
 

 

Title 
 
Neuropathologically-directed profiling of PRNP somatic and germline variants in 
sporadic human prion disease 
 
 
 
 
 
 
 
Authors 
 
Gannon A. McDonough1,*, Yuchen Cheng2,3,*, Katherine Morillo2, Ryan N. Doan2,4, 
Connor J. Kenny2, Aaron Foutz5, Chae Kim5,6, Mark L. Cohen5,6,8, Brian S. Appleby5,6,8, 
Christopher A. Walsh2,4,9, Jiri G. Safar5,6,7, August Yue Huang2,4,#, Michael B. Miller1,2,4,# 

 
1Division of Neuropathology, Department of Pathology, Brigham and Women’s Hospital, 
Boston, MA, USA 
2Division of Genetics and Genomics, Department of Pediatrics, Boston Children’s 
Hospital, Boston, MA, USA 
3Department of Biomedical Informatics, Harvard Medical School, Boston, MA, USA 
4Harvard Medical School, Boston, MA, USA 
5Department of Pathology, Case Western Reserve University School of Medicine, 
Cleveland, OH, USA 
6Department of Neurology, Case Western Reserve University School of Medicine, 
Cleveland, OH, USA 
7Department of Neurosciences, Case Western Reserve University School of Medicine, 
Cleveland, OH, USA 
8National Prion Disease Pathology Surveillance Center, Case Western Reserve 
University School of Medicine, Cleveland, OH, USA 
9Howard Hughes Medical Institute, Boston, MA, USA 
 
*These authors contributed equally. 
#Correspondence and requests for materials should be addressed to senior authors 
M.B.M. and A.Y.H. 
mbmiller@bwh.harvard.edu; yue.huang@childrens.harvard.edu 

 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 29, 2024. ; https://doi.org/10.1101/2024.06.25.600668doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.25.600668
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 

Abstract 
 

Creutzfeldt-Jakob Disease (CJD), the most common human prion disease, is 
associated with pathologic misfolding of the prion protein (PrP), encoded by the PRNP 
gene. Of human prion disease cases, ~1% were transmitted by misfolded PrP, ~15% 
are inherited, and ~85% are sporadic (sCJD). While familial cases are inherited through 
germline mutations in PRNP, the cause of sCJD is unknown. Somatic mutations have 
been hypothesized as a cause of sCJD, and recent studies have revealed that somatic 
mutations accumulate in neurons during aging. To investigate the hypothesis that 
somatic mutations in PRNP may underlie sCJD, we performed deep DNA sequencing of 
PRNP in 205 sCJD cases and 170 age-matched non-disease controls. We included 5 
cases of Heidenhain variant sporadic CJD (H-sCJD), where visual symptomatology and 
neuropathology implicate focal initiation of prion formation, and examined multiple 
regions across the brain including in the affected occipital cortex. We employed Multiple 
Independent Primer PCR Sequencing (MIPP-Seq) with a median depth of >5,000X 
across the PRNP coding region and analyzed for variants using MosaicHunter. An allele 
mixing experiment showed positive detection of variants in bulk DNA at a variant allele 
fraction (VAF) as low as 0.2%. We observed multiple polymorphic germline variants 
among individuals in our cohort. However, we did not identify bona fide somatic variants 
in sCJD, including across multiple affected regions in H-sCJD, nor in control individuals. 
Beyond our stringent variant-identification pipeline, we also analyzed VAFs from raw 
sequencing data, and observed no evidence of prion disease enrichment for the known 
germline pathogenic variants P102L, D178N, and E200K. The lack of PRNP pathogenic 
somatic mutations in H-sCJD or the broader cohort of sCJD suggests that clonal 
somatic mutations may not play a major role in sporadic prion disease. With H-sCJD 
representing a focal presentation of neurodegeneration, this serves as a test of the 
potential role of clonal somatic mutations in genes known to cause familial 
neurodegeneration. 
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Introduction 
 

Prion diseases are transmissible, progressive, fatal neurodegenerative disorders 
associated with the pathologic misfolding and aggregation of the prion protein (PrP). 
Encoded by the PRNP gene, the normal cellular prion protein PrPC serves as the 
substrate for the disease-specific conformer PrPSc, the primary component of infectious 
prions. Prions can be transmitted between mammals, as entities such as scrapie in 
sheep and goats, chronic wasting disease in deer and elk, bovine spongiform 
encephalopathy in cows [13], and kuru in humans [26]. While prion diseases are distinct 
in their infectivity, other etiologies drive significant disease burden. 

Prion disease affects 1-2 people per million annually, with a lifetime individual 
risk of 1 in 5,000 [63], with most cases designated as Creutzfeldt-Jakob disease (CJD) 
[83]. Human prion disease can arise from infectious, familial, or sporadic origins. 
Infectious transmission, including kuru, iatrogenically acquired disease, and zoonotic 
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transmission of bovine spongiform encephalopathy, have caused <1% of cases [88]. 
Most prion disease cases (~85%) are sporadic (sCJD), while ~15% of cases are 
familial. Human prion disease presentations show a trimodal age of onset by etiology, 
with infectious/acquired cases peaking around age 30, genetic/inherited cases around 
age 50, and sporadic cases above age 60 [3]. The cause of sporadic prion disease is 
not known, but familial cases may offer insights into its pathogenesis. 
 Familial prion diseases result from inherited autosomal dominant gain-of-function 
germline mutations in the PRNP gene. Three fully-penetrant missense variants cause 
defined clinicopathologic syndromes: P102L causes Gerstmann-Straussler-Scheinker 
(GSS) syndrome [32-33], D178N causes fatal familial insomnia (FFI) and familial CJD 
(fCJD) [59], and E200K also causes fCJD [31, 63, 81]. In addition to these fully-
penetrant missense variants, other variants, including V210I and V180I, confer 
increased risk [63]. Variants producing premature stop codons, when located near the 
N-terminus and thus truncating the majority of PrP, may be protective [63], fitting with 
the observation that deletion of PRNP in experimental animals prevents prion infection 
[11]. The missense variant G127V, discovered in kuru-exposed populations, appears 
protective against prion disease [58]. Codon 129 is a polymorphic locus that modulates 
prion disease pathogenesis and clinical presentation; for example, 129 methionine or 
valine in cis determines the neuropathological location and symptomatology of the 
D178N pathogenic variant allele [27, 44]. Genome-wide association studies (GWAS) 
have confirmed the PRNP locus as the dominant genetic influence on prion disease [56-
57]. 

Unlike familial prion disease, the initiating mechanism of sporadic prion disease 
is not known. Since PRNP germline mutations can cause early-onset disease, we 
hypothesized that later-onset sporadic prion disease may result from somatic mutations, 
which arise not from parental inheritance but instead arise postzygotically during 
development and aging and are thus only present in a subset of cells within an 
individual. While somatic mutations are known as drivers of neoplasia [28, 81], they also 
develop in non-neoplastic tissues [29, 52], including in post-mitotic cells such as 
neurons where they accumulate with age and in neurodegeneration [50, 62]. 

In certain disease settings, somatic variants have resulted in later-onset or 
localized distribution of disease when compared to germline variants. For example, 
germline TP53 mutations in Li-Fraumeni syndrome lead to earlier-onset cancers than 
somatic-only mutations [66]. In the brain, somatic mTOR pathway mutations in a wider 
distribution produce hemimegalencephaly [73-74], while more restricted mTOR pathway 
mutations produce focal cortical dysplasia [7, 19]. Even somatic mutations shared by a 
limited number of cells have the potential for biological significance [43]. In contrast with 
the early age range of familial prion disease, the later onset of sporadic prion disease 
suggests possible initiation by somatic mutations in PRNP.  

