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Multiomic analyses direct hypotheses for
Creutzfeldt-Jakob disease risk genes
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Prions are assemblies of misfolded prion protein that cause several fatal and transmissible neurodegenerative diseases,
with the most common phenotype in humans being sporadic Creutzfeldt-Jakob disease (sCJD). Aside from variation of
the prion protein itself, molecular risk factors are not well understood. Prion and prion-like mechanisms are thought to
underpin common neurodegenerative disorders meaning that the elucidation of mechanisms could have broad rele-
vance. Herein we sought to further develop our understanding of the factors that confer risk of sCJD using a systematic
gene prioritization and functional interpretation pipeline based on multiomic integrative analyses.

We integrated the published sCJD genome-wide association study summary statistics with publicly available bulk brain
and brain cell type gene and protein expression datasets. We performed multiple transcriptome and proteome-wide
association studies and Bayesian genetic colocalization analyses between sCJD risk association signals and multiple
brain molecular quantitative trait loci signals. We then applied our systematic gene prioritization pipeline to the ob-
tained results and nominated prioritized sCJD risk genes with risk-associated molecular mechanisms in a transcrip-
tome and proteome-wide manner.

Genetic upregulation of both gene and protein expression of syntaxin-6 (STX6) in the brain was associated with sCJD
risk in multiple datasets, with a risk-associated gene expression regulation specific to oligodendrocytes. Similarly, in-
creased gene and protein expression of protein disulfide isomerase family A member 4 (PDIA4), involved in the unfolded
protein response, was linked to increased disease risk, particularly in excitatory neurons. Protein expression of mesen-
cephalic astrocyte derived neurotrophic factor (MANF), involved in protection against endoplasmic reticulum stress and
sulfatide binding (linking to the enzyme in the final step of sulfatide synthesis, encoded by sCJD risk gene GAL3ST1), was
identified as protective against sCJD. In total 32 genes were prioritized into two tiers based on the level of evidence and
confidence for further studies.

This study provides insights into the genetically-associated molecular mechanisms underlying sCJD susceptibility and
prioritizes several specific hypotheses for exploration beyond the prion protein itself, as well as beyond the previously
highlighted sCJD risk loci, through the newly prioritized sCJD risk genes and mechanisms. These findings highlight the
importance of glial cells, sulfatides and the excitatory neuron unfolded protein response in sCJD pathogenesis.
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Introduction

Prions are infectious, proteinaceous pathogens composed of fibril-
lar assemblies of misfolded forms of host-encoded prion protein
(PrP).! Prions replicate by templated misfolding, leading to fibril
growth and fission.? Prion propagation leads to the generation of
neurotoxic species and neurodegeneration. This underlying mo-
lecular mechanism is at the core of a multitude of human and ani-
mal prion diseases, and several aspects of the mechanism
(so-called ‘prion-like’) are shared with the more common neurode-
generative disorders.?

Human prion diseases are unusual amongst neurodegenerative
diseases in having three different types of aetiology: as well as
arising due to rare pathogenic mutations in PRNP encoding PrP¢
(inherited prion disease accounting for ~10%-15% cases) and spon-
taneously (sporadic prion disease accounting for ~85% cases), the
disease can also be acquired through transmission between hu-
mans or zoonotically (<1% cases).>® Sporadic Creutzfeldt-Jakob dis-
ease (sCJD) is the most common human prion disease, which has a
lifetime risk of ~1:5000,° and typically presents as a rapidly progres-
sing dementia. There are no established disease-modifying treat-
ments for sCJD, although treatments targeting PrP using different
therapeutic modalities, such as employing PrP-targeting monoclo-
nal antibodies, have been reported’ and PRNP-targeting ASOs
(phase 1/2a trial employing ION717, NCT06153966) are under inves-
tigation. However, currently the diseases are universally fatal, and,
for optimal disease mitigation, new therapeutic targets may be re-
quired beyond PrP itself.

In 2020, a collaborative genome-wide association study (GWAS)
was conducted in sCJD, which identified novel risk loci for sCJD sus-
ceptibility.? In addition to the well-known variants in the PRNP
gene, this study independently replicated findings at two further
novel loci, at or within STX6 and GAL3ST1, to be associated with
sCJD risk. STX6 encodes syntaxin-6, a SNARE protein predominant-
ly involved in retrograde trafficking from early endosomes to the
trans-Golgi network,”' implicating intracellular trafficking as a
causal molecular pathway in sCJD. GAL3ST1 encodes galactose-3-
O-sulfotransferase 1 (predominantly in oligodendrocytes), the ex-
clusive enzyme involved in the final step of synthesizing sulfatide,
a key constituent of the myelin sheath.' Two other genes were im-
plicated in sCJD risk by tests that summarized evidence for associ-
ation across the entire gene locus, including PDIA4, and variants in
and near to a further gene, BMERB1, which were very close to
genome-wide thresholds of association.?

We aimed to harness transcriptomic and proteomic datasets to
provide further insight into sCJD risk from transcriptome-wide
(TWAS) and proteome-wide (PWAS) association studies, respect-
ively, when integrated with the genetic datasets. Herein, the latest
sCJD GWAS summary statistics® were integrated with functional
annotations [expression quantitative trait loci (eQTL) and protein
expression QTL (pQTL)] to infer genetic up- and down-regulation
of genes and/or protein expression in brain regions and association
with sCJD susceptibility. As the TWAS/PWAS approach combines
associations across variants, reducing the multiple testing burden,
these analyses offer a powerful, complementary approach to con-
ventional GWAS to develop supporting or negating evidence for
loci that were subthreshold (PDIA4, BMERBI) or loci that did not
reach the genome-wide significant threshold in the previous
GWAS.® Furthermore, it allows the exploration of expression-
related genetic mechanisms underlying the GWAS association sig-
nals already identified (PRNP, STX6, GAL3ST1), uncovering further
mechanistic insights into sCJD risk loci, in addition to nominating
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new TWAS/PWAS significant prioritized risk genes within sub-
threshold loci to generate novel disease-relevant hypotheses.
Importantly, there are precedents of similarly designed studies
achieving these goals in other neurological diseases.'**®

This work provides compelling evidence for risk variants in and
around the STX6 locus driving increased transcript and protein ex-
pression in the brain, and consequently disease risk, which intri-
guingly and unexpectedly predominates in oligodendrocytes. This
study also prioritizes the previous subthreshold GWAS hit, PDIA4,
which is involved in the unfolded protein response (UPR), as being
implicated in sCJD susceptibility driven by PDIA4 upregulation.
Interestingly, this effect seemed to localize to excitatory neurons,
showing interactions with the PWAS hit, MANF, providing an intri-
guing link to sulfatide metabolism and GAL3ST1. Several other sub-
threshold hits were also identified with potential relevance to prion
disease mechanisms, including the previously identified subthres-
hold GWAS hit, BMERB1.

