradually over
a few weeks to months; in ~10% of cases, how-
ever, onset is reported as acute, occurring over
days. The most common symptom in (and first
in about half of ) E200K Sephardic and Europe-

Cite this article as Cold Spring Harb Perspect Biol 2018;10:a033134 13



fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

www.cshperspectives.org

M.-O. Kim et al.

an cohorts is cognitive decline (Meiner et al.
1997; Krasnianski et al. 2016). In the German
cohort, other first symptoms are cerebellar atax-
ia (30%), sensory (15%), and constitutional/
vegetative symptoms (e.g., hyperthermia, loss
of weight, and hyperhidrosis; 5%) (Krasnianski
et al. 2016).

The frequency of various symptoms varies
between published E200K cohorts. Based on
combined data from several published cohorts
from Germany, Israel, Japan, and a European
consortium (including Canada and Australia),
a majority of patients develop dementia (mean
~95%), cerebellar ataxia (mean ~80%), myo-
clonus (~74%), pyramidal signs (~61%)
(Meiner et al. 1997; Kovacs et al. 2011; Higuma
et al. 2013; Krasnianski et al. 2016), and psychi-
atric symptoms (including hallucinations, de-
pression, delusions, and aggressiveness; 58%)
(Kovacs et al. 2011; Krasnianski et al. 2016) dur-
ing the clinical course. Less common signs in-
clude extrapyramidal features (mean ~41%;
range 21%—-65%) (Meiner et al. 1997; Kovacs
etal. 2011; Krasnianski et al. 2016), chorea/dys-
tonia (mean ~33%; range 25%—43%) (Kovacs
et al. 2011; Krasnianski et al. 2016), and insom-
nia (mean ~26%) (Meiner et al. 1997; Kovacs
et al. 2011; Krasnianski et al. 2016). Insomnia
with thalamic degeneration was reported in one
case (Meiner et al. 1997).

Although E200K gCJD and sCJD often pre-
sent similarly, there are differences between the
diseases in addition to the earlier median onset
of E200K gCJD. Seizures are more common in
E200K patients, occurring in ~20%-35% of
cases (Meiner et al. 1997; Krasnianski et al.
2016). This is much higher than in sCJD pa-
tients. Supranuclear gaze palsy and peripheral
neuropathy, which are very rare in sCJD pa-
tients, have been reported in some E200K cases
(Bertoni et al. 1992; Neufeld et al. 1992; Meiner
et al. 1997; Kovacs et al. 2011). Moreover, head-
aches are found in 20%—30% of patients with
the E200K mutation (Meiner et al. 1997; Kras-
nianski et al. 2016), which is about double re-
ported for sCJD cases (Brown et al. 1979, 1994).

The data on whether or not codon 129 in-
fluences the clinical presentation of E200K
gCJD are controversial and currently inconclu-

sive (Kim et al. 2013; Minikel et al. 2014). Most
E200K patients are cis 129M (Capellari et al.
2011). One study comparing 21 MM and 14
MV (cis M) European cases reported some dif-
ferences (not statistically analyzed): MM cases
have about double rates of myoclonus, behav-
ioral symptoms, and gaze palsy, and MV carriers
have at least double rates of rigidity /parkinson-
ism and polyneuropathy (Kovacs et al. 2011).

Investigating the effect of codon 129 cis M
versus cis V in the U.S. National Prion Disease
Pathology Surveillance Center E200K cohort,
cis 129V cases were found to have a mean age
at onset of 55 + 11 yr (range 37-67) and a
mean disease duration of 9 + 4 mo (range 2—
17) compared with 60 + 10 yr (range 40—85)
and 5 + 4.5 mo (range 1-29), respectively, in
cis 129M patients (Kim et al. 2013). There was a
statistically significant difference only in disease
duration, possibly suggesting that cis V cases
have a longer duration. A study involving four
large international E200K cohorts, however,
showed that the codon 129 polymorphism af-
fected disease duration (shorter in 129MM |cis
M] than in 129MV [cis M] individuals and
shorter in 129M haplotype than in 129V hap-
lotype) but not age of onset or death (Minikel
et al. 2014).

Although data for CSF total tau test are few-
er, it appears to be more sensitive than the CSF
14-3-3 test (88.5% vs. 73%, respectively) in
E200K carriers (Kovacs et al. 2005, 2011; Brei-
thaupt et al. 2013; Higuma et al. 2013; Sano
et al. 2013; Krasnianski et al. 2016). The CSF
real-time quaking-induced conversion (RT-
QulC) assay in Japanese E200K patients has
an average sensitivity of 83% (Higuma et al.
2013; Sano et al. 2013). Periodic sharp-wave
complexes (PSWCs) on EEG have been reported
in 55% of E200K cases (Kovacs et al. 2005, 2011;
Breithaupt et al. 2013; Krasnianski et al. 2016).
Historically, the frequency of positive MRI scans
has been typically underreported because in
many studies, more sensitive sequences for pri-
on disease—such as diffusion weighted imaging
(DWI) and attenuation diffusion coefficient
(ADC) maps—were not used. Furthermore,
often only deep nuclei hyperintensities were
considered, whereas cortical ribboning (hyper-
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intensity on DWI or fluid-attenuated inversion
recovery [FLAIR] MRI) is a more common, but
sometimes more subtle, finding. Additionally,
deep nuclei and particularly cortical ribboning
abnormalties can be difficult to see on T2/
FLAIR sequences alone. Nevertheless, deep nu-
clei hyperintensity on DWI or FLAIR MRI is
reported in 40%—77% of E200K patients (Ko-
vacs et al. 2005; Krasnianski et al. 2016). If cor-
tical hyperintensities are also taken into account,
MRI positivity increases to at least 84%—89%
(Breithaupt et al. 2013; Takada et al. 2017). In
our cohort of 18 symptomatic E200K cases (a
combination of Sephardic Jewish or Slovakian
origin) at the UCSF Memory and Aging Center,
89% had restricted diffusion abnormalities—
72% had both cortical ribboning and deep nu-
clei restricted diffusion (bright on DWI and
dark on ADC map) (Fig. 2A,B), and ~17%
had predominantly isolated deep nuclei abnor-
malities (Takada et al. 2017).

Opverall, the neuropathological findings in
E200K cases are close to those found in sCJD
MM1 patients, including vacuolation, astrocytic
gliosis, and loss of neurons. In E200K patients,
however, neuronal loss is more severe in the neo-
cortex, basal ganglia, and thalami (Kovacs et al.
2011; Higuma et al. 2013). Most E200K-129M
cases have PrP% type 1, but cases with PrP*°
types 1 and 2 have been reported. PrP* type 2
was reported in the few E200K-129V cases
(Puoti et al. 2000; Kim et al. 2013). PrP% depo-
sition is predominantly synaptic in almost all
E200K cases, but perineuronal and intraneuro-
nal deposits also have been reported (Kovacs
et al. 2011). Curiously, plaque-like deposits are
more frequent in codon 129 MV than MM cases
(Mitrova and Belay 2002; Kovacs et al. 2011).
Regarding glycosylation of PrP®, the diglycosy-
lated form appears to be increased and the un-
glycosylated PrP*° decreased in E200K mutation
carriers compared with sCJD cases (Kovacs et al.
2011).

D178N-129V

The D178N mutation with valine at the cis co-
don 129 is usually associated with the CJD phe-
notype, whereas cis methionine at codon 129 is

Genetic PrP Prion Diseases

associated with the FFI phenotype (Goldfarb
et al. 1992). There are exceptions, however, as
mentioned in the “Introduction” and discussed
in “FFI” below. D178N-129MM presents clini-
copathologically as CJD, and even within fam-
ilies, both phenotypes (FFI and CJD) have
appeared (Zerr et al. 1998; Zarranz et al. 2005).

The mean age of onset of CJD cases caused
by D178N-129V mutation is 46 yr, which rang-
es from the second to eighth decades (Brown et
al. 1992a; Goldfarb et al. 1992), and the mean
disease duration is 23 mo (range 7—60 mo),
which is longer compared with sCJD (Brown
et al. 1992a; Goldfarb et al. 1992). One study
suggests that the codon 129VV genotype might
be associated with earlier onset and shorter dis-
ease duration than the 129MV genotype (Gold-
farb et al. 1992), which would be consistent with
the notion that codon 129 homozygosity is not
only a risk factor but also may affect the clinical
course of disease.

Some of the strongest clinical data on the
D178N mutation is from a series of 43 cases in
1992. These data were gathered, however, before
the effect of cis codon 129 on the D178N muta-
tion was known (Goldfarb et al. 1992); thus, it is
not clear if all of these cases were D178N-129V.
Nevertheless, given their phenotype, it is likely
that most were 129V (Brown et al. 1992a). Cog-
nitive decline (particularly memory) was the
initial symptom in most of the cases (95%),
and dementia occurred in almost all of the pa-
tients. At disease onset, behavioral changes were
reported in 30% of the cases and cerebellar
symptoms in 21%. During the disease course,
cerebellar symptoms developed in 86%, myo-
clonus in 74%, extrapyramidal symptoms in
67%, pyramidal symptoms and signs in about
half of patients, and seizures in 12% of cases
(Brown et al. 1992a). Few, if any, had PSWCs
on EEG (Brown et al. 1992a; Nozaki et al.
2010). To our knowledge, there are no suffi-
ciently large cohort data on MRI and CSF find-
ings in D178N-129V cases.

The neuropathological findings of D178N-
129V cases are similar to those reported in sCJD
VV1—spongiosis and neuronal loss are more
severe in the neocortex, whereas they are very
mild in the thalamus and spared in the cerebel-
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Figure 2. Brain magnetic resonance images (MRIs) in Fast forms of gPrD. (A) Diffusion weighted imaging
(DWI) MRI of a genetic Creutzfeldt—Jakob disease (gCJD) 47-yr-old E200K patient 3 mo after onset shows
diffuse cortical hyperintensity (cortical ribboning; dashed arrows) of the bilateral frontal and insula (left to right)
and temporoparietal cortices. There was also DWI hyperintensity in the bilateral striata (left to right, solid
arrows). (B) Attenuation diffusion coefficient (ADC) map of the same gCJD E200K case showed hypointensity
in most of the regions that were hyperintense on DWI, confirming reduced diffusion, consistent with prion
disease. (C) DWI MRI of an 85-yr-old V180I case 11 mo after onset shows diffuse cortical atrophy and cortical
hyperintensity (cortical ribboning; dashed arrows) of the bilateral frontal and cingulate (right to left) and the
right temporal and parietal lobes. There was no clear abnormality in the deep nuclei. (D) DWI in a 49-year-old
gCJD A224V case 11 mo after the onset shows diffuse cortical ribboning (dashed arrows) greater on the right
than the left and hyperintensity in the bilateral deep nuclei (solid arrows) also greater in the right. (E) The ADC
map of the same gCJD A224V case showed hypointensity in most of the regions that were bright on DWI,
confirming restricted diffusion, which is consistent with CJD/prion disease. Orientation is radiological (left
brain is right side of figure). (Reprinted from Takada et al. 2017.)
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lum. PrP* immunostaining reveals weakly
stained synaptic-type deposits. PrP* type 1
with decreased unglycosylated form is usually
observed in this mutation (Gambetti et al.
2003b).