Somatic mutations in familial disease genes present a compelling potential 
mechanism for sporadic later-onset neurodegenerative diseases in general. In 
Alzheimer’s disease and prion disease, previous studies have not demonstrated 
pathogenic somatic mutation as a common disease-causing mechanism [78, 84]. 
However, these studies focused on neuropathologically classic cases that proceed with 
widespread multifocal disease. The Heidenhain variant of sporadic Creutzfeldt-Jakob 
prion disease (H-sCJD) shows anatomically concentrated pathology in the occipital 
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visual cortex [6, 15], offering the opportunity to evaluate potential pathogenic somatic 
mosaicism in focal neurodegenerative disease. 

In the present study, we employ Multiple Independent Primer PCR Sequencing 
(MIPP-Seq) to perform high-coverage sequencing and sensitive somatic mutation 
detection on the PRNP gene in large cohorts, including H-sCJD, sCJD, and age-
matched controls. For broad neuroanatomical profiling of H-sCJD, we sample a range of 
brain areas including multiple occipital cortex regions, to examine the pathogenicity of 
low-fraction somatic single-nucleotide variants (SNVs) and short insertions/deletions 
(indels) in PRNP. 
 
 
Materials and Methods 
 
Patient sample cohorts 

Postmortem brain samples from two cohorts of individuals were used in this 
study: sCJD and non-disease controls. 205 cases of confirmed sCJD (Fig. 2A, 
Supplemental Table 1) were collected by the National Prion Disease Pathology 
Surveillance Center (NPDPSC) at Case Western Reserve University (Cleveland, OH), 
approved under IRB protocol 01-14-18 and 03-14-28. sCJD cases ranged from 45-86 
years of age and were comprised of 95 females and 110 males, with a mean age at 
death of 68.2 years and a standard deviation of 8.8 years. CJD was confirmed using 
histopathology, immunohistochemistry, and Western blot analysis for PrPSc, as 
previously described [24, 72], in combination with Sanger sequencing of PRNP, 
cerebrospinal fluid analysis, and patient clinical profiles. Familial prion disease cases 
were excluded from this study, based on Sanger sequencing for known germline PRNP 
disease-causing mutations, to validate the cohort as sCJD. The sCJD cohort included a 
subcohort of five cases of H-sCJD, defined as a pure visual clinical presentation with 
hypersensitivity in the occipital lobes on diffusion weighted imaging (DWI) [2]. Findings 
for sCJD in this study do not include H-sCJD, which is reported here as a separate 
category. 

For non-disease controls, a cohort of 170 individuals, negative for any neurologic 
disease diagnosis and covering the age range of the sCJD cohort, was obtained from 
the NIH Neurobiobank (Supplemental Table 1). Control cases ranged from 35-89 
years of age at death and were comprised of 55 females and 115 males, with a mean 
age of 61.0 years and a standard deviation of 12.7 years. The non-disease cohort was 
assembled by the NIH Neurobiobank from tissue obtained at the following repositories: 
the Human Brain and Spinal Fluid Resource Center of VA Greater Los Angeles 
Healthcare System in Los Angeles, CA; University of Miami Miller School of Medicine 
Brain Bank in Miami, FL; Mount Sinai Neuropathology Brain Bank and Research CoRE 
in New York, NY; University of Pittsburgh Neuropathology Brain Bank in Pittsburgh, PA; 
and the University of Maryland in Baltimore, Maryland. Postmortem tissues were 
collected according to their respective institutional protocols and examined in this study 
with the approval of the Boston Children’s Hospital Institutional Review Board (S07-02-
0087 with waiver of authorization, exempt category 4). 

For all individuals (sCJD and non-disease controls), cerebellar cortex samples 
were selected for profiling, on the basis of sample availability and cerebellar 
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involvement in many CJD cases. For H-sCJD, which exhibits pathology focused in the 
occipital cortex, a broader anatomic sampling included three occipital cortex areas (BA 
17, 18, and 19), as well as prefrontal cortex (BA 46), parietal cortex, temporal cortex, 
thalamus, and the dentate nucleus of cerebellum (Supplemental Table 1). For a subset 
of the control individuals, additional brain regions were also profiled, for comparison with 
H-sCJD (Fig. 1A). 
 
Evaluation of Heindenhain-variant sporadic Creutzfeldt-Jakob Disease cases for total 
(tPrPSc) and protease-resistant PrPSc (rPrPSc) by Conformation-Dependent 
Immunoassay (CDI) 

The Conformation-Dependent Immunoassay (CDI) was performed before and 
after Proteinase K treatment and after precipitation of PrPSc from brain homogenates 
with phosphotungstic acid as described previously [40, 42, 76, 77] with the following 
minor modifications. First, we used white Lumitrac 600 High Binding Plates (E&K 
Scientific, Santa Clara, California) coated with mAb 8H4 (PrP epitope 145-185) [87] in 
200 mM NaH2PO4 containing 0.03% (w/v) NaN3, pH 7.5. Second, aliquots of 20 µL from 
each fraction containing 0.007% (v/v) of Patent Blue V (Sigma) were directly loaded into 
wells of white strip plates prefilled with 200 µL of Assay Buffer (Perkin Elmer, Waltham, 
Massachusetts). Finally, the captured PrP was detected by a europium-conjugated [77] 
anti-PrP mAb 3F4 (PrP epitope 108-112) and the time-resolved fluorescence (TRF) 
signals were measured by the multi-mode microplate reader PHERAstar Plus (BMG 
LabTech, Durham, North Carolina). The recHuPrP(90–231,129M) and PrP(23-
231,129V) used as calibrants in the CDI were prepared and purified as described 
previously [40, 42, 77]. 
 
Bulk DNA extraction 

Genomic DNA was extracted from freshly frozen brain tissue samples (~25 mg) 
using commercially available extraction kits, Qiagen EZ1 DNA Tissue Kit (953034) or 
Qiagen DNeasy Blood & Tissue Kit (69504). DNA extraction from CJD samples was 
performed in biosafety level 3 conditions and included 5 M guanidinium hydrochloride 
denaturation to inactivate prion infectivity [25, 35], permitting downstream studies to be 
performed in standard molecular biology laboratory conditions. Extracted bulk DNA was 
quantitated using the Thermo Fisher Quant-iT PicoGreen DNA Quantification for gDNA 
Kit (33120, Invitrogen). 
 
