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Abstract: Abnormal prion proteins are responsible for several fatal neurodegenerative diseases 

in humans and in animals, including Creutzfeldt–Jakob disease (CJD), Gerstmann–Sträussler–

Scheinker disease, and fatal familial insomnia. Genetics is important in prion diseases, but 

in the most cases, cause of diseases remained unknown. Several mutations were found to be 

causative for prion disorders, and the effect of mutations may be heterogeneous. In addition, 

different prion mutations were suggested to play a possible role in additional phenotypes, 

such as Alzheimer’s type pathology, spongiform encephalopathy, or frontotemporal dementia. 

Pathogenic nature of several prion mutations remained unclear, such as M129V and E219K. 

These two polymorphic sites were suggested as either risk factors for different disorders, such 

as Alzheimer’s disease (AD), variant CJD, or protease-sensitive prionopathy, and they can also 

be disease-modifying factors. Pathological overlap may also be possible with AD or progressive 

dementia, and several patients with prion mutations were initially diagnosed with AD. This 

review also introduces briefly the diagnosis of prion diseases and the issues with their diagnosis. 

Since prion diseases have quite heterogeneous phenotypes, a complex analysis, a combination 

of genetic screening, cerebrospinal fluid biomarker analysis and imaging technologies could 

improve the early disease diagnosis.

Keywords: genetics, mutation, prion, PRNP gene, Creutzfeldt–Jakob disease, Gerstmann–

Sträussler–Scheinker disease, fatal familial insomnia, Alzheimer’s disease, diagnosis

Introduction
Prion diseases
Human transmissible spongiform encephalopathies or the prion diseases are fatal 

neurodegenerative disorders, based on the misfolding of prion protein (PrP).1 Their 

phenotypes are quite diverse, since several diseases can be distinguished, such as 

Creutzfeldt–Jakob disease (CJD), Gerstmann–Sträussler–Scheinker (GSS) disease, 

fatal familial insomnia (FFI), or kuru.1 Prion diseases share several properties common 

with other neurodegenerative disorders, such as Alzheimer’s disease (AD) and 

Parkinson’s disease (PD) in terms of pathophysiology or morphology.2 However, they 

have a unique feature, since prion disorders could be transmissible. According to the 

etiology, prion disorders could be divided into three different categories: 1) unknown 

reasons of disease onset; 2) to have originated from an infection; and 3) a genetic 

mutation in prion (PRNP) gene.2 Approximately, 10%–15% of all prion diseases could 

be associated with genetic mutations with autosomal dominant inheritance pattern. 

Several de novo cases of genetic prion diseases have been observed, where family 
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history was negative.1 Due to various clinical phenotypes, 

it was also suggested that prions may be involved in other 

types of neurodegenerative diseases.1

PRNP (NC_000020.11) is 16 kb long gene, located on 

chromosome 20 (4686151-4701588). It contains two exons, 

and the exon 2 carries the open reading frame,2 which 

encodes the 253 amino acid (AA) long PrP protein.3 Exon 1 

is a noncoding exon, which may serve as transcriptional 

initiation site.4 The post-translational modifications result in 

the removal of the first 22 AA N-terminal fragment (NTF) 

and the last 23 AA C-terminal fragment (CTF). The NTF 

is cleaved after PrP transport to the endoplasmic reticulum 

(ER), while the CTF (glycosylphosphatidylinositol [GPI] 

signal peptide [GPI-SP]) is cleaved by the GPI anchor. GPI 

anchor could be involved in PrP protein transport. It may 

also play a role of attachment of prion protein into the outer 

surface of cell membrane.2–7 Normal PrP is composed of a 

long N-terminal loop (which contains the octapeptide repeat 

region), two short β sheets, three α helices, and a C-terminal 

region (which contains the GPI anchor; Figure 1). Cleavage 

of PrP results in a 208 AA long glyocoprotein, anchored in 

the cell membrane.

The exact physiological role of PrP remained unclear, but 

it was suggested to be involved in several brain functions, 

such as neuronal protection, adhesion, and cell signaling, or 

in controlling the circadian system.8 Normal PrP may play 

a role in synaptic, especially the presynaptic, functions by 

interacting with synaptic release-associated proteins, ion 

channels, and metabotropic and ionotropic neurotransmitter 

receptors.5,8 Mouse models revealed that PrP could modulate 

the vesicles and enhance the strength of synaptic transmis-

sion. Two forms of PrP can be distinguished: the normal 

PrPc and the pathogenic PrPSc.8–10 PrPc is composed of ~42% 

α helices and ~3% β sheets and is thermodynamically stable.4 

PrpSc contains ~42% β sheets and ~30% α helices. Significant 

increase of β sheets and the reduced level of α helices in PrPSc 

could result in protein assembly and neurodegeneration.11,12 

The aggregation and accumulation of PrPSc are the key 

features of prion diseases in humans and in several animal 

species.2 In this review, we summarize all known prion muta-

tions (Tables 1–4; Figure 2), and their disease phenotypes or 

possible disease association.

Summary of prion mutations
Prion mutations, involved in CJD 
In familial CJD (fCJD), progressive memory impairment, 

confusion, ataxia, and myoclonus were observed as the main 

symptoms. Patients in the final disease stages usually lose the 

ability to speak and move. Age of onset can be variable, since 

CJD may appear at young ages (in the 30s or 40s), but also 

in the later lifetime.3,4 Majority of all human prion diseases 

(75%) were identified as sporadic CJD (sCJD), associated 

Figure 1 3D structure of normal PrP protein. Normal PrP contains 3α helices and two β sheets.
Abbreviations: GPi, glycosylphosphatidylinositol; 3D, three dimensional; PrP, prion protein.
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with rapid disease progression, multifocal dementia, fatigue, 

insomnia, and depression.13 In the brain of patients, astrocytic 

gliosis, spongiform changes, and sometimes amyloid deposits 

have been observed (Table 1).5 

V180I was found relatively frequently in East-Asian pop-

ulations, but also in European (French) cases, and associated 

with fCJD and sCJD.14–19 fCJD with V180I usually occurs 

after 70 years of age; slow disease progression and cortical 

dysfunctions were observed in patients.17 The rate of 14-3-3 

protein in fCJD patients with V180I was usually low.19,20 

V180 is located in the hydrophobic core of PrP (inside the 

α2–α3 inter-helical interface),21 which is important for the 

stability of its globular domain. Simulations revealed that 

V180I may result in abnormal fluctuation of I184, which 

could disturb the contact between I184 and F198. V180I 

showed early misfolding and altered hydrophobic contacts.21 

However, pathogenic role of PRNP V180I has been refuted 

by Beck et al in 2012, since it was also appeared in asymp-

tomatic individuals.22

T188K was initially described by Finckh et al in a 59-year-

old patient from Austria, who developed rapid progressive 

dementia and dysphasia, and family history was negative.23 

T188K was also found in German patients by Roeber et al, 

but none of them presented positive family history.24 Later, 

Table 1 Mutations may be involved in CJD (and FFi)

Mutation Age onset Family 
history

Clinical phenotype Regions where the 
mutation was reported

D178N Highly variable Usually 
familial 

CJD and FFi 
Depends on the allele on codon 129: M allele was 
associated with FFi, while v allele with CJD

USA

v180i Mostly in the elder 
ages, 60s–70s

Familial and 
sporadic

Slow disease progression
Higher cortical dysfunctions

Korea, Japan, USA, France

T188K Mostly in the 
elder ages

Sporadic or 
unknown

Dementia, ataxia, drastic visual problems
Personality changes, motor impairment can also 
be possible

