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Phenotype N. Samples Male/Female | N. Phenotypes
Genotypes 3,029 2142/887 9.472,419
Gene expression 3,029 2142/887 16,205

Exon expression 3.029 2142/887 140,198
Splicing phenotypes 3,029 2142/887 64,546
Targeted proteome 3,027 2141/886 373

Targeted metabolites 3,029 2142/887 116
Untargeted metabolites 2,998 2121/887 233

Supplementary Table 1 | After quality evaluation of all molecular phenotypes, the full
dataset was restricted to individuals with complete RNAseq and genotypes data (N=3,029).
Full break down of the number of participants for study with the different molecular
phenotypes is included here. All analyses were performed with the maximum possible
number of participants, which oscillates between 2,998 and 3,029.

Phenotype class Phenotypes |At least 1 association gnsosrc?ciatig:\zn 2 Total QTLs
éIZneeS)T . 16,205 (1:4.32;, T,=0.968) 12,824 59972
oond) o7 |wsehmoses  [12477 50,052
(Cs'Sni%)L ) 64,546 32222%, 1,20.655) 298 3978
Et:;;:]%?;:iLSProteins) 313 3(2?.31% m,=0.98) 315 1,590
(Tgr:,?:_;)}QTLS 15114 1(f;?)4%, m,=0.513) 344 2,320
-(I;;a:g;ng;rLsteins) 373 (1;;9.2%, m;,=0.463) % >33
E?aerggtzg%:tabolites) 116 ?:5.09%, m:=0.813) 33 102
E?Jﬁgr)gggcli_ ?netabolites) 233 (1:)22%, mM,=0.535) 9 199

Supplementary Table 2 | QTL discovered in DIRECT. Number of significant QTL
(FDR<5%) identified for the different molecular phenotypes. From RNAseq data we derived
gene expression quantifications, exon expression quantifications and splicing phenotypes. In
addition, we used targeted proteins, targeted metabolites and untargeted metabolites. The
analyses were done considering nearby SNPs (cis-QTLs) for expression and protein
phenotypes with a genomics location, and considering SNPs acting in trans (more than 5Mb
from TSS of the phenotypes). Metabolites, with no specific genomic location were assessed
for associations with all the SNPs. The columns indicate the type of phenotypes (Phenotype
class) and QTLs derived, the number of phenotypes (Phenotypes) tested in each analysis,
the number of phenotypes with at least one significant association, the number of
phenotypes with more that two significant associations after performing the conditional
association analysis, and the final total number of associations (QTLS) per phenotype.
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Supplementary Figure 1 | Properties of cis-eQTLs and cis-pQTLs are similar but
functional enrichment of eSNP and pSNP suggest differences in activity. A) Primary
gene level cis-eQTLs, identify as those cis-eQTLs with the most significant (FDR<0.05)
association per gene, were significantly closer from the canonical TSS than secondary
signals (Wilcox test = 7.34e-173). The plot shows groups of 7,463 eSNPs with similar Pvalue
ordered by their absolute distance between the eSNPs and the TSS (y-axis): group 1 had
the largest Pvalues, while group 8 had the smaller, but significant Pvalues. Box plots show
the median distance to TSS in boxes defined by the limits of the first and last quartiles as
reported by the boxplot() function in R'. B) The histogram show the distance between
stronger (primary) and the second strongest eSNPs for genes with two cis-eQTLs. Positive
distance indicates the most significant cis-eQTLs (37.03% of cis-eQTLs) was further way
form the TSS of the gene than the second. C) Barplot showing the number of other genes
which canonical TSS was located between the eSNP and the genes with cis-eQTLs. For
84.66% of the cis-eQTLs, we would identify at least one gene (as defined by Gencode v19)
located between the variant and the gene of the cis-eQTL. The bar on the right is grouping
all the cis-eQTLs (n=9,476) for which we would find 20 or more genes in between the eGene
and the eSNP, with a total range from 0 to 197 genes. D) Proteins with at least two cis-
pQTLs presented secondary associations closer to the TSS than the primary associations.