PRNP amplicon sequencing by MIPP-Seq 

We performed MIPP-Seq, for its demonstrated ability to reach sufficient coverage 
to accurately and precisely detect low-fraction somatic variants as previously described 
[21]. MIPP-Seq involves two sequential PCR steps, generating amplicons independently 
covering the genomic region of interest, which in this study consisted of at least 3 
independent amplicons covering the coding region of the PRNP gene. The first PCR 
step uses primers that hybridize to the genomic target– one of eleven amplicons 
covering the PRNP gene (Supplemental Table 2). Step 1 primers also include Illumina 
adapter sequences upstream (5’) of the PRNP-targeting sequence, with the P5 adapter 
linked to the forward primer and the P7 adapter linked to the reverse primer. Then, the 
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second round of PCR produces dual-indexed PCR amplicons with sample-specific 
barcodes.  
 For step 1 PCR, eleven overlapping amplicons targeting the entire PRNP protein-
coding region (chr20:4679867-4680628 for the entire PRNP protein-coding region, 
chr20:4666797-4682234 for the fully transcribed PRNP gene, including exon 1, intron 1, 
and exon 2) were designed with the National Library of Medicine Genome Data Viewer 
on the human GRCh37 reference genome to extract the PRNP genomic locus and 
flanking sequence (Fig. 3A). The UCSC Genome Browser was also utilized for 
visualization and annotation of the PRNP gene. Primers were designed using 
Primer3Plus. Primers were designed to a target Tm of 60°C, with a minimum Tm  of 59°C 
and a maximum Tm of  62°C. To ensure that all primers were unique and of similar 
amplicon length, amplicons had a target length of 225-300 bp, with adjustments to avoid 
primers within repeat sequences, specifically the PRNP octapeptide repeat region 
(OPR) in this study. Each pair of primer sequences was reviewed by in-silico PCR to 
ensure the production of a unique amplicon in the human genome. The full PCR step 1 
oligonucleotides included random 5-nucleotide sequences for diversity as well as 
Illumina adapters, for a 5’-3’ sequence of adapter-5N-primer. Step 1 PCR (PRNP-
targeting) was performed using 16 cycles with 60°C annealing temperature in a 25 μL 
reaction mix containing 50 ng of input isolated DNA, Phusion Hot Start II DNA 
Polymerase, dNTPs (10 mM each), Phusion HF buffer, and the forward and reverse 
primers (ThermoFisher, 0.5 μM each). The 11 PCR reactions for each DNA sample, 
corresponding to each of the 11 amplicons, were pooled and cleaned up with 
Polyethylene Glycol-8000 and Sera-Mag Speedbeads magnetic beads (Fisher 09-981-
123) [75], at 1.5:1 ratio by volume.  
 Step 2 PCR was performed with oligonucleotides (ThermoFisher) to incorporate 
8-nucleotide dual indexes to barcode all library products from each DNA sample. 
Forward primers included, from 5’ to 3’, 25-nucleotide IS5 indexing adapter, 8-
nucleotide index, and 26-nucleotide sequence to hybridize with the P5 Illumina adapter 
incorporated in step 1 PCR [60]. Reverse primers included, from 5’ to 3’, 24-nucleotide 
IS6 indexing adapter, 8 nucleotide index, and 21 nucleotide P7 sequence to hybridize 
with the P7 Illumina adapter incorporated in step 1 PCR (Fig. 3B). Step 2 PCR 
reactions were performed in 25 μL volume containing purified Step 1 PCR product as 
input, indexing primers, Phusion Hot-Start II DNA Polymerase, dNTPs (10 mM each), 
and Phusion HF buffer. Step 2 PCR included an additional 14 cycles of amplification 
(60°C annealing temperature). Products were quantified (Quant-iT PicoGreen dsDNA 
Assay Kit, ThermoFisher), pooled, and doubly size-selected by 0.4:1 ratio exclusion and 
0.8:1 ratio inclusion for 300-500bp library size fragments (AMPure XP magnetic beads, 
Beckman Coulter). These pooled libraries underwent 2 × 250 bp sequencing (Illumina 
HiSeq 2500, Psomagen, Rockville, MD). 
 
Detection of PRNP somatic variants with MosaicHunter 

Raw paired reads from MIPP-Seq were first merged by USEARCH [22] and 
aligned to the human GRCh37 reference genome by BWA-MEM [46], after extracting 
and trimming 5-nucleotide unique molecular identifier (UMI) sequence from both ends. 
We then demultiplexed the aligned reads by amplicon, considering only reads that had 
95% reciprocal overlap with the designed amplicon region and had four or less 
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mismatches. PCR duplicate reads were removed by using the UMI and alignment 
information. We calculated the average deduplicated depth across amplicons for each 
sample and performed down-sampling to ensure the depth distribution is comparable 
between sCJD and control groups (Supplemental Fig. 1B). 

For each amplicon, germline and somatic SNVs were called by MosaicHunter 
[34], by only considering reads with ≥20 alignment and base-calling quality at any 
genomic position that were outside of amplicon primer regions. We then integrated 
sequencing information from multiple amplicons of a given sample, and considered only 
variants that were called in ≥2 amplicons and had a total depth of >100X across all the 
covered amplicons. Candidate variants with VAF >80% and VAF between 30-80% were 
considered as homozygous and heterozygous germline variants, respectively, and all 
the remaining candidates were considered as potential somatic variants. To further 
remove potential technical artifacts for somatic variant calling, we only included 
candidate somatic variants that met criteria as follows (Fig. 3C). First, candidate 
somatic loci must have a total depth of >1,000X across all covered amplicons. Second, 
the read fraction of mutant allele across amplicons must be significantly higher than the 
fractions of two other non-reference alleles at the same position in the sample (FDR-
corrected Wilcoxon Rank-Sum Test’s p-value <0.05). Third, to avoid artifactual detection 
of variants caused by errors of amplification or sequencing, the read fraction of mutant 
allele across amplicons in the sample must be significantly higher than the fraction in 
other non-germline samples (FDR-corrected Wilcoxon Rank-Sum Test’s p-value <0.05 
and the VAF difference >0.2%). Fourth, to further avoid artifactual detection of variants 
caused by read misalignment or errors of amplification or sequencing (such as index 
hopping), the mutant allele must not be present in the human genome aggregation 
database (gnomAD) (v2.1.1 used for informatic comparison with GRCh37 human 
genome alignment in this study, with validation in gnomAD v4.0.0) [12, 36], an approach 
to artifact minimization also employed by other recent studies [1, 5, 47].  

Apart from the above criteria of our informatic variant-calling pipeline, we 
reviewed the raw VAFs of various loci to evaluate for potential somatic variants below 
the limit of detection based on pipeline criteria (Fig. 4-5, Supplemental Fig. 2-3). 
Further, using the Integrated Genomics Viewer (IGV), we manually inspected the 
sequencing reads around specific loci (20:468070, 20:4680112, and 20:4680118) that 
had previously been reported as somatic variants [65], where the proximity to the OPR 
region raised concern for read misalignment. We determined that misalignment of reads 
from alleles with one OPR deletion (24 bp deletion) is responsible for certain candidate 
variant calls, rather than bona fide somatic variants (Supplemental Fig. 2B-C). While 
no somatic variants at these loci passed our calling pipeline, this manual inspection was 
relevant in the examination of raw reads at these loci. 

In addition to SNVs, we also developed a pipeline for calling somatic and 
germline insertions and deletions (indels) of the OPR of the PRNP gene. As amplicon 
PRNP 6 spans the full OPR region from both paired ends, we only considered reads 
derived from this amplicon for indel calling, to avoid artifacts introduced by read 
misalignment. The number of reads supporting the reference allele or any size of indel 
were calculated based on the CIGAR information of each read. The same depth and 
VAF cutoff used for SNV calling were applied to call germline and somatic indels of the 
OPR.  
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The targeted sequencing data generated in this study will be made available for 
research purposes limited to prion diseases (CJD, etc.), as specified by consent 
documents of enrolled participants. 
 
Sensitivity validation by 129 M/V allele mixing experiment 

To establish somatic variant calling sensitivity, we performed a serial dilution of a 
known polymorphism, (chr20: 4680251, PRNP c.A385G, p.M129V). p.M129V is a 
common polymorphism in PRNP, with 69% M and 31% V alleles in the general 
population based on gnomAD, such that M/M and V/V homozygotes were sufficiently 
abundant for availability in this sensitivity experiment [44]. Extracted bulk DNA from a 
human tissue sample known to have 129V/V genotype was mixed into bulk DNA from a 
sample known to have 129M/M genotype, to produce a range of 129V variant allele 
fractions (VAFs; 10%, 1%, 0.33%, 0.1%, 0.08%, 0.05%, 0.025%, 0.01%). These 
mixtures each underwent MIPP-Seq and were analyzed using MosaicHunter as 
described. We evaluated for the lowest VAF at which the dilutant allele could be 
confidently distinguished from background noise, to determine the minimum VAF 
threshold for calling somatic variants, as depicted in Fig. 3D. 
 