Germany, Australia, China

e196K 60s–70s–80s Sporadic or 
unknown

CJD, atypical form of CJD
Progressive dementia and movement impairment
Abnormalities in behavior, parkinsonism

France, China, Germany

e196A 70s De novo CJD, memory decline, personality changes 
appeared in the patient, followed by motor aphasia

China

e200K wide range, 
30s–60s

Familial and 
sporadic

CJD, neuronal loss, and spongiform degeneration
Dysfunctions in the CNS, and spinal chord
Uncommon features: fatal insomnia, pruritus, or 
demyelinating peripheral neuropathy

Jewish patients in Libya, 
other Asian and european 
countries

e200G NA Sporadic CJD UK
v203i Later lifetime, 

70s–80s
Mostly 
sporadic

Monocular diplopia and dizziness, later confusion 
and hallucinations
Tremor, cerebellar gait, coordination deficit, 
myoclonus, and rapid loss of vocabulary and 
memory

France, Korea, China, 
Japan

R208H variable, 
45–69 years

Sporadic or 
unknown

CJD, anorexia, ataxia, agitation, and cognitive 
decline

europe, China

v210i variable Familial or 
de novo

Typical CJD
Similar phenotype like sporadic CJD

europe, Japan, Korea, 
Africa

e211Q Later lifetime, 
70s–80s

Familial CJD, personality changes, ataxia, myoclonus, and 
rapidly progressive dementia

France, italy

i215v 50s or 70s De novo AD or CJD Spain
M232R variable Familial and 

sporadic
Rapid, typical CJD
Slow progressive CJD with dementia
DLB-like symptoms

Asia: Korea, China, Japan

Double octapeptide 
deletion

Unknown Unknown CJD and rapidly progressive dementia USA

Octapeptide 
insertions

Mostly early onset Mostly 
familial

1–9 octapeptide insertions
Sporadic CJD-like phenotype
Amyloid plaques might be present
Usually highly transmittable

europe, Asia

Abbreviations: CJD, Creutzfeldt–Jakob disease; FFi, fatal familial insomnia; CNS, central nervous system; AD, Alzheimer’s disease; DLB, dementia with Lewy bodies; NA, 
not available.
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Table 2 Mutations may be involved in GSS

Mutation Age of onset Family 
history

Clinical phenotype Regions where 
the mutation was 
reported

P102L Mostly in the 60s of patient, 
but sometimes earlier

Familial and 
sporadic

DLB such as classical CJD-like symptoms or rapidly 
progressive dementia

europe and Asia

P105L in the 40s–50s Familial or 
de novo

Mostly GSS, but it also appeared in spastic paraparesis and 
progressive dementia

Japan 

A117v variable Mostly 
familial

Progressive cortical dementia and cerebellar ataxia europe, such as 
France, Germany, UK

G131v 30s–40s De novo Tremor and apraxia
visuospatial and spatial orientation impairment
parkinsonism

europe

v176G 61 years Unknown Ataxia in the cerebellum, personality changes, and rapid 
progressive dementia

Australia

H187R 30s–50s Familial Classical GSS, cognitive decline, personality changes, ataxia, 
myoclonus, seizures, and dysarthria

USA, europe

F198S Can occur at young ages 
(under 30 years)

Familial Cognitive decline, generalized cerebral dysfunction, and 
global dementia

USA (indiana)

D202N variable, could happen in 
the 50s, but also in 70s

Familial and 
de novo

Atypical GSS, no spongioform changes (or mild spongioform 
changes), some patients were suspected to be AD
PrP-positive amyloid and neurofibrillary tangles

USA, Canada, europe

Q212P Unknown Unknown GSS without spongioform changes italy
Q217R 40s–50s Familial GSS, possible pathological overlap with FTD Canada, Sweden
M232T Unknown Unknown PrP-immunopositive kuru, multicentric plaques, diffuse PrP 

depositions
Poland

Abbreviations: GSS, Gerstmann–Sträussler–Scheinker disease; CJD, Creutzfeldt–Jakob disease; FTD, frontotemporal dementia; AD, Alzheimer’s disease; DLB, dementia 
with Lewy bodies; PrP, prion protein.

Table 3 Prion mutations associated with unique phenotypes

Mutation Age onset Family 
history

Clinical phenotype Regions where 
the mutation 
was reported

S17G 70 years De novo Diagnosed with AD, presented cognitive impairment 
with personality 

China

P39L 60–75 years Familial and 
de novo

FTD, memory impairment, apathy, with speech 
impairment

italy

G114v Young onset Familial Disease started with neuropsychiatric symptoms 
pyramidal and extrapyramidal symptoms with dementia
Sporadic CJD-like phenotype, with progressive 
dementia, lethargy, and sleeping problems

Uruguay, China

Y145-nonsense Under 40 years 
of age

De novo initially diagnosed with AD, PrP-positive plaques also 
appeared (PrP cerebral amyloid angiopathy)

Japan

Q160-nonsense Young onset Mostly familial AD-type pathology
Neurofibrillary tangles and PrP-positive senile plaques 

USA, Austria

Y163-nonsense 40s–50s Familial Diagnosed with AD USA
D187fs Late 20s–40s Familial Cognitive decline and pan-autonomic-sensory 

neuropathy
Japan

T183A 40s Familial Spongiform encephalopathy dementia with 
frontotemporal clinical features
Cerebral atrophy and hypometabolism

Brazil, Germany

R208C 80s Unknown Slow progressive dementia China
Y226* 54 years Probably familial Dementia, visual and acoustic hallucinations The Netherlands
Q227* 39 years Probably familial FTD with extrapyramidal signs The Netherlands

Abbreviations: CJD, Creutzfeldt–Jakob disease; FTD, frontotemporal dementia; AD, Alzheimer’s disease; DLB, dementia with Lewy bodies; PrP, prion protein.

mutation was also discovered in Chinese patients, who pre-

sented sCJD-like phenotypes, including progressive dementia, 

myoclonus, visual-, sleeping-, and cerebellar disturbances, 

dysfunctions in the pyramidal or extrapyramidal system, and 

mutism and were positive for 14-3-3 protein in cerebrospinal 

fluid (CSF).25,26 Disease duration was short, even ,1 year.26 

T188 is located in the C-terminal part of α2 helix, near the 

S2 loop. It is a highly conserved residue, suggesting that its 
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mutations may result in significant dysfunctions of PrP.27 In 

silico models on T188K may result in the formation of a 3
10

 

helix at the S2-H2 loop and the loss of binding sites of dif-

ferent inhibitors for amyloid formation.27

T188R was found during a routine genetic testing of 

possible CJD patients, presenting dementia, ataxia, and 

drastic visual impairment. However, due to the lack of 

family history, its pathogenic nature has been questioned.22 

Table 4 Prion mutations with unclear pathogenicity or protective nature

Name Possible 
phenotype

Phenotypes and other remarks Regions where 
the mutation 
was reported

G127S Unknown Found in a patient with schizophrenia and learning difficulties, 
but they might not be associated with the disease

Malaysia

G127v Protective Protective against kuru
Occurs frequently in the regions, infected with kuru
Mutation might inhibit the prion propagation

Africa

M129v Unknown Disease-modifying factor (D178N)
Not risk factor or protective factor for sCJD
Possible risk factor for vCJD
Possibly involved in proteinase-sensitive prionopathy

All over the 
world

D167G Risk factor/unknown Might be involved in sporadic CJD UK
D167N Pathogenic/unknown Patient had dementia with personality changes

Mutation did not segregate with the disease 
UK

N171S Unknown Mutation was found in a mesial temporal lobe epilepsy patient
Mutation might not influence the cognitive performance of 
MTLe-HS patients

europe

e219K Unknown Not risk factor/or protective factor for sCJD
Possible risk factor for vCJD
Possibly involved in proteinase-sensitive prionopathy

All over the 
world

P238S Possibly pathogenic Disease phenotype unknown
Might be pathogenic through the GPi-associated mechanisms

Germany

Abbreviations: CJD, Creutzfeldt–Jakob disease; sCJD, sporadic CJD; vCJD, variant CJD; MTLe-HS, mesial temporal lobe epilepsy related to hippocampal sclerosis; 
GPi, glycosylphosphatidylinositol.

