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Abstract
Prion diseases are neurodegenerative disorders which are caused by an accumulation of the abnormal, misfolded
prion protein known as scrapie prion protein (PrPSc). These disorders are unique as they occur as sporadic, genetic
and acquired forms. Sporadic Creutzfeldt-Jakob Disease (CJD) is the most common human prion disease,
accounting for approximately 85–90% of cases, whereas autosomal dominant genetic forms, due to mutations in
the prion protein gene (PRNP), account for 10–15% of cases. Genetic forms show a striking variability in their clinical
and neuropathological picture and can sometimes mimic other neurodegenerative diseases.
We report a novel PRNP mutation (V189I) in four CJD patients from three unrelated pedigrees. In three patients, the
clinical features were typical for CJD and the diagnosis was pathologically confirmed, while the fourth patient
presented with a complex phenotype including rapidly progressive dementia, behavioral abnormalities, ataxia and
extrapyramidal features, and the diagnosis was probable CJD by current criteria, on the basis of PrPSc detection in
CSF by Real Time Quaking-Induced Conversion assay. In all the three patients with autopsy findings, the
neuropathological analysis revealed diffuse synaptic type deposition of proteinase K-resistant prion protein (PrPres),
and type 1 PrPres was identified in the brain by western blot analysis. So, the histopathological and biochemical
profile associated with the V189I mutation was indistinguishable from the MM1/MV1 subtype of sporadic CJD.
Our findings support a pathogenic role for the V189I PRNP variant, confirm the heterogeneity of the clinical
phenotypes associated to PRNP mutations and highlight the importance of PrPSc detection assays as diagnostic
tools to unveil prion diseases presenting with atypical phenotypes.
Keywords: Creutzfeldt-Jakob disease, PRNP, Prion, V189I, CJD, PrP, Dementia, Mutation

Introduction
Prion diseases are fatal neurodegenerative disorders caused
by misfolding, aggregation and accumulation of the prion
protein (PrP) in brain tissue [12, 23, 39]. The pathogenic
isoform of PrP (PrPSc) results from a conformational
change of the normal form of PrP (PrPC), converting
α-helical regions to β-sheet motifs, that confers abnormal
physicochemical properties - such as detergent insolubility
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and protease resistance - to PrP [8, 10], triggering its
deposition in brain tissue.
Human prion diseases include sporadic, familial and acquired forms. Distinct features separate sporadic prion
diseases into three phenotypes: sporadic Creutzfeldt-Jakob
disease (sCJD), sporadic fatal insomnia (sFI), and variably
protease-sensitive prionopathy (VPSPr). sCJD accounts
for more than 90% of all cases of sporadic prion diseases.
Genetically inherited prion diseases include familial CJD
(fCJD), Gerstmann-Sträussler-Scheinker disease (GSS) and
fatal familial insomnia (FFI). Acquired prion diseases encompass iatrogenic CJD (iCJD), variant CJD (vCJD), and
kuru [40]. vCJD occurs predominantly in the UK and has
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been linked to the consumption of beef products contaminated with the agent of the cattle disease, bovine spongiform encephalopathy [13, 14, 33, 40, 49]. GSS, fCJD, and
FFI are caused by mutations within the open reading
frame of the human prion protein gene (PRNP) (Fig. 1)
and inherited as autosomal dominant traits. PRNP pathogenic mutations have been identified in 10–15% of CJD
patients [37]. These mutations may be single point mutations, stop-codon mutations, or insertions or deletions of
octapeptide repeats. To date, more than 50 different PRNP
variants have been identified in large reference datasets of
human genetic variations. Evidence for their pathogenic
value is debated since for only a subset of these mutations
convincing data coming from family history, cell culture
or transgenic models are available [30]. Anyway, divergent
clinicopathological phenotypes have been associated to
PRNP mutations in several reports [6, 20, 28, 29, 36, 41,
45, 48].
Interestingly, human genetic prion diseases show
inter-familial and intra-familial phenotypic variability [16,
25]. Main determinants are the type of mutation and the
codon 129 genotype which affect the physicochemical
properties of PrPSc and imprint disease phenotype of genetic CJD cases [35]. In some occasions, genetic factors other
than PRNP might also influence phenotypic variability [38].
This study reports a novel PRNP mutation in four patients from three Italian unrelated kindred presenting
with a classic CJD phenotype or an atypical clinical picture characterized by rapidly progressive dementia with
behavioral changes, ataxia and extrapyramidal syndrome.
Our data reinforce the view that prion diseases can
occur under complex clinical phenotypes mimicking
other neurodegenerative diseases and highlight the importance of employing more sensitive tools - such as
PrPSc amplification assays - in the diagnostic protocols
currently used to identify prionopathies.
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Materials and methods
Clinical information