Low-Penetrance Mutations

The role of V1801, V210I, and M232R in caus-
ing PrD is controversial; they are likely low- to
very low—penetrance mutations, as mentioned
above (Minikel et al. 2016).

V1801

The V1801 mutation has mostly been reported
in Japan (Nozaki et al. 2010; Minikel et al. 2016),
although there is one Korean case (Yang et al.
2010) and a few Caucasian cases (Nixon et al.
2000; Chasseigneaux et al. 2006; Takada et al.
2017). Most cases have no positive family histo-
ry of PrD or other neurodegenerative disease. It
is estimated that this mutation has very low pen-
etrance, ~1% (Minikel et al. 2016). Most V1801
cases begin in late adulthood and progress
slowly; the mean age of onset is ~76.5 yr, and
the mean duration of disease is ~25 mo
(Yang et al. 2010; Higuma et al. 2013; Qina
et al. 2014). A positive family history for PrD
or other neurodegenerative disease is low at
~6% (Higuma et al. 2013; Qina et al. 2014).
The most common symptoms in decreasing or-
der among Japanese V1801 cases are dementia
(100%), extrapyramidal signs (53%), psychiat-
ric disorder (52%), pyramidal signs (50%), aki-
netic mutism (54%), myoclonus (35%), and
cerebellar dysfunction (34%).

Regarding ancillary testing in the Japanese
V1801 cases, MRI is positive in 99%, PSWCs on
EEG are reported in 7%, CSF 14-3-3 protein are
positive in 87%, total tau in 91%, and Prp5¢ by
RT-QuIC assay in 68%. The majority of these
reported Japanese cases are codon 129MM
(75.5% of 184), with the remainder being
129MV (Qina et al. 2014). Neuropathology
shows vacuolation in the cortex and weakly
staining PrP*° deposits of the synaptic type
(Higuma et al. 2013). The three known Cauca-
sian V1801 carriers (all cis 129 M) all presented
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with generally similar clinicopathological
phenotypes to the Japanese cases (Nixon et al.
2000; Chasseigneaux et al. 2006; Takada et al.
2017).

V2101

The V2101 mutation, the most common in Italy
(Ladogana et al. 2005; Minikel et al. 2016), is not
fully Mendelian; it is either a risk factor or of
low penetrance, ~10% (Minikel et al. 2016).
Clinically, V2101 cases present similarly to
sCJD MMI1 cases (Kovacs et al. 2005; Capellari
et al. 2011). The mean age at onset is ~60 yr
(range 39—82) (Kovacs et al. 2005; Krasnianski
et al. 2016), and the median disease duration is
~5 mo (range 2—20) (Krasnianski et al. 2016).
In the EuroCJD database, only ~12% of 69 pa-
tients with the V210l mutation had a family
history for PrD or other neurological disorders
(Kovacs et al. 2005), although a smaller more
recent study from Germany found 13 of 91
gPrD cases to be V2011, and of these 13, 31%
had a positive family history (Krasnianski et al.
2016). The most common initial symptom in
the German cohort of 13 cases was dementia
(38%), followed by ataxia, vertigo, and visual
disturbances (each 15%), and then sleep and
sensory (each 8%) problems. Symptoms
throughout the disease course in decreasing fre-
quency included ataxia (100%), dementia, ex-
trapyramidal signs and myoclonus (each 92%),
visual/oculomotor difficulty (85%), sensory
problems (77%), pyramidal signs (71%), verti-
g0 (61.5%), headache (42%), hemianopsia, and
seizures (each 38.5%) (Krasnianski et al. 2016).

Regarding ancillary testing, MRIs are re-
ported as positive in only 15%-33% of cases,
however, DWI and ADC map, which are much
more sensitive than T2/FLAIR sequences, ap-
parently were not included in most cases (Ko-
vacs et al. 2005; Breithaupt et al. 2013; Krasnian-
ski et al. 2016). The presence of PSWCs on EEG
is more variable, only being reported in 44%—
80% of cases (Kovacs et al. 2005; Breithaupt
et al. 2013; Krasnianski et al. 2016). In contrast,
among three study cohorts (EUROC]D, Germa-
ny/Argentina, and Germany) two CSF bio-
markers are highly positive: 14-3-3 positivity
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occurred in ~90%—100% of cases (Kovacs et al.
2005; Breithaupt et al. 2013; Krasnianski et al.
2016), and CSF total tau is 100% in the German
cohort (Krasnianski et al. 2016).

M232R

The M232R mutation is one of the four most
common gPrD mutations reported in Japan
and primarily has been reported in CJD cases
from Japan, China, and Korea (Zheng et al.
2008; Choi et al. 2009; Nozaki et al. 2010; Mini-
kel et al. 2016). Its pathogenicity as a fully pen-
etrant Mendelian mutation is unlikely, as it pri-
marily has been reported in CJD cases with no
family history and identified in patients with
dementia but in whom neuropathology showed
no evidence of PrD. Moreover, it has been re-
ported in older healthy individuals and in indi-
viduals with some other pathologically proven
neurodegenerative disease. It is likely either a
risk factor or a low-penetrance mutation (Shiga
etal. 2007; Beck et al. 2012; Higuma et al. 2013;
Minikel et al. 2016).

The clinical presentation of M232R is very
similar to that of sCJD, but Japanese researchers
have reported two different clinicopathological
subtypes, which they have termed as a “Rapid”
(~75% of cases) and a “Slow” (25% of cases)
type (Shigaetal. 2007). Age at onset in the Rapid
versus Slow group showed considerable overlap
(mean of 66.2 + 7.7 SE years vs. 57.6 + 15.4
SE years in the Rapid vs. Slow group, respectful-
ly). Between the Rapid and Slow subtypes, how-
ever, the disease durations until either onset of
akinetic-mutism (3.1 + 1.5 mo Rapid vs. 20.6
+ 4.4 mo Slow) (Shiga et al. 2007) or until death
(12.5 + 10.9 mo Rapid vs. 49.9 + 53.8 for
Slow) were quite different (Higuma et al. 2013).

MRI findings consistent with CJD are re-
ported in ~85% of patients and are similar in
both Rapid and Slow groups (Shiga et al. 2007;
Nozaki et al. 2010). Positivities for other bio-
markers such as PSWCs on EEG (100% in the
Rapid type vs. 20% in the Slow type), CSF 14-3-
3 (75% Rapid vs. 55% Slow), CSF total tau
(93% Rapid vs. 55% Slow), and CSF RT-QuIC
for PrP*° (78% Rapid vs. 60% Slow) are all high-
er in the Rapid type (Higuma et al. 2013).

Interestingly, the neuropathological find-
ings in the M232R Rapid type group are similar
to thoseinsCJD MM1 patients, with type 1 Prps°
and synaptic-type deposits, whereas in the Slow
type group, the findings are similar to sCJD
MM2-cortical cases, with type 2 PrP*, periva-
cuolar deposits, and spongiform changes (Par-
chi et al. 1999; Shiga et al. 2007; Higuma et
al. 2013). These findings suggest that M232R is
within the spectrum of sCJD and may just be a
risk factor.

T188R

To our knowledge, only two patients with the
T188R mutation have been reported. One pre-
sented with visual symptoms and later demen-
tia and ataxia, whereas the other developed per-
sonality changes followed by rapid cognitive
decline. They survived 14 and 16 mo, and nei-
ther had a positive family history (Roeber et al.
2008; Tartaglia et al. 2010). The pathogenic role
of the T188R mutation is not yet clear (Minikel
et al. 2016), although the substitution of threo-
nine with a highly basic amino acid, arginine,
may result in structural destabilization. Cell cul-
ture studies show that PrP* from the T188R
mutation has increased resistance to proteinase
K digestion, a hallmark of prion diseases (Pru-
siner 1998), further suggesting the mutation
might be pathogenic (Lorenz et al. 2002).
Even if it is a causative mutation, however, and
not just a risk factor, it is not 100% penetrant
(Tartaglia et al. 2010).

K194E

Only a single case of the novel K194E PRNP
mutation has been reported. The mutation oc-
curred in a 71-year-old Caucasian man with
progressive memory loss, psychiatric symp-
toms, and motor problems (parkinsonism and
gait instability) who died 11 mo after onset with
a positive MRI and EEG (Takada et al. 2017).
The pathogenic role of the K194E mutation in
CJD is not yet clear, but the mutation location at
the end of helix 2 of PrP might affect the correct
folding of PrP“. Furthermore, this mutation is a
rare genetic variation as it was not identified in
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the 1000 Genomes Project database (http://
www.internationalgenome.org/) (1000 Ge-
nomes Project Consortium et al. 2012) or in
the 60,000 exomes in the Exome Aggregation
Consortium database (Minikel et al. 2016;
E Minikel, pers. comm.). Lastly, PolyPhen-2
(http://genetics.bwh.harvard.edu/pph2/) pre-
dicts this variation to be “possibly damaging,”
MutationTaster  (http://www.mutationtaster
.org/) predicts it to be “disease causing,” and
the SIFT algorithm (http://sift.jcvi.org/) sug-
gests it is “damaging.”

E200G

An E200G (codon 129MYV, cis V) mutation was
recently reported in a symptomatic 57-yr-old
Caucasian woman without a family history of
PrD who initially developed gait problems, fol-
lowed 6 mo later by dysphasia. She eventually
developed parkinsonism and cerebellar ataxia
and died 30 mo after symptom onset. Her MRI
results and CSF total tau level were consistent
with CJD. Additionally, her neuropathology
was consistent with CJD, showed PrP®¢ type 2,
and was similar to E200K cases, displaying a
small amount of unglycosylated PrP>* on West-
ern blot. Further supporting the mutation to be
familial, the patient’s father died at age 50 from
an RPD diagnosed as alcohol-related dementia,
whichwaslikelya misdiagnosis (Kimetal.2013).