β β

Figure 2 Schematic representation of human PRNP gene with all known mutations and polymorphisms.
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Tartaglia et al reported this mutation in a sCJD case, where 

rapid progressive dementia, personality changes, and motor 

impairment appeared. The patient did not meet the criteria 

of sCJD according to the new European criteria of possible 

or probable sCJD, but met the University of California, 

San Francisco criteria of probable sCJD, and the family 

history remained unclear.26 Structure predictions on T188R 

revealed that this mutation could result in elevated β sheet 

content and the elongation of β strand in PrP.27,28

T188A was discovered in a female patient in her 80s, 

having CJD, without any family history of the disease.29 No 

significant structural changes were observed for T188A.29 

E196K was associated with clinically heterogeneous 

neurodegenerative disease phenotypes.30 Mutation was 

discovered in a French patient, who was initially diagnosed 

with AD. She developed different personality changes, such 

as anorexia, emotional instability, or inappropriate giggling. 

Additional phenotypes were also present, such as progressive 

dementia and movement impairment.30 Tumani et al reported 

the mutation in a female patient with atypical CJD, where 

speech disturbance and gait ataxia were present. Later, she 

developed pyramidal and extrapyramidal signs, myoclonus, 

and mutism.31 Clerici et al discovered the mutation in an 

atypical CJD patient, and the history was unknown.32 Béjot 

et al found the mutation in an 80-year-old male patient, 

who showed rapid progressive behavioral problems and 

myoclonus after a stroke. He was diagnosed with CJD-like 

disease phenotype, but with the atypical form of disease.33 

Eigenbrod et al found E196K in four German patients with 

probable CJD, who were initially diagnosed with PD. All 

of these patients were associated with nonspecific clinical 

phenotypes, abnormalities in behavior, parkinsonism, 

Wernicke encephalopathy, and brainstem infarction/internal 

hydrocephalus.34 Disease occurred in the late 60s or 70s. PrPSc 

was appeared in three areas of their brain: frontal cortex, 

cerebellum, and hippocampus.34 The spongiform changes 

may depend on codon 129 genotype, since V/V phenotype 

presented them in the deep cortical layers, hippocampus, and 

in the cerebellum. In patients with M/M or M/V genotype, 

spongiform changes appeared in all cortical layers.34,35 The 

mutation was also reported in China, in a 71-year-old female 

patient, who carried the homozygous M/M allele. She had 

nonspecific symptoms such as progressive impairment in 

movement, speech, and dementia.36 In silico predictions on 

this mutations revealed that E196 could form a salt bridge 

with R156, and the mutation may destroy this connection, 

resulting in protein destabilization and subdomain separation 

(between α1 and α2–α3 loops).37

E196A was discovered in three unrelated Chinese patients 

with CJD, aged between 54 and 76 years. Clinical symptoms 

were rapid progressive dementia, impairment in movement, 

loss of orbital reflex pressure, psychotic symptoms, and 

weakness in limbs.38 Their CSF was positive for 14-3-3 

protein, which confirmed the diagnosis.38

E200K is one of the most common causes for fCJD 

worldwide, which could result in proteinase-K-resistant 

PrPSc and in abnormalities in the central and peripheral 

nervous system. Neuronal loss and spongiform degenera-

tion were detected in the cerebellum, and the density was 

progressively decreased in the thalamus, as well as the 

temporal and frontal cortex.39 Western blot detected that 

the levels of protease-K PrPSc protein were correlated with 

the degree of lesion.39,40 This mutation was found in Jewish 

CJD patients in Lybia.41 The age onset ranged between 

33 and 66 years.41 The phenotypes of the clinical features 

were heterogeneous, for example, dysfunctions in the CNS 

and spinal cord.42 Uncommon features were also reported, 

such as fatal insomnia, pruritus, or demyelinating peripheral 

neuropathy.42,43 Structure predictions on E200K mutation 

revealed that mutation may result in altered electrostatic 

potential. The altered surface charges could result in altered 

interactions of PrP with other chaperon proteins.44 This muta-

tion could repress the ubiquitin-proteosome system, resulting 

in macroautophagy and formation of ubiquitin-positive body 

and aggregosome.45

E200G was discovered in a British CJD patient, where 

codon 129 carried the M/V allele. Neuronal loss was severe 

in the thalamus, with mild cerebellar involvement. PrPSc 

deposits appeared in synaptic boutons and in terminals 

of axons.46

V203I was first described by Peoc’h et al and was sug-

gested to be involved in CJD. Proband patient was identified 

with monocular diplopia and dizziness, followed by confu-

sion and hallucinations.30 Tremor, cerebellar gait, coordina-

tion deficit, and myoclonus also appeared.30 The second case 

of mutation was found in a Korean female patient, whose 

symptoms were similar to the first case, such as gait distur-

bance, rapidly progressing cognitive decline, tremor, rigidity, 

myoclonic jerks, and stupor. Both the cases were suggested 

to be associated with sCJD.47 Mutation also appeared in an 

80-year-old Chinese CJD patient, who presented rapid loss 

of vocabulary and memory, dizziness, blurred vision, and 

ataxia. Tremor, myoclonus, and bilateral Babinski signs 

also appeared in him, and family history was negative.48 

In Japan, this mutation was found in a homozygous stage, in 

a female patient with CJD. The patient developed progressive 
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gait disturbances and cognitive dysfunctions, followed by 