The patients underwent the clinical protocols currently
used for dementias and were diagnosed according to the
WHO 1998 criteria or the updated criteria by Zerr et al.
[51] for CJD. The clinical pictures of the 4 cases were also
interpreted based on the proposed new criteria for the
diagnosis of prion diseases published on the UK CJD Surveillance website, last updated in January 2017 [27].
Neuropsychological assessment of Case 2 was performed
using Milan Overall Dementia Assessment (MODA) [4].
EEGs were standard exams (duration 30–60 min) in all
patients. All MRI were performed at 1.5 T scanners. The
DWI sequences were performed in Cases 1 and 3. ADC
maps (of Case 1 and 3) confirmed restricted diffusion in
the hyperintense areas seen in DWI acquisitions. The
MRI of Case 2 didn’t include DWI sequences. 14–3-3 was
analyzed in CSF samples by Western blot with the pan
14–3-3 H-8 antibody (Santa Cruz Biotechnology, Santa
Cruz, CA). CSF levels of total tau and phosphorylated tau
were measured by ELISA (INNOTEST®, Innogenetics), according to the protocol provided by the manufacturer.
Genetic studies

DNA was extracted from peripheral blood lymphocytes.
Sequence analysis of full-length coding region of PRNP,
microtubule-associated protein Tau (MAPT), exons 16
and 17 of amyloid-beta precursor protein (APP) and Presenilin 1 and 2 (PSEN1 and PSEN2) genes was performed
by Sanger sequencing using an ABI 3130xl DNA Analyzer
(Applied Biosystems). The presence of the V189I mutation
in the PRNP gene (Fig. 2) was confirmed by restriction
fragment length polymorphism analysis; briefly, a 448 bp
region was amplified by PCR using the primers 5’-CAAC
ATGAAGCACATGGCTGGT-3′ and 5’-CCTTCCTCA
TCCCACTATCAGG-3′, the PCR product was digested

Fig. 1 PRNP mutations. Single point mutations, stop-codon mutations, insertion and deletion mutations in the coding region of PRNP gene,
which have been proposed as pathogenic variants of the prion protein. Polymorphisms or other genetic variations whose pathogenic value is
unknown or uncertain are not reported in this figure
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Fig. 2 Genetic studies. a: Pedigree of family of Cases 1 and 2. The proband is marked by arrow, grey symbols denote family members affected by
rapidly progressive dementia, black symbols indicate family members with CJD, white symbols denote unaffected members. Crossing lines refer
to deceased subjects. b: Analysis of PRNP gene by restriction fragment length polymorphism. A 448 bp region was amplified by PCR from a
control subject (WT, lane 1) and a mutated heterozygous carrier (V189I, lane 3) . Digestion of PCR product by BstEII generated two fragments (244
and 204 bp) in the WT subject (lane 2). The presence of the mutation abolished the restriction site. So, a 448 bp fragment (corresponding to the
mutated allele) and two 244 and 204 bp fragments (corresponding to the WT allele) were observed, as expected, in the V189I heterozygous
carrier (lane 4). c: Sequence chromatogram of a subject carrying the heterozygous V189I mutation

by BstEII restriction enzyme (NEB) and resolved by electrophoresis on 2% agarose gel (Fig. 2b). We explored the
recurrence of this mutation by consulting the Exome Aggregation Consortium (ExAC) database [26] and found
that the V189I PRNP variant is not reported.
RT-QuIC assays