The proportion were of 38.46% cis-pQTLs (120) were the secondary pQTLs was closer to
the TSS than the primary cis-pQTL. Box plots show the median distance to TSS in boxes
defined by the limits of the first and last quartiles as defined by the boxplot() function in R. E)
Histogram showing the distance between stronger (primary) and the second strongest
pSNPs for proteins with two cis-pQTLs. Positive distance indicates the most significant cis-
pQTLs (36.23% of cis-pQTLs) was further way from the TSS of the gene than the second. F)
Barplot showing the number of genes with a canonical TSS located between the pSNP and
the genes coding for the protein of the cis-pQTLs. For 78.05% of the cis-pQTLs, we would
identify at least one coding gene (as defined by Gencode v19) located between the variant
and the gene of the cis-pQTL. G) Functional enrichment analysis of cis-eSNP (n=57,200) vs.
cis-pSNPs (n=1,580) using VEP. Positive OR indicates enrichment in cis-eSNPs. Pvalues
were calculated using a two-sided fisher test. H) Functional enrichment analysis of all SNPs
acting as cis-eQTLs (n=57,200) compared to SNPs acting as cis-pQTLs (n=1,580) using
ChromHMM experiments. Cell types included were: E062 (Primary mononuclear cells from
peripheral blood), E034 (Primary T cells from peripheral blood), E045 (Primary T cells
effector/memory enriched from peripheral blood), E033 (Primary T cells from cord blood),
E044 (Primary T regulatory cells from peripheral blood), E043 (Primary T helper cells from
peripheral blood), EO39 (Primary T helper naive cells from peripheral blood), EO41 (Primary
T helper cells PMA-I stimulated), EO42 (Primary T helper 17 cells PMA-I stimulated), E040
(Primary T helper memory cells from peripheral blood), EO37 (Primary T helper memory cells
from peripheral blood), E0O48 (Primary T CD8+ memory cells from peripheral blood), E038
(Primary T helper naive cells from peripheral blood), and E047 (Primary T CD8+ naive cells
from peripheral blood). Box plots show the median distance to TSS in boxes defined by the
limits of the first and last quartiles as defined by ggplot®>. Pvalues were calculated using a
two-sided fisher test.
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Supplementary Figure 2 | Pleiotropy in cis-QTLs. A) Networks of cis-pSNPs signficantly
associated (FDR<0.05, linear regression) to more than one protein. The figure shows the
independent networks associated to the pSNPs. Grey arrows indicate significant cis-QTLs
for proteins or genes, black arrows identify trans-QTLs. Sample size for the associations was
n=3,027. B) Example of shared cis-eQTLs (rs907612) involving multiple genes were the
same allele had a different direction of effects in chromosome 11. Examples of the effect
allele T (rs907612-T) increasing expression (red arrows) of LSP1 and C11o0rf89, while the
same allele degreased the expression (blue arrows) of IFITM10, CTSD, MRPL12, RP11-
295K3.1, AC051649.16. The genomic region, indicated at the bottom, shows the location of
rs907612 (black) and other SNPS. Samples size for cis-eQTL was n=3,029. C) Functional
enrichment analysis of cis-eSNP (n=497) associated to two or more genes with opposite
direction of effect and compared to eSNPs (n=1,956) with same direction of effect using
VEP. Negative OR indicates enrichment in cis-eSNPs with opposite direction of effect.



