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Genetic risk factors for variant Creutzfeldt-Jakob disease:
a genome-wide association study

Simon Mead, Mark Poulter, james Uphill, john Beck, jerome Whitfield, Thomas E F Webb, Tracy Campbell, Gary Adamson, Pelagia Deriziotis,
Sarah | Tabrizi, Holger Hummerich, Claudio Verzilli, Michael v&vnﬂ. John C Whittaker, John Collinge

Summary

Background Human and animal prion diseases are under genetic control, but apart from PRNP (the gene that encodes
the prion protein), we understand little about human susceptibility to bovine spongiform encephalopathy (BS E)
prions, the causal agent of variant Creutzfeldt~Jakob disease (vC]D).

Methods We did a genome-wide assodiation study of the risk of vCJD and tested for replication of our findings in
samples from many categories of human prion disease (929 samples) and control samples. from the UK -and Papua
New Guinea (4254 samples), including controls in the UK who were genotyped by the Wellcome Trust Case Control

: Congortium. We also did follow-up analyses of the genetic control of the clinical phenotype of prion disease and
analysed candidate gene expression in a mouse cellular model of prion infection.

Findings Thé PRNP locus was strongly assodated with risk across several markers and all categories of prion disease
(best single SNP [single nucleotide polymarphism) assodiation in vCJD p=2- 5x10°1; best haplotypic assodation in vCJD
p=1x10'%4). Although the main contribution-to disease risk was conferred by PRNP polymorphic codon 129, another
nearby SNP conferred increased risk of vCJD. In addition to PRNP, one technically validated SNP assodation upstream
of RARB (the gene that encodes retinoic acid receptor beta) had nominal genome-wide significance (p=1-9x107). A
similar association was found in a small sample of patients with iatrogenic CJD (p=0-030) but not in patients with
sporadic CJD (sCJD) or kuru. In qultured cells, retinoic adid regulates the expression of the prion protein. We found an
assodiation with acquired prion disease, including vCJD (p=5 +6x107%), kuru incubation time (p=0.017), and resistance to
kuru (p=2.5x10°4), in 2 region upstream of STMN2 {the gene that encodes SCG10). The risk genotype was Dot assodiated
with sCJD but conferred an earlier age of onset. Furthermore, expression of Stmn2was reduced 30-fold postinfection in

a mouse cellular model of prion disease.

Interpretation The polymorphic codon 129 of PRNP was the main genetic risk factor for vCJD; however, additional
candidate loci have been identified, which justifies functional analyses of these bialogical pathways in prion disease.

, Funding The UK Medical Research Coundl.

Introduction
Prion diseases are transmissible, fatal, neurodegenerative
conditions of human beings and animals that are caused
by the autocatalytic misfolding of host-encoded prion
protein (PrP)’ An epizootic .prion disease, bovine
spongiform encephalopathy (BSE), widely exposed the
populition of the UK (and, to a lesser extent, many other
populations) to prion infection. The subsequent diagnasis
of variant Creutzfeldt-Jakob disease {vCJD) in young
British adults, and the experimental finding that this was
caused by BSE-like prions,** resulted in a major publicand
animal health crisis. . :
Although the number of recorded clinical cases of vCJD
to date has been small (~200) in relation to the millions of
peoplewho were potentially exposed, how manyindividuals

- -were infected is unclear. The ‘clinically silent incubation

period in human beings can exceed 50 years, and estimates
of the prevalence of subclinical infection made on the basis
of screenirig archived surgical specmens predicts that
thousands of individuals in' the UK are infected* Blood
transfusion seems to be an effident route of secondary
transmission’ but no screening test to ensure the safety of
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blood products is. yet available. Case control studies have
identified no unusual’ occupational, dietary, or other
exposure to BSE prions among patients with vCJD ! which
suggests that genetic factors might be crudal.

A known genetic factor for susceptibility to prion disease
is the commuon single nucleotide polymorphism (SNP) at
codon 129 in PRNP, the gene that encodes PrP in human
beings. Here, either methionine {(~60% allele frequency in
Europeans) or valine is encoded.’ All patients with vCJD

whohave been genotyped are homozygous for methionine,®

which represents the strongest assodation to date of a
common genotype with any disease. Although this is a
powerful effect, about a third of the exposed UK population
have this genotype. An important role for other genetic lod
is supported by the fesults of mouse quantitative trait locus
studies, which have identified many regions that are not
linked to Pmp but control the highly variable prion disease
incubation periods,™ including that of BSE prions.” The

importance to public héalth of understanding susceptibility ,

to BSE prion infection in human beirgs is therefore clear.
We undertook a genome-wide association study with
100K and 500K Affymetrix arrays with all available samples
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from white British patients with vCJD (n=119) compared
with our own and publicly available UK control data, which
was genotyped by the Wellcome Trust Case-Control
Consortium (WTCCC). Because all available vC]D samples
from the UK were included in the discovery phase, we
went on to compare the top-ranked SNP associations and
additional SNPs at the PRNPlocus with a large and diverse
collection of patients with prion disease, including those'
with {atrogenic CJD (C)D), sporadic CJD (sC]D), and
kuru. ,

Methods

Samples

Figure 1 shows the four ters of genotyping in the study.
Samples were obtained from 119 patients with vCJD
(ten patients with probable vCJD and 109 patients with’
definite vC]D) who were diagnosed at the National Prion
Clinic (NPC), London, or the National CJD Surveillance
Unit (NCJDSU), Edinburgh, between 1995 and 2005
according to established criteria. Patients. who acquired
iatrogenic vC]D through blood transfusion were not
indluded in this series. All patients with vC]D were thought
to have acquired the disease in the UK and were of white
British ethnic origin (60% were men; mean age of disease
onset was 29-8 [SD 10- 9] years). :