Validation of potential somatic calls at selected PRNP loci to train variant-calling 
pipeline 
 To assist in establishing somatic variant calling parameters, we performed 
independent targeted-sequencing validation on three variant loci that were potential 
candidates with a preliminary calling threshold. For this, 150 bp of sequence upstream 
and downstream of each candidate locus was extracted to create a 300 bp sequence as 
the input for primer design. Primers were designed in Primer3Plus with the following 
parameters: 150 bp minimum and optimum amplicon length, 300 bp maximum amplicon 
length, 9 maximum 3’ stability, 12 maximum mispriming, 24 maximum pair mispriming, 
18 bp minimum primer size, 20 bp optimum primer size, 27 bp maximum primer size, 
55°C minimum primer Tm, 60°C optimum primer Tm , 65°C maximum primer Tm, 5°C 
maximum Tm difference, 40% minimum primer GC%, 60% maximum primer GC%, 8 
maximum self-complementarity, 3 maximum 3’ self-complementarity, 0 maximum #N’s, 
5 maximum poly-X, 0 outside target penalty, 50 nM salt concentration, and 50 nM 
annealing oligo concentration.  

Primers were designed to limit overlap with primers previously used in MIPP-
Seq, and to ensure that each locus was covered by two different validation amplicons. 
Three amplicons were produced to cover these three loci, amplicon 007-343 (347 bp) 
covering the first two loci (forward: AACCTTGGCTGCTGGATG, Tm 59.8°C; reverse: 
CACCAGCCATGTGCTTCAT, Tm 60.7°C), amplicon 130-401 (272 bp) covering all three 
loci (forward: CCTGGAGGCAACCGCTAC, Tm 61.8°C; reverse: 
ATGGCACTTCCCAGCATGTA, Tm 61.5°C), and amplicon 348-597 (250 bp) covering 
the last locus (forward: AGCAGCTGGGGCAGTGGT, Tm 64.4°C; reverse: 
GGTGAAGTTCTCCCCCTTGG, Tm 63.1°C). Primer oligonucleotides (25 nM) were 
obtained from Genewiz. Targeted regions were amplified by PCR containing 50 ng input 
DNA, dNTPs (10 mM), 0.5 μM forward primer, 0.5 μM reverse primer, Phusion Hot-Start 
II DNA Polymerase, and Phusion HF buffer. PCR was performed as follows: initial 
denaturation stage at 98°C for 30 sec. (stage 1), followed by five annealing cycles 
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beginning at 98°C for 10 sec., decreasing 1°C/ cycle until reaching 68°C, followed by 
72°C for 30 sec. (stage 2), 28 extension cycles beginning at 98°C for 10 sec., 63°C for 
30 sec., and 72°C for 30 sec. (stage 3), and finally 72°C for 10 min. (stage 4). PCR 
products were assessed for presence and specificity of target amplicons by 2% agarose 
gel electrophoresis. PCR products were purified using 2.3X AMPure XP beads. PCR 
products of different loci were pooled and sequenced (Illumina NovaSeq 2 × 250 bp, 
under Genewiz Amplicon-EZ service). 
 
Bioinformatic analysis of validation sequencing 

Paired-end reads were merged by USEARCH [22], aligned to the human 
GRCh37 reference genome by BWA-MEM [46], and processed by GATK [18] for indel 
realignment. The aligned reads were then demultiplexed by the amplicon of each 
candidate and each sample, and the number of reads supporting each of the four 
nucleotides were counted. A mutation was considered validated if reads supporting the 
predicted mutant allele were three-fold more abundant than reads supporting the other 
two non-reference alleles. 
 
Results 
 
Creutzfeldt-Jakob disease and control human sample cohorts 
 

To test the hypothesis that PRNP somatic mutations may cause sporadic 
Creutzfeldt-Jakob disease, we conducted amplicon-based targeted sequencing across 
the PRNP gene in extracted bulk DNA from human postmortem brain samples from 
sCJD and non-disease control cases. We examined three cohorts, designed to test 
specific potential biological impacts of PRNP somatic mutation (Fig. 1A).  

The first cohort consisted of 5 individuals with H-sCJD, where visual symptoms 
and concentrated occipital neuropathology indicate an anatomically focal disease 
presentation, a pattern that is associated with causative somatic mutations in certain 
neurological conditions such as focal cortical dysplasia [20]. Therefore, H-sCJD 
represents a prion disease cohort that may have greater potential for etiologic 
contribution by somatic mutations in focal initiation of prion formation. In this cohort of 
clinically diagnosed cases, we confirmed the presence of occipital pathology by 
histological analysis for spongiosis and gliosis (Fig. 2A). We also performed the 
conformation-dependent immunoassay (CDI), which detected higher concentrations of 
protease-sensitive and protease-resistant PrPSc in the occipital cortex than the 
cerebellum in all five H-sCJD cases, with levels corresponding to those we published 
previously on a full phenotypic spectrum of sCJD [39-41]. Specifically, in three cases, 
the highest concentrations of PrPSc were detected in Brodmann area 17 (occipital 
primary visual cortex) with progressively lower levels in BA18 and BA19 (occipital visual 
association areas); whereas the other two showed the highest levels in BA18 (Fig. 2B). 
Frontal cortex, represented by BA46, showed variable levels of PrPSc, while cerebellar 
cortex showed generally lower levels. 

The second CJD cohort consisted of 200 individuals with non-Heidenhain 
sporadic CJD. The third cohort, serving as non-disease controls, consisted of 170 
individuals with no known CJD or other neurologic disease. In all individuals, we studied 
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cerebellar cortex, as a frequent site of pathology in CJD [53]. In H-sCJD cases, we 
examined additional brain regions, including occipital cortex regions (BA17, 18, and 19) 
for a detailed profiling of PRNP somatic mutation abundance in these specific areas 
implicated in disease. To provide a broad neuroanatomic survey in H-sCJD, we also 
examined parietal cortex, prefrontal cortex (BA46), temporal cortex, thalamus, and the 
dentate nucleus of the cerebellum (Fig. 1B). We also studied BA17, BA18, BA19, and 
BA46 in a subset of control cases, to allow for direct regional comparison with H-sCJD. 

 
Identification of SNVs in PRNP gene in human brain tissue 
 

The PRNP gene plays a central role in prion disease risk and pathogenesis [48]. 
The PRNP locus is 16.2 kb in length and contains 2 exons and 1 intron. Exon 2 includes 
762 bp encoding the 253 amino acids of full-length PrP (chr20: 4679867-4680628 in the 
human GRCh37 reference genome). PrP contains well-characterized structural and 
functional motifs, including the 123-bp octapeptide repeat region (OPR) (chr20: 
4680017-4680139). 

To evaluate somatic mutations in the PRNP gene, we utilized the MIPP-Seq 
method for high-fidelity targeted gene sequencing to identify low-fraction somatic 
variants in extracted bulk DNA from each sample (Fig. 3A-C). MIPP-Seq incorporates 
two consecutive PCR steps. In our application, the first PCR step used independent 
amplicons targeting overlapping areas of the PRNP protein-coding region, while the 
second PCR step generated dual-indexed libraries (Fig. 3A-B), which we then studied 
with 2 × 250bp Illumina DNA sequencing. We generated 11 overlapping amplicons 
targeting the PRNP protein-coding region for each case, and achieved a median depth 
of coverage of >5,000X in both prion disease and control cases, with 88% of all 
amplicons achieving at least 1,000X coverage (Supplemental Fig. 1A-B). Of specific 
relevance for the hypothesis of somatic PRNP mutation, this approach provided deep 
coverage of loci of fully-penetrant SNVs known to cause familial prion disease 
(Supplemental Fig. 1C).  