Pvalues were calculated using a two-sided fisher test. D) Functional enrichment analysis
using ChromHMM experiments for eSNPs associated with more than two genes with
opposite direction of effect and compared to eSNPs with same direction of effect. Negative
OR indicates enrichment in cis-eSNPs with opposite direction of effect. Cell types included
were: E062 (Primary mononuclear cells from peripheral blood), E034 (Primary T cells from
peripheral blood), E045 (Primary T cells effector/memory enriched from peripheral blood),
E033 (Primary T cells from cord blood), E044 (Primary T regulatory cells from peripheral
blood), E043 (Primary T helper cells from peripheral blood), E039 (Primary T helper naive
cells from peripheral blood), EO41 (Primary T helper cells PMA-I stimulated), E042 (Primary
T helper 17 cells PMA-I stimulated), E040 (Primary T helper memory cells from peripheral
blood), EO37 (Primary T helper memory cells from peripheral blood), E048 (Primary T CD8+
memory cells from peripheral blood), E038 (Primary T helper naive cells from peripheral
blood), and E047 (Primary T CD8+ naive cells from peripheral blood). Box plots show the
median distance to TSS in boxes defined by the limits of the first and last quartiles as
defined by ggplot?. Pvalues were calculated using a two-sided fisher test.
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Supplementary Figure 3 | Visualization of significant trans-QTLs. A) Genes are
represented as blue nodes while trans-eSNPs (lead SNPs associated to the expression of a
gene in trans) are grey nodes. We identified 2,320 independent trans-eQTLs
(Supplementary Data 7), involving 1,670 genes and 1,351 SNPs (from the 15,115 genes
tested). Of the genes with a trans-eQTL (trans-eGenes), 345 (20.65%) had more than one
trans-eSNP independently regulating their expression (mean = 1.39), with a maximum of 13
distal eSNP effects for the expression of F7. The SNP with the largest number of
associations in trans (top left), was rs1354034, a replicated trans-acting SNP previously
associated to platelet counts (Supplementary Figure 10B). B) This visualization of trans-
pQTL present proteins as orange nodes and trans-pSNPs (lead SNPs associated to the
proteins in trans) as grey nodes. Our analysis identified 533 independent trans-pQTLs for
193 proteins. We would observe a similar abundance of allelic heterogeneity than for trans
expression associations. The number of proteins being regulated by more than one trans-
pSNP was slightly larger than observed for expression. C) A genome-wide scan of metabo-



QTLs identified 301 independent associations for 172 targeted and untargeted metabolites
(37.47%). Of the associated metabolites 68 have more than one metabo-QTLs (39.5%,
mean=1.75), with up to 13 SNPs for 2-piperidinone. Likewise with other molecular
phenotypes, we identify variants (n=42) associated to two or more metabolites (mean=1.27).
D) Highlight of one of the networks derived from metabo-QTLs with a SNP associated with
up to 5 metabolites (rs174547). The network shows how the effective allele of a SNPs
associated to multiple molecular phenotypes may show opposite directions of effect,
stressing the need to understand the genetic regulation of multiple phenotypes from the
same datasets. E) Examples of trans-SNPs associated to multiple phenotypes. From left to
right these include a trans-eQTLs association for rs35148784 with the expression of 14
genes (blue nodes), and associations in trans for rs4065321 with the expression of 16
genes, associations for rs532436 with 9 proteins (orange nodes) and rs9680927 and 6
proteins, and metabo-QTL associations for rs174547 and rs174584 with 4 and 5
metabolites.