Samples were obtained from: 506 patients with probable
or definite sCJD diagnosed according to established criteria
and from 28 patients with iC]D related to exposure to
cadaver-derived growth hormone in the 1980s or earlier;’
these samples were obtained from the NPC or the NCJDSU
or from other clinical ¢olleagues in the UK’ All patients
were from the UK or elsewhere in northemn Europe.
Although most patients were of white British ethnic origin,
and all patients of known non-white ethnic origin were
excluded, this information was based on names and
geographical location for some samples. 325 patients had
pathologically confirmed sCJD and 181 patients had a
diagnosis of probable sCJD with a high specificity according
to published WHO criteria, although some of these
patients might have had a neuropathological diagnosis
made elsewhere Mean age of disease onset was 68-2
(SD 12.0) years for the patients with sCJD and 31.1
{6+ 3) years for the patients with iCJD. 50% of the samples
from patients with sCJD were from men,

Before 1987, kuru surveillance was done by many
different investigators; however, from 1987 to 1995
swveillance was done solely by the Kuru Surveillance
Team of the Papua New Guinea Institute of Medical
Research. From 1996, kuru surveillance was strengthened:
a field base and basic laboratory for sample processing and
storage were established in the village of Waisa in the
South Fore, and a wide collection of population control
samples were taken.* The samples from patients with kuru
{n=151) were taken from young children, adolescents, and
adults during the peak of the epidemic and from recent
cases of kuru with long incubation times in elderly patients.
The patients lived in the South Fore (n=53), North Fore

145

{n=40), Girni (n=3), and Keiagana {n=10) regions; linguisti
group was not known in 45 patients, :
Elderly women who had been exposed to kuru were
defined as aged older than S0 years in 2000 and from a
region that had been exposed to kuru: South Fore (n=74),
North Fore (n=36), Gimi (n=13), and Keiagana (n=2). The
modern-day healthy population from the exposed region
was obtained by matching each elderly woman to at least
two current residents of the same villagé who were aged
less than 50 years in 2000. These mostly came from the
South Fore, with some from the North Fore, and a small
number of individuals from Gimi, Kelagana, and Yagaria
linguistic groups, as indicated. First-degree relatives of the
elderly women, identified by either genealogical data or
microsatellite analysis, were excluded from these groups.
155 samples were from volunteers recruited. by the
Medical Research Coundl Prion Unit from the National
Blood Service (NBS}. Information was collected about their
sex, age,, ethnic origin, and birthplace divided into.
12 regions, 90 samples genotyped with Affymietrix arrays
were selected to ratch the vC]D collection for white British
ethnic origin, birthplace (by 12 regions in UK, each region
was. represented in patients and controls with the same
ranking), and sex (proportion of men with vCJD was 60%,
and the proportion of men in the NBS controls was 57%).
A further 575 UK control samples were obtained for the
replication phases of the study- (730 healthy controls in
total) from the NBS (95 white, random, healthy young

blood donors) and from the European Collection of Cell -

Cultures (ECACC) human random control DNA collection
(480 blood donors of known age and sex), No selection was
done in the replication phase of the study. Not all control
samples : were genotyped for all replication studies;
however, there is no reason to expect significant genetic
heterogeneity.in our callections of UK bload doners based
on analyses of the UK popilation done by the WTCCC and
others* All UK control samples contained good quality
unamplified DNA. The mean age. at sampling was
38.7 (SD 10-8) years, and 51% were men. [n addition, we
used publicly available UK control data generated by the
WTCCC: In brief, 1500 samples from the 1958 British
Birth Cohort and 1500 samples from the UK Blood Service
Control Group were genotyped with comraercial Affymetrix
500K arrays with 2’ Bayesian robust linear model with
Mahalanobis distance (BRLMM) algorithm. We did not
detect any duplicate individuals between the UK control
collections nor any significant differences in allele
frequency between our in-house UK control collections or
those genotyped by the WTCCC.

"Ehe clinical and laboratory studies were approved by the
local research ethics committee’ of University College
London Institute of Neurology and National Hospital for
Neurology and Neurosurgery and by the Medical Research
Advisory Committee of the Government of Papua New
Guinea, The full partidpation of the Papua New Guinea
communities was established and maintained through
discussions with village leaders, communities, families,
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and individuals. Most of the UK samnples were obtained
with written consent from patients or next of kin; however,
where this was ot available, for example, for archival vC}D
tissue obtained at post-mortem examination, we obtained
the specific approval of our local ethics committee for the
use of these samples in the research.

Procedures .

For the samples from patients with vC]D, genomic DNA
was mostly extracted from peripheral blood, although
45 samples were extracted from brain tissue. For a few
samples, whole-genome amplification, either with a (29
protocol called multiple displacement amplification
(MDA; Geneservice, Cambridge, UK; ten samples) or
GenomePlex Complete Whole Genome Amplification Kit
(WGAZ; Sigma, UK; two samples) was necessary.

For the samples from patients with sCJD oriCJD, whole-
genome amplification with either MDA in 138 samples or
WGA2 in 29 samples was needed. Most of the samples
from patients with sC]D and iC]D were extracted from
blood, although DNA from eight samples in' the iCJD
group and 70 samples from the sCJD group was derived
from brain tissue. 112 samples from patients with'sCJD
were sent as DNA to the MRC Prion Unit for analysis,
most of which were extracted from blood. Genomic DNA
was usually extracted from peripheral blood. PAXgene
blood-derived RNA samples were also collected (Reanalytix,
QIAGEN, UK).