Variants were called when detected on at least 2 amplicons with a total depth of 
>100X across all the covered amplicons. We performed an independent amplicon 
sequencing validation experiment on a preliminary set of candidate somatic variants, 
informing the construction of a somatic variant calling pipeline with high somatic variant 
calling stringency, requiring at least 0.2% greater VAF than the mean of the non-
germline variant reads of all other samples (Fig. 3C). Previous studies on PRNP 
somatic mosaicism have highlighted the importance and challenges of sensitive and 
specific detection of low-fraction somatic variants in bulk tissue [45, 65, 86]. To assess 
the sensitivity of SNV calling, we performed a serial dilution of genomic DNA containing 
homozygous 129V/V polymorphic allele into genomic DNA containing homozygous 
129M/M allele, producing a range of VAFs. We then performed MIPP-Seq and variant 
calling using MosaicHunter [34], which indicated that our method could confidently 
distinguish a true variant allele from background noise at a VAF as low as 0.2% or lower 
(Fig. 3D).  
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Somatic and germline SNVs in PRNP in sCJD and control individuals 
 
 After performing MIPP-Seq across the PRNP protein-coding region for the set of 
497 samples from 375 individuals from the three cohorts representing sCJD and 
controls, we identified SNVs. We first inspected for germline variants, determined by the 
VAF in our profiled brain tissue samples. We detected 10 distinct germline SNVs across 
the PRNP gene coding region and 3’ untranslated region (Fig. 4A, upper panel; Fig. 
4B), most of which have been reported previously or are documented in the human 
genome aggregation database (gnomAD). As anticipated from established literature [14] 
and gnomAD [36], the V allele in the known polymorphic codon 129M/V was the most 
prevalent germline variant allele detected, and the relative abundance of this allele in 
our control cohort resembled that of gnomAD. We also observed an overrepresentation 
of homozygous reference 129M/M in sCJD, as has been previously reported [70]. Of 
note, in one control case, we detected a germline heterozygous SNV, p.P39T, which 
has not been previously reported or documented in gnomAD, though other variants at 
position 39 have been reported, including a likely incidental P39L variant in a case of 
frontotemporal dementia [68]. In H-sCJD cases, we detected only one germline SNV, 
p.G124G, a synonymous variant which was present but in a lower proportion of the 
control group and in the gnomAD database. The other germline variants that we 
detected were similarly abundant in control cases and in gnomAD, indicating that none 
of the germline variants detected in our study are pathogenic in prion disease. 

Analysis for somatic SNVs in the PRNP gene produced no variants that were 
called by our sensitive but stringent pipeline, neither in the sCJD cohorts nor in the non-
disease control group (Fig. 4A, lower panel). Notably, this includes specific sampling of 
all three main occipital cortex areas (BA17, 18, and 19) in the H-sCJD cases, a focal 
anatomic disease context where a somatic pathogenic PRNP variant might be 
suspected most. Correspondingly, we found no disease enrichment of somatic SNVs in 
sCJD cases as compared to controls. To examine for potential pathogenic somatic 
variants present at very low VAFs and thus potentially below the detection threshold of 
the stringent variant-calling pipeline, we analyzed the raw VAFs in each sample for 
known fully-penetrant germline PRNP variants (P102L, D178N, and E200K) [63]. We 
observed no significant somatic enrichment in these pathogenic variant alleles in prion 
disease cases over controls (Fig. 4C), and specific subset analyses found no somatic 
enrichment between different brain regions (Supplemental Fig. 3A) or between prion 
disease subtypes (Supplemental Fig. 3B). 
 
Somatic and germline OPR indels in PRNP in sCJD and control individuals 
 

We next examined the length of the OPR, where certain germline variants of 
non-standard lengths are considered potentially pathogenic [55, 69] (Fig. 5A). The OPR 
consists of one nonapeptide followed by four consecutive octapeptide motifs, with the 
first two octapeptide units having identical reference sequences. The OPR is 
susceptible to expansions and deletions of one or more octapeptide units, and germline 
expansions of four or more octapeptide repeats potentially cause prion disease. We 
performed OPR sequence analysis using an amplicon (PRNP 6) where both reads span 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 29, 2024. ; https://doi.org/10.1101/2024.06.25.600668doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.25.600668
http://creativecommons.org/licenses/by-nc-nd/4.0/


12 

the full repeat region, with full-length OPR evaluation facilitated by the 2 x 250bp 
sequencing read length of this study. 

We observed that all sCJD cases, including H-sCJD, possessed the reference 
OPR genotype with no germline octapeptide insertions or deletions, as expected based 
on the cohort design to exclude prion cases with known germline PRNP variants. A 
subset of control cases (5.9%, 10 individuals) possessed the germline heterozygous 
OPR genotype of a deletion of one octapeptide (1-OPRD), and 1 control individual 
(0.6%) was germline homozygous for 1-OPRD (Fig. 5B, upper panel). Given that these 
germline variants were detected exclusively in control cases, these appear to be benign 
polymorphisms, consistent with previous literature discussing the lack of pathogenicity 
of most OPR variants <4 octapeptides in length [30, 54, 71] and appearance of some 
such alleles in gnomAD.  

Our examination for potential somatic octapeptide insertions or deletions, using 
our variant-calling pipeline, did not detect any somatic OPR indel variants in prion cases 
or controls (Fig. 5B, lower panel). Below the 0.2% VAF detection threshold of our 
stringent detection pipeline, we evaluated the raw OPR VAFs from each sample, where 
we only observed minimal reads across all the samples, with ~0.1% mutant read 
fraction for 1-OPRD and <0.025% for other variants (Fig. 5C). These very low fractions 
of variant reads approximate intrinsic sequencing and amplification error rates in 
amplicon sequencing, and therefore do not appear to support a finding of somatic OPR 
variants in any of the samples. 
 
Discussion 

While the origin of sporadic prion disease is not known, somatic mutation of the 
prion protein gene PRNP has been postulated as a potential cause. In this study, we 
profiled somatic mutations by performing deep (>5,000X) sequencing of the PRNP gene 
of multiple brain regions in the focal prion disease Heidenhain-variant sCJD, along with 
non-Heidenhain sCJD and non-disease controls. Using a custom MosaicHunter 
stringent somatic variant calling pipeline, we were able to identify somatic mutations at a 
VAF as low as 0.2%, which we demonstrated by an allele-mixing experiment. This 
builds on a recent PRNP somatic genetic study that reported 0.5% VAF sensitivity in a 
cohort of frontal lobe samples from 142 sCJD cases [65]. While our study focused on 
somatic variant detection, we incidentally cataloged 10 distinct germline SNVs in PRNP 
across our cohorts, including one which has not previously been reported, p.P39T, in a 
control individual. We also detected the germline deletion of one repeat within the OPR 
(1-OPRD) that is considered non-pathogenic, as it is present in unaffected individuals 
[8].  

Our somatic mutation analysis did not identify any somatic SNVs or OPR indels 
— across H-sCJD, non-Heidenhain sCJD, and neurotypical controls — even with 
demonstrated sensitivity to 0.2% VAF. This stands in contrast to previous reports of 
various somatic PRNP variants in control and sCJD samples, primarily at 0.4-1.2% VAF 
in one study [65] and 1-7% VAF in a second study [86]. Apart from our variant-calling 
pipeline, we analyzed our raw sequencing reads for previously reported somatic SNVs 
and detected only low frequencies indicative of technical noise, all below 0.2% VAF, 
with no clear disease enrichment (Supplemental Fig. 2). Likewise, when examining 
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raw VAFs for known germline pathogenic SNVs, we observed no disease enrichment, 
to a noise level below 0.1% VAF. Pipeline-independent examination of raw reads for 
OPR indels produced a similar finding, indicating that our method could reduce noise 
even below 0.2%, with no somatic variants detected. This application of repeat-
spanning PCR amplification with longer length (2 x 250bp) Illumina sequencing of 
PRNP appeared to produce fewer artifactual OPR insertions/deletions than a recent 
Nanopore long-read sequencing approach [45]. 