A224V

A novel A224V mutation (codon 129VV) was
identified in a single 48-yr-old patient with rap-
id onset of short-term memory difficulties, fol-
lowed by gait and other motor problems, who
died 32 mo after onset (the patient’s long sur-
vival time was likely due to an extraordinarily
high level of care). Brain MRI, CSF neuron-spe-
cific enolase (NSE), and total tau (6300 pg/mL;
>1200 consistent with CJD) were all positive.
Neuropathology was consistent with CJD with
type 1 PrP*. Although the family history was
negative for PrD, the patient’s father, in his mid-
80s, had slowly progressive clinical Alzheimer’s
disease (AD) and the same mutation but with
codon 129 MV. Thus, the mutation, if patho-
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genic, is likely not 100% penetrant, although in
animal models, it did shorten the incubation
period, suggesting an effect on PrP> (Watts
et al. 2015).

Additional mutations causing various
forms of fast-type PrD, particularly gCJD, are
summarized in Table 1.

Fatal Familial Insomnia (FFI)
D178N-129M

The D178N-129M mutation (FFI) is the third
most common PRNP mutation causing gPrD
worldwide. In Germany, it is the most common
gPrD (Gambetti et al. 2003b; Krasnianski et al.
2016). Lugaresi and colleagues first used the
term “fatal familial insomnia” in 1986 to de-
scribe the illness of an Italian family whose af-
fected members presented with progressive in-
somnia, dysautonomia, and motor dysfunction
gradually leading to death (Lugaresi et al. 1986).
After the discovery of the PRNP gene, sequenc-
ing in three symptomatic family members
showed the D178N mutation in conjunction
with a cis codon 129M (Goldfarb et al. 1992).
As noted above, the 129 codon polymorphism
strongly affects the clinicopathological pheno-
type of the D178N mutation; codon 129V cis
usually results in a CJD phenotype, whereas co-
don 129M cis results in a FFI phenotype (Reder
et al. 1995; Krasnianski et al. 2008). Some
D178N-129M cases, however, present as CJD,
and some D178N-129V present as FFIL. Differ-
ent presentations also can occur even within the
same family (Zerr et al. 1998; Zarranz et al.
2005). FFI (D178N-129M) has been reported
in about 30 families with the mean age at symp-
tom onset of ~52 yr (range, ~20-76 yr), and
disease duration averages from ~13.5 mo
(range 4-40) (Reder et al. 1995; Padovani
et al. 1998; Collins et al. 2001; Kovacs et al.
2005; Zarranz et al. 2005; Sano et al. 2013; Kras-
nianski et al. 2016). Disease duration appears to
be influenced by the codon 129 trans polymor-
phism; FFI cases homozygous for methionine at
codon 129 (MM) have a much shorter duration
of ~12 (+ 4 SD) mo whereas heterozygous
cases (MV) have a longer duration of ~21 (+
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15 SD) mo (Padovani et al. 1998; Gambetti et al.
2003b). A positive family history for PrD is re-
ported in ~60%—88% of FFI (D178N-129M)
cases (Kovacs et al. 2005; Shi et al. 2015; Kras-
nianski et al. 2016; Minikel et al. 2016).

The key symptoms of FFI include marked
disruption of the normal sleep—wake cycle (dis-
organization of the EEG sleep patterns), sympa-
thetic over activity, endocrine dysfunction (at-
tenuation of the normal circadian oscillations),
and profoundly impaired attention (Gambetti
et al. 2003b; Krasnianski et al. 2016) linked to
thalamic dysfunction. Nevertheless, clinical het-
erogeneity is observed; some mutation carriers
present with only moderate insomnia and do
not have abnormal EEG sleep study results de-
spite having characteristic thalamic gliosis neu-
ropathologically (Zerr et al. 1998; Taniwaki et al.
2000; Collins et al. 2001). Dysautonomia is one
of the earlier features in most cohorts, although
in D178N-129M patients from the Basque re-
gion, psychiatric symptoms and abnormal gait
are the most common presenting features (Zar-
ranz et al. 2005). One recent study of the Ger-
man FFI cohort found hallucinations to be more
common in FFI than in other gPrDs (Krasnian-
ski et al. 2016). Sometimes FFI (D178N-129M)
presents as early-onset dementia, including
with a clinical phenotype similar to early-onset
AD (Guerreiro et al. 2009).

The diagnosis of FFI is made based on the
key features noted above, polysomnography and
ultimately genetic testing. Other testing can be
helpful. FDG-PET scans can show thalamic hy-
poactivity or gliosis both in symptomatic pa-
tients and in presymptomatic carriers several
months before onset. As patients become more
symptomatic, the cingulate cortex becomes hy-
pometabolic followed by other cortical areas
(Cortelli etal. 2006; Haik et al. 2008; Krasnianski
et al. 2014). EEG usually shows reduced sleep
spindles and K complexes and only rarely shows
PSWCsin the very late stage of disease. Polysom-
nographic studies, without which abnormal
sleep patterns can go undetected, typically
show reduction in rapid eye movement and
deep sleep (Zarranz et al. 2005; Krasnianski
et al. 2008). Some endocrine abnormalities, in-
cluding persistently elevated cortisol levels and

variable thyroid and gonadotropin hormone
levels, also have been reported (Collins et al.
2001). MRI infrequently (~16%) shows classic
CJD findings (Kovacs et al. 2005; Krasnianski
et al. 2016). CSF biomarkers 14-3-3 and total
tau have low sensitivities, 8% —18% and ~8%,
respectively (Kovacs et al. 2005; Sano et al. 2013;
Krasnianski etal. 2016). One study of 12 patients
in Japan, however, found CSF RT-QuIC sensi-
tivity to be 83% (Sano etal. 2013). A distinctand
possibly invariable neuropathological feature of
FFlis severe thalamic degeneration, particularly
the anteroventral, mediodorsal, and pulvinar
nuclei, with 80%—-90% neuronal loss and sig-
nificant astrogliosis. Often there is atrophy of
the inferior olivary nuclei and astrogliosis in
the midbrain gray matter and hypothalamus.
Unlike most other prion diseases, there is usually
little to no PrP°¢ deposition or vacuolation in
these regions noted above (Lugaresi et al. 1986;
Medori et al. 1992; Gambetti et al. 2003b). In
cases of longer duration, more than ~10 mo, the
cortex can become involved with vacuolation,
and to a lesser extent astrogliosis and neuron
loss; these changes often spread from focal to
more widespread cortical involvement the lon-
ger the disease duration (Gambetti et al. 2003b).

SLOW TYPE GENETIC PRION DISEASES
Gerstmann-Straussler—Scheinker (GSS)

GSS generally is defined by neuropathological
findings rather than by its clinical manifesta-
tions. It is characterized neuropathologically
by the presence of multicentric PrP*® amyloid
plaques (Budka et al. 1995; Ghetti et al. 1995;
Kong et al. 2004). The classic phenotype is
slowly progressive cerebellar ataxia, with cogni-
tive decline and parkinsonism later in the dis-
ease course. Age of onset is variable, usually
between the third and seventh decades (Hsiao
et al. 1989; Piccardo et al. 1998). Often in GSS,
cognitive decline is the first or an early sign;
however, less commonly it may present rapidly,
similar to classic sCJD. Clinical heterogeneity
can occur even within families (Hsiao et al.
1989; Hainfellner et al. 1995; Piccardo et al.
1998; Webb et al. 2008).
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At least 16 missense mutations (P84S,
P102L, P105L, P105S, A117V, G131V, S1321,
V176G, HI187R, F198S, D202N, E211D,
Q212P, Q217R, Y218N, and M232T) have
been associated with GSS; however, the patho-
genicity of some of these variants is unclear
(Hsiao et al. 1989, 1992; Minikel et al. 2016).
GSS phenotypes also have been reported with
several PRNP OPRI mutations, particularly the
longer insertion mutations (> ~8-OPRI) (Pau-
car et al. 2013; Takada et al. 2017), but also with
shorter insertion mutations as well (discussed
below) (Rossi et al. 2000; Hinnell et al. 2011;
Jansen et al. 2011; Vitali et al. 2011). Worldwide,
P102L is the most common GSS mutation
(Minikel et al. 2016).

The mean age of symptom onset is ~52.5 yr
(ranging from the third to the ninth decades)
(Kovacs et al. 2002, 2005; Takada et al. 2017),
and the mean disease duration is close to 60 mo
(ranging from <1 to >10 yr), which is much
longer compared with gCJD (Kovacs et al. 2002,
2005). Cerebellar ataxia or gait disturbance
(72%) and cognitive decline (82%) are com-
mon, whereas extrapyramidal signs (36%),
psychiatric symptoms (21%), and myoclonus
(15%) are less frequent. A positive family histo-
ry is reported in 69%—100% of cases (Kovacs
et al. 2005; Krasnianski et al. 2016).

Ancillary testing for many biomarkers is
much less sensitive in GSS than in sCJD. About
half of GSS cases have a positive CSF 14-3-3
protein, and <10% of cases have PSWCs on
EEG (Kovacs et al. 2005). Brain MRI typically
shows global or cerebellar atrophy. The EuroCJD
study, however, reported basal ganglia FLAIR or
DWI hyperintensities in 30% of cases; other
studies noted FLAIR or DWI abnormalities,
such as cortical ribboning or deep nuclei hyper-
intensities (typical for sCJD) to be very uncom-
mon (Vitali et al. 2011; Krasnianski et al. 2016).
White-matter hyperintensities have occasional-
lybeen reported in GSS as well as sCJD and other
gPrDs (such as gCJD owing to the E196K mu-
tation), although it is not often clear whether the
white matter changes result from the primary
prion disease or to other comorbidities (Webb
et al. 2008; Schelzke et al. 2011; Simpson et al.
2013).

Genetic PrP Prion Diseases

P102L

P102L is the most common mutation reported
in GSS, and patients from various kindreds
around the world have been found to have the
mutation. Typically, symptoms begin at a mean
age of 52 yr (range ~24-66 yr), and the mean
disease duration is 52 mo (range ~7-132 mo)
(Kovacs et al. 2005; Webb et al. 2008; Higuma
et al. 2013; Sano et al. 2013; Krasnianski et al.
2016; Takada et al. 2017).

Family history is positive in 84%—100% of
cases, but penetrance is estimated to be 100%
(Higuma et al. 2013; Krasnianski et al. 2016;
Minikel et al. 2016). The P102L mutation is
most commonly associated with methionine
at cis codon 129, and disease onset is earlier in
patients homozygous for methionine at codon
129 (MM) than in heterozygous (MV) individ-
uals (Webb et al. 2008).