Real Time Quaking-Induced Conversion (RT-QuIC) was
used to detect the presence of PrPSc in cerebrospinal
fluid (CSF) of patients, as previously described [11].
Briefly, 15 μl of each CSF was added to 85 μl of reaction
mix in black, 96-well microplates. Samples were tested
in quadruplicate together with positive (definite CJD)
and negative (non-CJD) controls. The RT-QuIC reaction
mix was prepared as follow: 300 mM NaCl, 10 mM
phosphate buffer at pH 7.4, 1 mM ethylenediaminetetraacetic acid tetrasodium salt dehydrate (EDTA) at pH 8.0,
0.002% of Sodium dodecyl sulfate (SDS), 10 μM
thioflavin-T (ThT) and 0.1 mg/ml of Syrian hamster recombinant truncated form of prion protein (Ha rPrP

90–231). After sealing, the plate was incubated in a
FLUOstar OPTIMA reader (BMG Labtech) at 55 °C,
over a period of 60 h with intermittent cycles of shaking
(1 min) double-orbital (600 rpm) and incubation (1 min).
The fluorescence intensity, expressed as arbitrary unit
(AU), was taken every 15 min using 450 ± 10 nm (excitation) and 480 ± 10 nm (emission) wave-lengths. A sample was considered positive if the mean of the highest
two fluorescence values (AU) of the replicates was
higher than 10.000 AU and at least two out of four replicates crossed the threshold set at 60 h. The sample was
considered negative if none or only one replicate (out of
four) crossed the threshold before 60 h.
Immunoblotting

Frozen samples of frontal and cerebellar cortex of patients
were homogenized in phosphate buffer (pH 7.4, Sigma) at
10% (weight/volume) and were centrifuged (Eppendorf
Centrifuge) at 4 °C, 800×g, for 1 min in order to remove
cellular debris. Ten microliters of brain homogenates were
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treated with 50 μg/mL of proteinase K (PK) (Invitrogen)
for 1 h at 37 °C under shaking (500 rpm). Digestion was
stopped by the addition of LDS-PAGE loading buffer (Life
Technologies), samples were then heated at 100 °C for 10
min and loaded into 12% Bolt Bis-Tris Plus gels (Life Technologies). Proteins were separated by means of SDS-PAGE,
transferred onto Polyvinylidene difluoride (PVDF, Millipore) membrane and incubated with 5% (wt/vol) dry nonfat milk in 0.05% (vol/vol) Tween-20 (prepared in
Tris-HCl) for 1 h at room temperature with shaking. PVDF
membranes were finally incubated with anti-PrP antibodies
6D11 (epitopes 93–109, Covance) or 3F4 (epitopes 109–
112, Dako) and developed with chemiluminescent system
(ECL Prime, GE Healthcare Amersham).

Nissl substance and thioflavin S for amyloid or immunolabeled for PrPSc using the mouse monoclonal antibody 3F4
(1:200; epitope at residues 109–112 of human PrP, DakoCytomation). Before overnight incubation with 3F4 antibody, the sections were pretreated with autoclaving in
distilled water (121 °C, 10 min), followed by exposure to
formic acid (98%, 5 min) and by guanidine thiocyanate (3
M, 20 min), as previously described [15]. Additional sections were immunostained with a polyclonal anti-glial fibrillary acidic protein (GFAP) antibody (DakoCytomation,
1:1000). EnVision (DakoCytomation) was used as detection system and 3–3′-diaminobenzidine (DAB) as
chromogen.

Results
Neuropathology

The neuropathological study was carried out on
formalin-fixed sections of the cerebral hemispheres and
cerebellum. Ten-micrometer-thick sections of several
brain areas including frontal, temporal, parietal and occipital cortex, hippocampus, striatum and thalamus were
stained with hematoxylin-eosin (H&E), cresyl violet for

Case reports
Case 1

She was a 74-year-old woman (Table 1), whose family
history revealed that her mother complained of dementia and visual hallucinations with onset at 83 years and
died at the age of 84 years. The disease duration was 8
months. The proband’s sister suffered of a dementing

Table 1 Clinical, neuropathological and biochemical features of the V189I carriers
Family history for CJD

Case 1

Case 2

Case 3

Case 4

Yes

Yes

No

No

Gender

Female

Female

Male

Male

Age at onset

74 yrs

78 yrs

71 yrs

69 yrs

Disease duration

5 mo

33 mo

4 mo

4 mo

Symptoms at onset

Visual hallucinations,
abnormal behavior

Ataxia, cognitive
impairment

Short-term memory deficits,
fluctuating confusion,
depression

Ataxia, writing difficulties
and behavior changes

Myoclonus

–

–

+

+

Other neurological
findings

Speech impairment and
asymmetric pyramidal signs

Extrapyramidal syndrome,
visual hallucinations,
abnormal behavior

Ataxia, cerebellar deficits

Cerebellar deficits

EEG

Background delta rhythm
and recurrent theta sharp
waves

Diffuse slowing of the
background activity

Inconstant bilateral periodic
sharp wave complexes

Theta-delta activity in
fronto-temporal
regions without PSWs

MRI

High signal in caudate heads
and diffuse hyperintensity in
the cortex in DWI images