akinetic mutism.49 The clinical phenotypes were similar to 

the previously described heterozygous cases, but the disease 

progression was more rapid.49 This mutation is located in the 

hydrophobic core of PrP. In silico modeling suggested that 

it could result in minor effects on prion conformation. This 

mutation could induce F198 to move out of the solvent, but 

it was restored.50 It could also affect the conformation of 

β1-α1 loop and disrupt the hydrophobic contact between α2 

and α3 helices. The other suggestion was that the mutation 

could result in instability of the core.50 

R208H was discovered in 1996, in a CJD patient without 

family history, but it appeared in a younger member of the 

pedigree, who probably was in the presymptomatic stage at 

the time of the analysis.51 The second case was described by 

Capellari in 2001, and the clinical phenotypes were similar 

in both the cases, such as anorexia, ataxia, agitation, and 

cognitive decline.52 Western blot analyses of brain homoge-

nates revealed three types of PrPSc bands and an additional 

17 kDa band. Postmortem studies found tau pathology and 

ballooned neurons in different areas, such as hippocampus 

and entorhinal cortex.53 R208H with homozygous V/V allele 

on codon 129 was associated with fCJD, and kuru plaques 

were also present.54 Matěj et al and Vita et al detected the 

mutation with the V/V allele of codon 129, associated with 

different phenotypes. Both the cases reported impairment in 

movement, and progressive supranuclear palsy (PSP)-like 

phenotype was also present.55,56 Mutation was also discovered 

in China in 2011, with similar phenotypes, described before.57 

It was suggested that R208H could alter its dynamics of salt 

bridge between α1 and α2 helices (there may be salt bridge 

contact between D144/E146 and R208).58

V210I is a pathogenic CJD mutation, described in Europe, 

Africa,59,60 Korea, and Japan.61–63 Frequency of mutation was 

around 16.2% in EuroCJD. The mutation was identified in the 

Heidenhain (visual impairment-associated) form of variant 

CJD (vCJD).63 Similarly to V180I, V210I is located in the 

α2–α3 inter-helical interface of PrP, these two residues are 

located opposite to each other, and there is direct hydropho-

bic contact between them.64 The mutation might induce the 

rearrangement of hydrophobic core, resulting in alternations 

in the β2–α2 interaction, and leading to spontaneous genera-

tion of PrPSc.65

E211Q was discovered by Peoc’h et al in a patient with 

personality changes, ataxia, myoclonus, and rapidly pro-

gressive dementia.30 His siblings also developed clinical 

phenotypes of neurological impairments such as dementia, 

cerebellar syndrome, and movement abnormalities. Since the 

mutation is located on the surface of α3 helix in PrP, it 

was thought that it might not modify the PrP structure sig-

nificantly.28 Second case of mutation was discovered in an 

Italian family, whose affected members developed similar 

phenotypes, in their 70s or 80s.66 This report suggested that 

mutations at codon 211 do not produce conservative AA 

exchange, and Glu211 is not a part of hydrophobic core.66 

E211 is located in the α3 helix of PrP and could form a salt 

bridge with R208. Structure prediction of E211Q revealed 

that mutation did not change the dynamics of PrP signifi-

cantly. However, this mutation could affect the folding path-

way of PrP and increase its ability to aggregate.67

I215V was discovered in AD and CJD cases from two 

Spanish patients with probably de novo cases.69–74 The CJD 

cases carried the M/M allele for codon 129, while the AD 

patient had the heterozygous M/V allele, suggesting that 

codon 129 might influence the pathogenic nature of mutation, 

but further studies are needed to verify.68 Three dimensional 

model on this mutation revealed that I215V (located in the 

middle of α3 helix) has similar thermodynamic stability as 

in the normal PrP.68 However, additional modeling showed 

altered interactions with AAs (such as V176, C179, Q172, and 

N173), located in the helix-2 or with the β strand-2 (V161). 

The decreased hydrophobicity due to the isoleucine → valine 

exchange could result in reduced hydrophobic interactions 

between β strand-2, helix-2, and helix-3.68

M232R has been reported rarely, and majority of cases 

occurred in Korea, China, and Japan.69–74 The disease pro-

gression associated with M232R could be rapid, typical CJD 

progression, or slow progression of dementia, with atypical 

symptoms.71,72 This mutation was also reported in a Japanese 

patient with dementia with Lewy bodies, which suggests that 

M232R might be involved in forms of progressive dementia 

other than CJD.73 However, pathogenic nature of M232R has 

been refuted by Beck et al, suggesting that the mutation might 

rather be an uncommon polymorphism rather than a disease 

causative mutation.22 The pathogenic mechanism of M232R, 

leading to neuronal degeneration, could be associated with 

impairments of GPI functions.72 M232R, M232T, and P238S 

are located on the GPI signal peptide of PrP, which is cleaved 

and replaced from the mature protein by the GPI anchor, 

followed by translocation into the ER.74 M232R and M232T 

might increase the stability of PrP and enhance its transport 

to the plasma membrane. The post-translation modification of 

PrP could be inserted into the lipid bilayer in c-transmembrane 

(ctm) orientation, resulting in neurotoxic effects.74,75 

PrP contains five copies of octapeptide repeats in 

the N-terminus region. Insertions and deletions in these 
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octapeptide repeat region could be associated with patho-

genic phenotypes. However, single octapeptide deletions 

may be benign, since they were reported in healthy European 

and Asian populations.76–79 Double octapeptide deletion 

was observed in patients diagnosed with CJD and rapidly 

progressive dementia, but it was missing in a large number 

of healthy individuals.77–79 Insertions of 1–9 octapeptide 

repeats were associated with pathogenic phenotype, which 

can be similar to sCJD.77 Insertions of octapeptide repeats 

were usually associated with early disease onset, and amy-

loid plaques were also observed in patients with more than 

six repeats. Brain materials from these patients are quite 

transmittable. These insertions can form protease resistant 

form PrP-amyloid.79

Prion mutations and FFi 
FFI is a genetically inherited disorder, caused by the 

D178N mutation, depending on the genotype of codon 129 

(Table 1).80 The disease also has a sporadic form (sporadic 

fatal insomnia). Clinical phenotype of the disease can be 

sleeping disturbances, autonomic hyper activation, and motor 

impairment. Neuronal loss and astrogliosis were observed in 

the anterior medial thalamus and inferior olives, which were 

also spread to the cerebral cortex and cerebellum.80–82 D178N 

can be involved in both CJD and FFI. Clinical phenotype of 

D178N depends on the polymorphism of codon 129 (M/V 

exchange), since FFI was associated with the M allele, and 

CJD was associated with V allele.82,83 Distinct phenotypes 

were identified in patients carrying the mutation with the 

heterozygous M/V allele for codon 129.80 Mutation in FFI 

was described first by Lugaresi et al in 1986. FFI is a rapidly 

progressive disease, where clinical phenotypes could be 

insomia, dysautonomia and motor signs.84 Additional phe-

notypes of D178N-129M genotype could also be possible, 

such as cerebellar ataxia without insomnia.85 This mutation 

can reduce the thermodynamic stability of PrP by destroying 

the salt bridge between D178 and R164. In addition, D178 is 

located near the disulfide bridge of PrP and could interfere 

with it.86,87

Prion mutations, involved in GSS
Onset of GSS could be between 30 and 60 years of age and 