DNA from degraded archival kuru sera was isolated by
QlAamp Blood DNA minikit (QIAGEN, UK) followed by
whole-genome amplification with WGA2 in all but seven
samples. The validation of this process for the degraded
kuru samples has been reported elsewhere.*

Good-quality genomic DNA extracted from blood was
available for 278 of 285.(98%) healthy controls from Papua
New Guinea and 122 of 125 (98%) healthy elderly women
with many exposures to kuru at mortuary feasts. All contzol
samples from Papua New Guinea were extracted from
blood. ‘

All DNA samples were checked for degtadation on 1%
agarose gel and stored at 50 ng/pl in low-concentration
tris-EDTA buffer.

Rocky Mountain Laboratory (RML) prion-infected mouse
brain homogenate (0-001%) or mock-infected brain
homogenate from wild-type CD-1 mice (0- 001%) was used

to infect GT-1 hypothalamic neuronal cells. 5000 cells were

seeded into 96-well plates and incubated with either
homogenate in standard growth medium (Opti-MEM
supplemented with 10% fetal calf serum and 1% penicillin/
streptomydn (Invitrogen, CA, USA)). The inoculum was
removed after 3 days and the cells were split 1:8. Cells were
then split 1:8 twice more at intervals of 3 days, High levels
of prion infectivity were confirmed with the sarapie cell
assay” Prion-infected and mockinfected cells were
maintzined in standard growth medium at 37°C in 5%
CO;. Total RNA was extracted in triplicate with the RNeasy
Midi kits (QIAGEN, UK) according to the manufacturer’s

www.zhehnceme/neuvology Vol 8 January 2009

L 117 patients with vCJD vs 84 in-house controls from UK National 6load j{

Service genotyped with Affymetrix 500k and 100k arrays with @
dynamic model {DM) algarithm

1

Y

117 patients with vCj0 vs 3083 UK contiols {2999 from Welkome Trust

Case Contral Consortium and 84 fram UK National Blood Service)
genotyped with Afymetrix amays by use of 2 Bayesian robust hinear
model with Mahalanobis distance classifier algorithm

I l

35 top-tanked SNPs genotyped with MGB probes
119 patients with v(JD vs 3692 UK contols (2959 from Wellcome Trust
Case Contral Consortium and 730 from UK National Blood Service)
5065CJ0 s 3692 UK controls (as above)
28CJD vs 3652 UK controks (as sbove)
151 patients with kuru (aged €25 years vs »25 years)
125 elderdy women wha are resistant to kuru vs $62 healthy young Fore

i

17 SNPs linked to PRNP and 1325 spaced autosomal SNPs that are not

associated with vOJD, genotyped with a GoldenGate genotyping assay

119 patients with v(JD vs 344 UK controls from the European Collection
of Cell Cultures

485 patients with sCJO vs 3¢4 UK controls (as above}

. 28 patients with i vs 344 UK controls (as above) |

143 patients with kuru (aged <25 years or »25 years atonset)

122 elderly women who are resistant to kuru vs 262 healthy young Fore ‘

Figure 1: Flowchart of the genotyping in the ticred study
Far each tier, the patient and control sample collections used are subsats of

hose genotypes inthe minor g binding (MGB) probe study. In the first
two tiers, the 217 samples from patients with vCJD are a subset of the 119 used
intiers three and four. In the second tier, the 84 samples from the UK National
Blood Service are a subset of the 730 used in the third tier, In the final tier, the
485 samples from patients with sCD, the 143 samples from patents with tur,
the 122 samples from elderly women, and the 282 samples from healthy young
Fore are all subsets of the samples used in the third tier,

instructions, from prion-infected and mock-infected cells
that had been grown on 10-an-diameter piates. RNA was

eluted in RNAase-frec water and stored at ~80°C. RNA -

samples adjusted to a concentration of 250 ng in 5 pL were
incubated at 50°C for 30 mins with an equal volume of
Glyoxyl (Ambion, Warrington, UK) loading dye containing
ethidium bromide. Samples were run on 2 1-3% agarese
mini-gel in 1x NorthemMAx glyoxyl-based gel prep and
running buffer (Ambion) at 100 mV for 90 1min to check
sample integrity. RNA was then sent to AROS Applied
Biotechnology AS (Denmark) for the following microarray
analyses according to Affymetrix standard protocols: first
and second strand complementary DNA synthesis was
done with the SuperScriptll System (Invitrogen) from
5 ng RNA (a minor modification was made to the protocol
by using an oligo-dT primer that cortained a T/ RNA
polymerase promoter site); labelled antisense RNA (CRNA)
was prepared with thg BioArray High Yield RNA Transcript
Labelling Kit with biotin-labelled CTP and UTP (Enzo Life
Sdences, NY, USA] and unlabelled NTPs. Unincorporated
oudeotides were removed using RNeasy columns
(QIAGEN]). 15 pg of cRNA was fragmented, loaded on to
the Affymetrix mouse expression array 430_2.0 probe array
cartridge, and hybridised for 16 h. Arrays weré washed,
stained in the Affymetrix fluidics station and scanned with
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a confocal laser-scanning microscope (GeneChip Scanner
3000 Systemn with Workstation and Autoloader). o
The following sample comparisons were made in the
assodiation studies: vCJD versus UK controls genome-
wide with Affymetrix array data; vC]D, sCJD, and iCJD
versus UK controls in a validation and replication study
with minor groove-binding [MGB] probes: healthy elderly
women who were exposed to kuru at mortuary feasts
versus geographically matched young individuals from the
Eastern Highlands of Papua New Guinea in the replication
study; young patients with kuru versus older kuru patients
in the replication study. Figure 1 shows the tiered nature of
the study. Subsets of each samplé group have been used in

and population-based linkage analysis enables estimates of
the relatedness of individuals. For the purposes of
confirming unrelatedness, this can be expressed as a
probability for identity by descent (IBD)=0 using camplete
linkage agglomerative dlustering, This probability was

greater than 075 for all study pairwise comparisons. No :

samples were identified as ethnic outliers by use of identity
by state clustering. .

