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ARTICLE

eurological disorders are the leading cause of disability

worldwide, accounting for 276 million disability-adjusted

life years (DALY) globally in 2016!. This burden is con-
tinuously increasing with growing and ageing populations?,
emphasising the need for better prevention and treatment stra-
tegies. Multiple genetics and genomics efforts have established
that these diseases have a substantial genetic component®#. Elu-
cidating their genetic architecture can, therefore, help to forward
our understanding of their aetiology by identifying causal disease
mechanisms, thus opening a path towards clinical translation.

Due to their heterogeneity and overlapping clinical features,
neuropsychiatric disorders such as schizophrenia and bipolar
disorder are often misdiagnosed®, while others with more distinct
symptoms, such as Alzheimer’s disease (AD), lack effective drugs
and accessible biomarkers that can detect early disease®. The
human serum proteome is an especially valuable resource of
potential biomarkers for these highly polygenic disorders. As
proteins are often dysregulated in disease, studying protein
quantitative trait loci (pQTLs), which are genetic variants asso-
ciated with protein expression levels, can help to bridge existing
knowledge gaps. Most pharmaceutical drugs also target proteins,
further increasing their actionability.

By implementing statistical methods that leverage relevant bio-
medical data, such as causal inference and colocalisation analysis,
pQTLs can be used to determine causality and to identify disease
pathways. For example, in a study focused on neurologically relevant
proteins’, a pQTL for serum PVR mapping to the PVR gene (cis-
pQTL), was found to be causally associated with AD through
Mendelian randomisation analysis. Through similar methods, a
recent brain proteome-wide association (PWAS) and pQTL study®
identified five genes causal for AD at high confidence, of which four
were novel. By validating known AD loci and identifying new causal
genes, these studies demonstrate proof-of-concept.

Here, we aimed to identify biomarkers of neurological traits
and enhance insight into disease pathways, by carrying out a
pQTL analysis of 184 neurologically relevant serum proteins. The
main advantage of serum proteins is that they are easily acces-
sible, both as drug targets and diagnostic biomarkers. We use
whole-genome sequencing (WGS) to capture the entire allele
frequency spectrum in 2,893 samples from two Greek population-
based cohorts, MANOLIS and Pomak. Association analysis was
first carried out individually for each cohort, followed by a meta-
analysis. Specifically, proteins were quantified using Olink’s
proximity extension assay (PEA) and comprised established or
potential markers of neurobiological processes. Using WGS, we
were able to detect both rare and common pQTL variants. We
then investigated the relevance of the discovered pQTLs to neu-
rological diseases and highlight biomarkers of high diagnostic or
prognostic potential, identify drug repositioning opportunities,
and describe pathways relevant to neurological traits.

Results

Protein QTL discovery. For the 184 neurologically relevant
proteins analysed, we detect 214 independently-associated pQTLs
(P<1.05 x 10710; “‘Methods’ section) for 107 proteins from the
meta-analysis, following conditional testing (Fig. 1 and Supple-
mentary Data 1). Loci were classified into cis and trans: cis-acting
pQTLs, which are defined as variants residing within 1 Mb
upstream or downstream of the protein-encoding gene, are likely
to regulate protein expression directly at the transcriptional level,
while trans-pQTLs are likely to act through intermediaries to
modulate protein levels. We observe 162 (75.7%) cis-acting
pQTLs for 91 proteins, and 52 (24.3%) trans-acting pQTLs for 38
proteins. A total of 22 proteins had both cis and trans-acting
pQTLs (Fig. 2b).

Sixteen proteins have only trans-pQTLs, 13 of which have
pQTLs only in pleiotropic loci. We find altogether 30 variants
arising at known pleiotropic loci, including those near or within
KLKBI, ABO, F12, VIN, and the HLA region on chromosome 6.
These are loci that influence the levels of multiple proteins; the
most pleiotropic being loci at KLKBI and ABO, affecting 11 and
12 proteins, respectively. These have been identified in published
PQTL studies and are not restricted to neurologically relevant
proteins®~12. ABO is the most extensively studied among these
pleiotropic loci, and is known for its role in blood coagulation
processes and determining the ABO blood types. In particular, we
detect the missense variant rs8176747 affecting ADAM15, IL3RA,
and KIRREL2 protein levels. rs8176747 is among the variants
routinely used to determine blood group phenotype!3, which has
been associated with multiple diseases, mainly of cardiovascular
relevance. As proteins such as ABO are connected to large
signalling networks, changes in their structure or expression levels
could influence multiple downstream substrates, hence explaining
their pleiotropy.