Taken together, this study prioritized a number of candidate
genes, both novel hits and refined existing GWAS hits, at
sCJD-associated loci, aiding the identification of causal risk genes
at GWAS signals by combining the results from complementary
eQTL- and pQTL-based studies.

Materials and methods

We used the summary statistics of the latest and largest sCJD
GWAS available from the GWAS Catalogue (GCST90001389).2 The
discovery stage of this GWAS was performed on 17679 samples
(4110 cases and 13569 controls), and the summary statistics con-
tained information on 6314492 high-quality imputed single-
nucleotide polymorphisms (SNPs) across the autosomes.® As the
original sCJD GWAS summary statistics were in GRCh37 human ref-
erence genome assembly, and the molecular QTL catalogues and
TWAS/PWAS panels used were in GRCh38 assembly, we first lifted
over the variant positions from the GRCh37 to the GRCh38 genome
build by using the Picard (v2.22.10) LiftOver tool with the
‘RECOVER_SWAPPED_REF_ALT=true’ parameter. The SNPs that
could not be lifted over to the GRCh38 genome build (7052 SNPs, cor-
responding to 0.1% of the total) were excluded from this study, and
the remaining variants were reannotated with dbSNPv151
(GRCh38) using the BCFtools annotate function. The resulting
file was used in downstream molecular QTL-based analyses
(e/pQTL-GWAS colocalization and TWAS/PWAS) for the systematic
gene prioritization pipeline.

For the systematic gene prioritization pipeline, we considered three
domain-specific analyses, namely variant annotation, eQTL-GWAS
integration and pQTL-GWAS integration domains, for which de-
tailed information is provided later.

For the variant annotation domain, we considered the index var-
iants and other potentially causal variants nominated by statistical
fine-mapping. We define the index variants in this study as the rep-
resentative variants in each locus reported in the sCJD GWAS pub-
lication,® whose selection was carried out based on various criteria
(i.e. statistical evidence, variant consequence and functional
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evidence for causality; see Supplementary material). These were,
namely, rs3747957 in STX6 locus, rs1799990 in PRNP locus,
152267161 in GAL3ST1 locus, rs9065 in PDIA4 locus and rs6498552
in BMERB1 locus, for which detailed information can be found in
Supplementary Table 1. Statistical fine-mapping was performed
using FINEMAP"® (see Supplementary material), which revealed in
each investigated loci a 95% credible set with candidate causal var-
iants (Supplementary Table 10).

The index and statistically fine-mapped variants were then con-
sidered for three specific criteria. First, we investigated the nearest
protein-coding genes with respect to the genomic position of these
variants; then, we queried whether they are rare [minor allele
frequency (MAF) < 1% in gnomAD v4.1 non-Finnish European sam-
ples] and/or protein-altering (missense or predicted loss-of-
function) genetic variants for the nearest protein-coding genes
they might reside in.

For the eQTL-GWAS integrative analyses, we processed and used
publicly available bulk brain and brain cell-type-specific cis-eQTL
catalogues and TWAS reference panels from different cohorts and
datasets. These included six bulk brain region datasets (as reana-
lysed and described in detail by Bellenguez et al.’®) of three
AMP-AD cohorts: the Mayo RNAseq Study (MayoRNAseq?®) temporal
cortex (TCX); the Religious Orders Study and Memory and Aging
Project (ROSMAP?*??) dorsolateral prefrontal cortex (DLPFC); and
the Mount Sinai Brain Bank study (MSBB*®) Brodmann areas (BA)
10, 22, 36 and 44. Moreover, the following four additional bulk brain
region datasets of GTEx v8 cohorts®* were used for eQTL-based ana-
lyses: hippocampus; frontal cortex, cortex (right cerebral frontal
pole); and BA24. Furthermore, we leveraged the information
cell-type-specific eQTLs (ct-eQTL) mapped in eight major brain cell
types [excitatory neurons, inhibitory neurons, astrocytes, oligoden-
drocytes, microglia, oligodendrocyte precursor cells (OPCs)/commit-
ted oligodendrocyte precursors (COPs), pericytes and endothelial
cells] from Bryois et al.?®; in primary microglia from Young et al.%5;
and from the Microglia Genomics Atlas (MiGA) study® (medial front-
al gyrus, superior temporal gyrus, subventricular zone, thalamus and
a meta-analysis of four brain regions). Further information on each
cohort and dataset can be found in the respective cited publications
and Supplementary Table 2. Finally, despite not being included in the
main systematic gene prioritization pipeline, we ran ancillary TWAS
analyses using large-scale MetaBrain?® cortex, PsychENCODE?
DLPFC and eQTLGen blood datasets, whose detailed methodology
(including reasons for exclusion from the main analyses) and results
are available in the Supplementary material and Supplementary
Table 11.