Genotype data quality analysis and filtering was done

with PLINK. From 598676 unfiltered SNPs, the following

~ were éxcluded from further analysis by standard quality

control: menomorphic SNPs or those not genotyped by

EA-500K or WTCCC arrays (n=170334); greater than 10%

previous studies of PRNP codon 129.* The ¢ ison of
young versus old patients with kuru was based on a
hypothesis derived from mouse niodels that states that
genetic factors control the incubation time of human prion
diseases.” The incubation time of middle-aged ox elderly
patients who died of kuru at the peak of the epidemic
cannot be calculated with precision and might have been

. many decades. Incubation times of up to 50 years or longer
3 patiendd

have been recorded in recently diag

g genotypes in VCJD (n=66659) or WTCCC
(n=9828); evidence of Hardy-Weinberg disequilibrium
{exact test, p<0-001) in our UK samples (n=4873) or {exact
test, p<1-0x10%) in WTCCC. samples (n=7673); minor
allele frequency less than 0-01-in vCJD'and WTCCC

" samples (n=57853); allelic test for differences in our in-

house UK samples versus WTCCC (p<0.00; n=1888),
After this trimrning, 410287 SNPs remained for testing in
117 patients with vCJD versus 3083 UK controls (84in-house

whereas children, adolescents, or young adults have' a
limited incubation time.’ Because the kuru collection was
a mixture of samples from young and old patients, we
hypothesised a priori that greater differences would be
found between young people with kuru and old people

with kuru than between people with kuru versus modem.
young healthy Fore. This strategy was'supported by the .. pop <
groups or alternatively by inaccurate SNP génotyping, The .

precedent-of homozygosity at codon 129 of PRNP, which'

was strongly associated with young versus old kuny; but .

was not significant in a comparison of all kuru with healthy
Fore, .

Genotyping and statistical analysis |

We used the Affymetrix 100K and S00K arrays (eatly access,
EA:500K), which use four restriction enzymes in total, Our
first casecontrol study used dawa generated by the

Affymetrix ' DM " (dyniamic ' miodel) " algorithin from

117 samples of patients with vCJD (two samples were not -

suitable for use with Affyinetrix arrays) and 90 UK conitrols
matched for birthplace. The 500K product is comprised of
two arrays each of about 250K digested with the restriction

endonucleases Nspl or Styl; the 100K product is comprised.

of two arrays each of about 50K digested with the restriction
endonucleases Xbal and Hindl. Genotypes were called by
the dynamic model (DM) and subsequently by BRLMM
algorithms. Samples from patients with . vCJD were

repeated if the DM call rate was less than 85% or the’

BRLMM call rate was less than 90% and samples were
exdluded if they underperformed by these aiteria (vCJD
[n=0}, NBS [n=6}, WTCCC [n=5]}. The median and mean
BRLMM call rates (all non-WTCCC samples and all arrays)

were 99-0%-and 98-5%. No samples were excluded for -

excess ot low heterozygosity. One duplicate sample but no
related individuals were identified. With genome-wide
SNP data, the PLINK toolset for whole-genome association
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UK controls aud 2999 WICCC samples). A more stringent
filter applied additional thresholds of less than 3% missing

data overall, and minor allele frequencies greater than 3%
(n=288908 SNPs remaining). These stringently filtered "

data were assessed for whether the skewed quartils-
quartile (QQ) plots (figure 2) were caused by ayptic
Jation stratification b the UK control and vCJD |

" absence of asignificantly skewed QQ plotin the stringently
filtered data, supports ‘the- hypothesis that SNPs were
inaccurately called, probably on the EA-500K platform.
‘Subsequently this was confirmed by concordance testing
with the GoldenGate platform. :

Candidate SNPs for further study were identified in
stringently filtered’ dataset or after standard ‘filtering if
there was additianal evidence of genotype accuracy, by

identifying an association signal in nearby SKBs in strong

linkage disequilibrium with the candidate’ SNP. As. a
further test to identify false-positive assodations related to
differential - genotyping accuracy. between cases and
contrals, we validated: (>99% concérdance) all genotypes
shown in vCJD and .in-house UK contrals: with an
independent platform (MGB probe and quantitative PCR)
before attempting replication in.other categories of prion
disease with the same technology (35 SNPs were tested in
this way). To maximise coverage, a further 17 SNPs were
chosen from the PRNP locus {by maximising pairwise 2
“with HapMap build 35 using Haploview) and genotyped
with GoldenGate technology. In total 52 SNPs were
genotyped for assodation studies further to the discovery
phase,

" use of empirical p values if any cell count was less

- PLINK was used for assodation and permutation -
testing. The primary analysis was an allelic 32 test with

than 15. A secondary analysis implemented genotypic,

MmehmethWdogy Vol8 January 2009
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{A) Unfiltered allelic ¢ test of vCiD samples versus all UK samipkes (Intemal and Wekome Trust Case Controf Consortivm [WTCCC)) data. (8) Sandard flterlng aflelic
test of vCID versus alf UK samples (Ontemnal and WTCCC data). (C) Standard filterng with allelic X testof vCiD versus only Internal UK samples, (D) High-stdngency

filtering, With standard filtering. the inflation factor used for- genamic control of
i d data. Broken blue li Ql forexpected data, :

. dominant, and_recessive models, with empirical

significance if necessary, controlling for the four tests
done. Imputation of codon 129 genotype was done by
the PLINK proxy-impute command (multimarker
tagging) with dense SNP data around' PRNP, including
151799990, generated in 344 in-house UK controls. A
nominal genome-wide significance threshold of p<Sx10”
7 was used in the primary analysis iri concordance with
the WTCCC. Owing to the large number of SNPs that
were tested, this threshold takes into account multiple-