With 70%-90% cases presenting with
slowly progressive cerebellar dysfunction during
the course, almost all cases of P102L develop
such symptoms during their clinical course
(Webb et al. 2008; Higuma et al. 2013; Krasnian-
ski et al. 2016). Cognitive symptoms usually are
mild initially and become more severe later in
the disease course, although some patients be-
gin with or have early cognitive deficits. In
~20%—30% of patients with the P102L muta-
tion, neuropsychiatric symptoms with cognitive
decline were reported to be the most prominent
early in the disease course (Webb et al. 2008;
Higuma et al. 2013; Krasnianski et al. 2016). A
minority of P102L cases present as RPD, similar
to sCJD. In fact, among 57 Japanese P102L
cases, 21% presented with an sCJD-like RPD
presentation with dementia being early and
prominent (Higuma et al. 2013). Additionally,
a recent study noted that ~40% of the cases
showed cognitive symptoms at onset (about
the same percentage had cerebellar symptoms)
(Takada et al. 2017).

Regarding other symptoms occurring dur-
ing the disease course, one of the largest P102L
studies, with 84 cases, from nine distinct fami-
lies found ~80% of patients had lower motor
neuron signs, such as areflexia and muscle weak-
ness. They also found that ~70% had sensory
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symptoms such as dysaesthesia and hyperaes-
thesia, often with a sensorimotor axonal neu-
ropathy. Parkinsonism and psychiatric features
(delusions, paranoia, visual hallucinations, and
personality change) occurred in almost 50% of
the patients, but apraxia, myoclonus seizures,
and dystonia are infrequently reported (Webb
et al. 2008). In the majority of P102L cases,
symptoms are slowly progressive, eventually
leading to akinetic-mutism (Kong et al. 2004;
Webb et al. 2008). Some patients with rare cis
129V polymorphism presented with psychiatric
symptoms and seizures (Bianca et al. 2003;
Webb et al. 2008).

In one cohort in which 15 symptomatic
P102L patients had brain MRIs, five patients
within 1-3 yr after onset who had no or mild
cognitive and psychiatric features had reported-
ly normal MRIs. Among patients with signifi-
cant cognitive or psychiatric features, however,
three had generalized atrophy and one had only
cerebellar atrophy. Four cases had multiple
white matter lesions. None had any features of-
ten found in sporadic and some gPrDs, such as
T2-weighted hyperintensity or restricted diffu-
sion in the cortex or deep nuclei (Webb et al.
2008). Among a few cohorts, ~30% or more of
the scans reveal T2-weighted white matter hy-
perintensities, mostly consistent with small ves-
sel ischemic vascular disease (Webb et al. 2008;
Takada et al. 2017). T2-weighted basal ganglia
hyperintensities are reported in ~25%—40% of
P102L patients, although from much of the lit-
erature it is not clear if these are more typical
slow progressors or the rapid, CJD-like presen-
tations (Higuma et al. 2013; Krasnianski et al.
2016; Takada et al. 2017). Among Japanese pa-
tients with a rapid clinical phenotype resem-
bling CJD, 80% have MRI abnormalities like
those found in CJD (Higuma et al. 2013). A
typical MRI showing mild cerebellar atrophy
of a slow progressor with a P102L mutation is
shown in Figure 3A.

Regarding other ancillary testing, EEG
PSWCs are infrequent in P102L and reported
in about one-quarter of cases (range 0%-—
33%), with the CJD-like cases appearing some-
what more likely to have these EEG abnor-
malities (Higuma et al. 2013; Sano et al. 2013;

Krasnianski et al. 2016; Takada et al. 2017). CSF
biomarker positivity is also low. About 20% of
P102L cases (range 0%—50%) are positive for
14-3-3, and ~13% (range 0%—100%) have el-
evated tau (Higuma et al. 2013; Sano et al. 2013;
Krasnianski et al. 2016; Takada et al. 2017). Jap-
anese rapidly progressive (CJD-like) P102L
cases, however, uniformly have elevated t-tau
and 14-3-3. The same study found RT-QuIC
to have a sensitivity of 80% among P102L cases
who manifested with the GSS phenotype and
100% among those with a CJD-like phenotype
(Higuma et al. 2013). Neuropathology shows
multicentric PrP amyloid plaques, but synap-
tic-type PrP deposition and vacuolation are
only rarely seen (Webb et al. 2008; Higuma
et al. 2013).

AT17V

The A117V mutation was initially reported in
European families (British-Irish, French-Alsa-
tian, American [one with German descent],
and Hungarian). Patients carrying this muta-
tion showed variable age at onset (20—64 yr)
and disease duration (1—11 yr) (Tateishi et al.
1990; Hsiao et al. 1991b; Mastrianni et al. 1995;
Kovacs et al. 2001). Cognitive impairment is a
common early or main clinical presentation,
but ataxia is less common (Tateishi et al. 1990;
Hsiao etal. 1991b; Mastrianni et al. 1995). Some
patients with the A117V mutation also develop
weakness (lower motor neuron deficits) and
parkinsonism (Tranchant et al. 1992; Kovacs
et al. 2001). To our knowledge, MRI findings
are only reported in four A117V patients, who
showed diffuse or asymmetric cortical atrophy
but no T2 or DWI abnormalities (Kovacs et al.
2001; Takada et al. 2017). The minimal data on
EEG and CSF biomarkers (14-3-3, total tau, and
NSE) show these to be negative in A117V (Ko-
vacs et al. 2001; Takada et al. 2017). Neuropa-
thology shows many PrP amyloid plaques in the
cortex and cerebellum, as well as focal areas of
vacuolation, neuronal loss, and gliosis. In one
patient with lower motor neuron weakness, in-
traneuronal vacuolation, and loss of spinal mo-
tor neurons accompanied by neurogenic mus-
cular atrophy were found (Kovacs et al. 2001).
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Figure 3. Brain magnetic resonance images (MRIs) in Slow forms of genetic prion disease (gPrD). (A) Fluid-
attenuated inversion recovery (FLAIR) brain MRI in a 57-yr-old patient with P102L gPrD possibly 16.5 yr after
onset (precise age of onset unclear because of comorbidities) shows mild cerebellar atrophy but no cortical
atrophy or typical T2-weighted or diffusion weighted imaging (DWI) hyperintensites (cortical ribboning or
deep nuclei hyperintensity), but only several punctate hyperintensities in the white matter consistent with small
vessel ischemic vascular disease. DWI/attenuation diffusion coefficient (ADC) map sequences showed no
restricted diffusion (not shown). (B) FLAIR brain MRI of with 37-yr-old gPrD 6-octapeptide repeat insertion
(OPRI) patient showing diffuse cortical atrophy only 7 mo after reported clinical onset; the amount of atrophy
suggests that the disease began years before obvious clinical onset. DWI and ADC map sequences showed no
restricted diffusion (not shown). (C) Repeat brain MRI on the same 6-OPRI patient 25 mo later, 32 mo after
clinical onset, shows the progression of atrophy. DWI and ADC map sequences still showed no restricted
diffusion (not shown). Orientation is radiological. (Reprinted from Takada et al. 2017.)

F198S

The F198S mutation was first reported in a large
American family and is sometimes referred to as
the “Indiana kindred” (Dlouhy et al. 1992;
Hsiao et al. 1992). Symptoms begin between
the fourth and seventh decades, typically in

the mid-50s. The codon 129 polymorphism ap-
pears to affect the age at onset, as valine homo-
zygous (VV) cases are affected 10 yr earlier than
heterozygous (MV) individuals (Dlouhy et al.
1992; Ghetti et al. 1995; Takada et al. 2017). The
mean disease duration is ~5 yr (range 2—12)
(Farlow et al. 1989; Ghetti et al. 1995; Takada
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etal. 2017). Patients develop memory problems
and gait ataxia early in the disease course and
progress to dementia. Other cerebellar deficits
(e.g., clumsiness, dysarthria, and eye movement
abnormalities) are common, as development of
a rigid parkinsonism (Farlow et al. 1989; Ghetti
et al. 1995). Brain MRI reported only in a few
cases revealed cerebellar atrophy and reduced T2
signal intensity in the basal ganglia (Farlow et al.
1989). EEG usually does not show PSWCs, and
DWI MRI is usually normal. CSF biomarker
data are sparse, but some cases have shown ele-
vated 14-3-3 and/or total tau (Takada et al.
2017). Gross neuropathology reveals cortical
and cerebellar atrophy, and microscopic analysis
shows unicentric and multicentric PrP*® amy-
loid plaques of unicentric or multicentric forms
in many areas of the brain with concurrent neu-
ronal loss and gliosis. Vacuolation is minimal,
however (Ghetti et al. 1995).

H187R

The H187R mutation has been identified in a
few families (Cervenakova et al. 1999; Biitefisch
et al. 2000; Hall et al. 2005; Colucci et al. 2006).
Age at onset is reported to range from 20 to
53 yr, and disease duration from 3 to 19 yr (Cer-
venakova et al. 1999; Biitefisch et al. 2000; Hall
et al. 2005). Clinically, the H187R mutation is
reported to present similarly to GSS. Early
symptoms vary considerably, even within a fam-
ily. Some patients develop cerebellar ataxia, fol-
lowed after a few years by cognitive impairment,
whereas other patients begin the illness with
behavioral and cognitive problems including
disinhibition and executive dysfunction, and
develop dementia and cerebellar dysfunction
years later (Butefisch et al. 2000; Hall et al.
2005). One report of H187R mutation carriers
noted neuropsychiatric symptoms, including
kleptomania, pyromania, depression, as well
as suicidal ideation and attempts during ado-
lescence, with dementia occurring years later
(Hall et al. 2005). Other features such as pyra-
midal signs, seizures, and myoclonus are ob-
served frequently (Biitefisch et al. 2000).

On brain MRI, there usually is cerebellar
atrophy. Cortical atrophy may also be present,

but to our knowledge T2/FLAIR hyperinten-
sities or reduced diffusion in the deep nuclei
or cortex have not been identified (Biitefisch
et al. 2000). CSF biomarkers, such as 14-3-3,
are usually normal, and EEG does not show
PSWCs and may be normal (Biitefisch et al.
2000; Hall et al. 2005). Given the relatively
slow course of the H187R mutation, the absence
of these positive biomarkers is not unexpected.
Although the clinical presentation of
the H187R mutation can be similar to GSS,
the characteristic multicentric PrP> amyloid
plaques are found only in some H187R cases
(Butefisch et al. 2000; Hall et al. 2005; Colucci
et al. 2006). Vacuolation is minimal or absent,
whereas astrocytic gliosis is seen more consis-
tently (Biitefisch et al. 2000; Hall et al. 2005;
Colucci et al. 2006). PrP¢ immunohistochem-
istry shows granular deposits with a distinct
“curly” shape and sparse synaptic-type deposits
(Bitefisch et al. 2000; Colucci et al. 2006).