associated with slow disease progression. Symptoms were 

ataxia in cerebellum, gait abnormalities, cognitive decline, 

dysarthria, ocular dysmetria, sleeping disturbances, myoclo-

nus, spastic paraparesis, parkinsonism, and hyporeflexia or 

areflexia in the lower extremities. In the brain of GSS patients, 

astrocytic microgliosis, amyloid plaques, and neurofibrillary 

tangles are possible, but without spongiform changes 

(Table 2).1

P102L mutation was found all over the world, including 

in American, British, Korean,88,89 Chinese (Taiwanese),90 

and in Japanese91,92 familial and sporadic cases. Progres-

sive cerebellar syndrome was the most important clinical 

symptom of the mutation, followed by dementia and 

pyramidal dysfunctions.93 P102L can be associated with 

clinical heterogeneity, since additional phenotypes were also 

reported, such as classical fCJD-like symptoms or rapidly 

progressive dementia. Cognitive decline can appear in the 

late disease stages. Disease duration of GSS could range from 

3 months to 13 years.93–95 P102L mutation could allow the 

scrapie-templated formation of amyloid–prion complexes, 

without any special conditions (such as neutral pH or with-

out any cofactors). Four lysine residues are located nearby 

P102 (lysine cluster), which may be a critical component in 

PrP. P102L was suggested to be involved in the neutraliza-

tion of the lysine cluster, which could be critical in prion 

functions.96–98 Disturbances of lysine cluster could be critical 

for prion folding and PrPSc formation.96–98

P105L was associated with familial or de novo cases of 

GSS, but it was also reported in spastic paraparesis.99 This 

mutation was found in several Japanese patients and was 

discovered by Kitamoto et al99 in five patients with spastic 

gait disturbance and progressive dementia, but without cer-

ebellar signs (such as myoclonus and periodic synchronous 

discharges). Several amyloid plaques were present in the 

cerebral and motor cortex of patients. In the frontal lobe, 

neuronal loss and severe gliosis were detected.99 Itoh et al 

reported P105L in GSS in a male patient, who developed 

his early symptoms of clumsiness of his right hand in his 

early 40s, followed by slowly progressive spastic parapare-

sis, ataxia, dysarthria, memory disturbance, and apraxia.100 

PrP-reactive amyloid plaques were found in his cerebral 

cortex, and several amorphous deposits were observed in 

the deep cortical layers, associated with neuronal loss. The 

mutation was co-existed with the heterozygous form of PRNP 

M129V variant.100 Kubo et al101 reported a familial case of 

mutation, where the clinical phenotypes can be weakness 

in the lower limbs and spastic, wide-based gait, followed 

by dementia, spastic quadriplegia, and pseudobulbar palsy. 

Atrophy was reported at the frontal and temporal lobes.101 

Disease progression started before 50 years of age.101 

Yamada et al also reported the mutation in spastic parapa-

resis, with additional symptoms such as ataxia, myoclonus, 

and dementia. In the brain, PrP-positive amyloid plaques 

appeared with tau-positive inclusions.102 Iwasaki et al103 
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reported the mutation in a GSS patient with ataxia. However, 

this patient did not represent any symptoms of spastic para-

paresis, but extrapyramidal signs (bradykinesia and resting 

tremor) were present, which were missing in the previous 

cases of P105L. These reports suggested that the clinical 

phenotype of PRNP P105L may be variable.103 Similar to 

P102L, P105L could also be involved in the neutralization 

of lysine cluster.96–98

A117V is associated with inherited prion diseases, where 

the clinical phenotype is GSS. The first case of mutation 

was discovered in a French family, but it was also reported 

in families from Germany and the UK.104,105 Main clinical 

symptoms were progressive cortical dementia and cerebellar 

ataxia, in which the degree can be variable. Additional 

phenotypes were also observed in affected patients, such as 

dysarthria and incoordination, parkinsonism, myoclonus, or 

AD-like clinical symptoms.104,105 This mutation was initially 

suggested not to generate transmissible prion disease. Asante 

et al revealed that disease could be transmitted by brain 

tissues from A117V patients to mice.107 Transmissible prop-

erty of mutation was confirmed in vole models. Both voles 

and mice presented prion disease pathology and PrPSc.106–108 

The pathogenic mechanism of A117V might be associated 

with the abnormal ctm region of PrP protein and could cause 

stress in the ER.106–109

G131V was reported in GSS cases, occurred in the late 

30s or early 40s. It was first described by Panegyres et al in 

a male patient, without any family history. Clinical symp-

toms, such as tremor and apraxia developed in his early 

40s.110 Impairment appeared in his visuospatial skills and 

spatial orientation. Personality also changed, for example, 

he presented aggressive behavior and died at 51 years of age. 

PrP analysis revealed proteinase-resistant PrP in his brain.110 

The second case of mutation was observed in a Dutch GSS 

patient, with slowly progressing cognitive decline. Later, he 

also developed ataxia and parkinsonism.111 In the cerebellum, 

PrP-positive amyloid plaques were observed, and tau-positive 

aggregates and amyloid deposits were also found in several 

areas in the brain, such as in the cerebral cortex, striatum, 

hippocampal formation, and midbrain.111 Structure predic-

tions revealed that G131V may not affect the thermodynamic 

stability of PrP but could enhance the flexibility of several 

residues (112–130). Mutation could also increase the length 

of short β sheet.112

V176G was discovered in 2013, in a 61-year-old GSS 

female patient from Australia. Clinical phenotypes were 

cerebellar ataxia, personality changes, and rapid progressive 

dementia. Spongiform changes, tau filaments, and amyloid 

plaques appeared in her brain.113 Western blot analyses 

revealed proteinase-resistant and low molecular weight PrP 

bands. The significance of amyloid deposits associated with 

this mutation remained unclear.113 

H187R was identified in a family with classical type of 

GSS.114 Affected patients were suffered in cognitive decline, 

personality changes, ataxia in the limbs, and dysarthria.114,115 

Later, it was reported in an American family with prion 

encephalopathy, where the symptoms were progressive 

dementia, ataxia, myoclonus, and seizures. The disease 

occurred at young ages, between 33 and 50 years. In the 

brain, “curly” PrP deposits appeared, but without amyloid 

plaques or spongiosis.116 Colucci et al reported the mutation 

(combined with homozygous V/V allele at codon 129) in a 

family with GSS, where proteinase K-resistant PrPSc, “curly” 

PrP, and plaques were present, but the degree of spongiform 

degeneration was low.116,117 H187R can induce the formation 

of abnormal PrPSc and its increased ability of oligomeriza-

tion.118 In vitro studies revealed that H187R could decrease 

the stability of PrP, by disturbing the salt bridge between 

E196 and R156. In addition, mutation could result in loss 

of tertiary structure of PrP by destroying several contacts 

(eg, between β1–α1–β2 and α2–α3).37

F198S was discovered in GSS patients from Indiana 

kindred119 and was associated with cognitive decline, indicat-

ing generalized cerebral dysfunction and global dementia.120 

Nonglycosylated proteinase-K-resistant PrPSc was detected 

in patients with F198S, which seemed to be unique.120 Muta-

tion may result in structural instability of PrP.120,121 Cell 

studies revealed that mutant PrP could fold properly, but 

after denaturation, it may be unable to revert into its native 

state. Mutation may also change the glycosylation pattern 

of PrP.122

D202N was involved in atypical GSS (without spongi-

form changes) and AD-like phenotypes. PrP-positive amyloid 

deposits appeared in the forebrain and cerebellum of the 

affected patient, and neurofibrillary tangles were present in 

his cerebral cortex.123,124 Later, D202N was discovered in a 

Canadian patient, who carried the M/V allele for codon 129. 