. bypothesis testing. In the replication phase of the study,

the small number of tested SNPs permits a less stringent
threshold of p<0-00L : . - .
Population structure was analysed with IBS clustering

' (implemented through PLINK) and principle components

analysis (implemerited through the Eigenstrat package).
Genome-wide data that were filtered to high stringency

- ‘were used to compare samples from patients with vCJD -
and ‘UK controls with "PLINK and Eigenstrat - (no -

significant eigenvectors were detected with _ default
procedures). A separate low-density study was done with
GoldenGate technology for several reasons: to investigate

genotype accuracy in the SNPs filtered out by the high-

stringency filtering step; to provide evidence with regard
to the population structure in the samples from Papua-
New Guinea, which was previously unknown; to provide
evidence that concordant genotypes consistent with the -

* healthy population frequendes could be obtained from

the amplified degraded samples from patients with kuru,

17. additional SNPs” were. genotyped to provide dense °

coverage’ of the PRNP locus, which is 2 region that
confers susceptibility to. prion disease, with a high

www.thelancet com/neurology Vol 8 Janvary 2009

g factors a5 1:06 (1-01-1-09), Red dotsmabserved data. Blve

probability of novel susceptibility being discovered here,
These 17 SNPs complemented an existing dataset of
25 SNPs from the earlier genome-wide phase of the
study. SNPs were selected from standard stringency
filtered data in the genome:wide phase of the study; all
‘autosomes were equally represented, with a median
intermarker distance of 1.3 Mb, 1523 individuals were
genotyped for 1325 SNPs: 344 randomly ‘selected, non-
related, white blood donors from the UK provided by the
ECCCs; 119 patients with vCJD; 485 patients with sC]D;
28 patients with ICJD; 143 patients with kuruy; 122 elderly
women who-are resistant to kuru and were born before
1950; and 282 young individuals from the kuru region
matched to the ‘elderly women by village of residence,
{figure 1). These Patients were 2 subset of those indluded
in the replication studies. SNPs were filtered for
assodation with vCJD by comparison with UK contols
by best permuted p<0-001 from any’ of four ‘genetic
models: (allelic, trend, genotypic, or recessive) with the
GoldenGate platform at the St Bartholomew's Hospital
Genome- Centre, Genotyping quality was assessed by
Hardy-Weinberg'equilibrium {excluding those assessed
by exact test p<0-001) and visual inspection of all
genotype clusters with Beadstudio version 3.1 The overall
genotype call rét’bgvas 99-7%, and concordance of
duplicate samples wis excellent (nine WGAZ degraded
amplified kuru samples  [concordance 99.7%) and
20 healthy control duplicates {concordance >99-9%)).

This study confirmed that the skew in the QQ plots was"

caused by inaccurate genotyping of SNPs in our genome-

wide study that were not adequately filtered by the low- -

stringency criteria. For Eigenstrat, ten eigenvectors were

For mare o the Gename Cent
see hup:/fwww,
bartsandthelondon.nbs.uk/
researchicore_facilities_to_
support_researth.aspagename
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Chromosome  Locus Minorallele  Majorallele v(JD genotypes UK control genotypes Model p(vCjD}  OR
151799990 20 4628251 G A 119/0/0 294/324/83 A 2.0x10"
156107516 20, 4625092 A G 1700 1960/1227/227 A 25«10 385(9-6-155:2)
156116492 20 4646626 T [ 104/12/1 2979/104/0 A 82x10°  371(2.09-659)
151460163 8 80330003 A [ 2125/86 365712734 R 56x10"  6:9(3.0-16.0)
156794713 3 24777543 ¥ Y 3/3U84 346/1465/1596 A 19x107  25{17-37)
Genetic modek: A=allelic; G=genotypic.
Table 1: Discovery tests of 151739990 and four novel candidate SNPs in patients with v(JD and UK controls
Resistance to kuru despite exposure Early-onsetand hate-onsetkury Combined pvalue*
Eidedywomen  Healthy' Model “pvalue Youngkury.  Olderkun Model  p value (kury
eqposed tokury  young Fore . {age <25 years) (age>25 years) ingubation). ,
151799990 16/86/23 112/287/163 G 0001 16/18/25 97112 G g.1x10°* 22107
6116492 8ORI2 393/15128 A 0848 47000 57/20/6 A 044 .
51460163 30/77116 140/144/40 R 25x10% 23295 26)423 © A 0.017 57x10
156794719 5/47/63 26A18/136 A 012 4/25/27 33147 A 0-687
Genetic models: Amalielic Gm=genatypl cessive. “Fisher's vr)etho@
Table 2:151799990 and three novel candidate SNPs in symples from Papus New Guines 1
Results
‘o P Model - p iI0) ;c:,?otyp,’, Model pGQD) | After standard quality control for call rate arid minor allele
genotypes  genonpes - e S o frequency, Hardy~Weinberg  disequilibium, and
1799990 4f13/11 294/324/81 A 27x10% 307/98/101 G 23xX " différencm } cen’ contr ol datsets, we. analysed
16107516 9/1217 19601227227 R 0002 320/100/53 G 36x10 410287 SNPs.m"m‘ the pri yan alysis, QQ plots sl{wwe dan
616492 2Bol0  2W79M104/0 A1 062 4Bamio A 030 excess of lirge allelic y2 test statistics (figure ) owing partly
n1460163 072 365712734 A ofs 71931396 A 083 to the comparison between cases and controls among
16794719 B9 346/14650596 A 003 6207R07 A 008 platforms and laboratories and was completely resolved by

Genetic mode's: Awallelic GgenatyplG Rurecessive.