To investigate the potential genetic colocalization between sCJD
risk association signals and eQTL/ct-eQTL signals controlling cis
gene expression of nearby (1 Mb) genes in bulk brain and brain
cell types, we performed Bayesian colocalization analyses using co-
loc (v5.2.2; ‘coloc.abf’ function with default priors)®” for each tested
gene within the above mentioned 24 distinct eQTL/ct-eQTL cata-
logues. The coloc analyses outputs posterior probabilities (PPs) for
the five following hypotheses regarding two signals compared: HO
(no causal variant for both traits); H1 (causal variant only for sCJD
GWAS); H2 (causal variant only for eQTL); H3 (two different causal
variants); and H4 (common causal variant shared between sCJD
GWAS and eQTL). We defined an eQTL signal as colocalized with
sCJD GWAS if coloc PP4 (the posterior probability for H4) was
>70%. Furthermore, we investigated the association between
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genetically regulated predicted gene expression and sCJD risk by
performing TWAS in 10 bulk brain gene expression reference pa-
nels for each heritable gene expression feature. We used the
FUSION®? pipeline (using ‘FUSION.assoc_test.R’ with default para-
meters) to run TWAS on six bulk brain custom gene expression ref-
erence panels from AMP-AD cohorts together with a custom
linkage disequilibrium (LD) reference data derived from the 1000
Genomes Project unrelated non-Finnish European samples (as de-
scribed in detail by Bellenguez et al.'*). Meanwhile, MASHR models
of remaining four GTEx v8 brain region reference panels were used
with S-PrediXcan®*3* (with non-default parameters ‘~keep_non_r-
sid -model_db_snp_key varID -additional_output -throw’) imple-
mented in MetaXcan v0.6.12 tools.*®* We determined the
transcriptome-wide significance thresholds based on the
Bonferroni correction on the transcriptome-wide number of tested
features in each gene expression reference panel (Supplementary
Table 2). Moreover, fine-mapping of significant TWAS results was
performed with the Fine-mapping Of CaUsal gene Sets (FOCUS)**
v0.803 tool within five distinct genetic regions constructed by
1 Mb extended GWAS index variant coordinates (with ‘-locations’
parameter), where we calculated posterior inclusion probabilities
(PIPs) for TWAS associations and used these to define associations
within 90% credible sets as fine-mapped TWAS associations.

For the pQTL-GWAS integrative analyses, we accessed the publicly
available bulk brain cis-pQTL datasets from Wingo et al.*® and repro-
cessed and reannotated these for pQTL-GWAS colocalization and
PWAS analyses. First, pQTL-GWAS colocalization analyses were
performed as described earlier using the coloc pipeline and the
PQTL catalogue (v2) from the ROSMAP DLPFC cohort. Second,
ROSMAP DLPFC (v2) and Banner Sun Health Research Institute
(Banner) DLPFC PWAS reference panels were used with the
FUSION pipeline described earlier. Detailed information on these
datasets and cohorts, including the PWAS significance thresholds
and number of samples, can be found in Supplementary Table 2.

To combine evidence for each candidate sCJD risk gene and nomin-
ate prioritized sCJD risk genes and related risk-associated molecu-
lar mechanisms, we applied a systematic gene prioritization and
functional interpretation analysis pipeline adapted from the
Bellenguez et al. study®® for Alzheimer’s disease (AD). We first
brought together all evidence for the candidate sCJD risk genes as
a result of (i) variant annotation; (ii) eQTL-GWAS integration; and
(iii) pQTL-GWAS integration domain analyses, each having various
categories and subcategories with a predetermined weighting
scheme for single hits and replicated hits (across different e/pQTL
colocalization or TWAS/PWAS analyses), all described in detail in
Supplementary Table 3. The weighted sum of the hits in different
categories resulted in a gene prioritization score (between 0 and
42) for each candidate gene (i.e. a gene with a hitin at least one sub-
category and with a gene prioritization score >0).

This was followed by the assignment of each candidate gene
based on their genomic coordinates to three different types of loci
and indexed: (i) the genes within 1Mb extended coordinates
(1Mb upstream and downstream genomic coordinates, chosen
based on the cis-QTL mapping window for cis regulation) of three
genome-wide significant (GWS) index variants (with P <5 x 107%)
from the sCJD GWAS assigned, respectively, to three GWS loci
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[STX6 (G1), PRNP (G2) and GAL3ST1 (G3)]; (ii) the genes within 1 Mb
extended coordinates of two highlighted subthreshold index var-
iants (with P <5 x 10~°) from the sCJD GWAS assigned to two sub-
threshold loci [PDIA4 (S1) and BMERBI (S2)]; and (iii) the remaining
candidate genes were grouped together if they were positioned
together (<1 Mb), and these resulted in an additional 26 other loci
(indexed as 01-026). Using the pipeline described by Bellenguez
et al.,'®> we then ranked all the protein-coding candidate genes in
each locus based on their total weighted scores, determined the
top-ranked genes and compared the relative score differences be-
tween the top-ranked genes and the other genes in each locus to
classify them as tier 1 and tier 2 prioritized risk genes, representing
higher and lower levels of confidence for being true risk genes in
loci, respectively (see Supplementary material for detailed tier clas-
sification methodology). Furthermore, using a large publicly avail-
able single-nucleus RNA sequencing (snRNA-seq) study of 1.4 M
nuclei from 84 human dorsolateral prefrontal cortex brain samples
(Seattle Alzheimer’s Disease Cell Atlas, SEA-AD),3® we first esti-
mated the average gene expression of each candidate risk gene
within annotated major brain cell type clusters, then calculated
the cell-type-specific gene expression proportions across seven
major brain cell types. Finally, gene set enrichment and protein-
protein interaction analyses for the gene lists of tier 1 and all prior-
itized risk genes were performed using STRING v12*” with default
parameters.

Results

Our systematic gene prioritization pipeline identified 17 tier 1 prior-
itized risk genes and 15 tier 2 prioritized risk genes in 30 risk loci
(Fig. 1 and Supplementary Table 4). We could resolve all three
GWS and two subthreshold sCJD risk loci with nominated tier 1
risk genes. Our integrative multiomic analyses identified candidate
risk genes in another 26 loci (‘other’ loci), of which 12 harboured tier
1 prioritized risk genes.