Postmortem analyses revealed mild spongiform changes 

and focal tangles in the neocortex region. Mutation was 

also found in an American patient, with the V/V allele at 

codon 129. This patient had PSP-like symptoms, such as 

akinetic rigidity, gait and postural disturbances, hyperre-

flexia, and dementia.124,125 In 2013, the mutation was reported 

in probably a de novo GSS case (Caucasian female from 

Germany) with parkinsonism and gaze impairment. The 

patient was homozygous for the V/V allele for codon 129.123 
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High levels of total- and phospho-tau, neuron-specific 

enolase, and S100β were present in her CSF, but she was 

negative for 14-3-3 protein. How codon 129 allele could 

affect the mutation phenotypes remained unclear.123 Patho-

genic nature of D202N was suggested to be associated with 

α3-helix in PrP. α3-Helix is an anatomic helix, resulted by 

the conserved capping box and by the ionic bond, located 

between E200 and K204, and the mutation might result in 

decreased stability in this complex.125

Q212P was discovered by Piccardo et al and was sug-

gested to be involved in CJD without spongiform changes, 

where the 21–30 kDa isoforms of PrP were not prominent.126 

NMR approaches were performed on the mutation, and it 

was revealed that it could result in significant changes in 

the β2–α2 loop region and in the C-terminal end of PrP 

protein. Mutation could be involved in the change of hydro-

phobic interactions between the β2–α2 loop by destroying 

the interaction between Y225 and M166, which are critical 

residues in the loop position.127 The mutation results in altered 

interactions, such as Y225, could form interactions with the 

residues in the α3 helix and also increase the flexibility of 

C-terminal part of PrP.127 

Q217R was discovered in a Swedish family with GSS, 

where tau-positive pathology was found with amyloid 

aggregates at the periphery of PrP plaques.128 Woulfe et al128 

described the mutation in a patient initially diagnosed with 

frontotemporal dementia (FTD). Predictions on the mutation 

revealed that Q217R was located in the 3rd transmembrane 

(TM) region and that it could result in increased polar con-

tribution and bigger conformational changes.128

M232T was discovered in a Polish GSS case. Mutation 

carrier patient had PrP-immunopositive kuru, multicentric 

plaques, and diffuse PrP depositions in his brain.129 Plaques 

could be found in different areas in the brain, such as the 

cerebral cortex, hippocampus, and the deep subcortical 

nuclei.129 Pathogenic nature of mutation may be associated 

with the abnormalities in the GPI-SP.74,75

Prion mutations, involved in other clinical 
phenotypes
Several prion mutations presented atypical disease pheno-

types, which could be defined neither as CJD nor as FFI or 

GSS (Table 3). Prion diseases could share overlap with other 

neurodegenerative diseases, for example, AD, FTD, and PD 

or primary progressive aphasia.130 Pathologically, AD, FTD, 

and CJD are all neurodegenerative diseases or conformational 

disorders caused by a common pathogenesis of the excessive 

accumulation of abnormal, insoluble proteins, including the 

accumulation abnormal proteins, such as Aβ in AD, tau in 

FTD, and PrPc in CJD.131 

S17G was found in a female AD patient through PRNP 

analysis of Chinese AD and FTD patients.132 Proband 

presented episodic memory loss, and impairment in daily 

routines and personality changes (irritability, depression, 

and apathy). Myoclonic jerks, seizures, extrapyramidal, or 

upper motor neuron signs were missing in her. Brain imaging 

showed diffuse cortical atrophy, enlargement of the cerebral 

ventricle and cistern of the whole brain, especially in the 

frontotemporal lobe, and hippocampus.132 However, studies 

on mouse PrP revealed that N-terminal signal peptide could 

transport large hydrophilic proteins through the cell mem-

brane. This peptide may play a role in the cellular transport 

of PrP too. In addition, this region has high tendency of β 

structure formation, which may also be important in prion 

dysfunctions.133

P39L appeared in frontotemporal lobar degeneration 

patients. Patients developed this disease in their late 60s 

or 70s. It was suggested that P39L may result in less-rigid 

N-terminus of PrP, and it could permit abnormal cell–protein 

interactions.134–136

G114V was initially discovered in a family from Uruguay, 

where the affected members were diagnosed with prion 

disease.137 Clinical phenotypes appeared at young ages and 

started with neuropsychiatric symptoms. The disease had 

had long duration in the later disease stage, and prominent 

pyramidal and extrapyramidal symptoms were appeared 

with dementia.137 This mutation was also discovered in a 

Chinese patient, who presented a sCJD-like phenotype, with 

progressive dementia, lethargy, and sleeping problems.138 

Neurological screening revealed additional phenotypes, such 

as myoclonus in lower limbs and hyperreflexia. Proteinase 

K-resistant PrPSc appeared in several regions of the brain, 

especially in the gray matter.138 Family history was positive, 

and the clinical phenotypes and disease duration were similar 

to those in the Uruguayan family.138

Y145* was discovered in a Japanese patient with AD-

type pathology.139 Her disease symptoms started before her 

40s, and her family history was negative. In her brain, no 

spongioform changes were found, but senile plaques, kuru 

plaques, and neurofibrillary tangles were detected. Instead of 

amyloid peptides, PrP was found in the plaques. Truncated 

PrP appeared in the kuru plaques. Later, this patient was 

suspected to have GSS.139 Ghetti et al named this phenotype 

as PrP cerebral amyloid angiopathy (PrP-CAA).140 Y145* 

mutation was suggested to induce the misfolding of PrP into 

proteinase-resistant form of PrP.141
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Q160* was discovered in patients with AD-type 

pathology. The first case of mutation was reported by Finckh 

et al, but no information on the clinical phenotype was 

available.23 Jayadev et al reported the mutation in a patient 

diagnosed with AD in her early 40s, with positive family 

history.142 The patient developed depression and short-term 

memory problems. Neurofibrillary tangles and senile plaques 

appeared in her, but these plaques were PrP-positive and 

amyloid-negative.142 The third case of mutation was reported 

by Guerreiro et al; the patient had similar symptoms and was 

clinically diagnosed with EOAD and with probable positive 

family history.143 Fong et al144 also reported this mutation 

in an atypical case of disease. Patient had slow progressive 

dementia, with impairment in language and behavior.144 

Additional symptoms were orbitofrontal syndrome, cyclic 

diarrhea, and peripheral neuropathy in his late 20s. He was 

suspected of having behavioral variant FTD, but did not 

meet the criteria. Several of his family members developed 

early onset dementia or autonomic/peripheral neuropathy; 

however, penetrance of mutation was reduced.144

Y163* mutation discovered by Mead et al145 showed a 

unique phenotype of chronic diarrhea with autonomic neu-

ropathy. Cognitive decline and seizures also appeared in the 

patients.145 Prion-positive amyloid deposits were found in 

the peripheral organs such as bowel and peripheral nerves. 

In the late disease stages, the prion deposits were reported 

in the cortical amyloid plaques with CAA and tauopathy.145 

Pathogenic nature of mutation may be associated with the 

truncation protein or the missing GPI anchor.145

D178fs could result in a premature stop codon at 

codon 195 by a computed tomography (CT) deletion in 

codon 178.146 A patient developed cognitive impairment 

with pan-autonomic failure and sensory neuropathy with 

frequent vomiting and diarrhea in her late 20s. Tau and 1-4-33 

and enolase levels were elevated in her CSF, with positive 

family history, since her mother and maternal grandfather 

also developed similar phenotypes.146

T183A was described first in a Brazilian family, diag-

nosed with dementia and frontotemporal clinical features, 

with spongiform changes, neuronal loss.147 The second case 

of mutation was characterized by dementia, cerebral atrophy, 

and hypometabolism.148 Later, ataxia in the cerebellum 

and electroencephalogram (EEG) abnormalities were also 

reported. Symptoms started in the early 40s of the patient 

and disease duration was 4 years. T183A mutation may affect 

the glycosylation sites in PrP, since mutation could result in 

the elimination of one of this site from the two consensus 

sites.147,148 T183A was suggested to reduce the stability of 

H2H3 subdomain, resulting in higher propensity for intra- 

and inter-β-sheets.149 

R208C was discovered in a Chinese patient with slow 

progressive dementia in his 80s.130 Moderate cerebral atrophy 

was detected, and the patient was clinically diagnosed with 

AD, with no family history of the disease.130

Patient with Y226* was diagnosed with dementia, visual 

and acoustic hallucinations, and disease occurred at the age 

of 54 years.150,151 PrP deposits PrP-CAA, focal tau accumula-

tions, and mild focal spongiosis were observed in her brain, 

and the CSF test for 1-4-33 was positive.150,151 Family history 

was probably positive, since her mother developed prob-

able CJD. Structure predictions, performed by Kovač et al 

revealed that this mutation could break an α4 helix and that 

the reduced C-terminal could result in altered hydrophobic 

interactions of α3 helix and β2–α2 loop.152 The missing GPI 

anchor could also be important in this mutation.150–152

Q227* was found in a 42-year-old female patient, who 

was diagnosed with FTD and presented extrapyramidal 

signs.151 One of her aunts was affected with similar disease 

phenotypes. PrP-positive amyloid deposits and tangles were 

found without spongiosis in her brain.151 GSS-like pheno-

type was present with multicentric amyloid plaques and 

neurofibrillary tangles, without PrP-CAA, in the cerebral 

gray matter.151

Prion mutations with complicated 
pathogenic nature or protective mutations
Several variants were reported in PRNP gene, whose patho-

