Supplementary Note 1: Simulation studies

We conducted the following two sets of simulations based on whole genome sequencing (WGS)
data from the UK10K study!. One is used to demonstrate our hypothetical model of causality,
and the other is to determine the minimum number of SNPs that maximizes the power of the
HEIDI test. In both sets of simulations, we only included unrelated individuals (n = 3,642) and

~8.3 million SNPs with (MAF) > 0.01 and Hardy-Weinberg Equilibrium (HWE) P value > 1x10-.

Simulation under a hypothetical model of causality

To demonstrate consistent SNP association signals across mQTL, eQTL and GWAS studies under
our hypothetical model of causality (Fig. 1a), we randomly sampled SNPs within a 1 Mb region
across the genome, among which one SNP was chosen at random to be the causal variant. The
methylation value (m) at the causal variant was simulated based on the model m = zb,,,, + ¢ +
e,m» Where z is the genotype of the causal variant for an individual, c is a latent confounding
variable ¢~N(0,02) with o2 = var(zb,,)R?/R%, , R? being the proportion of variance
explained by c, R%, being the proportion of variance in m explained by 2z and
e;m~N(0,var(Zb,,)(1/R%, —1) —c?). In our simulation, R? = RZ,, = 0.2, and m was
standardized with mean 0 and variance 1. The expression value was simulated based on the
model x = Mby,, + ¢ + ey, wWhere ey, ~N(0,var(Mb,,,)(1/R2, — 1) — 62) with RZ, = 0.2
being the proportion of variance in x explained by m. We also standardized x with mean 0 and
variance 1. We next simulated the trait phenotype based on the modely = xby, + ¢ + ey,
where exy~N(0, var(Xbxy)(l/R,ch - 1) - JCZ) with R,ch = (.2 being the proportion of variance
in y explained by x. We excluded the causal variant from the SNP panel and performed the mQTL,
eQTL and GWAS studies. Results are shown in Fig. 1b.

Simulation under a linkage model

To investigate the power of HEIDI test with different number of SNPs in the test, we performed
simulations under a linkage model (i.e. there are two causal variants at the locus, one for gene
expression and the other for the trait) that results in heterogeneity in b, estimates. Similar to
the simulation above, we randomly sampled a 1 Mb region from the genome. Among the SNPs in
the region, two SNPs (z1 and z;) in different LD scenarios were sampled at random to be the
causal variants for the gene expression and trait. The gene expression value was generated
based on the model x = z,b,, + ¢, + e,,, where cx is a latent confounding variable with
cx~N(0, aczx) with 62, = var(z,b,)R%,/RZx, R% = 0.3 and RZ, = 0.3. The trait phenotypic value

was generated based on the modely = z,b,, + ¢, + e,,, where ¢, is a latent confounding

variable with ¢, ~N (0, aczy), aczy = var(zzbzy)ng/ng, Rczy = 0.3 and ng = (0.02. With the



simulated phenotypic data, we extracted the array SNPs (Illumina CoreExome), imputed the SNP
genotypes to 1000 Genomes Project (1KGP) reference panels, and performed the SMR analysis
with the 1KGP-imputed data2. This simulation was repeated 10,000 times and each time two

causal variants were sampled with one of the nine LD scenarios (Supplementary Fig. 13).

Supplementary Note 2: Pygipi threshold and HEIDI power

For any statistical test that aims to remove heterogeneous observations from the data (e.g.
Hardy-Weinberg Equilibrium, HWE test), it is always difficult to define an optimal threshold. For
example, while a HWE test P value threshold of 0.01 is frequently used in GWAS, we often see
studies using less conservative thresholds (e.g. 1x10-¢). The HEIDI threshold value (Pugni < 0.05)
used in Zhu et al.3 was too conservative because a multiple test correction was not applied; by
chance, 5% of the associations detected by the SMR test are removed even if all the associations
are consistent with a pleiotropic model. Note that this proportion is expected to be higher in
practice because of inevitable errors in summary-level data and heterogeneity in per-SNP
sample size, especially those from multi-cohort meta-analyses. In this study, we focused on the
associations that passed the SMR tests and were not rejected by the HEIDI test in all the three
steps described in Method overview section (i.e. DNAm-gene, DNAm-trait and gene-trait). If we
had applied a Pueini threshold of 0.05, the HEIDI rejection rate expected under a pleiotropic
model for the associations that passed the SMR test in all the three steps would be too high
(approximately 1 - 0.953 = 14.3%). We therefore used a less conservative Pugipi threshold of 0.01,
corresponding to an expected rejection rate of ~3% under a pleiotropic model for the results

that were significant in all the three steps.