At the chromosome 1 STX6 locus (G1), we observed 23 GWS SNPs
and a credible set of 22 fine-mapped SNPs with FINEMAP posterior
probabilities (PPs) up to 5.7%, including the lead SNP and the index
SNP in the locus (Supplementary Table 10). STX6 was the nearest
gene to the synonymous index variant rs3747957 and also the tier
1 prioritized gene with the highest score in this study (23), as its pri-
oritization was supported by replicated hits in multiple subcategor-
ies (Figs 1 and 2 and Supplementary Tables 5-9). Remarkably, across
10 bulk brain cohorts, we found strong evidence of eQTL-GWAS co-
localization (PP4s=94.3%-98.0%), in addition to having a
ct-eQTL-GWAS colocalization hit specific for oligodendrocytes
(PP4 =97.7%) and a pQTL-GWAS colocalization hit in DLPFC (PP4 =
99.2%) (Fig. 2). Moreover, the fine-mapped TWAS results showed
that genetic upregulation of STX6 was significantly associated
with increased sCJD risk in multiple studies (FOCUS PIPs = 0.92-1;
the most significant being in the brain region BA44; P=7.92 x107°,
Z-score =+5.77), which was also supported by protein expression
level with replicated PWAS hits (P=1.34x 1078, Z-score=+5.68
and P=1.25x107°, Z-score=+4.85 in the DLPFC analyses of the
ROSMAP and Banner cohorts, respectively; Fig. 3).

At the chromosome 20 PRNP locus (G2), 16 GWS SNPs were lo-
cated within PRNP, four of which (including the index SNP
rs1799990 and lead SNP rs2093390) were statistically fine-mapped
with FINEMAP PPs ranging from 18.3% to 29.8% (Supplementary
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Table 10). While we did not detect any colocalization or TWAS
driven evidence for any gene in this locus, we prioritized PRNP as
the tier 1risk gene, because the index variant rs1799990 was a com-
mon (non-Finnish European MAF = 34.3%) missense (p.Met129Val,
CADD =17.85) variant (Fig. 1 and Supplementary Table 1). The
same variant was also the most significant pQTL at this locus
among the 183 tested. The major and protective G allele
(p.129Val) was nominally associated with increased PrP levels in
DLPFC (P =8 x 1073, beta = +0.019). Nevertheless, pQTL coloc results
for PRNP showed limited pQTL-GWAS colocalization (PP4=41%)
due to the modest pQTL signal in the locus. Furthermore, no herit-
able PWAS models were available for PrP protein expression—thus,
it could not be tested in PWAS. Risk conferred by rs1799990 is com-
plex in that it varies between aetiological types of prion disease,**
but the heterozygous genotype is strongly associated with reduced
risk of sCJD and more slowly progressive phenotypes relative to
both homozygous genotypes.®® The biological relevance of this
PQTL is therefore unclear.

At the chromosome 22 GAL3ST1 locus (G3), we found two GWS
SNPs centring on GAL3ST1 as the nearest gene. These two SNPs,
152267158 and rs2267161, were also statistically fine-mapped to-
gether with FINEMAP PPs of 57.8% and 42.2%, respectively
(Supplementary Table 10). GAL3ST1 could be prioritized as a tier 1
risk gene, as the index variant rs2267161 (p.Met29Val, CADD score
18.13) was a common (non-Finnish European MAF =31.1%) mis-
sense variant, despite the presence of two other candidate genes
in the locus: TCN2 (50 kb downstream from the index variant with
fine-mapped TWAS hit in BA22); and INPP5] (>500 kb downstream
from the index variant with a borderline eQTL coloc hit in DLPFC
in the ROSMAP cohort) (Fig. 1 and Supplementary Tables 5 and 7).
Moreover, the GAL3ST1 p.Met29Val index variant has strong asso-
ciations with sulfatide (SHexCer) blood lipids (five different classes
and total SHexCer, P=2.5 x 107°-2.7 x 10~%), with the sCJD risk al-
lele rs2267161-C conferring increased lipid levels.*?

Atthe chromosome 7 PDIA4 locus (S1), which was a hitin gene-wide
analyses in the previous study,® the GWAS association signal sur-
rounded PDIA4 with a minimum P of 1.66 x 107° for the 3’ UTR index
variant rs9065. FINEMAP also assigned the index and the lead SNP
rs9065 as the SNP with the maximum FINEMAP PP (7.52%) in a
credible set with numerous other potentially causal variants
(Supplementary Table 10). We detected multiple lines of evidence
supporting PDIA4 (gene prioritization score of 21, the second high-
est in this study after STX6) as a tier 1 prioritized gene in this locus
(Fig. 1 and Supplementary Tables 5-9). Across eight bulk brain co-
horts, we found strong evidence of eQTL and sCJD risk colocaliza-
tion (PP4s between 85.1% and 96.1%). This appeared to be driven
largely by excitatory neurons (PP4=76.2%). PDIA4 was also a
fine-mapped TWAS hit (FOCUS PIP=98.9%, P=1.02x107°
Z-score =+4.89) and a significant PWAS hit in Banner DLPFC
(P=1.1x107>, Z-score=+4.39; Fig. 3). Genetic upregulation of
both transcript and protein expression confer increased risk of
sCJD. Finally, PDIA4 pQTLs also colocalized with the sCJD GWAS
(PP4 = 94.7%).