genic nature was not clarified (Table 4). The most common 

and well-known variants are M129V and E219K.153 Addi-

tional mutations were discovered, which were not confirmed 

as disease-associated variants. In addition, G127V mutation 

was suggested as protective variant against kuru.154

M129V and E219K are relatively common polymor-

phisms of PRNP gene, and their pathogenic nature is compli-

cated. They were suggested as neutral or protective variants, 

but could also be risk- or disease-modifying factors for dif-

ferent disorders.155 M129V was suggested to play a role in 

sCJD, iatrogenic CJD (iCJD), and classical CJD (cCJD).155 

Homozygous (M/M) form of mutation was associated with 

increased risk of sCJD and vCJD in Caucasians, but not in 

Asians. In the UK, vCJD cases were described with M129V 

homo- or heterozygous exchange. However, patients with 

M/V allele might have a longer incubation period than 

those with V/V.155 No correlation was found between 

PRNP codon 129 and sporadic AD or vascular dementia 

in Korea.156–158 Protease-sensitive prionopathy (PSPr), 
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a novel prion disease, whose neuropathological changes 

could be minimal gliosis, microplaques (cerebellum), PrP 

aggregates, and/or spongiform changes.159 PRNP codon 129 

might be involved in PSPr, since patients were described 

with VV allele.160–162 Later, PSPr cases were found in V/V, 

M/V or M/M genotypes, and significant clinical differences 

were found in clinical symptoms, age of onset, and disease 

duration. Since proteinase-K sensitivity for PrPSc was lower 

in case of M/V or M/M genotype than in V/V, name of the 

disease was changed to variable PSPr.161,162 Multiple system 

atrophy (MSA) is a neurological disease, characterized by 

dysfunctions in the extrapyramidal, pyramidal, cerebellar 

system. V/V allele at codon 129 was associated with the 

disorder, suggesting that PrP could be involved in MSA.163 

E219K was reported in 6% of healthy Japanese individuals. 

Japanese and Korean studies suggested that E219K on the 

PRNP gene might be protective against sCJD.164–166 However, 

PRNP E219K may be involved in vCJD in the UK. Data from 

mouse experiments suggest that mice with the heterozygous 

E219K allele have longer incubation time to vCJD than those 

with homozygous K219 genotype. The heterozygous E219K 

allele might not protect against vCJD; in addition, it could 

be associated with vCJD.164–167

G127S was found in a Malaysian patient, having epi-

lepsy and learning difficulties. However, since other family 

members with similar symptoms were negative for the muta-

tion, these phenotypes might not be associated with G127S. 

It is unknown, how G127S could affect the prion conforma-

tion. This mutation is at the same location like G127V, which 

could be protective against kuru.168

G127V is located in the highly conserved region of 

PrP, and at the kuru-affected areas, mutation occurred 

frequently. In the mutant protein, valine was suggested to 

increase the stability of PrP.154 G127V may be the result of 

positive evolutionary selection during the kuru epidemics. 

Mouse experiments revealed that the mutation could inhibit 

the prion propagation. However, additional studies are 

needed to understand the structural basis, associated with 

the protective mechanism of G127V.169

D167G was suggested as a susceptibility factor for 

sCJD, but no detailed reports are available on the variant.170 

A D167N was also found in the same residue (D167), but 

its pathogenic nature was not established yet either.171 

Proband patient developed memory impairment and 

personality changes such as emotional instability and 

aggressive behavior. Later, incontinence, severe non-fluent 

expressive dysphasia, and impairment in movement also 

appeared in him. MRI revealed atrophy in the frontotemporal 

cortex. Family history was unknown, since her mother also 

carried the same mutation, but did not show any kind of 

disease phenotype.171 

N171S was found to be prevalent in mesial temporal 

lobe epilepsy related to hippocampal sclerosis (MTLE-HS), 

especially with the epileptogenesis.172 However, Coimbra 

et al reported that N171S (and M129V) might not influence 

the cognitive performance of MTLE-HS patients.173

P238S was first described by Windl et al, but the disease 

phenotype associated with the mutation is unknown.174 

P238S is the third mutation, described in the GPI sequence. 

Studies showed that P238S did not reveal any impairment 

of GPI-anchor mechanisms.74,75 However, P238S seemed 

to increase the cleavage of GPI sequence from mature 

PrP, compared with the wild-type PrP. In addition, GPI-SP 

degradation was prevented due to mutation, and the signal 

peptide was accumulated in the cells, which could result in 

neurodegeneration.74,75

Diagnosis, markers, and diagnostic criteria 
for prion diseases
Prion diseases are different from the infectious, virus-, 

or bacteria-associated diseases, since PrP has no DNA or 

RNA.175 In addition, the misfolded PrP cannot be recog-

nized by the immune system, and no immune reaction and 

inflammation occur in the infected host.161 Misfolding and 

aggregation of PrP could cause different fatal neurodegen-

erative disorders. Disease diagnosis is quite complicated, 

and several patients are diagnosed with prion disease, when 

severe clinical symptoms appear. Definite diagnosis can be 

performed only after histopathological analysis and brain 

biopsy/autopsy. However, several new diagnostic tools are 

under development, which could provide more accurate 

disease diagnosis.175,176

The PrP detection is critical in prion disease diagnosis. 

The PrPSc could be in the peripheral tissues and body fluids, 

and it was suggested that they might also be useful biomarkers 

for the disease in the presymptomatic stage. Blood-based PrP 

can be approached with protein misfolding cyclic ampli-

fication, matrix capture technology and immunoassay, or 

multiple assays.177 

14-3-3 Proteins are abundant proteins in brain. They 

are adaptor proteins, which bind specific substrates through 

their phosphor-serine or threonine motifs. Diverse functions 

of 14-3-3 proteins were described as follows: they can be 

involved in several brain functions, such as development, 

migration, and survival of neurons. They could also be 

involved in the regulation of ion channels. The 14-3-3 proteins 
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can play a role in different neurodegenerative diseases, 