We show by simulation based on whole genome sequencing (WGS) data (Supplementary Note
1) that weak cis-QTL signals together with a non-stringent cis-eQTL inclusion threshold could
lead to an inflated HEIDI test under a pleiotropic model owing to the inclusion of false positive
cis-eQTLs (Supplementary Fig. 12a), resulting in decreased power in detecting pleiotropic
associations. The inflation can be controlled by excluding from the HEIDI test SNPs not in LD or
in low LD (e.g. r2 < 0.05) with the top associated cis-eQTL (Supplementary Fig. 12b). Moreover,
the HEIDI test involves the eigendecomposition of an mxm matrix (where m is the number of
SNPs involved), which can be computationally intensive if there is a large number of SNPs
included in the test. Our simulation (Supplementary Note 1) also shows that under a linkage
model, the power of the HEIDI test initially increases with m (the top m associated SNPs after
pruning for strong LD3), reaches the maximum when m=26 for WGS SNPs and m=14 for
HapMap2 SNPs (Supplementary Fig. 13). We therefore recommend the use of m=20 in practice

to improve the computational efficiency of large-scale analysis (e.g., the analysis of mapping the



methylome to the transcriptome below) without sacrificing the power of heterogeneity
detection. In addition, it has been shown previously? and confirmed by our simulation
(Supplementary Fig. 13) that the HEIDI test cannot reject a linkage model if the two causal
variants are in perfect LD, and the rejection power decreases with the increase of LD between
the two causal variants. It should also be noted that we do not attempt to test for causality
because SMR analysis using SNP instrument at a single locus is unable to distinguish pleiotropy

from causality3.

Supplementary Note 3: Test for the difference in variance explained

For the top associated cis-eQTL, we can estimate the SNP effect and standard error with respect
to the standardised expression level (or DNAm level) based on z score and allele frequency (p)
using the method described in Zhu et al.3, i.e.

b=2z/y2p(1—p)(n+2z2)andse = 1/y/2p(1 — p)(n + z2).

The variance explained by the top eQTL can be estimated as §% = 2p(1 — p)b?. We define the

difference of 4 as d, = ﬁf(i) - qg(i), where §? and 4% are the estimated variance in gene
expression and DNAm explained by the top eQTL respectively. The variance ofd, can be
calculated following var([ﬂ) = var(flf(i)) +var((§§(i)) assuming the eQTL and mQTL are
estimated from independent studies, where the sampling variance of §2 can be approximately

calculated as var(§?) = 16p?(1 — p)? b%se? using the Delta method. The significance of d, can

. a?
therefore be assessed by a Wald test, i.e.,, —= ~x?.
Uar(dl)

Supplementary Note 4: Benefits of incorporating epigenetic data

There are several advantages of integrating epigenetic data into the SMR & HEIDI analysis. First,
the pleiotropic associations of DNAm with both gene expression and trait reinforce our
confidence in the functional relevance of the genes identified by SMR & HEID with the trait.
Second, the integration of DNAm and epigenomic annotation data helps us to better understand
and hypothesize the regulatory mechanisms at a GWAS locus (Fig. 4 and 5; Supplementary Fig.
8). Third, the integrative analysis is also helpful to narrow down the genomic regions where the
causal variants are possibly located (see the FADS2 example in Fig. 4 where rs968567 is likely to
be a causal variant regulating the expression level of one of the FADSZ isoforms and the ATG16L1
example in Fig. 5 where rs2241880 has confirmed to be a causal variant for Atg16I1 in mice?).
However, the benefit of adding DNAm data is at the cost of statistical power if we only focus on
the associations passing the SMR test and not rejected by the HEIDI test in all the three steps

illustrated in Fig. 1.
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Supplementary Figure 1 Consistency of LD rZ between two samples of European ancestry.
Shown are the LD r? between 1500 pairs of adjacent common SNPs on chromosome 22
estimated in the HRSS (n = 8,479 unrelated European Americans) and ARICé data (n = 7,703
unrelated European Americans). The comparison was limited to SNP pairs with 0.05 <2< 0.9 in

both data sets.



