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Abstract

Understanding the tissue-specific genetic controls of protein levels is essential to uncover
mechanisms of post-transcriptional gene regulation. We generated a genomic atlas of protein levels
in three tissues relevant to neurological disorders (brain, cerebrospinal fluid (CSF), and plasma), by
profiling thousands of proteins from participants with and without Alzheimer disease (AD). We
identified 274, 127, and 32 protein quantitative trait loci (pQTLs) for CSF, plasma, and brain,
respectively. Cis-pQTLs were more likely to be tissue-shared, but trans-pQTLs tended to be tissue-
specific. Between 48.0 to 76.6% of pQTLs did not colocalize with expression, splicing, DNA-
methylation, or histone-acetylation QTLs. Using Mendelian randomization (MR), we nominated

proteins implicated in neurological diseases, including AD, Parkinson’s disease or stroke. This first
multi-tissue study will be instrumental to map signals from genome-wide association studies
(GWAS) onto functional genes, to discover pathways, and to identify drug targets for neurological
diseases.
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Disease specific analyses: To investigate a disease-specific effect on pQTLs, we performed linear

regression on the same protein-loci pairs (before conditioning on top variants) identified from the
above default model using three additional models: 1) joint analysis including disease status as
another covariate (CO vs non-CO); 2) AD case (CA) only using the same covariates as the default

model; 3) cognitive unimpaired (CO) only using the same covariates as the default model. Using
scatterplots, we visualized the correlation between each of the additional models and our default
model. Using model 1 for comparison, we observed a Pearson correlation coefficient of 0.999, 0.999,

0.999 for CSF, plasma, and brain, respectively. Using model 2 for comparison, we observed a Pearson
correlation coefficient of 0.991, 0.989, 0.998 for CSF, plasma, and brain, respectively. Using model 3
for comparison, we observed a Pearson correlation coefficient of 0.999, 0.998, 0.602 (p-value =
0.002) for CSF plasma, and brain, respectively. The relatively low correlation seen when using model
3 for comparison with controls only in brain samples was due to a much smaller sample size.
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Performing MR using TwoSampleMR R package

Mendelian randomization is a method of using measured variation in genes of known function to
examine the causal effect of a modifiable exposure on disease. This method obtains unbiased
estimates of the effects of a putative causal variable without conducting a traditional randomized
trial. We used the R package TwoSampleMR v0.4.224%, For single SNP remained after clumping, the
most basic method, the Wald ratio, was used. This package also implements the harmonization steps
before performing MR, and these steps are: 1) Correcting the wrong effect/non-effect alleles; 2)
Correcting the strand issues; 3) Fixing the palindromic SNPs; 4) Removing the SNPs with
incompatible alleles. The SNPs selected for the analysis were the based on a suggestive threshold of
1x107°. The beta-coefficients and standard errors (SEs) for the selected variants (pQTL) from this
study were used as input of instrumental variables. These instrumental variables were also
extracted from the summary statistics from the latest GWAS for the outcome on neurological disease
related traits. (Details see Table S26; Briefly, AD-risk GWAS was published in 20193; AD-progression
GWAS in 2018£; AD-age at onset GWAS in 201745 PD-risk GWAS in 201938; ALS-risk GWAS in
20167, FTD-risk GWAS in 2014-%; Stroke-risk GWAS in 2018*2). To check the specificity of protein-
neurological disease associations, we also chose asthma-risk GWAS2? as an outcome of non-
neurological disease. To test the directionality of exposure causing outcome is valid, we used the

directionality_test function from the same R package. The method confirms whether the exposure

(protein) and outcome (trait) directions are correct or not.
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Colocalization analyses

We performed Bayesian colocalization analysis using the coloc.abf function from the coloc R
package®®2 v3.1. We used the default priors with p;= 1x107% p, = 1x107* and p, = 1x107°.
Evidence for colocalization was assessed using the posterior probability (PP) for hypothesis 4

(indicating that there is an association for both protein and disease and that they are driven by the
same causal variant(s)). We used PP.H4 > 0.8 as a threshold to suggest that associations were highly
likely to colocalize.

For colocalization of pQTLs with disease status: We downloaded and used the full GWAS summary
statistics for each disease/trait from their original publications as the same for MR analysis.

For colocalization of cis-pQTLs with cis-eQTLs, cis-sQTLs from GTEx v8 release: We downloaded and
used the significant cis-eQTLs and cis-sQTLs summary statistics for two single tissues, cortex and
whole blood, from GTEx2 (https://gtexportal.org/home/datasets). For cis-sQTLs we used gene-level
sQTL results, rather than exon-level sQTLs.