Cis-QTL vs Trans-QTL

A) cis-eQTL & trans-eQTL (N=929) B) cis-pQTL & trans-pQTL (N=5) C) Cis-eQTL & Trans-pQTL (N=130) D) Cis-pQTL & Trans-eQTL (N=5)
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lementary Figure 4 | cis-SNPs acting also as trans-SNPs. From the significant QTL
associations, we reported how many SNPs acted both locally (in cis) and distantly (in trans).
We considered also pairs of SNPs in high LD (R%>0.9). Metabolite-QTLs (metabo-QTL) were
considered as trans-QTLs. Each of the diagrams show the SNP-phenotype pairs with
multiple cis- and trans-QTLs. A) The number of trans-eQTLs that shared the same SNPs
with cis-eQTLs were 262, including SNPs in high LD we identified 929 cases. B) Cis-pQTL
that were also trans-pQTLs were 5, although we found no case were the exact same SNP
acted both in cis and trans. C) SNPs acting on local gene expression and distal protein
levels were 130 (26 reported same lead SNP). D) We identified 5 trans-eQTLs that were
also cis-pQTLs, including rs34097845, a SNP in chromosome 17 associated locally with the
MPO protein and acting distally to regulate the expression of both HSPA5 (chromosome 9)
and HSP90B1 (chromosome 12) (Figure 1K). E) Cis-eQTLs that were also acting as
metabo-QTL were 115. F) splicing-QTLs shared associations with 16 metabo-QTLs; G) 107
associations with trans-eQTLs, and H) 11 with trans-pQTLs. 1) Distribution of all cis-eQTL
associations p-values from linear regression for expression-SNPs pairs of significant trans-
eSNPs. The m; enrichment using all Pvalues (n=26,956) was of 41.42% for trans-eSNPs
acting as cis-eQTLs. J) Distribution using all cis-pQTL Pvalues (n=253) from linear
regression for protein-SNPs pairs of significant trans-pSNPs. The m; enrichment was in this
case of 41.68% for trans-pSNPs acting as cis-pQTLs. K) To account for multiple cis-QTL
associations, we calculated the probability of trans-eSNPs being a cis-eQTL for at least one
gene. The graph shows the product of Pvalues per gene as the probability of one gene to be
also a trans-eSNP (n=2,600). The m: enrichment identify 77.34% trans-eSNPs also acting as
cis-SNP for at least one gene. L) Similarly to eQTLs, we plot the product of Pvalues per
protein as the probability of one protein to be also a trans-pSNP for at least one protein
(n=153). The m enrichment was of 0%, identifying no trans-pSNPs acting also as cis-pQTLSs.
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Supplementary Figure 5 | Shared effects of eQTLs. A — D) Examples of genome-wide
significant cis-SNPs regulating gene expression and proteins with opposite direction of
effects. The violin plots show the median, first and last quartiles as defined by ggplot?
geom_violin function. Sample sizes for associations were 3,029 samples for expression and
3,027 for proteins. E) Comparative of associations between whole blood expression and
T2D using LocusCompare®. Top shows associations between SNPs around the TSS of
TCF7L2 with T2D (top, Pvalues of the GWAS association from Mahajan, et al.?). Bottom
shows Pvalues of the linear associations between the expression of TCF7L2 in DIRECT
whole blood data. The lead GWAS variant (rs7903146) did not associate with the expression
of TCF7L2 in blood. F) Comparative of associations between pancreatic islets expression
and T2D using LocusCompare®. Top shows associations between SNPs around the TSS of
TCF7L2 with T2D (top, Pvalues of the GWAS association from Mahajan, et al.?). Bottom
shows Pvalues of the linear associations between the pancreatic islets expression (n=420)
of TCF7L2 in pancreatic islets expression form the InsPIRE study (bottom, Vifiuela et al,®).
The lead GWAS variants (rs7903146) was significantly associated with the expression of
TCF7L2 in pancreatic islets. G) Regional plot for all the independent cis-eQTLs for TCF7L2
found in DIRECT blood. A total of 6 Independent cis-eQTLs were significant (FDR<0.05),
with the location of their lead eSNPs indicated by red lines. The blue line identify the location
of the T2D related GWAS variant (rs7903146). Pvalues were derived from the linear
associations between expression and SNPs using n=3,029 samples. H) Change in
estimates using GTEx v6p versus v8 eQTLs. The left plot shows the change in 11, (y-axis)
against the tissue sample size in v6p (x-axis), while the left plot shows the change of
against the percentage of sample size increase between GTEx v6p and v8. 1) Enrichment
analysis of GTEx v8 eQTLs discovered as blood eQTLs in DIRECT dataset. Tissues were
ordered by sample size from left (smallest) to right (largest). Horizontal bars indicate the
95% confidence interval (C.l.) calculated for T11; estimates (centre) using bootstrap
resampling and the Pvalue distribution of each type of molecular assay tested in another.
Number of Pvalues per tissue ranged from 334 in kidney to 14,920 in thyroid. J) Enrichment
analysis of GTEx v8 eQTLs discovered as blood pQTLs in DIRECT dataset. C.I. were larger
for this analyses as the number of overlapping QTLs across tissues oscillates between 13
(kidney) and 311 (Thyroid). Tissues are ordered by sample size from left (smallest) to right
(largest). Horizontal bars indicate the 95% confidence interval (C.l.) calculated for 11
estimates (centre) using bootstrap resampling and the Pvalue distribution of each type of
molecular assay tested in another. K) Enrichment analysis of GTEx v8 eQTLs discovered as
blood metaboQTLs in DIRECT dataset. Tissues are ordered by sample size from left
(smallest) to right (largest). Horizontal bars indicate the 95% confidence interval (C.l.)
calculated for 11, estimates (centre) using bootstrap resampling and the Pvalue distribution of
each type of molecular assay tested in another. Number of Pvalues per tissues ranged from
4,298 in whole blood to 6,575 in testis.
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Cis-QTL vs Cis-QTL
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Supplementary Figure 6 | Definition of trios as two molecular phenotypes associated
to the same SNP. A - F) Trios of cis-QTLs used to build a network of genetics perturbations
across molecular phenotypes. There were 6 possible combinations of cis-QTLs across
expression, proteins and splicing phenotypes. G-L) Trios of trans-QTLs used to build a
network of genetics perturbations across molecular phenotypes. There were 6 possible
combinations of trans-QTLs across, considering metabolites-QTLs as trans-QTLSs, since they
do not have an assigned genomic position.
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Cis-QTLs vs Cis-QTLs
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Supplementary Figure 7 | Causal models for shared cis-QTLs. Barplots summarize the
numbers indicated in diagrams. These show cartoon representations of the models identified
and tested for causality in cis. Colour code for the different models can be interpreted with
the cartoons bellow. A) cis-eQTLs associated models, were the independent models

