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Figure 1 Two CCmed algorithms for identifying cis-mediated trans-associations across multiple
conditions at the gene-level and for GWAS SNPs, respectively. (A) An illustration of the
CCmedgene model for mapping gene-level mediation and trans-association in a single tissue type.
(B) An illustration of the CCmedGWAS model for identifying trans-genes of a GWAS SNP
mediated by cis-gene expression in a single tissue type. (C) A flowchart of the two CCmed
algorithms to establish cross-condition (here, cross-tissue) trans-associations mediated by cis-gene
expression levels.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
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Yang et al. Page 27 of 29

Discovery

GWAS-SNP cis Gene trans Gene

Complex trait

SNPs in cis 
with trans Gene

GWAS
Summary
Statistics

A

GWAS-SNP cis Gene trans Gene

Complex trait

SNPs in cis 
with trans Gene

B

GWAS
Summary
Statistics



X

Discovery

Figure 2 A conceptual illustration of the validation analyses to examine the trait-associations of
the suspected trans-genes for GWAS SNPs. In the discovery analysis by CCmedGWAS, we
identified the suspected trans-genes for GWAS SNPs. If a trans-gene is involved in the
trait/disease etiology as in (A), we expect the SNPs in cis with the trans-gene to have higher than
random association effects with the complex trait. When a trans-gene is not involved in the
trait/disease etiology as in (B), we expect to observe the SNPs in cis with it not associated with
the complex trait higher than random.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 13, 2019. ; https://doi.org/10.1101/803106doi: bioRxiv preprint 
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Figure 3 CCmedgene trans-associations are replicated in other datasets. (A) QQ-plot of
− log10(P ) comparing trans-associations identified by CCmedgene (cyan points) to randomly
selected trans-associations (black points) in the eQTLGen blood tissue trans-eQTL study of
trait-associated variants. (B) Marginal correlations in CMC Dorsolateral Prefrontal Cortex samples
of cis-trans pairs in mediation trios identified by CCmedgene.
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Figure 4 Validation of CCmedGWAS trans-associations. (A) Among the 1418 trans-genes for 124
scz-SNPs detected from GTEx data via CCmedGWAS, 1158 trans-genes have at least 1 GTEx
reported cis-eQTL, with a total of 124,619 eQTLs also genotyped in the GWAS data. Here we
plot the GWAS scz-risk-association P -values for those 124,619 eQTLs (and zoomed-in to focus on
those with GWAS P < 0.05). (B) Counts of suspected trans-genes showing evidence of
schizophrenia-risk association based on multitissue TWAS analysis. Colors correspond to counts
that would be expected by chance using randomly selected genes (blue) and the counts beyond
what would be expected by chance (orange) among CCmed-identified suspected trans-genes. (C)
An example of a suspected trans-gene validated by MR-Robin (p = 0.001). The eQTL effect size
estimates (y-axis) are plotted against GWAS effect size estimates (x-axis) for SNPs used in the
analysis. Points are colored by SNP. Colored lines represent SNP-specific slope estimates. The
slope of the black line is the fixed effect estimate from the MR-Robin reverse regression, and
implies a non-zero mediation effect of the gene PRR12 on scz. (D) Venn diagram of gene counts
of MR-Robin, brain-tissue-based S-PrediXcan and S-MultiXcan results at the cutoff of P < 0.05.

SNP i (Li) Gene (X) Trait (Y )
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Figure 5 An illustration of horizontal pleiotropy in a gene region. There is a SNP i of interest
being a candidate IV. A SNP j in LD with it is also an eQTL of the targeted gene and has a
direct effect on the trait. When conducting MR using only marginal summary statistics, the effect
of SNP j is not accounted for, and will confound the relationships among the SNP i, the gene
expression and the trait. That is, horizontal (and/or correlated) pleiotropy in a gene region will
bias the effect estimate based on marginal statistics for SNP i, without conditioning on SNP j.
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