Supplementary Figure 2 DNAm-gene associations identified by the SMR and HEIDI analysis
with different strategies. M2T: SMR and HEIDI analysis considering DNAm as the exposure and
gene expression as the outcome. T2M: SMR and HEIDI analysis considering gene expression as

the exposure and DNAm as the outcome.
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Supplementary Figure 3 SMR estimates of the effect of DNAm on expression with and without
environmental exposure. We simulated data using a method similar to that described in
Supplementary Note 1. We randomly sampled a SNP from the UK10K-WGS data as the causal
variant and generated the DNAm (x) and gene expression (y) data based on the model x =
zb,y + €, and y = zb,,, + e,, where the SNP effects (b, and b,,) and the proportion of
variance in x and y explained by the SNP (RZ, and ng) were randomly sampled from the
estimates in the CAGE eQTL summary data’ and the McRae et al. mQTL summary datas,
respectively. We then simulated an environmental exposure that was also affected by the SNP

based on the model [ = zb,; + e,; with RZ, = 0.01. The effect of the environmental exposure on

gene expression was then modeled asy® =y + lb;y, + ¢, where c is the mean of y and b, =

Jvar(y)/var(l), mimicking a scenario that both mean and variance of y were doubled. We
repeated the simulation 5,000 times and compared the SMR estimates and the corresponding

SMR P values between the two scenarios (i.e. with or without the environmental exposure).
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Supplementary Figure 4 Distribution of physical distance between the DNAm sites and the

associated transcripts identified in the SMR and HEIDI tests (10,588 pairs in total).



Supplementary Figure 5 Pinpointing functional regions for a complex trait with consistent
SMR association signals across multi-omics layers. Shown are -logio(P values) values for
educational years (EY) against the physical positions of DNAm or gene expression probes. The
blue lines (outer ring) represent -logio(P values) from SMR tests for associations between DNA
methylation and trait, the green lines (inner ring) represent those for associations between
transcripts and trait, and the yellow lines (middle ring) represent the significant associations
between methylations and transcripts. The orange circles represent the significance thresholds
of the SMR test. The black lines are the significant SMR associations consistent across all three
layers, and red lines highlight the significant and consistent SMR associations that are not

rejected by the HEIDI test.
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Supplementary Figure 6 Enrichment analysis of 149 DNAm probes significantly associated
with both expression and traits identified by the SMR/HEIDI test for 14 main functional
annotation categories. Shown are the comparison of the associated probes with the same probes
sampled repeatedly at random with the variance of each probe matched. Error bar represents
the standard error of an estimate obtained from 500 random samples. The 14 functional
categories are: TssA, active transcription start site; Prom, upstream/downsteam TSS promoter;
Tx, actively transcribed state; TxWk, weak transcription; TxEn, transcribed and regulatory
Prom/Enh; EnhA, active enhancer; EnhW, weak enhancer; DNase, primary DNase; ZNF/Rpts,
state associated with zinc finger protein genes; Het, constitutive heterochromatin; PromP,
Poised promoter; PromBiv, bivalent regulatory states; ReprPC, repressed Polycomb states; and

Quies, a quiescent state.
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Supplementary Figure 7 Prioritizing genes and regulatory elements for coronary artery
disease (CAD) at a GWAS locus with an inferred regulation mechanism. The top plot shows the -
log1o(P values) of SNPs from the latest GWAS meta-analysis for CAD. The red diamonds and blue
circles represent the -logio(P values) from SMR tests for associations of gene expression and
DNAm probes with CAD, respectively. The solid circles are the probes not rejected by the HEIDI
test. The yellow star shows the previously reported causal variant rs1051338 (denoted in
yellow/gold). The second plot shows -logio(P values) of the SNP-association for gene expression
probe ILMN_1718063 (tagging LIPA) from the CAGE eQTL study. The third plot shows -logio(P
values) of the SNP-association for DNAm probe cg12555086 from the mQTL study. The bottom
plot shows 14 chromatin state annotations (indicated by colours) of 127 samples from REMC for

different primary cells and tissue types (rows).
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Supplementary Figure 8 Pleiotropic genes and DNAm sites shared by multiple traits. Shown
are the results at ARL61P4 locus for educational years (EY) and schizophrenia (SCZ). The top plot
shows the -log1o(P values) of SNPs from GWAS summary data for EY and SCZ. The red diamonds
and blue circles represent the -logio(P values) from SMR tests for associations of gene
expression and DNAm probes with EY and SCZ, respectively. The solid circles are the probes not
rejected by the HEIDI test. The second plot shows -logio(P values) of the SNP-association for
gene expression probes ILMN_2343047 (tagging ABCB9) and ILMN_2393144 (tagging ARL6IP4)
from the CAGE eQTL study. The third plot shows -logio(P values) of the SNP-association for
DNAm probe cg021745287 from the mQTL meta-analysis. The bottom plot shows 14 chromatin

state annotations (indicated by colours) of 127 samples from REMC for different primary cells