We designed this study to investigate the role of somatic mutations in sporadic 
prion disease, with a focus on the Heidenhain variant, where focused occipital 
pathology suggested parallels with other focal neurologic disorders driven by somatic 
mutations. While focal cortical dysplasia, hemimegalencephaly, and mesial temporal 
lobe epilepsy are associated with clonal somatic variants detectable with bulk gene 
sequencing [19, 38, 73], we did not observe PRNP somatic mutations in the Heidenhain 
pathological focus in occipital cortex, nor in our survey of cerebellar tissue from 200 
non-Heidenhain sCJD cases. With detection sensitivity of 0.2% VAF or lower, the lack 
of somatic mutations in PRNP in prion disease is striking, particularly in the affected 
occipital cortex in Heideinhain cases, and in the sampled cerebellum of the broader 
sCJD cohort. For investigation of the potential role of disease-causing somatic variants 
in neurodegeneration, focal prion disease would appear to be a highly suitable test 
case, given the outsized impact of causative germline genetics in prion disease (~10-
15% of all cases) compared to other neurodegenerative diseases such as AD (<1%). 
Studies in AD have also not identified significant pathogenic brain somatic mutations in 
genes linked to causative germline disease, namely APP, PSEN1, and PSEN2 [37, 67, 
78] apart from a single reported case with a 14% VAF variant in PSEN1 [9].  

The relationship between pathogenic PRNP germline mutations and prion strain 
regional tropism carries potential implications for the possible role of somatic mutations 
in sporadic prion disease. As specific pathogenic mutations are associated with 
particular regional pathology distributions, the potential somatic occurrence of a known 
germline disease variant may be restricted to causing a similar pathology. By this logic, 
sporadic CJD would more likely be caused by somatic E200K, or by somatic D178N in 
cis with polymorphic 129V, which associate with a CJD neuropathological distribution. 
Similarly, sporadic fatal insomnia would be more likely linked with somatic D178N in cis 
with polymorphic 129M, which is associated with the thalamic-focused presentation of 
FFI [16]. Conversely, in this vein, somatic P102L would be less likely to cause sporadic 
prion disease, since non-familial presentations of GSS have not been reported. By this 
logic, given the unique neuropathological phenotype of some cases of sporadic prion 
disease, like H-sCJD that does not match a familial phenotype, a causative somatic 
mutation should be novel. Given the extensive range of germline PRNP variants 
detected in population genomic analyses, some families may carry such a hypothetical 
somatic variant unless it conferred embryonic lethality. This reasoning therefore would 
constrain the hypothesis of somatic PRNP mutations causing sporadic prion disease. 

While the somatic mutation hypothesis has been considered an attractive 
potential initiating mechanism for sporadic prion disease, our negative findings align 
with projections from recent studies of human development on clonal somatic 
mutations, which are shared by multiple cells due to cellular proliferation after mutation 
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incidence. Clonal somatic mutations of at least 0.2% variant allele fraction are relatively 
sparse [10] and are estimated to occur by around the 256-cell stage, or eighth cell 
division, of embryonic development (50% VAF x 0.58 = 0.2% VAF). During the 255 
divisions to reach the 256-cell stage, at a rate of ~1.37 clonal somatic mutations per 
division [85], each individual would develop ~349 detectable clonal somatic mutations. If 
these fall evenly across the 3.1 billion bases in the human genome [89], then each 
individual would have substantially fewer than one clonal somatic mutation (8.6 x 10-5) 
across the 762 bases in the PRNP coding sequence. Thus, the likelihood of a person 
having a clonal mutation in the PRNP gene is less than the lifetime risk of sporadic prion 
disease (1 in ~5000) [63]. In this light, it is unsurprising that we did not detect such 
somatic mutations in our prion disease and control cohorts, indicating against clonal 
somatic mutation causality for sporadic prion disease. 

The dearth of PRNP somatic mutations that we observe suggests that sporadic 
prion disease instead may be initiated by other mechanisms, such as spontaneous de 
novo misfolding of wild-type PrP [17, 82]. However, the lack of detected somatic 
variants in the brain, after neurodegenerative disease has progressed to death, does 
not fully disprove somatic variants as disease initiators. Given the capacity for very 
small amounts of misfolded PrP to propagate across the brain [61, 80], a single cell 
carrying a somatic pathogenic PRNP variant could be sufficient to trigger disease. 
Considering beyond clonal somatic mutations, which are shared by multiple cells, 
private mutations are those that are present in a single cell. Indeed, each neuron 
contains at least hundreds of private somatic mutations [49, 62], such that across the 
brain of a 65 year-old human, there would be nearly 10,000 neurons with each possible 
SNV (~1000 private somatic SNVs per neuron [51] x ~86 billion total neurons in human 
brain [4] = ~86 trillion total SNVs in human brain ÷ 3.1 billion unique bases in genome of 
each human neuron [89] = ~27,742 SNVs per base ÷ 3 possible substitutions at each 
base = ~9,247 instances of each SNV in a human brain, which would essentially all fall 
in unique neurons). Of note, the figure of ~9,247 of each SNV in each individual 
assumes equal chances of each SNV type, whereas C>T transitions at CpG sites 
(which are the cause of P102L, D178N, and E200K) are slightly more common than the 
mean somatic SNV in aging neurons [62], though private somatic CpG variants do not 
show the more pronounced enrichment seen in germline de novo mutations [79]. 
However, while a single cell could potentially initiate disease, private variants alone may 
be insufficient to cause prion disease in a typical human lifespan, as only a small 
proportion of the population develops disease, despite the estimated abundance of 
each somatic variant in the brain. If a single-neuron mutation is not enough to initiate 
sporadic prion disease, then investigations may more logically focus on clonal somatic 
mutations, which are shared by multiple cells of common lineage. Of note, a disease-
originating mutated single cell or small clone may not survive until postmortem analysis, 
and indeed may be among the first cells to die, residing at the pathological epicenter 
[23]. 

There are several limitations in our study that should be considered to place the 
findings in proper context. In evaluating for somatic mutations that may be at very low 
VAFs or even lost due to cell death, tissue and cell sampling may not have captured the 
affected brain region or cells. This is of particular impact in a disease where a 
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pathologic phenotype can be amplified by protein misfolding propagation from a small 
population of cells or even a single cell. However, in the H-sCJD cases in our study, the 
focus on occipital cortex and broad extra-occipital profiling significantly mitigates against 
the possibility of incomplete regional brain sampling. Our study is also limited to the 
somatic mutation VAF threshold of 0.2%, which may not detect ultra-low-fraction 
somatic mutations. Moreover, this study was performed with bulk genomic DNA and 
amplicon targeting, and thus is likely limited to detecting clonal somatic mutations but 
not private mutations unique to single cells. Targeted approaches using recently 
developed single-molecule sequencing [1] may be informative, especially for capturing 
ultra-low fraction somatic mutations, which may be further extended by single-cell 
approaches. Future studies may also benefit from isolation of particular cell populations 
identified by markers for neurons or glia, cell death, or for partially fragmented nuclei. 
Microdissection for particular local pathologic changes, including vacuolation density or 
PrP deposition, may also offer opportunities to pursue areas of greater somatic mutation 
potential.  