At the chromosome 16 BMERBI locus (S2), the intronic index
variant rs6498552 was close to the GWS threshold (rs6498552 P =
5.73x1078).2 Statistical fine-mapping also revealed a credible set
with 15 fine-mapped SNPs in this locus, in which the index and
the lead SNP rs6498552 had the second highest FINEMAP PP
(23.5%) after rs6498553 (PP=23.6%) (Supplementary Table 10).
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Figure 1 Gene prioritization results for sCJD GWAS. A visual summary of weighted evidence category scores for each prioritized risk gene, together
with brain cell-type-specific gene expression proportions. The figure shows a total of 32 prioritized risk genes (17 tier 1 and 15 tier 2). The leftmost
squares indicate the locus indexes where ‘G’ is used for the genome-wide significant loci, ‘S’ for the subthreshold loci and ‘O’ for the other remaining
loci. The types of evidence for each category are coloured according to the three different domains to which they belonged. Weighted scores for each
evidence category are rescaled to a 0-100 scale based on the maximum score a candidate gene can obtain from a category (see Supplementary Table 3).
The darker colours represent higher scores in categories or higher average gene expression proportions in the seven major brain cell types, while tier 1
prioritized genes are displayed in dark green and tier 2 prioritized genes are displayed in light green. Only tier 1 and tier 2 genes are shown for each
locus, and all candidate genes considered and scored can be found in Supplementary Table 4. CADD (v1.7) PHRED scores for index variants are labelled
in white within the respective squares in variant annotation domain. coloc = colocalization; COPs = commiitted oligodendrocyte precursors; ct-eQTL =
cell-type-specific eQTL; eQTL = expression QTL; OPCs = oligodendrocyte precursor cells; pQTL = protein-expression QTL; PWAS = proteome-wide asso-
ciation study; SEA-AD = Seattle Alzheimer’s Disease Cell Atlas; TWAS = transcriptome-wide association study.

BMERB1 (formerly known as C160rf45) was the only candidate gene
in S2. We prioritized it as a tier 1 risk gene, as it had replicated fine-
mapped TWAS hits in GTEx Frontal Cortex (P = 4.7 x 1075, Z-score =
—4.58, FOCUS PIP =96.5%) and GTEx Hippocampus (P=4.7 x 107°,
Z-score = —4.58, FOCUS PIP =96.9%) analyses where the predicted
gene expression was conversely associated with the risk of sCJD
(Fig. 1 and Supplementary Table 7).

Other loci

Of the remaining 26 ‘other’ loci, 22 had protein-coding genes in
which we performed gene prioritization analysis. Of note, variant
annotation domain does not contribute to gene prioritization in
these loci because they do not harbour GWAS index variants.®
Nevertheless, we could assign a tier 1 prioritized risk gene in 12 of
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Figure 2 Regulation of STX6 brain gene and protein expression by the sCJD-risk-colocalized eQTLs and pQTLs within the STX6 locus. The regional plots
of (i) sCJD GWAS association signal (n = 17 679), (ii) STX6 brain pQTL signal in DLPFC (ROSMAP DLPFC pQTL catalogue, n = 376), (iii) STX6 bulk brain eQTL
signal in DLPFC (ROSMAP DLPFC eQTL catalogue, n = 560), and (iv) STX6 ct-eQTL signal in oligodendrocytes (Bryois et al.>® ct-eQTL catalogue, n = 192) are
shown for 100 kb extended genomic coordinates of the STX6 locus index variant rs3747957 (chr1:180884717-181084717). Boxes in each panel show
QTL-GWAS coloc PP4 values between the molecular QTL signal and the GWAS signal for all tested variants (see Supplementary Tables 5 and 6). The
index variant is shown in purple, and LD r? values [calculated within 1000 Genome Project non-Finnish European samples (n = 404) with respect to
the index variant] are indicated on a colour scale. Variants that are not available in the LD reference panel are shown in grey. y-axis, -logl0 GWAS
or QTL P; x-axis, GRCh38 genomic position on chromosome 1, together with the annotation for the genomic positions of the protein-coding genes
in the locus. coloc = colocalization; ct-eQTL = cell-type-specific eQTL; DLPFC = dorsolateral prefrontal cortex; eQTL = expression QTL; GWAS = genome-
wise association panel; LD =linkage disequilibrium; pQTL = protein-expression QTL; QTL = quantitative trait loci; sCJD = sporadic Creutzfeldt-Jakob
disease.

these 22 loci. Moreover, for the remaining 10 risk loci, eight had a scores (Fig. 1 and Supplementary Table 4). While full results on
single tier 2 prioritized risk gene and two (O7 and 09) had two tier these prioritized genes are available in Supplementary Table 4,
2 prioritized risk genes with similar weighted gene prioritization we highlight five of these loci containing the five highest scoring
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Figure 3 sCJD brain proteome-wide association study results. sCJD brain proteome-wide association study (PWAS) results are shown proteome-wide
for both of the PWAS reference panels with two mirrored Manhattan plots on the x-axis; the upper side of the plot displays the results for ROSMAP
DLPFC PWAS, while the lower side of the plot displays the results for Banner DLPFC PWAS. Proteome-wide significance thresholds (0.05 divided by
number of tested associations; see Supplementary Table 2) for both analyses are indicated with red dashed lines and suggestive significance thresholds
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oured based on their significance (red: proteome-wide significant, blue: suggestive significant). The directionality of Z-scores of each PWAS association
is represented with upward-pointing triangles (positive Z-score) and downward-pointing triangles (negative Z-score). y-axis, —logl0 PWAS P; x-axis,
GRCh38 chromosomal positions. DLPFC = dorsolateral prefrontal cortex; sCJD = sporadic Creutzfeldt-Jakob disease.

candidate genes (gene prioritization scores >7; all supported by hits
in multiple subcategories, see Fig. 1), in addition to SIRPB1 in 025,
with considerable GWAS evidence.

In locus 010, we identified MANF as a tier 1 prioritized risk gene,
which was also the highest-scoring gene (gene prioritization score
of 8 among the other loci candidate genes. MANF had a
PQTL-GWAS coloc hit (PP4=88.1%) and PWAS hit (P=1.35x 10°,
Z-score = —4.35; Fig. 3) in DLPFC in the ROSMAP cohort, where genetic
downregulation of protein expression was associated with increased
risk of sCJD. Moreover, LPIN1 (O1) and GSAP (O16) tier 1 prioritized risk
genes both notably exhibited replicated bulk brain eQTL-GWAS coloc
hits (in nine and seven, across 10 analyses, respectively) and also
had ct-eQTL-GWAS coloc hits in multiple brain cell types (three
and four, across eight cell types), showing the importance of sCJD
risk-associated genetic variation in both loci in terms of gene expres-
sion regulation across multiple brain regions and cell types. In locus
014, HBSIL was identified as the tier 1 prioritized gene through a
PQTL-GWAS coloc hit in DLPFC (PP4 =86.1%) and borderline micro-
glia ct-eQTL-GWAS coloc hit in the meta-analysis of the MiGA data
(PP4 =70.2%). Furthermore, locus 09 had four protein-coding candi-
date genes (the highest among all loci), in which two genes were
prioritized as tier 2 risk genes, as the weighted evidence was similar:
NCKIPSD and INKA1 (formerly known as FAM212A), positioned
furthest away from each other in the locus (>1.1 Mb), had both
eQTL-GWAS coloc and TWAS hits. NCKIPSD scored one point higher
than INKA1 because of having replicated eQTL-GWAS coloc hits (9 of
10 analyses), although coloc PP4 for INKA1 in DLPFC in the ROSMAP