Diffuse cortical atrophy
mainly involving left frontal
and temporal lobi

Hyperintensity in DWI images
in frontal and parietal right
cortex and in right cingulus

Hyperintensity in DWI
sequences in bilateral
fronto-parietal and left
insular cortices and in
the right thalamus

CSF analysis

14–3-3 positive

14–3-3 negative

14–3-3 positive

14–3-3 weakly positive

Tau 3433 pg/ml

Tau 392 pg/ml

Tau 9250 pg/ml

Tau 1780 pg/ml

CSF RT-QuIC assay

+

+

+

n/a

M/V polymorphism
at 129 PRNP codon

M/M

M/V

M/M

M/M

Histological and
immunohistochemical
findings

Diffuse spongiosis, cell loss
and gliosis; diffuse, finely
granular, synaptic-type PrP
immunoreactivity

n/a

Diffuse spongiform changes;
faint synaptic deposition in the
cerebrum, molecular layer of
the cerebellum, thalamus and
striatum

Diffuse microspongiosis
with relative sparing of
hippocampus and brainstem;
faint synaptic PrPSc deposition

PrP type

Type 1

n/a

Type 1

Type 1
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illness whose phenotype is described as Case 2 in this
paper. A 46-year-old son of the proband was affected by
mental retardation and movement abnormalities probably caused by a congenital malformation mainly involving cerebellum (Fig. 2a).
The proband’s disease began two months before her
admission to hospital with visual hallucinations, delusions, overvalued ideas and confabulation, rapidly evolving towards confusion, psychomotor slowness, abnormal
behavior, loss of autonomy in daily life activities and incontinence. Serial CT brain scans during this period
showed only a mild atrophy in frontal lobes.
During the last week before hospitalization, the clinical
picture was characterized by fast psychomotor deterioration. The patient became unable to walk and showed
clear speech difficulties, tonic grasping, asymmetric
hypertonia involving mainly left arms, reduced alertness.
Electroencephalogram (EEG) showed a slow background activity (delta rhythm) and the presence of

recurrent theta sharp waves especially in the anterior
brain regions. No periodic wave complexes were observed
in two different EEG recordings performed 3 months after
the onset of the disease, during the hospitalization. Brain
DWI MR images (Fig. 3, panels a,d) showed high signal in
caudate heads and diffuse hyperintensity in the cortex
with predominance of frontal and parietal lobes; cortical
atrophy of frontal lobes; mild leukoaraiosis.
CSF analysis showed the presence of 14–3-3 protein.
Total tau and phosphorylated tau levels in CSF were
3433 pg/ml (n.v. < 500 pg/ml) and 44 pg/ml (n.v. < 61 pg/
ml), respectively.
She died five months after the onset of the disease and
underwent autopsy. Her neuropathological picture is detailed below (see Neuropathology paragraph).
The CSF study was completed after death by amplification PrPSc assay with RT-QuIC. The test was positive,
confirming the presence of pathological prion protein in
CSF sample of the patient (Fig. 4a).

Fig. 3 Imaging studies. a, d: DWI images show diffuse signal abnormalities involving bilaterally the posterior temporal cortex, caudate and
putamen, parietal and frontal cortex, more marked in the right side (Case 1). b, e: Axial Flair and coronal T2-weighted images show diffuse
cortical atrophy, involving frontal lobe with mild left prevalence (Case 2). c, f: DWI images show marked signal abnormalities in frontal and
parietal right cortex and in right cingulus (Case 3)
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Fig. 4 Biochemical studies. a RT-QuIC analysis: 15 μL of CSF collected from patients 1, 2 and 3 efficiently seeded the aggregation of recHaPrP (90–
231) while CSF collected from patient with AD (referred to as control) did not. The mean ThT fluorescence values per sample were plotted
against time. b Western blot analysis: frozen samples of frontal (GC) and cerebellar (CC) cortex from Case 1 showed the presence of type 1 PrPSc
after digestion with PK (50 μg/mL). Frontal cortex of patients with type 1 and type 2 PrPSc were used as migration controls. Numbers on the right
side of the WB indicate the molecular weight