We identify 33 sequence variant-protein level independent
associations for 15 proteins that have not been investigated for
pQTLs before (Table 1). For the remaining 92 proteins, we
identify 72 novel cis-pQTL variants, and 15 novel trans-pQTL
variants, excluding those at known pleiotropic loci. We define
novelty if no variants within 2 Mb have been previously reported
in serum pQTL studies, or if associations remain significant after
conditioning on established pQTLs.

Eight of the proteins we studied here have also been investigated in
a pQTL study in cerebrospinal fluid (CSF)!4. We replicate six of these
cis-pQTLs in serum: for CD33, GPNMB, LEPR, NAAA, SIGLEC-9,
and TDGFI. Additionally, we find novel cis-pQTLs for CD33 and
GPNMB, and trans-pQTLs for NAAA and SIGLEC-9, which had
not been detected in CSF. The observed replication of CSF pQTLs
indicates that the expression of these proteins in serum and CSF are
governed by a shared genetic mechanism.

Of the identified independent pQTLs, 185 (86%) are common-
frequency variants (minor allele frequency [MAF]>5%), 25
(12%) are low-frequency (MAF 1-5%) and four (2%) are rare
(MAF < 1%) (Fig. 2a). Eight of the low-frequency or rare pQTLs
(all cis signals) have not been reported before, despite the proteins
having been analysed in past studies, demonstrating the
advantage of using whole-genome sequencing-based analysis to
capture the full MAF spectrum.

Gene expression QTL colocalisation. Colocalisation analysis is
used to test if independent association signals from two traits
share the same causal variant. When comparing protein with
gene expression levels, positive colocalisation is indicative of a
shared regulatory mechanism, thereby acting as orthogonal vali-
dation. Through testing for colocalisation of neurological pQTLs
with gene expression QTLs (eQTLs) from multiple tissues
(GTEx), our results also identify disease-relevant tissues where
gene expression correlates with serum protein expression. For cis-
acting pQTLs, analysis was carried out between protein expres-
sion and the expression of the encoding gene, in all available
tissues. Sixty-four (69%) cis-pQTLs colocalised strongly (coloca-
lisation posterior probability 4 [CLPP4] > 0.8; ‘Methods’ section)
with gene expression in at least one tissue, with 11 (12%) in whole
blood, and 21 (23%) in various parts of the brain (Supplementary
Data 4). This indicates that for these loci, the causal variant
influences both gene and protein expression, therefore supporting
transcriptional regulation as the mechanism underpinning var-
iation in protein expression levels.

For trans-pQTLs, positive colocalisation between a pQTL and an
eQTL at a distal gene increases the likelihood that the two gene
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Fig. 1 pQTL signals for 107 serum proteins from Olink neurology and neuro-exploratory panels. a 3D Manhattan plot of detected pQTLs. The x axis
represents each of the 107 proteins; the y axis represents the chromosome location of each signal; and the z axis represents the —log10 p-values of each
association signal. b Scatterplot of pQTL variant location against the location of the gene encoding the target protein. Each dot represents an independent