cohort was higher (98.8% versus 87.8%). Finally, in locus 025, located
>3 Mb upstream of PRNP, SIRPB1 was prioritized as a tier 2 risk gene as
a result of an eQTL-GWAS coloc hit in BA10 (PP4 =86.1%). Of note,
SIRPB1 had the second most significant GWAS P evidence among
other loci candidate genes after the genes within locus 09, as the
GWAS P for its 3' UTR variant rs2422615 was 5.26 x 107° (Fig. 1 and
Supplementary Tables 5-9).

Gene set enrichment and interaction analyses

Using STRING, we performed gene set enrichment and protein-
protein interaction analyses for the gene lists of tier 1 and all prior-
itized risk genes. While no significant pathways (false discovey rate
< 0.05) were found to be enriched when corrected for multiple com-
parisons, we detected a strong protein-protein interaction relation-
ship between PDIA4 and MANF on the basis of experimental/
biochemical data, co-expression and mentions of both genes in ab-
stracts in the literature (see the ‘Discussion’ section). Although
none of these was based on human experimental/biochemical
data, there was some suggestive evidence for protein-protein inter-
actions between: PRNP and SIRPB1; TRANK1 and DCLK3; and LPIN1
and ACAAL.

Discussion

TWAS, PWAS and molecular QTL-GWAS colocalization analyses
can contribute to a better understanding of genetic risks for
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diseases through refining hypotheses about implicated genes, dir-
ection of effects, cell types and pathways using GWS and subthres-
hold findings. Human prion diseases have not previously been
studied in this way and, beyond the prion protein locus itself, suffer
from a paucity of genetically validated targets for therapeutic de-
velopment. In 2020, a large GWAS study of prion disease led to
the discovery of three proposed genetic loci associated with sCJD
risk® in or near PRNP, STX6 and GAL3ST1, and we highlighted two
subthreshold loci (PDIA4 and BMERB1). We aimed to harness tran-
scriptomic and proteomic datasets to provide further insight into
sCJD risk. Herein, we reported considerable molecular QTL-based
evidence that supports a causal role for genetically upregulated
syntaxin-6 gene and protein expression in risk of sCJD relative to
other genes at the locus, as well as cell-type-specific relevance of
the GWAS signal in regulating STX6 gene expression in oligoden-
drocytes but not in other brain cell types. Furthermore, both previ-
ously highlighted subthreshold hits, PDIA4 and BMERBI1, also
showed significant associations between their genetically regu-
lated expression and sCJD risk. We also found that reduced protein
expression of a further gene product previously unconnected to
prion diseases, MANF, was associated with increased sCJD risk in
the PWAS. Interestingly, the proposed sCJD risk gene GAL3ST1 en-
codes an enzyme involved in the synthesis of sulfatides, which
are a major lipid component of the myelin sheath and are known
to have experimental links with both MANF and endoplasmic re-
ticulum stress,** providing an indirect link to PDIA4. This work,
therefore, refines and proposes new hypotheses about mechan-
isms of risk in human prion diseases.

Variants in and near to the syntaxin-6 (STX6) gene are genetic
risk factors for sCJD® and the most common primary tauopathy,
progressive supranuclear palsy (PSP).***® Syntaxin-6 is a member
of the SNARE protein family,’® which mediate the final step of
membrane fusion during vesicle transport, and thus its identifica-
tionin GWAS implicated intracellular trafficking as a causal disease
mechanism. However, although STX6 appears to modify disease
susceptibility,® in more recent work, we showed no association
with age of onset or disease progression® and that knockout of
Stx6 expression in mouse has no, or modest, effects on prion dis-
ease incubation time.’° In this work, we have shown increased
STX6 expression was significantly linked to risk of sCJD across mul-
tiple reference panels, both for TWAS and PWAS, along with
e/pQTL-GWAS colocalization, whereas evidence was limited for
other genes (including KIAA1614) at the same locus. These findings
concord with previous studies on tauopathies correlating genetic
risk loci with transcriptomic and proteomic data. Indeed, using refer-
ence data from the GTEx Consortium, a PSP TWAS study identified
that the STX6 risk haplotype was associated with differential expres-
sion of the gene.*® Furthermore, a recent frontal cortex case control
EWAS meta-analysis identified STX6 as being hypomethylated at
CpG sites in PSP compared to controls.”® Interestingly, STX6 has
also been identified as conferring Alzheimer’s disease (AD) risk in a
recent AD PWAS study, with increased syntaxin-6 protein levels in
the brain being causally associated with the disease.’® We conclude
that syntaxin-6 has pleiotropic risk effects in neurodegenerative dis-
eases, which are driven by a common genetic mechanism of in-
creased protein expression.