Case 2

The patient was the 80-year-old sister of the Case 1 (Fig. 2).
She had blood hypertension and hyperthyroidism since the
age of 53 years. She was referred to the hospital for a 2-year
history of progressive gait imbalance with recurrent falls,
mild cognitive decline and depression with weight loss
(Table 1). A brain CT scan showed leukoaraiosis and diffuse
cerebral atrophy.
On admission, the patient was unable to stand and
walk due to ataxia, extrapyramidal syndrome and mild
hyposthenia of legs. No relevant pyramidal signs were
observed. Impairment of cerebellar function and multifocal cognitive loss was noticed by neurologic examination. Behavioral abnormalities with delusions, visual
hallucinations, confabulations, mental confusion were
evident in the following days. These symptoms were
scarcely responsive to Quetiapine but were partially controlled by the use of Haloperidol.
Neuropsychological assessment showed behavioral disturbances with depression and visual hallucinations,
moderate-to-severe cognitive dysfunctions, mainly consisting of impairment of thought content and semantic
fluency, bad orientation in time and place, memory deficits, confabulation, dyspraxia.
Laboratory analysis revealed increase of FT4 (9.9 ng/
dL, n.v. 0,70-1,48) and low TSH levels (0.13 μUI/mL,
n.v. 0,45-3,50). The imbalance of thyroid function was
corrected by the adjustment of pharmacologic treatment
for hyperthyroidism with transient positive effects on
psychic disturbances (regression of delusions/hallucinations and improvement of mental confusion). CSF analysis showed absence of 14–3-3 protein. CSF levels of
total tau protein were 392 pg/ml (n.v. < 500 pg/ml). EEG
showed a diffuse slowing of the background activity

towards the delta rhythm. An improvement of the EEG
profile was observed after neuroleptic treatment and
correction of thyroid dysfunction. Brain MRI showed
multiple little ischemic foci in white matter of both
brain hemispheres, and diffuse cortical atrophy involving
mainly left frontal and temporal lobi (Fig. 3, panels b,e).
All these clinical investigations were performed 2 years
after the disease onset.
Due to the prominence of behavioral changes in her
clinical picture and to brain MRI findings, the patient
was initially diagnosed as frontotemporal dementia
(FTD).
Over the following months, the clinical picture evolved
towards tetraparesis, severe ataxia, and further cognitive
deterioration. When the family history of the patient
emerged and the presence of a PRNP mutation was confirmed in her sister (Case 1), the analysis of PRNP gene
was carried out also in this patient and revealed the
presence of the Valine-to-Isoleucine substitution at
codon 189 with Methionine/Valine polymorphism at
codon 129.
The patient died nine months after hospital discharge,
around 33 months after the onset of the disease. No autopsy was performed. However, RT-QuIC analysis of CSF
sample collected in vitam was carried out and was positive,
confirming the presence of pathological prion protein.
Taking into account her clinical findings, Case 2 met
the WHO 1998 criteria or the updated criteria by Zerr
et al. [51] for ‘possible’ sCJD, as she had no positive ancillary tests. However, the results of the RT-QuIC test on
CSF, made reasonable a diagnosis of ‘probable’ CJD according to the proposed new criteria from the UK and
Germany that allow any neurological syndrome with a
positive RT-QuIC.
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Case 3