Table 3: Replication tests of 151799990 and four novel candidate SNPs in patients with IQD, patients

with 3D, and UK controls

62

generated through default - procedures and outlier
detection (6, of 826 samples from Papua New Guinea
were removed). No significant eigenvectors (p>0-01)
were identified between patients with sCJD or iCJD and
UK controls, or between patients with kuru, elderly
women who are resistant to kuru, and healthy young
Fore {five comparisoris in total). : .
The Gene Expression Analysis Software (MAS 5.0) was
used to analyse the raw image files from the quantitative
scanning, which resulted in files that contained background
corrected values for the probes. Significance analyses to
compare prion versus mock-infected cells used a two-class

unpaired test with a Benjamini-Hochberg (false discovery .,

rate) p-value correction. .
Role of the funding source :
The sponsors had no role in the study design, datz
collection, data analysis, data interpretation, or writing of
the report. Simon Mead and John Collinge had full access
to all the data in the study and final responsibility for the
dedision to submit for publication.
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leaving

stringent filtering by call rate and minor allele frequefxcy,

about 300K SNPs for assodation testing

Comparison of these stringently filtéred data between

vCJD and ow own UK contiols, ECACC controls, and

WTCCC controls with Eigenstrat and GC methods did not :
provide -evidence of significant population stratification;

therefore, associafion _statistics were, not - corrected.

Sin;i]arlgl, we found no evidence of population stratification

in comparisons of 1325 SNPs in replication cohorts (sq D,

iCJD, and control groups from the UK) or between patients

with kuru, elderly women who were resistant to kuru, and
béalthy Fore from Papua New Guinea. In the stringently
filtered data, two SNPs were significant at the genome-
wide level (p<5x107) on the basis of allelic tests: rs6107516
in the intron of PRNP.and rs6794719 in an intergen'lc
region between RARB and THRB, which encodes thyroid
hormone receptor beta (figure 3}

A block of linkage disequilibrium that was.larger than
2400-kb and included all of PRNP was shown by 25.SNPs
(figure 3). We added 17 more SNPs from vC]D and UK
contrals, including PRNP codon 129 (rs1799990).

Unsurprisingly, rs6107516, which is located in the intron of

PRNP and is in moderately strong linkage disequilibrium
with codon 129 (51799990, =06}, was the to;:—ranked
single SNP in the discovery phase. All patients with vCJD
who have been genotyped to date are homozygous for

www.thelancet.com/neurology Vol 8 january 2009
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151799990A (MM at PRNP codon 129). rs6107516 was most
swongly assodated in an allelic model (p=2-5x1017;
OR 38-5, 95% CI 9. 6~155-2).

From the 25 SNPs in the discovery phase, codon 129 of
PRNP was best tagged by a two SNP haplotype formed by
156031692 and 156107516 (r2=0.7, based on Hapmap build
35 data) with 2 haplotypic assodiation of p=Ix10'2%. To test
for more assodiation at the locus, we conditioned for the
assodation of codon 129 by imputing this genotype and
‘including only methionine-homozygous UK controls from
the WICCC series. We thus identified evidence of
additional genetic risk at this locus. rs6116492, which is
downstream of PRNP 'and also in stong linkage
disequilibrium with 151799990, had a frequency of 0-06 in
patients with vCJD and 0-017 in UK contrals (allelic model
p=8-2x10%; 0-022 in 1544 UK controls with an imputed
codon’ 129 methionine homozygous genotype; allelic
model p=0-001, OR 2-63, 95% CI 1-43-4.82), 156116492 is
located in an intergenic region between PRNP and PRND,
which encodes prion-like protein doppel. Genetic risk
factors for sCJD have previously been identified upstream
and downstream of PRNP but not for vCJD.»* Because we
cannot guarantee that the 151799990 genotype has. been
imputed perfectly, we also compared cases of vCJD (n=119)
with in-house UK controls genotyped at rs1799990 and
156116492 (n=701); we again found a significant,
independent assodation of rs6116492, both by haplotype
test conditioned on codon 129 (PLINK, likelihood ratio test
with .one degree of freedom; p=0-037), or simply by
excluding controls with methionine/valine or valine/valine
encoded at codon 129 genotypes followed by an allelic test
(119 patients with vC]D vs 294 in-house UK controls with
the genotype that encodes methionine/methionine at
codon 129; p=0-02). SNP-1368 (151029273C, 24466 base
pairs upstream of codon 129), which we and others have
confirmed to be assodiated with sporadic CJD but not’
vC]D, also showed no evidence of assodation with vCJD
independent of codon 129.%%

Because we tested the entire collecdon of samples
from white British patients with vCJD (the majority of
cases of vCJD), we then looked to closely related prion
diseases to replicate independently and more broadly
candidate SNPs with risk of prion discase. We tested for
the association of rs6794719, 156116492, and 33 other top-
ranking SNP associations from the vC]D study in
patients with iC]D who were exposed to prion disease
through cadaver-derived growth hormone therapy versus
UK controls (n=28); 506 patients with sC) D-—a worldwide
disease of uniform incidence that affects about
1-2 million people per year—versus UK controls, We
also tested patients with kuru and healthy elderly women
who were exposed to but survived the kuru epidemic
from the Eastern Highlands Province of Papua New
Guinea, In the groups from Papua New Guinea, we
tested whether candidates for genetic risk of vCJD were
assodated with kuru incubation time (by comparison
with a cohort of young-onset kuru [n=59] versus cid-
onset kuru [n=92}) or resistance to kuru, by comparison’
of elderly female survivors (n=125) with the young
population (n=280-526). Homozygosity at codon 129 of
PRNP was significantly associated with risk of iCJD
(p=2-7x104}, sCJD (p=2-3x107%1), and tests done in
Papua New Guinea (Fisher's method p=2.2x109%
tables 1and 2). :

156794719A was assodated with the risk of vCJD at 4
norinal genome-wide significance of p=1.9x1077. The
more frequent allele, 1567947194, was also associated with
disease risk in the small collection (n=28) of patients with
iC]D (p~0-030; @mble 3) but not those with sCJ D, kuru, or
resistance to kuru. .