As expected, PRNP and GAL3ST1 were not identified as PWAS or
TWAS hits, which is in keeping with the candidate mechanisms of
these genes being driven by common missense variants. At PRNP,
the p.Met129Val polymorphism is known to be a strong modifier
of prion disease, determining predisposition to sCJD>? and iatrogenic
CJD (iCJD),* as well as influencing age of disease onset and/or
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disease progression in kuru*! and some inherited prion diseases,*°
where in general the heterozygous genotype is protective com-
pared to both homozygous genotypes. It is important to note that
most molecular QTL studies, including those used in our study,
are based on additive models (where the effect of increasing num-
bers of alleles are tested against the molecular phenotype out-
come); therefore, this can be one of the limiting factors for finding
significant downstream effects of this genetic variant on PRNP ex-
pression. Moreover, codon 129 has complex effects, exemplified
by susceptibility to variant CJD (vCJD), the human form of bovine
spongiform encephalopathy, with all but one definite case being
homozygous for methionine at codon 129.>® These human associa-
tions correlate well with modelling of the codon 129 genotype in
mouse>* and are in keeping with a mechanism of codon 129 geno-
typic risk that involves the selection of prion strains and dominant
negative effects. Galactose-3-O-sulfotransferase 1 (GAL3ST1) is an
oligodendrocyte expressed enzyme that catalyses the sulfation of
Golgi-membrane sphingolipids to form sulfatides. These are im-
portant lipids in the brain and essential constituents of the myelin
sheath.™ In the GAL3ST1 gene, a common amino acid variant
(p.Val29Met) confers increased risk of sCJD. In recent lipidomics
GWAS studies, the p.Val29Mel variant was associated with altered
concentrations of blood sulfatides.*>>> Therefore, as there is al-
ready strong evidence for a genetic mechanism at both of these
loci independent from expression change, we would not expect ei-
ther PRNP or GAL3ST1 to be a TWAS/PWAS hit. Of note, TCN2, up-
stream at the GAL3ST1 locus, was identified as a fine-mapped
TWAS hit in a single cohort and is, therefore, an alternative, albeit
lower priority, candidate at the locus.

Previously, we reported suggestive evidence that the PDIA4 lo-
cus was associated with sCJD risk by gene-based testing in the dis-
covery stage of GWAS.® These TWAS and PWAS analyses provide
an additional, complementary approach to explore the association
of the PDIA4 locus with sCJD risk. PDIA4 was both TWAS and PWAS
significant with a consistent positive Z-score suggesting genetic up-
regulation of this gene increases risk for sCJD, supported also by the
replicated e/pQTL-GWAS colocalization. PDIA4 encodes a member
of the protein disulphide isomerase (PDI) family of proteins and is
localized to the ER where it mediates oxygen-dependent disulphide
bond formation and consequently the correct folding of both trans-
membrane and secreted proteins.*® It has broad brain expression
and its function has been linked to the unfolded protein response
(UPR). Interestingly, PDIA4 has been implicated in prion disease
pathogenesis®” as well as independently emerging as a central, gen-
eric player in other neurodegenerative diseases (reviewed by
Andreu et al.>®), suggesting it may have risk effects across multiple
protein misfolding diseases. Specifically, the PDI gene family is up-
regulated in prion-infected cultured cells as well as prion-infected
hamster brains early in disease pathogenesis, which progressively
increases at later stages of the disease.”” This is supported by two
further independent studies showing Pdia4 to be upregulated both
at the RNA and protein levels in mice infected with RML prions.*®

The identification of PDIA4 as a TWAS/PWAS hit localising to ex-
citatory neurons (through the ct-eQTL-GWAS colocalization ana-
lyses) further implicates the UPR in human sCJD. Although the
UPR is a physiologically protective cellular response, which pro-
tects against ER stress driven by the accumulation of misfolded pro-
teins or other stressors,?® dysregulation of the UPR across multiple
neurodegenerative diseases leads to translational failure, ultimate-
ly culminating in neuronal loss.®*® This translational failure is dri-
ven by the phosphorylation of the o-subunit of eukaryotic
translation initiation factor, elF20.°* Importantly, the UPR has
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been highlighted as a mechanism in prion disease pathogenesis,
with elF20-P driving persistent translational repression of global
protein synthesis in prion-infected mice, leading to synaptic failure
and neuronal loss.®® In a more recent study, it has been shown that
the protracted UPR typical of prion diseases also induces diacyla-
tion of a key phosphoinositide kinase, PIKfyve, resulting in its deg-
radation and, consequently, endolysosomal hypertrophy and
activation of TFEB-dependent lysosomal enzymes.®® This has
been proposed to underpin a defining histopathological trait of
sCJD, spongiform degeneration. Therefore, the identification of
PDIA4 in this study and its strong links to the UPR are in keeping
with the emerging theme in the prion disease field that a dysregu-
lated UPR is a driver of neurotoxicity.

Continuing with this theme, mesencephalic astrocyte-derived
neurotrophic factor (MANF), also implicated in the ER stress re-
sponse, was a PWAS and pQTL-GWAS coloc hit. Although it did
not surpass the stringent threshold of significance in the Banner
DLPFC PWAS reference panel (P =3 x 107%, Z-score = -3.65; Fig. 3),
this analysis supported the same direction of effect at a suggestive

significance level, and its conserved position in the top three most
significant hits across panels provides confidence its levels are as-
sociated with risk of the disease. Mammalian MANF was first re-
ported to have neurotropic effects on dopaminergic neurons,®’
promoting their survival.®® It has particularly high expression in
the brain (reviewed by Kim et al.®°), with ER stress promoting its up-
regulation’® as well as its secretion into the extracellular environ-
ment.”*’? MANF has been shown to be an important regulator of
the UPR,”%”® which is further supported by studies using Manf
knockout mice, which show abnormal activation of the UPR.*
Interestingly, it has recently been shown that human MANFs bind
directly to sulfatide, promoting the cellular uptake of MANF, which
alleviates the ER stress response in cells, thereby conferring cyto-
protection.” Its identification in this study as a new candidate
gene therefore provides potential convergence with another sCJD
risk gene, GAL3ST1. Additionally, as a factor secreted from astro-
cytes, it provides support for the increasingly accepted notion
that the interplay between astrocytes and neurons in prion disease
is a key pathogenic phenomenon.””
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Interestingly, SIRPB1, located >3 Mb upstream of PRNP and gen-
etically linked to PRNP, was prioritized as a tier 2 risk gene, with sug-
gestive evidence for a protein-protein interaction between PRNP
and SIRPB1. SIRPA encodes signal regulatory protein o (SIRPa), a pro-
tein enriched in microglia, which plays a key modulatory role in
phagocytosis. However, SIRPa does not appear to play a role in prion
pathogenesis in vivo.”®