This patient was a 71-year-old man with a 2-month history of short-term memory deficits and fluctuating confusion (Table 1). The family history was unremarkable
except for two cases of late-onset depression (> 60 years)
in two sisters of his father. The patient underwent neurologic evaluation that resulted to be normal: a presumptive
diagnosis of reactive depression was made and a treatment
with sertraline was suggested. Since the lack of response
and the worsening of cognitive symptoms, the patient was
subjected to a brain MRI study that showed marked signal
abnormalities in frontal and parietal right cortex and in
right cingulum in DWI sequences (Fig. 3, panels c,f). A
further neurologic examination disclosed a mild temporal
disorientation with bilateral cerebellar dysmetria with dysdiadochokinesia and gait unbalance. Moreover, rare myoclonic jerks were evident.
The EEG pattern was possibly suggestive of a prion disease since the inconstant occurrence of bilateral periodic
sharp wave complexes. CSF analysis showed the presence
of 14–3-3 protein. Total tau in CSF was 9250 pg/ml (n.v.
< 500 pg/ml) and phosphorylated tau 42 pg/ml (n.v. < 61
pg/ml). RT-QuIC analysis of CSF sample was positive.
Overall these tests were performed 2,5 months after
disease onset.
A diagnosis of probable CJD was made.
The clinical picture rapidly deteriorated and the patient became tetraparetic, and unable to speak and swallow in two
weeks. Therefore, he was transferred to his community hospital in the North-East of Piemonte where he died 2 months
from the first hospital admission due to a multi-organ failure.
Autopsy was performed to confirm CJD diagnosis.
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Clinical picture rapidly evolved towards a persistent
vegetative status with diffuse spontaneous myoclonus.
The patient died two months after the hospital admission because of a multi-organ failure and underwent autopsy to confirm CJD diagnosis.
Genetic studies

The genetic analysis revealed the unprecedented
Valine-to-Isoleucine substitution at codon 189 in all the
4 patients (Fig. 2, panels b and c) and the Methionine/
Methionine polymorphism at codon 129 in Cases 1, 3
and 4, while the genotype at codon 129 of the Case 2
was Methionine/Valine (Table 1).
RT-QuIC assays

RT-QuIC performed on CSF samples from Cases 1, 2 and
3 was positive, indicating the presence of PrPSc (Fig. 4,
panel a). CSF from Case 4 was not available for RT-QuIC
analysis. CSF collected from a patient with Alzheimer’s
disease (AD) was used as negative control.
Immunoblotting

Western blot analysis of both gyrus cinguli and cerebellar
cortex of Case 1 revealed the presence of typical type 1
PrPSc with the unglycosylated band migrating at 21 kDa
(Fig. 4, panel b). Gyrus cinguli of patients with sCJD with
type 1 and type 2 PrPSc were used as migration controls.
All samples were treated with proteinase K (50 μg/mL) before analysis and immunoblotted with the 3F4 antibody.
The same findings were obtained by immunoblot analysis
on the brain samples of Cases 3 and 4.

Case 4

This patient was a 69-year-old man with no family history
of dementia or neurodegenerative diseases (Fig. 2), who
was admitted to his community hospital because of progressive gait unbalance, writing difficulties and behavior
changes started in the previous two months (Table 1). On
neurologic examination, cerebellar ataxia with dysmetria
and dysdiadochokinesia were evident as well as spatiotemporal disorientation. MMSE score was 12/30.
On brain MRI, there was an hyperintensity in DWI sequences at level of bilateral frontoparietal and left insular cortices and, mildly, at level of the right posterior
thalamic region with no Gadolinium enhancement. All
the EEG recordings were not typical for a prion disease,
being characterized by a bilateral theta-delta activity in
frontotemporal regions without evidence of PSWs. CSF
analysis showed a weak 14–3-3 positivity with total tau
levels of 1780 pg/ml and phosphorylated tau of 73.4 pg/
ml, respectively. MRI, EEG, and CSF analysis were performed 2 months after the onset of the symptoms.
A diagnosis of probable CJD was made.