variant. Cis-pQTLs are coloured in teal, while trans-pQTLs are in orange.
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Fig. 2 Overall genetic architecture of 107 serum proteins of neurological relevance. a A total of 214 independent variants were detected. Cis-acting
variants were defined as variants lying within 1Mb upstream and downstream of the gene encoding the target protein, while trans-acting variants are
variants that lie outside of this region. Most severe consequence was determined by Ensembl’s variant effect predictor (VEP). Effects more than missense
included ‘stop_gained’, ‘frameshift_variant’, and 'splice_acceptor_variant’ in our dataset; ‘Regulatory region’ variants include ‘[3/5]_primeUTR_variant’,
‘TF_binding_site_variant’, 'splice_region_variant’, and ‘regulatory_region_variant’; while'Others’ comprises mostly intergenic and intronic variants. Novelty
was assessed by cross-referencing published summary statistics from other pQTL studies (Supplementary Data 2). Known pleiotropic loci were not
considered novel. Rare, low-frequency and common variants were defined as variants with minor allele frequency (MAF) < 1%, MAF 1-5%, and MAF > 5%,
respectively. b Number of proteins for which we detected only cis-pQTLs, trans-pQTLs, or both.

products map to the same regulatory pathway (Supplementary
Note 1 and Supplementary Fig. 2). Colocalisation analysis was
performed between protein traits and expression of genes within
2Mb of the trans-acting variant. We detect 36 (75%) signals that
colocalise with the expression of at least one gene in their vicinity,
with three (6%) in whole blood and 30 (62%) in the brain
(Supplementary Data 4). As proof-of-concept, we find known
receptor-ligand pairs such as a trans signal for the KIR2DL3 (killer
cell immunoglobulin-like receptor 2DL3) protein colocalising with
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the expression of HLA-C in multiple tissues (22 tissues; CLPP4 >
0.78). KIR2DL3 is an inhibitory receptor for HLA-C, and is
resposnsible for preventing natural killer cells from killing healthy
cells?>.

The analysis also enabled the identification of new protein links.
For example, we observe a trans-pQTL for SMPDI (sphingomyelin
phosphodiesterase; rs10745925; MAF=0.333; P=7.75 x 10723
BETA = —0.2805; SE =10.0285) that colocalises strongly with the
expression of GNPTAB in the liver (CLPP4: 0.89), and moderately in
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other tissues (CLPP4 = 0.58 [oesophagus mucosa]; 0.57 [stomach];
0.54 [adrenal gland]). SMPD1 is a lipid hydrolase involved in
multiple cell processes; whereas GNPTAB encodes subunits of
GlcNAc-1-phosphotransferase, which is involved in the synthesis of
mannose-6-phosphate (M6P). SMPD1 exists in two forms: secreted
and lysosomal. Its lysosomal form is transported via the M6P
receptor pathway, therefore supporting the observed SMPDI-
GNPTAB interaction. Moreover, we find that the minor allele is
associated with a decrease in circulating SMPD1 and an increase in
GNPTAB expression. This could be a result of increased M6P
tagging, which targets a disproportionate amount of the enzyme to
the lysosome rather than the secretory pathway. Secreted and
lysosomal SMPDI are likely to play distinct roles in the body!®, and
abnormal levels of the secreted form have been implicated in age-
related neurodegenerative conditions!” including Alzheimer’s
disease!® and amyotrophic lateral sclerosis (ALS)!®. We, therefore,
identify a locus at GNPTAB that coregulates secreted SMPD1 levels
and GNPTAB expression, pinpointing a possible mechanism behind
SMPD1-related neuropathological disorders.

Heritability. To estimate the narrow-sense heritability of the
protein traits studied, the proportion of variance explained (PVE)
by all variants across the genome was calculated using GCTA
GREML? for each protein. Using a single-component approach,
WGS variants explained a median of 33.3% of variance in serum
protein levels, with the highest observed heritability observed for
CD33 (h? = 87.2%). Another three proteins had high heritability
of more than 80%: TDGF1 (85.4%), VSTM1 (82.8%), and LAIR2

(82.3%). Conversely, some proteins had very low heritability
estimates of h? < 5%: IKZF2 (4.9%), RNF31 (4.4%), and EPHA10
(0.001%).

We observe that for all four proteins with h2 > 80%, the pQTLs
colocalised with gene expression QTLs in multiple tissues,
indicating regulation at the transcriptional level; therefore, the
high observed h? values are likely to mirror genuine high
heritability. There are, however, other non-mutually exclusive
reasons that can drive very high or low estimates: (1) Variants
that alter the binding specificity of the Olink antibody but not the
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