P105L

To our knowledge, about 10 families with the
P105L mutation have been reported, with nine
from Japan (at least five of which apparently are
unrelated), as well as one British family and one
de novo American case (Beck et al. 2010; Hi-
guma et al. 2013; Mano et al. 2016; Takada
etal. 2017). Itis suspected that all Japanese fam-
ilies have a common founder, however (Mano
et al. 2016). Age of onset seems to range from
~33 to 50 yr (Beck et al. 2010) with ~10% of
patients presenting before age 40. Among eight
]apanese cases, the mean age at onset was
~44 yr, and the mean disease duration was
~9 yr (Higuma et al. 2013). More than half of
cases live more than 5 yr (Kovacs et al. 2002). In
the Japanese literature, PrD attributable to the
P105L mutation often is referred to as “variant,”
“spastic,” or “paraspastic” GSS because patients
often show dementia with spastic paraparesis
rather than cerebellar ataxia typical of other
forms of GSS (Yamada et al. 1999; Kovacs
et al. 2002). Although initial reports suggested
clinical presentations were spastic paraparesis
and dementia, subsequently more clinical het-
erogeneity has been found, with variations even
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within families (Yamada et al. 1999; Higuma
et al. 2013; Mano et al. 2016). Some cases, in-
cluding three Japanese families, recently report-
ed, present with atypical parkinsonism and/or
cerebellar features followed by progressive de-
mentia (Mano et al. 2016). Clinical symptoms
vary considerably, particularly between families.
Among 20 Japanese patients, 100% had demen-
tia; ~90% had parkinsonism; approximately
one-half had parkinsonism, emotional lability,
and/or spastic paraparesis; and approximately
one-third had ataxia and/or tremor. Other less
common features were myoclonus, insomnia,
and least commonly chorea, seizure, or neurop-
athy (Higuma et al. 2013; Mano et al. 2016).
Sensory and psychiatric symptoms occurring
for years before onset of other neurological fea-
tures also have been reported (Shiraishi et al.
2002; Beck et al. 2010). A family history for
prion or neuropsychiatric disease, although
common, is not always present.

Regarding ancillary testing, only one of 16
cases (6.25%) who had brain MRI performed
showed abnormalities consistent with prion
disease (cortical ribboning), although frontal
predominant atrophy has been reported in sev-
eral cases (Yamada et al. 1999; Kovacs et al.
2002; Mano et al. 2016). None of at least 15
Japanese cases whom had EEG showed PSWCs,
and CSF 14-3-3 and total tau were all negative in
the cases tested (Higuma et al. 2013; Mano
et al.). RT-QuIC was positive in CSF in one of
two cases analyzed (Higuma et al. 2013).

Neuropathology usually shows findings
consistent GSS including lack of vacuolation
but the presence of PrP amyloid plaques and
diffuse PrP deposits in deep layers of the cere-
bral cortex (Higuma et al. 2013).

A recent paper presented a very young-onset
case with a de novo P105L mutation with early
cognitive impairment (Takada et al. 2017). At
age 9, the patient began to have poor perfor-
mance in school, followed by handwriting
problems by age 10, seizures and gait ataxia by
age 11, and becoming wheelchair bound by age
12. He had no family history for PrD or any
other neurodegenerative disorders. Whole-
exome sequencing revealed the young patient
had a de novo P105L mutation that was not

Genetic PrP Prion Diseases

found in his parents. His brain MRI scans
~1-2 mo after onset reportedly were unre-
markable, but EEGs showed high-amplitude
posterior dominant slow wave as well as bursts
and spikes with diffuse background slowing
(Takada et al. 2017).

INSERTION AND DELETION MUTATIONS
(MIXED FAST AND SLOW TYPES)

Octapeptide Repeat Insertions (OPRI)
and Deletion (OPRD)

Between codons 51 and 91 in wild-type PRNB,
there is an octapeptide repeat domain consist-
ing of a nonapeptide (27 bp, R1) followed by
four octapeptide (24 bp) repeats (R2, R2, R3,
and R4). The four octapeptides are identical,
but their nucleotide sequences have small vari-
ations (Palmer et al. 1993; Gambetti et al.
2003b). Insertions and possibly deletions in
this octapeptide repeat region of PRNP are
thought to occur by replication slippage or re-
combination between identical 24-bp repeats
(Beck et al. 2001; Chen et al. 2005).

OPRIs do not appear to directly influence
PrP conformation, but functional studies sug-
gest that two or more extra octapeptide repeats
make PrP“ more resistant to protease and more
prone to aggregate (Priola and Chesebro 1998;
Moore et al. 2006), which can facilitate PrP5
formation (Moore et al. 2006). Octapeptide re-
peat expansions also affect copper binding to
PrP, resulting in increased interactions between
PrP and PrP*, and possibly reducing PrP©
stability and resistance to polymerization (Leli-
veld et al. 2006; Hodak et al. 2009; Stevens et al.
2009).

OPRIs/OPRD are usually classified based
on the number of additional repeats, but the
exact position of the insertion/deletion can
also vary. There also may be minor nucleotide
sequence variations between these mutations
(Gambetti et al. 2003a; Croes et al. 2004). OPRIs
with two to 12 extra octapeptide repeats and a 2-
octapeptide deletion have been reported to
cause gPrD, showing significant clinical and
neuropathological heterogeneity (Goldfarb
et al. 1991; Gambetti et al. 2003b; Croes et al.
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2004; Takada et al. 2017). One octapeptide in-
sertion or deletion is not thought to be patho-
genic, as 1-OPRI and 1-OPRD have also been
found in healthy individuals (Palmer et al. 1993;
Beck et al. 2001, 2010; Capellari et al. 2002;
Gambetti et al. 2003b; Yu et al. 2004). Among
all octapeptide mutations, there is significant
phenotypic heterogeneity, but the molecular
basis for this appears in part to depend on the
size of the octapeptide changes and the codon
129 polymorphism (Croes et al. 2004; Jansen
etal. 2011).

Considering the effect of the size of the
OPRI, some studies suggest roughly three
groups exist: (1) Insertions of 2- to 4-OPRIs
usually manifest with an sCJD phenotype, later
age at onset, and shorter clinical duration,
whereas >4-OPRIs appear to have a longer dis-
ease course; (2) insertions of 5- to 7-OPRIs tend
to frequently present as CJD with a prolonged
clinical course in early to mid-adulthood, and
clinical presentation is variable and includes
cognitive, psychiatric, motor dysfunction (cer-
ebellar ataxia, pyramidal dysfunction, parkin-
sonism, dystonia, chorea, tremor), and seizures;
and (3) 8-OPRIs or more are reportedly more
frequently associated with the GSS phenotype,
including widespread PrP* amyloid deposition
(Owen et al. 1989; Gambetti et al. 2003b; Croes
et al. 2004). Amyloid plaques are more com-
monly found in the cerebellum of individuals
with 8- or 9-OPRIs in comparison to 4- to 7-
OPRIs (Vital et al. 1998; Mead et al. 2006;
Moore et al. 2006). The categorization of OPRIs
by repeat insertion size into three distinct clin-
icopathological groups, however, is not always
accurate. A recent paper from the UCSF cohort
suggests that there is great variability even with-
in OPRI mutations and families. There is clearly
great heterogeneity in age of onset and duration
of OPRIs. Furthermore, there are exceptions to
the notion that OPRIs greater than seven pre-
sent with GSS (Table 2) (Takada et al. 2017).
Regarding factors influencing age of onset, a
meta-analysis of 55 OPRI cases from 22 differ-
ent families (of which 38 patients from 17 fam-
ilies had codon 129 data) found a significant
inverse relationship between the number of OP-
RIs and onset age (whether or not they adjusted

for codon 129) and disease duration. Longer
repeats had earlier age of onset and shorter sur-
vival. When, however, the investigators includ-
ed from these families an additional 40 cases
presumed to have OPRI based on clinical fea-
tures, but which did not have genetic testing or
pathology, only the inverse relation between the
number of OPRIs and age of onset, but not
survival, remained statistically significant. Co-
don 129 MM cases had an earlier age at onset
and VV cases had later onset than MV carriers
(Croes et al. 2004). In contrast, another study
reports that 129 polymorphism does not affect
the age at onset in some OPRIs cases (Kovacs
et al. 2005). Some individual octapeptide mu-
tations are discussed in more detail below.

2-OPRD

Two octapeptide deletions in the octapeptide
repeat region were reported in two unrelated
patients. An 86-yr-old woman with no family
history of neurodegenerative disease or early
death had progressive tremors for 20 yr, begin-
ning in the head and progressing to involve her
entire body; she developed RPD with pyramidal
and extrapyramidal signs and died 23 mo later
without autopsy. MRI reportedly showed T2-
weighted white matter hyperintensity and atro-
phy. Her clinical diagnosis was possible CJD
(WHO 1998; Beck et al. 2001). The second 2-
OPRD case was a 62-yr-old male presenting
with dizziness and behavioral changes, pro-
gressing to RPD 6 mo later, followed by myo-
clonus, with gait difficulty at 16 mo and death
18 mo after onset. This patient had methionine
homozygosity at codon 129 (MM), and his neu-
ropathology was similar to that seen in sCJD
MM. Regarding his family history, his mother
died in her 80s with a clinical Alzheimer’s diag-
nosis, and other family members died young,
although none had known dementia (Capellari
et al. 2002).

2-OPRI

Goldfarb et al. reported a 58-yr-old woman
with RPD of 3 mo duration. Autopsy showed
CJD, and the patient was MM at codon 129. Her
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mother carried the same mutation but had on-
set of a slowly progressive dementia at age 75
and a disease duration >13 yr (Goldfarb et al.
1993). Two nonrelated Dutch patients with this
mutation were also reported (van Harten et al.
2000; Croes et al. 2004). One (129MV cis V) had
onset at age 59 and was mute 10 yr later (Croes
et al. 2004), whereas the other (129VV cis V)
developed gradually progressive memory prob-
lems at age 61, with gait ataxia later in the dis-
ease course. The patient died 7 yr after symp-
tom onset. Brain MRI showed extensive white-
matter abnormalities and severe cerebral atro-
phy (van Harten et al. 2000). Neuropathological
findings were not reported in either case. Both
patients had first-degree relatives with demen-
tia, but no PRNP genetic testing was performed.
To our knowledge, the 2-OPRI mutation has
not been found in healthy individuals, further
supporting its pathogenicity (Beck et al. 2001;
Capellari et al. 2002).