Another fascinating finding of this study came from the analysis
of cell-type-specific eQTLs (ct-eQTLs), which revealed striking
cell-type-specific effects in the genetic control of STX6 gene expres-
sion by risk variants with the STX6 signal specifically colocalizing
with oligodendrocyte eQTLs (Fig. 2). This provided suggestive evi-
dence that STX6 may exert its risk effects in oligodendrocytes.
This corroborates a recent multiomics study in PSP, where STX6 is
a shared genetic risk factor,***>’” which reported colocalization
of the risk variants with oligodendrocyte-specific eQTLs with one
proposed risk variant positioned in an oligodendrocyte-specific en-
hancer within an intron of STX6.”® Oligodendrocytes are an under-
studied cell population in the field of prion disease, although one
study has provided evidence that oligodendrocytes do not replicate
prions and are resistant to prion infection.”® However, it is possible
that the relationship between neurons, oligodendrocytes and other
brain cell types is crucial for prion formation, propagation, clearance
or neurotoxicity. Indeed, there is suggestive evidence for a role
of oligodendrocytes in prion disease through dysregulation of
oligodendrocyte-specific genes in transcriptomic studies.’%5?
Furthermore, a recent study showed that NG2 glia, oligodendrocyte-
lineage cells, exert a protective effect against prion-induced neuro-
toxicity by interacting with microglia and inhibiting critical signalling
pathways.®® It is also noteworthy that in human patients, oligo-
dendroglial PrP pathology has been reported in certain histotypes
of sCJD.#* Therefore, oligodendrocytes may be implicated in prion
pathogenesis, which is further supported by the convergence of the
two non-PRNP sCJD risk factors, STX6 and GAL3ST1, in this cell type.

This study has several limitations. First, our molecular
QTL-based analyses were limited to eQTLs and pQTLs; however,
the inclusion of other molecular QTLs such as splicing (sQTLs),
methylation (mQTLs) and histone acetylation (haQTLs) QTLs in fu-
ture studies could provide additional sCJD risk-associated molecu-
lar mechanisms, which can be complementary in terms of linking
the GWAS signals to similar sets of prioritized risk genes or to other
candidates. Secondly, the molecular QTL-based analyses we used
were designed to capture GWAS-relevant regulatory variants for
the features in cis (typically within a window of <1 Mb from the fea-
tures), yet GWAS signals could be related to trans-QTLs, linking as-
sociations to distant candidate genes. However, the generation of
trans-eQTL and trans-pQTL catalogues has been historically difficult
due to multiple problems related to sample size and control of con-
founders,® although there has been recent progress in large-scale
brain trans-eQTL catalogues,?® opening up new analysis opportun-
ities in the future for rare cases where a GWAS signal acts through a
trans-eQTL signal. Thirdly, despite recent progress in the availabil-
ity of brain ct-eQTL catalogues,?>®® no such cell-type-specific pQTL
catalogues are available to our knowledge, but the latest advances
in single-nucleus proteomics®” may lead to brain ct-pQTL datasets
in the foreseeable future.

In conclusion, our results are compatible with the leading hy-
potheses for the three known genetic risk factors for sCJD, with ro-
bust evidence for increases in STX6 expression driving disease risk,
but not for PRNP and GAL3ST1, which are thought to be driven by
missense SNPs. Furthermore, this functionally-informed analysis
of sCJD GWAS summary statistics provides additional suggestive
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evidence and connections between other prioritized genes, includ-
ing PDIA4, BMERB1 and MANF, and generally for a role of glial cells
and the UPR in sCJD aetiology (Fig. 4). Future functional studies
may confirm the target prioritized sCJD risk genes and
risk-associated molecular mechanisms highlighted in our study,
leading to a better understanding of the disease mechanisms and
consequently providing new therapeutic opportunities for sCJD,
with potential relevance to other neurodegenerative diseases.

Data availability

The sCJD GWAS® summary statistics are available at the European
Bioinformatics Institute GWAS Catalog portal (https:/www.ebi.ac.
uk/gwas/) under accession no. GCST90001389. SEA-AD>® brain sin-
gle nucleus gene expression matrices (https:/registry.opendata.
aws/allen-sea-ad-atlas/). Full e/pQTL-GWAS coloc and TWAS/
PWAS results from this study are available at https:/doi.org/10.
5281/zenodo.12507355, while significant-only results are shown in
Supplementary Tables 5-9 and 11. Molecular eQTL and pQTL re-
lated datasets used in this study are publicly available (see also
Supplementary Table 2): eQTLs and TWAS reference panels in
AD-relevant bulk brain regions from AMP-AD cohorts, as analysed
by Bellenguez et al.'® (https:/doi.org/10.5281/zenodo.5745927);
GTEx v8%* eQTL catalogues (https:/www.gtexportal.org/); GTEx v8
MASHR®*?* expression prediction models for TWAS (https:/
predictdb.org/post/2021/07/21/gtex-v8-models-on-eqtl-and-sqtl/
#mashr-based-models); Bryois et al.?® ct-eQTL catalogues (https:/
doi.org/10.5281/zenodo.5543734); MiGA eQTL catalogues (https:/
doi.org/10.5281/zenodo.4118605 and  https:/doi.org/10.5281/
zenodo.4118676); Wingo et al.*® v2 pQTL catalogues and PWAS refer-
ence panels (https://www.synapse.org/#!Synapse:syn23627957);
MetaBrain?® cortex TWAS reference panel®® (https:/zenodo.org/
records/7121234); PsychENCODE?® DLPFC TWAS reference panel
(http://resource.psychencode.org/Datasets/Derived/PEC_TWAS_
weights.tar.gz); and eQTLGen®® blood TWAS reference panel®®
(https://zenodo.org/records/7068381).
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