and tissue types (rows).
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Supplementary Figure 9 Genes and DNAm showing pleiotropic effects in opposite directions
on height and low-density lipoprotein (LDL). Shown are the results at the PLEC, GRINA and
PARP10 loci for height and LDL. The grey points are the SNP-association -logio(P values) from
GWAS summary data for height and LDL. Red diamonds and blue circles in the top layer (two
plots) represent the -logio(P values) from the SMR tests for associations of gene expression and
DNAm probes with the trait, respectively. Solid circles are those not rejected by the HEIDI test.
Shown in the second layer (three plots; the red crosses) are -logio(P values) of the SNP-
association from the CAGE eQTLs study for probes ILMN_1744268, ILMN_1710844 and
ILMN_1796490. The blue dots at the third layer are -logio(P values) of the mQTL for the three
associated DNAm probes. The bottom plots show the estimates of eQTL effects against their
estimated effects on height and LDL. The dashed lines represent the estimate of bsur at the top

cis-eQTL (rather than the regression line).
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Supplementary Figure 10 Consistent SMR effect estimates of DNAm (x) on transcripts (y)

when eQTL summary data are from different studies (CAGE versus Westra).
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Supplementary Figure 11 Replication analysis in the C180rf8 locus for educational years (EY).
A) The top plot shows the SNP-association -logio(P values) from the latest GWAS meta-analysis
for EY. Red diamonds represent the -logio(P values) from the SMR tests for associations of gene
expression with EY. Solid ones are the probes not rejected by the HEIDI test. Shown in the
second layer (three plots; the red crosses) are the -logio(P values) SNP-association from three
datasets (GTEx, CMC, CAGE). The bottom plots show the estimates of eQTL effects against their

estimated effects on EY. The orange dashed lines represent the estimate of bsur at the top cis-
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Supplementary Figure 12 QQ plots of the HEIDI test P values under a pleiotropy model. Shown
are the results from simulations based on the UK10K-WGS data (Supplementary Note 1). In
brief, we randomly sampled a sequence variant as the causal variant and simulated the
expression value based on the model x = zb,, + e,, with RZ, (variance explained by the causal
variant) estimated from the CAGE eQTL summary data. The trait value was generated based on
the model y = zb,,, + e,, with ng = 0.01. We then performed the SMR test and carried the
associations with Psmr < 1x10-6 forward for the HEIDI test. The HEIDI test was performed with
different criteria to filter SNPs. In panel a, we selected SNPs with Peqri. < 1x10-3, removed SNPs in
LD r2 > 0.9 with the top cis-eQTL, and included the top 20 SNPs (ranked by Peqri) in the HEIDI
test. In panel b, we added an additional filtering step, i.e. removing SNPs in LD r2 < 0.05 with the

top cis-eQTL. We repeated the simulation 10,000 times.
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Supplementary Figure 13 Power of the HEIDI test to detect heterogeneity changes with the
number of SNPs included in the test. The x-axis represents the number of SNPs included in the
HEIDI test and y-axis is the power of detecting heterogeneity at HEIDI P value < 0.01. The results
are from simulations based on UK10K-WGS data (Supplementary Note 1). The summary-level
statistics and LD were obtained from 1000G-imputed data in panel a and HapMap2-imputed
data in pane b. Only the associations with SMR P value < 1x10-6 were carried forward for the
HEIDI test. The associations with HEIDI P value < 0.01 were considered as those with significant
detection of heterogeneity. In each panel, shown in the plots on the right were the results
stratified by LD r2 between the two causal variants at the locus, and shown in the plot on the left

were the results of the whole set.



Supplementary Table 1 Definition of 25/14 functional categories from 127 Epigenome
reference samples.

Chromatin State Chromatin State Annotation Chromatin State Chromatin State Annotation
(25) (25) (14) (14)

Transcribed&regulatory
9 TxReg (Prom/Enh)
Transcribed 5' preferential and
10 TxEnh5' Enh 5 TxEn Transcribed and regulatory
Transcribed 3' preferential and Prom/Enh
11 TxEnh3' Enh
12 TXEnhW Transcribed and weak Enhancer
13 EnhA1l Active Enhancer 1
14 EnhA2 Active Enhancer 2 6 EnhA Active enhancer
15 EnhAF Active Enhancer Flank
16 Enhw1 Weak Enhancer 1
17 EnhW2 Weak Enhancer 2 7 EnhW Weak enhancer
Primary H3K27ac possible
18 EnhAc Enhancer
19 DNase Primary DNase 8 DNase Primary DNase
20 ZNF/Rpts ZNF genes & repeats 9 ZNF /Rpts ZNF genes & repeats

22 promp 11 promp

25 Quies Quiescent/Low 14 Quies Quiescent/Low
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