From the 33 top-ranked SNPs that failed to achieve
genome-wide “significance in patiedts with vCJD, the
strongest overall evidence of association in replication
cohorts was for 51460163 (combined p=<6-3x10-2 by
Fisher's method acoss orally acquired prion disease
categories [combination of vC]D and Papua New Guinea

7
A 36734719 B 1460163 C 1799990
1087 o ptrendtest) 106 1E-20 1
1607 4 © Plpermutedbest o E-28
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& 1604 s E 0.001 1610
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Figure 3: Physicallocation and p of allefic test and best of four genetic models _

(A) SNPs between THRS and RARB, including rs6794715. (B) SNPs upstream of STMNZ including rs1460163. () SNPs at the PRIV focus, inclucing 53759999, rs6107526, and 56116457, cho weg

trend test (filled dircles) and a test comparing v(JD with UK controls with codan 129 methionine homozygous genotypes (empty cirdes {imputed for WTCCC contrgls))
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We then analysed the dinical and molecular phenotype
of UK prion disease- for rs1460163, rs6116492, and
136794719, In patienits with sCJD, there was a significant
modifying effect of the risk allele, with clinical onset § years
carlier for those with risk genotype ry1460163AA campared
with those with GG (linear regression of log-transformed
age of onset against genotype p=0- 02; figure 4). I patients
with vCJD, the mean age of onset for genotype AA was

-

3 years ealier than for those with GG, but this was not -

statistically significant (p=0-26). By use of a linear
regression model with disease type as a factor, the
rs1460163AA allele was associated with age of onset in

SCJD and vCJD (log-transformed p=0-01) and ‘was also "

independent of 151799990. No effect was seen on year of
I ation, which in partwill determine incubation time

Figure & Age of Jinical onset of v(JD (red) and sCJD (blue) patients against 51460163 glenotyp:
Ghinfcal onset was defined as the age of the first symptom that prog

"

dintoa

condition due to prion disease. The central bars indicate mean age of onset; boxes indicate 95% Clof the mean.
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tests}). 151460163 was associated with age of kuru onset
(p=0-017) and resistance to kuru (p=2-5x10-), with the
same highest-ranking risk  allele for vCJD and kuru.
151460163 is located’ in a large block of linkage
disequilibrium that extends just 5” to STMN2 (figure 3}.
Other SNPs tested in the replication phase were either
poorly genotyped in the discovery phase (concordance
<99%), or showed no evidence of association in any prion,

disease category _add}ﬁonal to vCJD (p>0-001; best from .

four risk models).

151 .

0vCJD, but this analysis is confoundsd by uncertainty in
the time of exposure, No effect was seén on sCJD PrP=
strain type as defined by partial protease K digestion and

western blot 156116492 and rs6794719 had no effect on |

prion disease phenotype. )
" Inacellular model of mouse prion disease, the expression

‘ qf” ‘Stmn2 was profoundly altered by infection with prions.

This difference was shown by comparison of the
ransariptome of prion-infected and prion-uninfected cells
in culture. Mouse hypothalamic neuronal (GT-1) cells that
were infected with mouse brain hoinogenate (NBHMG).or
RMLrinfected brain homogenate were analysed with the
Affymetrix Mouse Expression Array 430_2.0. Comparisan
of the expression between NBHMG and RML showed that

Mthelanént.com/mrclogy Vol &’ January 2009
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Stmn2 is significantly (p=3-6x1018) downregulated by a
factar of about 30 dnd ranked tenth out of more than
21537 gened that were representad by one or more
transcripts on the amray (figure 5). In this study, the
expression of 543 of 21537 (2-5%) genes was altered, with a
fold change of more than 283 (corrected Benjamini—
Hochberg ‘method). Neither RARB nor STMNZ is
significantly expressed in human ‘blood cells, which
obviates the analysis of the correlation of gene expression
with genotypic risk in a large collection of samples,

Discussion .
We describe the first genome-wide study of genetic risk in
a human prion disease and replication of a small number
of top-ranking candidate SNPs. Further-genetic studies of
human prion disease, including more extensive replication
studies, are warranted because owr power was limited by
the small size of the vC]D sample and an early generation
platform was used. Owing to the rarity of the 'disease, all
available samples were used; the use of amplified DNA in
a proportion of cases might have also affected the’ quality
of genotyping. For thesereasons, we used highly stringently
filtered data and verified genotypes from candidate SNPs
with an in-housg assay. The potential exists for a larger
scle study in sCJD that capitalises on decades of
surveillance for human prion diseases across Europe and
the rest of the world; however, this disease is undoubtedly
more heterogeneous than vCJD, -

: The potential overlap in pathogenesis between vCID and
the other prion disease categories used in the replication
phasés of the study must also be considered. The
pathogenesis of vC} D contrasts with the replication cohorts
in terms of prion strain (all groups), tissue distribution,

- and route of infection (for iCJD and sCJD}, Furthermore,

in the case of our large collection from Papua New Guinea,
the linkage-disequilibrium relationship between candidate
SNPs and a putative functional SNP is not known and can
therefore differ from that in the UK. For these reasons, an
absence of assodation in ope or morereplication categories’
does not preclude a genuine assodation in vCJD,