For colocalization analysis of plasma pQTLs with eQTLs from eQTLgen: We downloaded and used the

significant cis- and trans-eQTL summary statistics for blood, from eQTLgen?
(https://www.eqtlgen.org/index.html). In both cases we analyzed cis- and trans-QTLs.
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For colocalization of cis-pQTLs with cis-DNA-methylation-QTLs, cis-histone-acetylation-QTLs from
ROSMAP: We downloaded and used the significant cis-DNA-methylation-QTL summary statistics for

brain tissue, from ROSMAPZ? (http://mostafavilab.stat.ubc.ca/xQTLServe/). We downloaded the

significant cis-histone-acetylation-QTL summary statistics (assigning to up to 10Mb upstream of the
transcription start site given the same gene) for brain tissue, from ROSMAPZ as well. To ensure that
DNA-methylation-QTLs affecting pQTLs are mediated by eQTLs, we further subset the DNA-
methylation-QTLs-pQTLs colocalization result with eQTLs-pQTLs colocalization result.

For colocalization of cis-pQTLs with cell-type-specific cis-eQTLs from ROSMAP: We identified the

neuron-, oligodendrocyte-, microglia-, and astrocyte-eQTL data using a pseudo-bulk strategy on
snRNA-seq (N=48) from ROSMAP data’l. In total, we recreated the expression matrices on five cell-
types (microglia, excitatory neurons, inhibitory neurons, oligodendrocytes, and astrocytes). We next
identified cis-eQTLs for each cell type using fastqtlv2.0%2 after integrating with the whole-genome
sequencing data from ROSMAP (N=39). Using both the nominal and permutation modes, we
followed the significant eGene calling approach from the GTEx pipeline. We used different priors
because the pseudo-bulk derived cell-type specific eQTLs were underpowered compared with bulk-
level pQTLs with p1 as 1x107%, p2 as 1x107%, and p12 as 1x1073. The results can be found in

Overlap of proteins with pQTLs and drug targets

To obtain information on drugs that target proteins with pQTLs from this study, we used the
DrugBank database (as of 1/3/2020)Z2, This is a manually curated database that maintains profiles
for >15,000 drugs (including FDA-approved and experimental drugs). For our analysis, we focused

on the protein target for each drug. For each protein assayed, we identified all drugs in the
DrugBank with a matching protein target based on UniProt ID, annotated via
https://www.uniprot.org/database/DB-0019. We further integrated the MR results on proteins as
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Abstract

DNA methylation and blood circulating proteins have been associated with many complex
disorders, but the underlying disease-causing mechanisms often remain unclear. Here, we

report an epigenome-wide association study of 1123 proteins from 944 participants of the

KORA population study and replication in a multi-ethnic cohort of 344 individuals. We

identify 98 CpG-protein associations (pQTMs) at a stringent Bonferroni level of significance.

Overlapping associations with transcriptomics, metabolomics, and clinical endpoints

suggest implication of processes related to chronic low-grade inflammation, including a
network involving methylation of NLRCS, a regulator of the inflammasome, and associated
pQTMs implicating key proteins of the immune system, such as CD48, CD163, CXCL10,
CXCL11, LAG3, FCGR3B, and B2M. Our study links DNA methylation to disease endpoints via

intermediate proteomics phenotypes and identifies correlative networks that may eventually

be targeted in a personalized approach of chronic low-grade inflammation.
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ABSTRACT

METHODS

In this study, among 110 young children (mean age, 18 months) with linear
growth stunting who were living in an urban slum in Dhaka, Bangladesh, and had
not benefited from a nutritional intervention, we performed endoscopy in 80 chil-
dren who had biopsy-confirmed EED and available plasma and duodenal samples.
We quantified the levels of 4077 plasma proteins and 2619 proteins in duodenal
biopsy samples obtained from these children. The levels of bacterial strains in
microbiota recovered from duodenal aspirate from each child were determined
with the use of culture-independent methods. In addition, we obtained 21 plasma
samples and 27 fecal samples from age-matched healthy children living in the
same area. Young germ-free mice that had been fed a Bangladeshi diet were colo-
nized with bacterial strains cultured from the duodenal aspirates.

RESULTS

Of the bacterial strains that were obtained from the children, the absolute levels
of a shared group of 14 taxa (which are not typically classified as enteropathogens)
were negatively correlated with linear growth (length-for-age z score, r=-0.49;
P=0.003) and positively correlated with duodenal proteins involved in immunoin-
flammatory responses. The representation of these 14 duodenal taxa in fecal mi-
crobiota was significantly different from that in samples obtained from healthy
children (P<0.001 by permutational multivariate analysis of variance). Enteropathy
of the small intestine developed in gnotobiotic mice that had been colonized with
cultured duodenal strains obtained from children with EED.

CONCLUSIONS

These results provide support for a causal relationship between growth stunting

and components of the small intestinal microbiota and enteropathy and offer a  Duodenal microbiota in stunted undernourished
rationale for developing therapies that target these microbial contributions to EED.  children with enteropathy NEJM 2020
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