3-OPRI

Atleast three 3-OPRI cases have been reported in
the literature. The 3-OPRI mutation in associa-
tion with codon 129 VV was identified in a 69-
year-old male diagnosed both clinicallyand neu-
ropathologically with CJD who died 4 mo after
onset. His EEG did not show PSWCs, but CSF
14-3-3 was positive (Grasbon-Frodl et al. 2004).

Nishida et al. (2004) reported a Japanese
man with symptom onset at age 68, diagnosed
with probable CJD, who had a 3-yr disease du-
ration and no family history of PrD. CSF 14-3-3
and tau testing were negative, but EEG showed
periodic synchronous discharges with general-
ized slowing. Brain MRI scans 6 mo after onset
revealed diffuse cortical atrophy and wide-
spread DWI cortical hyperintensities and bilat-
eral striatal hyperintensity, compatible with
CJD. PRNP testing revealed the 3-OPRI muta-
tion with codon 129MM, but an autopsy was
not performed (Nishida et al. 2004).

The 3-OPRI mutation with the 129MM ge-
notype was also identified in a Chinese woman
who was asymptomatic into her late thirties.
This has raised a question about the pathoge-
nicity of this mutation (Yu et al. 2004), but as

noted above, shorter insertions usually result in
a late age of onset (Croes et al. 2004).

4-OPRI

About 14 4-OPRI cases have been reported in
the literature, most presenting similar to sCJD.
About 12 of these 4-OPRI cases, including 10
from a UK series, with the codon 129 MM had a
mean symptom onset of ~60 yr (range 39—85)
and a median duration of disease of ~14 mo
(range 2—77) (Croes et al. 2004; Kaski et al.
2011). The most common clinical symptoma-
tology resembles sCJD, with RPD, myoclonus
(80%), and cerebellar ataxia (50%). The pheno-
type is diverse, however, and even a presentation
resembling AD has been reported (Kaski et al.
2011). In the UK study, among the few cases
with CSF testing, 14-3-3 and S100$ had 100%
sensitivity (4/4 and 3/3 cases, respectively), but
only 22% (2/9) of patients had PSWCs on EEG
(Kaski et al. 2011). In the same UK study, brain
MRI findings, performed in half of subjects, had
variable findings, two showed atrophy, one was
normal, one had a subdural, and only one had
hyperintensity (presumably T2-weighted) in
the unilateral caudate and cortex, consistent
with MRI findings in CJD (Kaski et al. 2011).
The neuropathological findings were distinct
from those found in sCJD. There were no syn-
aptic PrP* deposits, but instead a fine network
thought to be within axons and dendrites. There
were no PrP amyloid plaques, but somewhat
similar to cerebellar staining in 5-OPRI and 6-
OPRI (discussed below), there were PrP¢ de-
posits in the dendrites of Purkinje cells extend-
ing perpendicularly to the surface, resulting in a
“tigroid” appearance of the cerebellum. Type 1
and 2 PrP° have both been found, but not con-
comitantly, in 4-OPRI cases (Kaski et al. 2011).
The UK study found that all of their cases
were homozygous for a risk allele that was pre-
viously shown to be a risk factor for PrD, and
the investigators suggested that patients might
need to have both the 4-OPRI and homozygos-
ity of the risk allele to develop PrD (Kaski et al.
2011).

Laplanche et al. reported a 4-OPRI patient
with codon 129 VV who developed depression
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and behavioral disorders at age 82 and died 4 mo
later without autopsy. Her family history was
negative, and EEG showed pseudoperiodic tri-
phasic waves (Laplanche et al. 1995). Sanchez-
Valle et al. reported a 38-year-old patient with
the 4-OPRI mutation (codon 129 MV, cis V)
with an 8-mo disease duration, positive CSF
protein 14-3-3, and cortical and basal ganglia
hyperintensities on brain MRI consistent with
CJD. Neuropathological evaluation revealed ex-
tensive spongiform changes in deep cortical lay-
ers and basal ganglia, neuronal loss and astro-
glial and microglial proliferation, and diffuse
synaptic PrP*¢ deposit in all of the affected brain
areas, similar to sCJD. The proband’s mother
had the same mutation but was VV at codon
129 and was cognitively normal at age 74 (San-
chez-Valle et al. 2012). Given that there have
been older persons with this mutation who are
unaffected clinically, this mutation probably
has low penetrance (Rossi et al. 2000) or might
require additional genetic risk factors for devel-
opment of disease (Kaski et al. 2011).

5-OPRI

The 5-OPRI mutation typically presents over
several to many years as a slowly progressive
dementia with cerebellar and other motor dys-
function. Seventeen 5-OPRI cases from South
African, English, Northern Irish, Japanese, Ger-
man, and Ukrainian families had a mean age at
onset of 45.7 yr (+ 11.0 SD, range 26—63) and
a mean disease duration of 76 mo ( £+ 51.8 SD,
range 4—174). Onset is usually with dementia,
followed by ataxia, myoclonus, and pyramidal
and extrapyramidal symptoms (Mead et al.
2007). Among nine of the 17 cases with known
codon 129 polymorphism, this polymorphism
appeared to have an effect on age of onset. The
mean age at onset for 129 MM cases was about
16 yr earlier (n = 6, 42.3 yr+12.4 SD, range
34—63) than for 129 MV cases (cis M, n = 3,
58.0 yr + 5.2 SD, range 52—61), whereas clin-
ical duration was not different. MRI reportedly
did not show DWI signal changes but showed
mild to moderate cerebral and cerebellar atro-
phy. EEG findings were quite varied, including
normal, diffuse background slowing, PSWCs,

Genetic PrP Prion Diseases

or nonperiodic spike and wave complexes. Neu-
ropathology revealed severe spongiform change
and neuronal loss in the cortex and cerebellum
with extensive kuru-like and synaptic PrP*
deposition (Goldfarb et al. 1991; Cochran
et al. 1996; Skworc et al. 1999; Beck et al.
2005; Mead et al. 2007).

We recently reported an atypical 5-OPRI
case with codon 129MM who had an onset at
age 39, within the range reported in the litera-
ture, but a long duration of >19 yr (Takada
et al. 2017) (compared with a mean of 8 yr
and range of ~10 mo—16 yr in the literature
for OPRIs) (Table 2) (Depaz et al. 2012). A
very unusual French family initially thought
to have familial AD was reported in which the
father had dementia onset at age 55, died at 60,
and ultimately was shown to have both PrD and
AD Braak stage VI pathology. He had four af-
fected children with ages of onset of 30, 42, 44,
and 46 yr old. All had onset of biparietal cogni-
tive syndromes, reminiscent of posterior corti-
cal atrophy due to AD, including acalculia and
apraxia in all four, agraphia and visuospatial
deficits each in three, and short-term memory
and attentional deficits each in two. Disease du-
ration ranged from 5 to 16 yr. They all eventu-
ally developed rigid syndromes, often with atax-
ia, seizures, and/or severe myoclonus. Two of
the children and the father had neuropatholog-
ical analyses. The youngest child had two brain
biopsies negative for PrD, but brain autopsy
showed PrD. Both children had mild spongio-
sis and gliosis in the caudate, thalamus, and
cerebellum, with more pronounced pathology
in the frontal, temporal, hippocampal, and en-
torhinal cortices, but no kuru or GSS-like am-
yloid plaques. Both the youngest daughter and
the father had atypical elongated synaptic de-
posits of PrP* (in the cortex and molecular
layer of the cerebellum in the daughter and
only in the cerebellum in the father). Interest-
ingly, both had AD copathology—the father
with Braak stage VI and the daughter with neu-
rofibrillary tangles, AR amyloid plaques, and
AR deposits limited to the entorhinal cortex
(Depaz et al. 2012).

Related to this pathological finding of con-
comitant AD pathology in PrD, the relationship
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between PrP%, B-amyloid (AB), and tau pro-
teins remains to be elucidated. One autopsy
study from our center on 266 serial sCJD cases
reported that 17% of the sCJD cases had AD-
like pathology and that the age of disease onset
in most of these cases were much younger than
the typical one for AD (Tousseyn et al. 2015).
Another study examining neuropathology of
contaminated human growth hormone—in-
duced iatrogenic CJD cases found much higher
A pathology than expected for age of the sub-
jects. The investigators suggested that this find-
ing supported the notion that A was transmit-
ted from the growth hormone (Jaunmuktane
et al. 2015). Another interpretation, however,
is that the PrP prions induce AP pathology.
Given that nonsense PRNP mutations (dis-
cussed below) also showed an amyloid and/or
tau pathology, even in young cases, supports
the idea of an interaction between PrP prions
and both AR and tau. It is possible that PrP>
might disrupt the normal metabolism of A
or tau protein, leading to copathology of PrD
and AD.

6-OPRI

The 6-OPRI mutation is one of the best charac-
terized forms of OPRIs because of the relatively
larger number of well-described cases. The first
autopsied case of human PrD in the 1890s
was likely a 6-OPRI case (Mead et al. 2006). A
detailed study of a very large and extended
family with the 6-OPRI mutation in southeast
England reported that the family members pre-
sented with progressive frontoparietal dysfunc-
tion (aggressive or apathetic behavioral change)
with later cerebellar ataxia, pyramidal tract
signs, and/or myoclonus. Several members
had chorea and were diagnosed with Hunting-
ton’s disease (HD) during life. Differential di-
agnoses also included AD, Parkinson’s disease,
Pick’s disease, frontotemporal dementia, and
progressive myoclonic epilepsy (Mead et al.
2006). The mean age of onset was 34.9 yr (+
6.93 SD, range 20—53, n = 63), and the mean
age of death was 45.1 yr ( + 7.3 SD, range 30—
65, n = 73). Brain CT or MRI scans showed
only generalized cerebral and cerebellar atrophy

(Mead et al. 2006), and a later published report
found no FLAIR or DWI abnormalities in nine
of the cases studied (De Vita et al. 2013). EEG in
affected family members showed slow back-
ground or low-amplitude activity. Basic CSF
examinations of the few patients tested (n =
3) were normal, but CSF biomarkers (total
tau, NSE, and 14-3-3) were not reported. There
was early age at onset in patients with longer
disease duration. Codon 129 appeared to play
arole in the age of onset, with 129 MM patients
having ~10 yr earlier onset (n = 30, mean age
of onset 31.4 yr+5.7 SD) than in those with
129 MV (cisM) (n = 10,41.7 yr + 5.3). Disease
duration, however, was not statistically signifi-
cantly different between 129 MM (n = 19,
11.4yr) and 129 MV cases (n =38, 8.9yr)
(Mead et al. 2006). These findings suggest that
as in 5-OPRI cases, the trans codon 129 poly-
morphism might affect the age at onset, but not
the disease duration.