evaluates unrelated effect of the SNPs in the expression of two genes and dependent

models evaluates the dependent effect of the SNP on one gene mediated by the other gene.
B) Models for cis-pQTLs. C) Models for splicing-QTLs. (D) Models for metabolite-QTLs. E)
Models for shared cis-eQTLs and cis-pQTLs. Here the dependent models distinguish
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between the effect of the SNP on proteins mediated by gene expression regulation
(Dependent 1), and the effect of the SNP on expression mediated by proteins (Dependent
2). F) Models for shared cis-eQTLs and metabo-QTLs. Dependent models show the effect of
the SNP on metabolites mediated by gene expression (Dependent 1), and the effect of the
SNP on expression mediated by metabolites (Dependent 2). G) Models evaluating shared
associations between expression and proteins. Top models indicated cases were the SNP
affected protein levels and the expression of the coding gene. Here the dependent models
distinguish between the effect of the SNP on proteins mediated by gene expression
regulation (Dependent 1), and the effect of the SNP on expression mediated by proteins
(Dependent 2). H) Models evaluating shared associations between expression and splicing.
Top models indicated cases were the SNP affected both expression and splicing in the same
gene. The dependent models distinguish between the effect of the SNP on gene splicing
mediated by gene expression abundance regulation (Dependent 1), and the effect of the
SNP on expression abundance mediated by a change in splicing (Dependent 2). 1) Models
evaluating shared associations between proteins and splicing. Top models indicated cases
were the SNP affected both protein levels and splicing in the protein coding gene. The
dependent models distinguish between the effect of the SNP on gene splicing mediated by
protein abundance regulation (Dependent 1), and the effect of the SNP on proteins mediated
by a change in splicing (Dependent 2).

14



Cis-QTLs vs Trans-QTLs

[JIndependent [ Dependent 1 [l Dependent 2

°
a0
8"
&'
s ans-! cans-! wans—®
s 1 s W vs ' NS
cis-e0" c.‘s,p(\" c‘\s—EQT 5—901
A) cis-eQTL & trans-eQTL C) Cis-eQTL vs trans-pQTL
Independent Dependent 1 Dependent 2 Ir\dependent Dependent 1 Dependent 2
(N=41) (N=373) (N=130) (N=31) (N=51)

s (&0 — (Il ct-j aen \ mw cmt-ﬁ m
&

chrB ChrB 4-/7 ChrB 4-L chrB RNA chrB RNA chrB RNA

B) cis-pQTL & trans-pQTL D) Cis-pQTL vs trans-eQTL
Independenl Dependent 1 Dependent 2
(N=2) (N 1) Independent Dependent 1 Dependent 2
=0) (N= N=3)
chra cm _

- N T
—&

chrg RNA chrg

Trans-QTLs vs Trans-QTLs

E) trans-eQTL & trans-eQTL

Independent Dependent
(N=4341) (N=5661)

cra @ chra @ C*‘”‘ [ Independent [ Dependent

ans cwe — [ cs — [T

F) trans-pQTL & trans-pQTL

Independent Dependent
(N=127) (N=325) o

. o ™
@& &

chrB RNA chrB RNA chrB RNA

60,

G) Trans-eQTL & trans-pQTL

Independent Dependent 1 Dependent 2
(N=0) (N=0) (N=12)

@ [ Independent [ Dependent 1 [l Dependent 2
f' / 100
enre —{TRNALF— enre —{TRNALF— e 75
chrs s —{ RvA —— chrs
50
H) metabo-QTL & trans-pQTL 25

Percentage

Independent Dependent 1 Dependent 2 o
(N=0) 10) (N=0)
s e
Metabu\lte etabolite . Hretabolite o= 19000
ChrA ) Chr A D
cnrs —{RNA —— chrs —{ RNA chr8 —| RNA