Overall, our study using deep sequencing of the PRNP gene across 205 sCJD 
brains does not identify a significant role for PRNP somatic mutations in sporadic 
human prion disease. As focal prion disease represents a high-probability test for 
somatic mutation initiation of neurodegeneration, somatic variants in germline-
implicated genes may not be a frequent cause of sporadic neurodegenerative disease. 
Knowledge of the likelihood of somatic PRNP variants causing sporadic prion disease 
also carries public health implications, as antisense oligonucleotide and other PrP-
lowering strategies are investigated for patients with pathogenic mutations [64]. 
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Fig. 1 Study sample overview: cases and human brain regions. A.) Case summary. 
The study profiled cerebellar cortex tissue from 200 non-Heidenhain variant sporadic 
Creutzfeldt-Jakob Disease (sCJD) cases, and additional tissue from various regions in 5 
Heidenhain variant sporadic Creutzfeldt-Jakob Disease (H-sCJD) cases, as well as from 
170 non-disease control cases. B.) Brain regions studied for H-sCJD. Multiple areas of 
occipital cortex were profiled to broadly examine anatomic distribution of variants in H-
sCJD, along with a diverse set of other brain regions, including parietal cortex, 
thalamus, prefrontal cortex, temporal cortex, and dentate nucleus of cerebellum. A set 
of control cases was also profiled with multiple occipital cortex sites and prefrontal 
cortex. In all sCJD and control cases, cerebellar cortex was studied. 
 
Fig. 2 Heidenhain variant (H-sCJD) clinicopathologic and conformation-
dependent immunoassay (CDI) findings. A.) Representative MRI of H-sCJD, axial 
view of hypersensitivity (arrow) in the cortical ribbon primarily affecting the left occipital 
and parietal cortices on diffusion weighted imaging. B.) Table summarizing H-sCJD 
clinicopathologic findings. PrPSc core size refers to the protease-resistant core size 
designation assayed by electrophoretic mobility on Western blot. Pathology severity is 
scored 0-3 for each case based on both spongiosis and gliosis findings, where a greater 
score indicates more pathology severity in a given brain region; O: occipital cortex, F: 
frontal cortex, C: cerebellum. C.) Conformation-dependent immunoassay (CDI) findings 
for each H-sCJD case. PrPSc abundance in ng/µL (y-axis) is measured before (orange) 
and after (blue) Proteinase K treatment. Examined brain regions are displayed on the x-
axis; BA17, BA18, BA19: Occipital cortex- Brodmann area 17, 18, and 19, respectively, 
BA46: Prefrontal cortex- Brodmann area 46, and Cblm: cerebellum. 
 
Fig. 3 Approach and analysis for targeted deep sequencing of PRNP gene. A.) 
PRNP overlapping amplicon sequencing method. The PRNP coding region was 
targeted using Multiple Independent Primer PCR Sequencing (MIPP-Seq), which 
produced 11 overlapping amplicons ranging from 160 bp to 302 bp in length, followed 
by dual indexing PCR. B.) MIPP-Seq workflow. First, using primers hybridizing to the 
target region of PRNP, samples underwent PCR to produce amplicons including 
Illumina adapters. A second round of PCR was performed with indexing oligonucleotide 
primers to produce amplicons with dual-index sample-specific barcodes. C.) Overview 
of ultradeep targeted sequencing of PRNP coding region. First, DNA was extracted from 
Heidenhain and non-Heidenhain sCJD and control cases, followed by PCR with 
overlapping amplicons, dual indexing by PCR, and Illumina sequencing. Paired 250 bp 
reads were merged and mapped to the human genome (GRCh37) and demultiplexed 
by amplicon. Variant calling was performed by MosaicHunter and divided into two 
pathways: candidate somatic variants and germline variants. Following candidate 
somatic variant validation, we refined our pipeline to exclude candidate somatic variants 
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that (1) did not possess at least 1,000X total depth across all covered amplicons and/or 
(2) were present in gnomAD, (3) overlapped with previously called germline variants, 
and/or (4) possessed a variant allele fraction (VAF) less than 0.2% above the average 
VAF of non-germline variant reads of all other samples. D.) M129V polymorphic allele 
mixing experiment. Using dilutions of bulk human DNA containing the known p.129V 
polymorphism and p.129M reference allele, we detected spiked variants above noise at 
that locus, with the blue dashed line indicating the 0.2% VAF threshold used for 
subsequent experiments. 
 
Fig. 4 Somatic and germline single nucleotide variants (SNVs) in PRNP gene. A.) 
PRNP gene diagram with germline variants labeled and detected variant heatmaps 
showing chromosome position and samples. Within the gene diagram, the untranslated 
regions are represented in gray, the mature PrP region is represented in yellow 
including the octapeptide repeat region (OPR) is represented in orange, with the 5 
repeats labeled 1-5. The amino acid coordinates are shown above and the cDNA 
coordinates are shown below the diagram. Fully penetrant familial PRNP variants 
(P102L, D178N, E200K) are labeled in red, and detected germline variants are 
identified in black, with corresponding location alignment within the germline variant 
heatmap (upper panel) and somatic variant heatmap (lower panel). Within each 
heatmap, covering the protein-coding region of PRNP in exon 2, non-disease control 
cases are displayed in the upper half, whereas sCJD cases are displayed in the lower 
half, with H-sCJD cases displayed at the bottom of each heatmap. Darker shading 
within the heatmaps represents a greater variant allele fraction (VAF) within a given 
sample at a variant locus. The germline (upper) heatmap contains detected variants 
ranging from 0.3-1.0 VAF, while the somatic (lower) heatmap contains detected variants 
ranging from 0.0-0.3 VAF. B.) Germline PRNP variants detected in this study. Bar plots 
depict the individual frequency of each genotype within each clinical diagnosis at each 
of the 10 detected germline variant loci, as well as the population frequency of this 
variant as described in gnomAD. Within our cohorts, light gray represents the 
homozygous reference genotype at that locus, light red represents the heterozygous 
alternate genotype, and dark red represents the homozygous alternate genotype. Within 
gnomAD, dark gray represents the homozygous reference genotype, light yellow 
represents the heterozygous alternate genotype, and dark yellow represents the 
homozygous alternate genotype. C.) Raw average allele fractions of the known 
pathogenic germline alleles. PRNP amplicon raw reads were analyzed for single 
nucleotide variants, upon removal of stringent variant calling and filtering that were 
implemented for standard analysis. Each clinical diagnosis cohort is shown with control 
samples in green, non-Heidenhain sCJD samples (sCJD) in light pink and Heidenhain 
sCJD (H-sCJD) samples in dark pink. Dashed blue lines show the 0.2% VAF detection 
threshold for the variant calling pipeline. Each data point represents a different sample 
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from each individual case. Bonferroni-corrected Wilcoxon p-values for these plots 
showed no significance. 
 
Fig. 5 Somatic and germline octapeptide repeat region insertions and deletions 
(indels). A.) The PRNP reference locus is shown followed by diagrams of alterated 
OPR length. For example, 1-OPRD displays a deletion of one octapeptide repeat (loss 
of 8 consecutive amino acids, 24 nucleotides), while 2-OPRD displays a deletion of two 
octapeptide repeats (loss of 16 consecutive amino acids, 48 nucleotides). Conversely, 
1-OPRI displays an insertion of one octapeptide repeat (gain of 8 consecutive amino 
acids, 24 nucleotides), while 2-OPRI displays an insertion of two octapeptide repeats 
(gain of 16 consecutive amino acids, 48 nucleotides). B.) Detected germline (upper 
panel) and somatic (lower panel) indels in OPR. Indel base count is displayed on the x-
axes, with 0 representing the reference OPR, as well as the other indel genotypes 
indicated in part A. Non-disease control cases are displayed in the upper part of each 
heatmap, whereas sCJD cases are displayed in the lower part, with H-sCJD cases 
displayed at the bottom. Darker shading within the heatmaps represents greater VAF. 
As with the heatmaps in Figure 4, the upper germline heatmap contains detected 
variants ranging from 0.30-1.0 VAF, while the lower somatic heatmap contains detected 
variants ranging from 0.0-0.3 VAF. Samples are further categorized based on their 
germline OPR genotype at a given locus, homozygous for the variant genotype in 
brown, heterozygous genotype in orange, and homozygous for the reference allele in 
gray. C.) Raw mutant read fraction of each OPR indel type. PRNP amplicon raw reads 
were analyzed for OPR variants, upon removal of stringent variant calling and filtering 
that were implemented for standard analysis. Genomic loci spanning two octapeptide 
deletions (2-OPRD) to two octapeptide insertions (2-OPRI) are displayed on the x-axes 
and allele fraction is displayed on the y-axes. Each bar represents the raw mutant read 
fraction observed in the aggregate data of each sample cohort: controls, non-
Heidenhain sCJD, and H-sCJD. Dashed blue lines show the 0.2% VAF detection 
threshold for the variant calling pipeline. 
 