Neuropathology
Cases 1, 3 and 4

The neuropathological and PrP immunohistochemical
patterns of the three patients were very similar and closely
corresponded to the MM/V1 histotype of CJD by Parchi
[33]. The neuropathological examination revealed spongiosis, nerve cell loss and gliosis associated with PrPSc immunoreactivity (Fig. 5 and Additional file 1: Figure S1).
Moderate to severe spongiform changes were observed in
all the areas of the cerebral cortex examined and in the
striatum. Diffuse, finely granular, “synaptic-type” PrP immunoreactivity homogeneously involved the cerebral cortex, striatum, thalamus. No large, coalescent cortical
vacuoles of spongiosis associated with perivacuolar PrPSc
immunoreactivity were detected. The cerebellum showed
moderate Purkinje and granule cell loss, mild spongiosis
in the molecular layer and focal areas of PrPSc immunoreactivity as fine-dotted staining in the molecular layer and
a coarse-dotted staining in the granular layer. PrP amyloid
deposits were not present.
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Fig. 5 Neuropathology of Case 1. The neuropathological analysis showed the presence of severe neuronal loss and spongiform changes in the
cerebral cortex (a: frontal cortex, Haematoxylin-Eosin), associated with astrogliosis (b: frontal cortex, GFAP immunostaining). The pattern of PrPSc
deposition was defined by diffuse, finely granular synaptic-like immunoreactivity (c: 3F4 immunostaining, frontal cortex). In the cerebellum, loss of
Purkinje and very mild spongiosis in the molecular layer (d: Haematoxylin-Eosin), astrogliosis (e: GFAP immunostaining) and PrP build up were
present: finely granular PrP deposits in the molecular layer and coarser spots in the granular layer (f: 3F4 immunostaining). The PrP deposits were
not fluorescent after thioflavin S (not shown). Scale bars: in (a) = 100 μm (a, b, d and f are the same magnification); in (c) = 50 μm (c and e are the
same magnification).

Discussion
We have discovered a novel mutation in the PRNP gene
(V189I) in four patients affected from CJD. In 3 out of 4
cases the V189I PRNP variant was associated with a clinicopathological phenotype and a biochemical profile indistinguishable from the MM1 subtype of sporadic CJD
previously described [5, 13, 34]. In these 3 patients, the
course of the disease was fast with rapid neurological deterioration and death occurring few months after onset,
indicating a severe pathogenic effect of the mutation.
Only in one V189I carrier (reported as Case 2 in this
paper), the clinical presentation of the disease was
milder and the duration of the illness longer, so the diagnosis of CJD was made only when the family history of
the patient emerged and the presence of a PRNP mutation was confirmed in her sister (Case 1). The clinical
data were then revised and the RT-QuIC was performed
in the CSF with a positive result, supporting the diagnosis of CJD.
In our view, a pathogenic role of the V189I mutation
is supported by its identification in three pathologically
confirmed CJD patients and in a fourth case likely

developing a milder form of CJD. Moreover, the V189I
PRNP variant was not found in the ExAc database that
includes more than 60,000 human genomes.
The Valine residue at codon 189 of PRNP was reported
to be highly conserved throughout mammalian organisms, suggesting that a mutation occurring at this site of
the gene may have relevant effects on PrP function [44].
Previous studies indicated that mutations in the PrP segment containing α2-helix – e.g. mutations at 188 codon
- may have β-sheet promoting effects and may result in
structural destabilization of the protein [42]. α2-helix is
characterized by a strong propensity for the extended
conformation, and a single amino acid replacement
within or in proximity with this helix is shown to significantly affect the conformational preference of the entire
α2-helix/α3-helix segment and to facilitate conformational rearrangement in this region promoting the extended conformation of this domain [21, 24]. These
findings also correlate with the high number of pathogenic mutations in α2 and α3 helices, which emphasize
the relevance of these helices for conformational transitions. In fact, only one disease-promoting mutation was
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found in α1-helix while at least seven and ten such mutations were found in α2- and α3 helices respectively [2,
19]. A previous in silico study by Kedarisetti et al. [19]
indicated the V189I substitution - together with several
other amino acid changes including V210I, P137M,
G142D, G142 N, D144P, K185 T, H187Y and T191P - as
a variation in the sequence of the protein that may potentially affect structural stability. We investigated on
the potential effects of the Valine-to-Isoleucine substitution at PRNP codon 189 also by interrogating several
prediction analysis software - including SIFT (https://
sift.bii.a-star.edu.sg) [46], PolyPhen2 (http://genetics.bwh.harvard.edu/pph2/) [1], MAPP (http://mendel.stanford.edu/SidowLab/downloads/MAPP/index.html)
[47], PREDICTSNP (https://loschmidt.chemi.muni.cz/
predictsnp/) [3], MUpro (http://mupro.proteomics.ics.uci.edu/) [7] - among others - and obtained conflicting
findings, since some results suggested a tolerated variation and others supported the pathogenicity of the
V189I mutation. On these bases, we are not sure that
the pathogenic outcomes of the V189I variant depend
on the same effects on the protein structure reported for
other mutations in the α2-helix of prion protein. Other
unknown mechanisms may be involved.
Interestingly, an increasing number of PRNP mutations have been recently linked to neurodegenerative
diseases other than CJD, including FTD-like [18, 31],
AD-like [2, 52] clinical pictures or other unique clinical
phenotypes [2]. Since many of these mutations were not
linked to a detailed neuropathological study [2], it is possible that at least a part of them is associated to prion
diseases clinically mimicking other forms of dementias,
like it happened in one of our V189I carriers (Case 2).
The longer disease duration and the divergent clinical
phenotype of the Case 2 could be ascribed to the well-known
effects of the M/V polymorphism at codon 129 of PRNP [32,
43, 50]. Indeed, M/V-129 genotype is generally associated
with milder CJD phenotypes and M/V polymorphism was
reported to modulate the onset and severity of the disease
even in genetically inherited forms of CJD [6, 22, 28, 33].
Our data confirm that neuropathological findings in
genetic CJD may be indistinguishable from those of the
MM/MV1 histotype, the most common found in sporadic CJD. This is also the case of the previously reported
CJD patients who harbor different PRNP mutations in
the adjacent codon 188 [42], while mutation H187R of
PRNP is associated with GSS phenotype [9, 17]. Moreover, the present report reinforces the concept that distinct phenotypes may occur in association with the same
PRNP mutation also within the same family.
The absence of remarkable family history in the Cases
3 and 4 may suggest a low penetrance of the V189I mutation, similarly to other Valine-to-Isoleucine substitutions
in the PRNP gene, like V180I and V210I [6, 45]. Further