Supplementary Figure 8 | Causal models for shared cis-trans-QTLs and trans-trans-
QTLs. The diagram show models used to infer causality for SNPs acting as cis and trans
within phenotypes and across different phenotypes. The top barplot summarize the number
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of models identified and show on the diagrams. Colour code for the different models can be
interpreted with the cartoons bellow. A) Number of trios of SNP-phenotypes identified for
each model when evaluating SNPs with shared cis and trans-eQTLs effects. Dependent
model 1 identifies an effect of the SNP on trans expression mediated by a local effect. This
is assumed to be mediated by molecules or proteins not measured. Dependent model 2
identify local effects of the SNP in expression mediated by distal regulation. B) Models for
SNPs affecting both cis and trans-pQTLs effects. Dependent model 1 identifies an effect of
the SNP on distal protein mediated by the effect on a nearby protein. Dependent model 2
identify local effects of the SNP in protein levels mediated by distal regulation of other
protein. C) Models evaluating SNPs with shared cis-eQTL and trans-pQTLs effects.
Dependent model 1 identifies an effect of the SNP on a distal protein in mediated by a local
effect on gene expression. Dependent model 2 identify local effects of the SNP in expression
mediated by distal regulation of protein levels. D) Models evaluating SNPs with shared cis-
pQTL and trans-eQTLs effects. Dependent model 1 identifies an effect of the SNP on distal
gene expression mediated by a local effect on a protein. Dependent model 2 identify local
effects of the SNP in protein abundance mediated by distal regulation of the expression of
other gene. E) Models for shared trans-eQTL effects. F) Models for shared trans-pQTL
effects. G) Models for shared trans-eQTL and trans-pQTLs effects. The only models
confidently identify show the effect of a SNP in distal gene expression were mediated by
regulation of distal proteins. H) Models evaluating SNPs with shared cis-pQTL and metabo-
QTLs effects. The only models identify show the effects of the SNPs on distal proteins were
mediated by metabolites.
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Supplementary Figure 9 | Full network with all QTLs. The figure shows the complete
network including all QTLs, including 79,733 nodes (15,254 genes, 373 proteins, 172
metabolites and 63,795 SNPs) and 80,645 edges (QTLs), connected in clusters containing
between 3 and 19,711 nodes. Full figure may be explore using a Cytoscape object deposited
on the following link: https://zenodo.org/record/7521410
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Supplementary Figure 10 | Co-localization of different genetic effects. A) Summary of
COLOC analysis. Probabilities of co-localization per GWAS SNPs tested (from studies
providing complete summary statistics) are shown on the y-axis, with one type of
disease/phenotype per row. Boxes show the mean of the probabilities of co-localization
across all SNPs tested per trait with the first and last quartiles as defined by ggplot®>. B)
Trans-eQTLs for rs1354034. This variant is a trans-eSNP for 297 genes across 23
chromosomes. The diagram shows the 297 genes and the SNP as nodes coloured
according to their chromosome location, which are also ordered, with chromosome 1 on the
top left, and chromosome X (n=23) on the bottom right. The SNP is located in chromosome
3, and is the origin of all edges. C) Cis and trans effects associated to rs149007767. This
variant is a trans-eQTL for RETN (Pvalue=1.296e-13, beta=-0.134, Figure 5B) while acting
as a cis-eQTL for two transcription factors in cis: GRB10 (Pvalue=1.448e-06; beta=-0.043)
and IKZF1 (Pvalue=1.283e-16; beta=0.566), suggesting the trans-eQTL effect may be
mediated by one or two of these genes. Causal inference analysis only found supporting
evidence for a model where rs149007767 regulation of RETN is mediated by IKZF1 (BIC >
26, compare with the other two possible models for RETN-IKZF1-rs149007767. All figures
used data from 3,029 independent biological samples, and the violin plots show the median
and first and last quartiles as defined by ggplot? geom_violin function.
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	Supplementary Table 1 | After quality evaluation of all molecular phenotypes, the full dataset was restricted to individuals with complete RNAseq and genotypes data (N=3,029). Full break down of the number of participants for study with the different molecular phenotypes is included here. All analyses were performed with the maximum possible number of participants, which oscillates between 2,998 and 3,029.