A Japanese 6-OPRI family (codon 129
MM), with a different order of repeats than
the British family above, had similar clinical
presentation, although an average of 5 yr earlier
age of onset (average ~30 yr, range 26—34) and
more homogeneity of symptoms and progres-
sion (Ishida et al. 1995). Neuropathology in the
British and Japanese families was similar, with
variable spongiosis and astrocytosis between
cases and brain regions. Most cases showed
many patches of PrP*° deposition in the molec-
ular layer of the cerebellum (Ishida et al. 1995;
Mead et al. 2006).

Our center has followed a family of Ashke-
nazi Jewish ancestry that includes three 6-OPRI
siblings (Table 2) with 129 cis M (MM, MV, M?)
with early ages at onset (32, 36, and 37 yr) and
prolonged clinical courses (>3 yr, ~9 yr, and
~6 yr, respectively). Their father died at age 47
after a 10-yr history of progressive dementia.
Two full siblings presented with several years
of memory loss and were initially diagnosed
with AD before motor symptoms developed
(Boxer et al. 2007), whereas the younger half-
sibling presented with more rapid cognitive de-
cline and only began developing motor dys-
function a few years after symptom onset (Ta-
kada et al. 2017). MRIs in all three siblings
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showed diffuse cortical and cerebellar atrophy
without FLAIR and diffusion abnormalities.
Two other 6-OPRI cases from our cohort, but
with 129 cis V, had a later age of onset (51 and
47 yr) and short clinical courses (5 and 10 mo)
than the codon 129 cis M cases above (Table 2).
MRI also only showed atrophy without typical
CJD findings, but autopsy revealed CJD pathol-
ogy in these 6-OPRI cases (n = 4) (Fig. 3B,C)
(Takada et al. 2017). Two 6-OPRI cases from
one French family presented with memory
loss and developed cerebellar signs, myoclonic
jerks, and seizures. Both had onset at age 38, and
disease duration was 4—10 yr (Vital et al. 1998).
Other published reports of 6-OPRI cases also
showed variable degrees of PrP*° deposits and
spongiosis without amyloid PrP*° plaques (Vi-
tal et al. 1998; Mead et al. 2006). Other families
or cases have been reported in Austria and Spain
(Mead et al. 2006).

7-OPRI

There is marked phenotypic variability in 7-
OPRI mutation carriers, but most present
with relatively early onset of a slowly progressive
cognitive and behavioral syndrome and eventu-
ally develop motor features ( parkinsonism). In
some cases, motor features are present early but
in most cases become common during the dis-
ease course. A review of 16 published cases
showed a mean age of onset of 35 (+ 12.4
SD, range 18—59) and a mean disease duration
of 8.4 yr (+ 4.9 SD, range 0.6—17) (Goldfarb
et al. 1991; Tateishi 1991; Brown et al. 1992b;
Dermaut et al. 2000; Lewis et al. 2003; Cannella
et al. 2007; Wang et al. 2007; Guo et al. 2008;
Mauro et al. 2008; Jansen et al. 2011). A Dutch
pedigree with six symptomatic members re-
portedly showed a GSS phenotype, two of
whom were tested and had a 7-OPRI mutation,
one with codon 129 VV and the other with co-
don 129 MV (cis V) (Jansen et al. 2011). Clinical
information, available only in four family mem-
bers, showed slowly progressive cognitive de-
cline, personality changes, psychiatric features
(depression with anxiety, panic attacks), aprax-
ia, and parkinsonism. Mean age at onset was
52.2 yr (range 49-59), and mean disease dura-

Genetic PrP Prion Diseases

tion was 2.4 yr (range 0.6—5.4). Neuropatholo-
gy on three autopsied cases showed numerous
unicentric or multicentric amyloid PrP plaques
and diffuse synaptic PrP staining throughout
the cerebrum and cerebellum. PrP amyloid
plaques were most abundant in the molecular
layer of the cerebellum, which also showed mild
to moderate vacuolation. There was variable
vacuolation, neuronal loss, and astrocytic glio-
sis in all areas of the cerebral cortex and basal
ganglia. AP staining showed diffuse plaques and
a few core plaques in the frontal cortex but less
in other cortical regions. Staining for phosphor-
ylated tau revealed diffuse puncta with sparse
neuropil threads in all areas, including the stri-
atum and molecular layer of the cerebellum
(Jansen et al. 2011).

Dermaut et al. reported a small Belgian fam-
ily with a 7-OPRI mutation (cis codon 129 M)
with an age at onset of 24—32 and a duration of
11-17 yr, beginning with progressive cognitive
decline, behavioral features including psycho-
sis, and followed by motor features ( pyramidal,
extrapyramidal, cerebellar, and myoclonus) and
seizures. There were several pathological find-
ings that the investigators felt were different
from those of typical GSS. First, neuropatholo-
gy showed elongated PrP*° deposits in the mo-
lecular layer of the cerebellum, whereas in GSS,
amyloid PrP plaques are usually multicentric
with an amyloid core. Second, there was degen-
eration of Purkinje cells, which are usually
spared in GSS. Third, there was both cerebellar
and cortical pathology, whereas they noted that
GSS pathology was usually isolated to the cere-
bellum (Dermaut et al. 2000), although this lat-
ter point probably is not universal for GSS,
which often shows pathology in the cerebellum,
cortex, brainstem, and even spinal cord (Ghetti
et al. 1995).

8-OPRI

The 8-OPRI mutation was identified in five
generations of a French family with codon 129
cis M (Laplanche et al. 1999). Eleven family
members had the phenotype of GSS; the mean
age at onset was 28 yr (range 21-34), and the
mean disease duration was 3.8 yr (range 1-7).
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Onset included prominent psychiatric features
(mania or mania-like symptoms being the most
frequent) followed by ataxia, dysarthria, and
dementia at later stages. Pathology showed cer-
ebellar atrophy, kuru-type, and multicentric
PrP plaques with minimal spongiosis.

Another 8-OPRI pedigree (codon 129 cis
M) was reported to present as an HD pheno-
copy, with many features similar to the French
pedigree, with similar age of onset (mean
29.7 yr, range 23—41) and a syndrome consist-
ing of personality change, cognitive decline,
motor disturbance with chorea, dysarthria,
and ataxia with basal ganglia atrophy (Moore
et al. 2001). A reported Dutch family (codon
129 cis V, trans Vand M) with six affected family
members in three generations had a range of
onset from 21 to 54 yr and duration from 5
mo to 6 yr. The first symptoms in all of the
patients included personality changes, gait
problems, and memory difficulties followed by
hypokinesia and/or rigidity. Cognitive deficits
were both cortical and subcortical (Van Gool
et al. 1995). We reported a young onset 8-
OPRI case (codon 129 MM) with onset of de-
pression at age 22, followed by mild gait ataxia.
About 5 yr after onset, he reportedly had pre-
served cognitive function but had cortical atro-
phy on imaging, perhaps suggesting a GSS-like
phenotype (Takada et al. 2017).

9-OPRI

Only a few cases carrying 9-OPRI mutations
have been reported. The first report of a 9-
OPRI case, (129 cis M) by Owen et al., was a
patient who developed gait ataxia, self neglect,
and bladder incontinence at age 53 and died
~2.5 yr later. Unfortunately, ancillary testing
(CSE EEG, or brain imaging) was not reported
(Owen et al. 1992). Another report also de-
scribed a patient with onset at age 53 and death
~2.5 yr later. She was first seen at age 55 with a
2-yr history of frequent falls, with progressive
behavioral changes and memory impairment,
and 6 mo of intermittent urinary incontinence.
Her examination revealed a Mini Mental Status
Examination (MMSE) score of 14 /30, disorien-
tation, ideomotor apraxia, several frontal release

signs including grasping and utilization behav-
iors, gait and limb ataxia, limb myoclonus, axial
rigidity, and brisk reflexes with upgoing toes.
Her CSF and EEG were reportedly normal, but
it is unclear if any CSF biomarkers (e.g., S100B,
14-3-3, t-tau, NSE) were tested. Brain CT only
revealed diffuse cerebral and cerebellar atrophy.
She died suddenly 2.5 yr after onset. The family
history for neuropsychiatric disease was unclear
as her parents died in their 50s from a stroke and
heart disease, and there were many early deaths
in the family from nondementia or unreported
causes. Most grandparents lived into their 70s,
only one with late-onset dementia. Interestingly,
numerous small PrP plaques were revealed post-
mortem in decreasing amounts in the cerebel-
lum, basal ganglia, and cerebral cortex, which
differed from the typical amyloid plaques of
GSS. There was no vacuolation without spon-
giosis and only mild astrocytic gliosis, but
there were several features reportedly reminis-
cent of AD (Duchen et al. 1993). Another pa-
tient (129 MM) presented about 20 yr younger
than the other two cases, at age ~32, with be-
havioral changes (withdrawal) and an inability
to do household work, and within 1 yr, showed
worsening cognitive impairment (inability to
recognize bills and dyscalculia), dysarthria,
gait disturbances, vision change (concentric
narrowing), and headaches. Later, she devel-
oped agraphia and eventually a tremor and
worsening ataxia. Her CSF was reportedly non-
specific, EEG showed bilateral slow wave
activity, and generalized cortical atrophy was
present on MRI. She was alive 6 yr into her dis-
ease course. Her mother died at 41 yr with
severe dementia and spastic paraparesis, and
her maternal grandmother and great-grand-
mother died around the same age with demen-
tia (Krasemann et al. 1995).

We reported a 9-OPRI codon 129VV case
with a CJD phenotype, although somewhat ear-
ly onset for CJD (age 47), with a rapidly progres-
sive dementia, cortical ribboning on MRI,
PSWCs on EEG, and positive CSF total tau
and NSE. He died after a 21-mo course with
neuropathology interestingly showing mixed
pathology of CJD and GSS (Takada et al.
2017). Thus, in the few 9-OPRI cases reported,
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there has been varied clinical presentation and
neuropathology.

12-OPRI

Insertion of 12 octapeptides was reported in
three affected individuals, a father and two
daughters, from an American family. Patients
had a frontotemporal dementia-like presenta-
tion with onset at 43—45 yr and disease dura-
tions of 7—10 yr (Kumar et al. 2011). Their
initial symptoms were cognitive decline and
frontotemporal ~ dementia-like  behavioral
changes. Late in the illness, they developed gait
ataxia and generalized tonic-clonic seizures.
Brain MRI in the proband (daughter) showed
severe bilateral frontal atrophy greater than pos-
terior atrophy but no cortical ribboning or deep
nuclei hyperintensities on T2-weighted or DWI
sequences. Generalized spikes and sharp waves,
but no PSWCs, were present on the proband’s
EEG, and CSF showed elevated NSE and t-tau
but negative protein 14-3-3. Curiously, her CSF
AP amyloid level was low, in the range consis-
tent with AD. Neuropathology of two sisters
showed multicentric PrP>® amyloid plaques in
the cerebellar cortex consistent with GSS along
with widespread tau-positive neurofibrillary
tangles in the neocortex (Kumar et al. 2011).