studies enrolling other V189I carriers should be carried
out to confirm this interpretation.
Considering the absence of neuropathological studies
supporting the hypothesis of a prion disease in Case 2,
and the limited clinical data available for this patient, we
cannot rule out that Case 2 developed a different disease. However, the rapid progression of her dementia,
the presence of PrPSc in her CSF and the existence of
two other family members with a rapidly progressive dementia, one of them with a neuropathologically confirmed diagnosis of CJD, may support the diagnosis of
‘probable’ CJD according to the proposed new criteria
for prion diseases [44] or at least ‘possible’ CJD according to the WHO 1998 criteria or the updated criteria by
Zerr et al. [51].
Lack of distinctive clinical and pathological features in
many genetic forms of prion diseases, possible presentation with clinical pictures not typical for CJD and absence of familiar history due to penetrance lower than
100% suggest that the routine sequencing of PRNP gene
in CJD surveillance is necessary to provide a correct
identification of sporadic and genetic prion diseases.

Conclusions
We report a novel PRNP mutation (V189I) whose hystopathological and biochemical profiles closely match
those associated with the MM1/MV1 subtype of sCJD.
Our findings support a pathogenic role for the V189I
PRNP variant and provide further suggestions on the
heterogeneity of the clinical phenotypes associated to
PRNP mutations. Additional data coming from studies
in larger cohorts of V189I carriers, however, are requested to confirm that the V189I variant can generate
different CJD phenotypes.
Finally, our data further stress the relevance of PrPSc
detection assays as powerful tools in diagnostic protocols for prion encephalopathies, especially for the recognition of atypical phenotypes of prion diseases.
Additional file
Additional file 1: Figure S1. Neuropathology of case 3. The
neuropathological study on brain sample from case 3 showed findings
overlapping those found in case 1 and 4. Severe neuronal loss and
spongiform changes (a: frontal cortex, Haematoxylin-Eosin) associated
with astrogliosis (b: frontal cortex, GFAP immunostaining) were observed
in cerebral cortex. The pattern of PrPSc deposition was the same of cases
1 and 4, and consisted of diffuse, synaptic-like immunoreactivity (c: 3F4
immunostaining, frontal cortex). Similar changes were found in cerebellum: loss of Purkinje cells and spongiosis in the molecular layer (d:
Haematoxylin-Eosin), diffuse astrogliosis in the granular layer (e: GFAP
immunostaining) and finely granular PrP deposits in the molecular layer
(f: 3F4 immunostaining). As in the other cases carrying the V189I
mutation, coarse spots of PrP immunostaining were evident in the
granular layer (f: 3F4 immunostaining). Scale bars: in (a) = 100 μm (a, b, d
and f are the same magnification); in (c) = 50 μm (c and e are the same
magnification). (PDF 2218 kb)
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