including CJD.178 14-3-3 Protein in CSF was found as the 

useful reliable marker for CJD diagnosis. Total 14-3-3 

levels may be higher in patients, diagnosed with definite or 

probable CJD, compared with the patients with other neu-

rodegenerative diseases. 14-3-3 Protein may play a role in 

CJD pathogenesis. In case of fCJD, several mutations such 

as E200K and V210I were also associated with the elevated 

levels of 14-3-3 protein. However, this protein is less promi-

nent in GSS or FFI patients, and it may not be useful for the 

early stages of iCJD.179,180 CSF-tau was also suggested as 

a marker for prion diseases. Ratio of pTau and tTau might 

be less effective marker than 14-3-3 protein. Combination 

of tau and 14-3-3 may improve the diagnosis of the prion 

diagnosis.181–183

The World Health Organization (WHO) and the Center 

of Disease Control and Prevention (https://www.cdc.gov/

prions/cjd/diagnostic-criteria.html) established the diagnostic 

criteria for cCJD forms, including genetic CJD, sCJD, or 

iCJD. Psychical tests, brain biopsy, and imaging methods 

are available for the CJD diagnosis. Definitely, sCJD could 

be confirmed by neuropathological test and immunohis-

tochemistry, when proteinase-resistant PrPSc and/or scrapie-

associated fibrils are present. Probable CJD patients present 

rapid progressive dementia and at least of four different 

symptoms, including myoclonus, visual cerebellar signs, 

pyramidan/extrapyramidal signs, or akinetic mutism. EEG 

sign could present periodic sharp wave complexes, and CSF 

tests should be positive for 14-3-3 protein, in patients whose 

disease duration is ,2 years. Neuroimaging technologies 

play an important role in the neurodegenerative disease, 

including prion disease diagnosis.180,184–187 Imaging tools such 

as CT, MRI, and PET are currently used in the differential 

diagnosis of different types of prion disorders, and imaging 

should reflect the alterations in the gray and white matter. 

In probable CJD patients, high signal abnormalities could be 

seen in caudate nucleus and/or putamen.180,184–187 In possible 

CJD, progressive dementia may be present with at least two 

clinical symptoms described above. However, patients may 

be negative for EEG, CSF test protein, or imaging, and dis-

ease duration should be .2 years. In genetic CJD, patients 

should have disease-specific PRNP mutation and present the 

signs of definite or probable CJD. iCJD could be possible 

if patients had history of exposure to some disease risk fac-

tor, for example, dura mater graft transplantation and blood 

transfusion. vCJD could be emerged from bovine spongiform 

encephalopathy (BSE) contaminated food consumption, 

such as beef or beef products. The vCJD patients could 

have diffusely slow EEG and be negative for 14-3-3 protein. 

Spongioform changes could be dense with possible dense 

amyloid plaques.180,184–187 Diagnosis of GSS is based on the 

combination of different parameters, including multiple amy-

loid plaques in brain, pathogenic disease causing mutations 

in PRNP gene, and different specific disease symptoms such 

as ataxia, memory dysfunctions, abnormal eye movement, or 

spasticity.189 FFI diagnosis is based on different parameters: 

patients should have D178N mutation with M/M genotype 

at codon 129, with positive family history. Patients should 

have abnormal sleep patterns and thalamic hypometabolism 

on PET scan, and different symptoms such as dementia, mood 

changes, ataxia, and sleep disturbances.190

Conclusion
Prion diseases could occur mostly (~85%–90%) because of 

unknown risk factors, while about 10%–15% of the diseases 

were caused by genetic mutations. PRNP was established as 

the only causative gene for different prion diseases, since 

several pathogenic and possibly pathogenic variants were 

discovered in its coding region. These mutations were associ-

ated with different clinical phenotypes of neurodegenerative 

diseases, such as CJD, GSS, FFI, or other types of dementia. 

The main problem with genetic prion diseases is that the 

phenotype could be heterogeneous. M129V and E219K are 

the mutations with the most complicated pathogenic nature, 

since several studies revealed that they might be disease 

modifiers, risk factors for vCJD, and protective against sCJD. 

Pathogenic nature of V180I and M232R was refuted, since 

they also appeared in healthy controls.1,171,190 The aim of this 

study was to introduce prion mutations, and their clinical 

phenotypes and disease phenotypes were also summarized. 

In addition, their possible pathogenic mechanisms were also 

discussed, based on in silico or in vitro studies. Genetic prion 

disease could occur in different ages: several patients present 

CJD symptoms at young ages (40s or even earlier), while 

others present disease phenotypes at later lifetime (in their 

70s or 80s). There may be several factors that could affect 

the age of onset, for example, possible additional disease 

modifier genes, environmental factors, or lifestyle.188

Similar to AD and FTD, prion diseases are based on the 

aggregation of abnormal protein aggregates. The abnormal 

protein assembly could result in a cascade of neurodegen-

erative pathways.193 In addition, pathological overlap may 

occur between these disorders. These findings suggested that 

there may be a common disease pathway between different 

neurodegenerative diseases; however, the exact mechanism 

remained unclear yet.191 Normal PrP could interact with 
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several proteins in brain and play a role in several mecha-

nisms including amyloid β cleavage. Amyloid peptides could 

interact with PrP, which may be important in neurodegenation 

and in the pathology of both prion disease and AD.192

In PRNP gene, several variants were found, whose 

pathogenic nature was not established yet. The Exome 

Aggregation Consortium Browser (Exome Aggregation 

Consortium [ExAC, http://exac.broadinstitute.org/]) is 

an exome sequencing database, which was established in 

early 2015. In this project, genomes of .60,000 unaffected 

and unrelated individuals were screened, for the disease-

associated genes and candidates.193 This database could be 

useful in disease-association and population genetics study. 

Beyond the published mutations, several novel missense 

and silent variants were discovered in these individuals in 

PRNP gene. Further investigations are needed on the novel 

missense variants, if they could be associated with any kinds 

of disease progression or if the carrier individuals would 

develop prion disease in the future. Several novel variants 

represented low frequency (singleton mutation), which sug-

gested that their clinical significance might not be ignored in 

the future. In addition, the 23andMe Inc. (Mountain View, 

CA, USA) studied the prion mutations more extensively. It 

compared the mutations in 16,025 patients affected with prion 

disease, 60,706 population controls, and 531,575 individuals 

genotyped by 23andME Inc. This study may re-evaluate the 

role of PRNP mutations in disease progression, since some 

missense variants may be benign, while several others have 

a penetrance from f,0.1% to 100%. This analysis revealed 

four mutations (V180I, R208H, V210I, and M232R) in 

controls and suggested that they could not be categorized as 

benign or Mendelian variants. These mutations may have 

low penetrance and could occupy a risk continuum. These 

approaches in prion diseases may provide an estimation for 

risk of asymptomatic individuals, who carried incompletely 

penetrant mutations in PRNP. Large reference databases 

could be helpful in genetic counseling, diagnosis, and also 

in therapies.193

The most important issue with prion diseases is that the 

disease remains unrecognized. Prion disorders are clinically 

heterogeneous and share several common features with 

other neurodegenerative diseases, such as possible genetic 

background, assembly of misfolded proteins, or neuronal 

loss.194 These patients were later confirmed by autopsy or by 

postmortem analyses of having CJD.195 For early dementia 

patients, a more complex genetic screening is needed due 

to the pathologic similarities between the early stages of 

different disorders. There is no effective treatment against 

the neurodegenerative disorders, but the possible therapeutic 

strategies might be more useful before the pre-symptomatic 

stage. Combination of protein biomarkers, imaging, and 

genetic screening could be useful for more accurate diagno-

sis of neurodegenerative diseases. We believe that genetic 

counseling and genetic screening could improve the accuracy 

of differential diagnosis. Recently, next generation sequenc-

ing technologies have been developed, which could provide 

faster, more accurate genetic profiling for patients with 

different types of dementia.195–198
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