Nonrepeat Octapeptide Insertion

Recently, a Canadian patient was reported to
have a 24-bp nucleotide insertion (1 OPRI) be-
tween nucleotides 388 and 389 (codons 129 and
130) of PRNE but downstream from the octa-
peptide repeat domain. Onset at age 28 began
with night terrors, followed by the first signs of
cognitive decline at age 31, and status epilepti-
cus at age 34. He later developed gait ataxia,
slurred speech, and disinhibition. Only mild
cortical and cerebellar atrophy without cortical
ribboning or deep nuclei hyperintensities were
seen on FLAIR MRI (unclear if DWI and ADC
map were performed). EEG revealed diffuse
slowing and multifocal epileptiform discharges,
and CSF was positive for 14-3-3 and total tau.
Brain biopsy revealed microspongiosis, loss of
neurons, and PrP-positive multicentric plaques,

Genetic PrP Prion Diseases

consistent with GSS. His parents did not carry
the insertion, suggesting a de novo mutation
(Hinnell et al. 2011).

PRNP Nonsense Mutations

Nonsense mutations have only been reported in
a few kindreds, but show highly variable and
atypical manifestations, including Alzheimer’s
dementia or behavioral variant frontotemporal
dementia (bvFTD) phenotypes, sensory and
autonomic peripheral nervous system involve-
ment, and/or chronic diarrhea, and prolonged
disease courses. Neuropathology shows PrP*
amyloid plaques and /or PrP* cerebral amyloid
angiopathy, frequently combined with tau pa-
thology in the brain (Guerreiro et al. 2014).
Pathogenic nonsense mutations reported to
date are located in the C-terminal region in co-
dons 145, 160, 163, 178, 226, and 227 (Table 3)
(Ghetti et al. 1996; Jansen et al. 2010; Matsu-
zono etal. 2013; Guerreiro et al. 2014; Fong et al.
2016; Minikel et al. 2016).

Three families with a Q160X mutation,
causing a premature translation stop resulting
in the production of C-terminally truncated
PrP, have been reported. One is an Austrian
family (codon 129 cis M) that includes three
affected members, two brothers and their father
with early-onset dementia. The younger broth-
er (129 MM) developed RPD at age 32, and the
older brother (129MV) developed a more
slowly progressive dementia at age 48. At 6
and 8 yr after onset, neither had motor features.
Brain imaging of the younger brother showed
severe atrophy, whereas the older brother had
mild cerebellar atrophy. Their father had devel-
oped dementia at age 48 and died after 12 yr, at
age 60, with diffuse cortical atrophy (Finckh
et al. 2000).

In a second Q160X family (also codon 129
cis M), the daughter (proband, 129 MV) devel-
oped short-term memory loss at age 39 after
some mild head trauma without loss of con-
sciousness, followed by 3 yr of progressive be-
havioral changes consistent with depression,
and then 5 yr of progressive language impair-
ment, mild parkinsonism (including an asym-
metric essential-like tremor), and loss of activi-
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ties of daily living (ADLs). She died after an 8-yr
course, at age 47, with a clinical diagnosis of AD.
Her MMSE at 3 yr from onset was 14/30. Ancil-
lary testing 3 yr after onset reportedly showed an
unremarkable EEG and brain MRI. The pro-
band’s mother (129 MM) reportedly had onset
20 yr later than her daughter, at age 59, with
personality changes including depression, sig-
nificant short-term memory loss, and poor job
performance. She had, however, an unexplained
history of weight loss and intermittent diarrhea.
Two years after onset of her cognitive and behav-
ioral changes, she developed severe postprandial
diarrhea with significant weight loss. Four years
after onset, neurological examination revealed
an MMSE of 15/30 with impairments mostly
in memory, but an otherwise unremarkable
neurological examination. Basic laboratory ex-
aminations, brain CT, and EEG were apparently
unremarkable, and she was diagnosed with AD.
Over the next 4 yr, her cognitive function wors-
ened with development of significant language
impairment and loss of ADLs. Her gastrointes-
tinal symptoms and weight loss lasted until her
death at age 67, 8 yr after onset and 20 yr later
than her daughter’s age at death. The daughter’s
brain neuropathology revealed severe PrP> am-
yloid neuritic plaques and tau-positive neurofi-
brillary tangles in the neocortex and hippocam-
pus with PrP positive amyloid angiopathy, but
no vacuolation or AR plaques. There were also
PrP*¢ positive amyloid angiopathy and extensive
PrP°¢ deposits in gray matter of the neocortex
and limbic system, with more sparse deposits in
the cerebellum. The mother had similar brain
PrP and tau pathology but had positive A
plaques, meeting Braak stage VI for neurofibril-
lary tangles and CERAD plaque stage “fre-
quent,” having both PrD and AD pathology.
The mother’s general autopsy did not reveal gas-
trointestinal pathology despite her symptoms
(Jayadev et al. 2011).

We recently reported a third family with a
single case of a 31-yr-old with Q160X mutation
(codon 129MM) and a 4-yr history of a frontal
dementia syndrome, cyclical gastric upset (di-
arrhea and vomiting), and peripheral neuropa-
thy. Brain MRI showed global atrophy. He died
suddenly and unexpectedly ~6 yr into his

Genetic PrP Prion Diseases

course (autopsy pending). One of his parents
carries the same mutation but is codon 129 MV
and is asymptomatic (Fong et al. 2016). The
wide range of age at onset of the Q160X muta-
tion, all codon 129 cis M—27 (129MM), 32
(129MM), 48 (129MV), 39 (129MV), and 59
(129MM) yrs—may suggest that the codon
129 genotype does not affect the age at disease
onset in these mutation carriers. The multiple
proteinopathy at relatively early ages is a re-
markable feature of some of these cases.

The Y163X-129V mutation was identified
in a large British family with onset usually in
the fourth decade (range 40—70). Affected fam-
ily members presented with chronic diarrhea
followed by a predominant sensory and auto-
nomic axonal polyneuropathy. Cognitive de-
cline and seizures appeared to occur at about
the fifth or sixth decades. Neuropathological
assessment revealed the presence of PrP*° not
only in the central and peripheral nervous sys-
tems but also in the gut, lymphoreticular sys-
tem, heart, arteries and veins, liver, kidney, and
lung. As PrP staining is not found in peripheral
tissues in the case of sporadic PrDs, this is a
unique feature of the Y163X-129V mutation.
Neuropathological findings revealed PrP amy-
loid plaques, amyloid angiopathy, and tau pa-
thology with activated microglia in addition to
mild spongiosis and vacuolation of deeper cor-
tical laminae (Mead et al. 2013).

Even fewer cases of the other nonsense mu-
tations have been reported. A Japanese woman
with the Y145X-129M mutation developed
memory problems at age 38 and was bed-bound
by age 50. She died at age 59 after a 21-yr course,
with severe cerebral atrophy on imaging and a
clinical AD diagnosis. Neuropathological ex-
amination showed PrP*-positive amyloid angi-
opathy and neurofibrillary pathology (Ghetti
et al. 1996). A Dutch patient with a Y226X-
129V mutation had onset of cognitive impair-
ment (memory) at age 54, developed dementia
(memory and visuospatial ), auditory and visual
hallucinations, and parkinsonism, and died af-
ter a 27-mo course. Neuropathology showed
PrP*° cerebral amyloid angiopathy. Her mother
had been diagnosed with probable CJD with
onset at age 73 and death in 18 mo without
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autopsy. Another Dutch patient developed a
slowly progressive hypokinetic rigid syndrome
with cognitive decline at age 39. This patient
was diagnosed clinically with bvFTD and par-
kinsonism and was found to have a Q227X-
129V PRNP mutation. Brain pathology showed
PrP positive amyloid plaques and severe neuro-
fibrillary pathology (Jansen et al. 2010).

Lastly, a 2-bp deletion at codon 178 result-
ing in a frameshift mutation with premature
stop codon was identified in a Japanese kindred
who presented with severe dysautonomia, sen-
sory neuropathy, and cognitive impairment
(Matsuzono et al. 2013).

CONCLUDING REMARKS

The phenotypes associated with PRNP muta-
tions are very heterogeneous. Certain mutations
such as octapeptide repeat insertions/deletions
and stop codon mutations can have atypical
presentations for PrD and do not fit well into
the historical clinicopathological classifications
of gPrD, CJD, GSS, or FFI. PRNP mutations
show great heterogeneity regarding age at onset,
illness duration, penetrance, pathology, and
other clinical features. These disorders often
are mistaken for other neurodegenerative dis-
eases, such as AD, bvFTD, and even HD. The
nonsense mutations are particularly diagnosti-
cally challenging, as they manifest early-onset
dementia and sometimes with prominent pe-
ripheral symptoms, such as peripheral neurop-
athy or chronic diarrhea, not usually associated
with PrD.

Because many gPrDs present very differ-
ently than the most common human PrD,
sCJD, physicians may not consider the possibil-
ity of a PrD in the diagnostic differential of such
cases. gPrD patients often have much earlier
ages at onset and a longer disease course than
sCJD patients, and ancillary testing is often neg-
ative. Thus, making a correct diagnosis of gPrD
depends on considering PrD in a diagnostic dif-
ferential and being aware that even seemingly
sporadic disease can be gPrD. As almost half
of gPrD patients lack a positive family history,
the absence of family history alone should not
dissuade one from PRNP genetic counseling

and testing, particularly in early-onset or atyp-
ical dementia cases (Goldman et al. 2004; Ko-
vacs et al. 2005). When considering ordering
PRNP testing, the protocol used for HD, includ-
ing counseling, is recommended (MacLeod
etal. 2013; Goldman 2015). Genetic counseling
allows persons at risk for gPrD to make in-
formed decisions regarding life planning and
to explore potential options, such as preimplan-
tation genetic diagnosis and in vitro fertilization
to prevent passing on the mutation (Uflacker
et al. 2014).

Although there are currently no cures for
human PrDs, gPrDs may be more amenable to
future treatments than sCJD because through
genetic testing of those at risk, one can identify
presymptomatic persons and begin treatment
before symptom onset. For similar reasons,
studying presymptomatic gPrDs might teach
us about the earliest features and changes oc-
curring in other human PrDs.
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