 The precedent of codon 129 wass important to inform the
comparisons in the replication phase. All UK, prion
diseases have strong associations with homozygous
genotypes; for vCJD, only the methionine homozygous
genotype. However, the groups from Papua New Guinea
are the most relevant in the replication phase because our
only precedent of a major acquired human prion disease
epidemic is kurit, which was historically transmitted by
cannibalism and had a devastating effect on the Fore and
neighbouring linguistic groups of the Eastern Highland

region of Papua New Guinea! Kuru was extensively .

documented at its peak in the mid-20th.century® We

amplified DNA from this archive and continued -

surveillance of kuru in the Fore in the late 20th century to
identify recent cases of kuru with long incubation times
and elderdy Fore women with longterm survival after
exposure to high doses of prions. At PRNP codon 129,

www.thelancet com/neurology Vol 8 January 2008

elderly Fore women survivors of the kuru epidemic
showed a profound Hardy-~Weinberg disequilibrium, with
an excess of the prion disease-resistance genotype 129MV
relative to both homozygous genotypes 129MM and
129VV. The patients with kuru show an age stratification
of codon 129, with young patients being mostly genotype
MM or VV and adult or elderly patients being mostly MV,
consistent with a powerful, effect of codon 129 MV in

extending kuru incubation time.®* Our study thus .

confims the’ strong assodation’ of PRNP codon 129
(51799990} across acquired and sporadic prion diseases as
the outstanding genetic risk factor in human prion

: disease. Notably, the effect .was detectable in a small

sample, which should be encouraging: for those
contemplating studies of rare diseases with well
characterised patients and a distinct pathogenesis,

The additional associations we report are not as strong or
robust as those we confirm for PRNP codon 129 but cach
of these are beyond what would have been expected by
chance when taking into account the problem with

multiple testing. Although we cannot be certain that any of -
- the three candidate SNPs we desaribe altered the expression

of their nearest gene (PRNP, STMN2, or RARB), in each
case these are excellent candidates for involvement in
prion pathobiology. Therisk conferred by rs6116492T could
act through altered expression of PRNP. owing to the
audal role for PrP in prion disease pathobiclogy; however,
we have no direct evidence that a patative genetic risk
conferred by rs1460163 or rs6794719 is manifest through
their nearest genes (STMN2 or RARB) because these SNPs
have no linkage disequilibrium with coding regions.
Regulatory regions often act on nearby genes but can also
act over great distances or even on different chromosomes,
implicating other genes.” : )
In the absence of further cohorts of orally acquired
prion disease and taking into account the aforementioned
caveats, we turn to functional evidence of a-role for these

- candidate genes in prion disease. The expression of PrP
+in cultured neuronal and lymphoid cells is regulated by

retinoic add.** Furthermore, the production of the
disease-associated isoform of PrP (designated PrP%) in
cultured mouse neuronal cells infected with mouse
prions is increased by treatment with retinoic acid.*
Whether retinoic acid acts through the receptor encoded
by RARB or another retinoic acid receptor for these
biological activities is not known at present. In additicn
to PRNP, the strongest overall genetic evidence we found
is for a SNP assodation upstream of STMNZ. SCG10, the
protein product of this gene, is a regulator of microtubule
stability in neuronal €ells, with potential implications for
aggresome formation and modulation -of prion
neurotoxicity.” We found that Stmn2 is turued off by
prion infection in mouse neuronal cells, in keeping with
an early study,” but different from a recent and rigorously
conducted study.* Whether prion infection or unknown
experimental factors are responsible for this large effect

is undlear; a rale for SCG10 in prion infection has not -
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vCJD blood test achieves 100% accuracy
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Disease/Infection News

Amorfix Life Sci has announced it achieved
100% sensitivity and 100% specificity in a second
blinded trial of human blood samples using its EP-
vCJD blood test in collaboration with the National
Insti for Biological Standards and Control (NIBSC)
in the United Kingdom. .

camba(Ss)wnars

Pressure measurements
with new possibliitios

"We have now. successfully completed both fresh
and frozen human plasma testing, as part of a
test validation process facilitated by NIBSC," said
Dr. George Adams, Chief Executive Officer of
Amorfix. "The company has 50,000 test kits
available to begin large-scalé testing to
determine the fraction of the population infected
wiw. sambasensors, com e Ads bv Goooa With VCJD. This information is vital for
determining the need for routine testing of blood donations.”

EXCITINGLY

The UK Spongiform Encephalopathy Advisory Commitiee (SEAC) yesterday
announced the first ¢linical case of vCJD in a patient with an-MV genotype (all
previous vCJD clinical cases were MM genotype) and suggested that 50 to 250
further cases might arise in the UK. This is consistent with a recent editorial in a
leading medical journal, Lancet Neurology; published last week suggesting "waves"
of vCJD cases could be expected. o

"This first MV case of vCJD now shows people with MV genotypes are not resistant
to vCJD, but may incubate the disease for a longer time before developing
neurological symptoms. Yesterday's report of vCJD with MV genetics shows we are
not out of the woods with this tragic epidemic, and also raises the. possibility of
ongoing blood-borne transmission of vCJD from silent carriers of the infection,” said

'http://www.news,-medica|.net“/pﬁmisrucle.asp?}q5=34456 : : 2008/12/24
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Dr. Neil Cashman, Chief Science Officer of Amorfix.

In the most recent panel, NIBSC provided Amorfix with 500 frozen blinded human
plasma samples which included some samples spiked with vCJD brain prions. The
EP-vCJD(TM) test successfully detected all (100% sensitivity) 'of the spiked samples
down to a 1 in 100,000 dilution of 10% brain hemogenate (1/1,000,000 dilution of
vCJD brain). The test scored one sample initially positive (initial reactivity of 99.8%)
but upon repeat testing correctly identified the sample as negative (specificity of
100%). In the first blinded panel, Amorfix tested 1,000 fresh UK plasma samples with
identical perfect results. .

http:/Awww.amorfix.com
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