Supplemental Fig. 1 Sequencing coverage. A.) Sequencing coverage by amplicon. 
We obtained a median depth of coverage of >5,000X in the PRNP protein coding 
region, with 88% of all amplicons obtaining at least 1,000X coverage. An originally 
designed amplicon 1 was not studied, as its 5’ PRNP coverage area was not necessary 
for triple amplicon coverage of the mature PrP sequence, thus the studied amplicons 
are named 2-12. B.) Mean and median depths of coverage are displayed for each 
cohort: Control in green, non-Heidenhain variant sCJD in light pink, and Heidenhain-
variant sCJD (H-sCJD) in dark pink. C.) Overall coverage of P102L, D178N, and E200K 
germline disease-causing variant loci as determined by the density of amplicon reads 
(y-axes) at a given depth of coverage (x-axes). 
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Supplemental Fig. 2 Evaluation of previously reported somatic SNVs in PRNP, 
through evaluation of read misalignment at OPR region and raw allele fractions.  
A.) Raw average allele fractions of reported somatic SNVs in PRNP. Genomic positions 
that were covered with >1,000X depth across all covered amplicons were analyzed for 
previously reported somatic SNVs. Stringent variant calling and filtering criteria that 
were implemented for standard analysis were not performed, apart from exclusion of 
gnomAD variants in at least 0.1% population allele frequency. Genomic coordinates of 
each locus are shown with the GRCh37 position listed first, followed by the GRCh38 
position in parenthesis. Each clinical diagnosis cohort is shown with control samples in 
green, non-Heidenhain sCJD samples (sCJD) in light pink and Heidenhain sCJD (H-
sCJD) samples in dark pink. Each data point represents a different sample from each 
individual case. Boxplots show median and interquartile range. Dashed blue lines show 
the 0.2% VAF detection threshold for the variant calling pipeline. B-C.) Two reported 
variants showed evidence in our data that their potential detection resulted from read 
misalignment in the OPR region. B.) Schematic depicting observed misalignment of 
reads containing one OPR deletion and resulting artifactual appearance of SNVs. The 
OPR region is represented at the top, color coded by each OPR repeat. The reference 
genome sequence and the wild-type allele are also represented, with no SNVs or 
deletions. Below is the alignment of a read derived from the mutant allele, which 
contains a germline 24 bp deletion (1-OPRD) and a germline SNV at 4680070, in both 
the correctly aligned and misaligned form. While both mutant read alignments possess 
the same sequence, only the correctly aligned read reflects the appropriate SNV calls, 
as the misaligned read misses the deletion and the 4680070 germline SNV while 
introducing two false SNV calls at 4680112 and 4680118. C.) IGV screenshot depicting 
reads of the wild-type (lower) and mutant (upper) alleles, where false SNV calls at 
4680112 and 4680118 were introduced by the misaligned mutant reads. 

Supplemental Fig. 3 Raw average allele fractions of known pathogenic germline 
PRNP alleles, analyzed by brain location and case subtypes. A.) Raw average 
allele fractions of known pathogenic germline alleles in brain region subsets (BA: 
Brodmann area; CbDe: dentate nucleus; Cblm: cerebellum; CxPa: parietal cortex; 
CxTe: temporal cortex; Thal: thalamus). B.) Raw average allele fractions of known 
pathogenic germline alleles in prion disease subsets. Each prion disease cohort that 
was present within our two disease cohorts is represented on the x-axes. No VV1 cases 
were present, while one case had intermediate 1-2 PrP protease-resistant core size and 
is designated as such here. In both parts, PRNP amplicon raw reads were analyzed for 
single nucleotide variants, upon removal of stringent variant calling and filtering that 
were implemented for standard analysis, as in Figure 4C. Control cases are 
represented in green, non-Heidenhain sCJD cases are represented in light pink, and 
Heidenhain sCJD cases are represented in dark pink. As with Supplemental Figure 2, 
each data point represents a different sample from each individual case. Dashed blue 
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lines show the 0.2% VAF detection threshold for the variant calling pipeline. 

Supplemental Table 1 Case information for all samples used in the study. Sample 
ID, individual case ID, age measured in years at death, sex (M: Male; F: Female), brain 
regions included from each individual (Cblm: cerebellum; BA: Brodmann area; CxPa: 
parietal cortex; CxTe: temporal cortex; Thal: thalamus; CbDe: dentate nucleus), clinical 
diagnosis, codon 129 genotype/ PrPSc subset, and postmortem interval (PMI) measured 
in hours are included for each sample. Samples are separated by clinical diagnosis on 
each tab of the spreadsheet. 
 
Supplemental Table 2 MIPP-Seq primer information. Forward and reverse primer 
sequences used for each of the 11 amplicons targeting PRNP are included along with 
corresponding GRCh37/hg19 genomic start sites and melting temperatures. 
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B
Individual Case 

ID 
Age 

(years at 
death) 

Sex Initial 
Symptoms 

Disease 
Duration 
(months) 

MRI Diffusion 
Restriction 

Codon 
129 

Genotype 

PrPSc 
Core 
Size 

Pathology Severity 
Spongiosis 

O / F / C 
Gliosis 
O / F / C 

CJD_BM183578 51 F Blurry vision 2 Occipital lobes (left > 
right) and caudate heads MM 1 3 / 2 / 1 2 / 2 / 1 

CJD_BM183583 78 M Oscillopsia 4 Left occipital lobe MM 1-2 3 / 1 / 0 2 / 1 / 1 

CJD_BM183588 70 F 
Nonspecific 

visual 
disturbances 

2 All cortices and right 
caudate MM 1 3 / 2 / 1 2 / 2 / 2 

CJD_BM183250 74 F Closed eye 
visualizations 13 All cortices MM 2 3 / 3 / 0 3 / 2 / 0 

CJD_BM183594 78 F Amnesia and 
scotomas 2 

All cortices (worse in 
right parietal lobe) and 
bilateral basal ganglia 

(worse on right) 

MM 1 2 / 2 / 2 3 / 2 / 1 
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PCR Product 1

Flanking sequences for primer hybridization

Illumina P5 adapter Illumina P7 adapter
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Control
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sCJD
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DNA
Extraction

Amplicon generation
by MIPP-Seq

Illumina sequencing
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A
A
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A

Merge paired reads and
map to human genome Demultiplex by amplicon Variant calling by 

MosaicHunter

Analysis for variants called
on multiple amplicons in sample

Test 1:
Error inferred from other base changes

at same position in sample
(FDR-corrected p value <0.05)

Test 2:
Error inferred from same variant

present in other samples
(FDR-corrected p value <0.05)

Requirements of ≥ 0.2% above 
average VAF of non-germline 

variant reads of all other samples 
and no overlap with germline variants

(>1,000X total depth across all amplicons;
Not present in gnomAD)

Germline SNV 
call set

Somatic SNV 
candidate set

Somatic SNV call set

Candidate somatic variant validation
to refine calling pipeline
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