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cmc stratified by scz cases and controls

Half of the CMC samples were SCZ/BIP cases, and we evaluated h2g in the case/control subgroups separately.
We observed apparent differences between cases and controls in both cis and trans estimates, with controls
exhibiting significantly more cis-regulation (permuted P=2 × 10−04). While little correlation is expected
in estimates of cis-h2g, the trans components for each gene will be nearly identical and so any co-expressed
genes will introduce additional variance that is not accounted for by the simple standard error. We permuted
case/control labels and found only the cis-h2g estimates to be significantly different (P=2× 10−04).

To ensure that results from the CMC data were not biased by ascertainment for SCZ/BIP cases, we performed
a separate TWAS in which cis SNP-expression effect sizes were stratified on CMC case-control status and
meta-analyzed; we observed no significant differences compared to using the full sample (Supplementary
Table 4).

h2
g of splicing events

Average cis and trans h2g for splicing events (that mapped to canonical exon junctions) was 0.017 (se 0.001)
and 0.046 (0.003) respectively, highly significant though lower than the average h2g for total gene expression
in the CMC data set (Supplementary Table 1). After Bonferroni correction, 2,847 introns (in 1,453 unique
genes) were significantly cis-heritable, comparable to the 2,702 genes with significant total expression in
the CMC (Supplementary Table 1). Interestingly, only 531 of the 1,453 unique genes with a significantly
heritable intron also had significantly heritable total expression, confirming previous findings that heritable
splice variants tend to be independent of cis-effects on total expression1. In contrast, we observed little
independent transcript-level variation when analyzing individual probes in the NTR expression array data,
and few additionally significant transcripts (Supplementary Table 1).

splicing events with compensatory effects

To demonstrate the complex relationship between multiple alternative exons within a single isoform, we
consider SDCCAG8, which harbored six significant intron-level TWAS associations with effects in either
direction (Supplementary Figure 7). We used step-wise model selection to identify two SNPs that were
jointly significantly associated with alterantive splicing of multiple introns. We observe significant and
opposite effects for the first SNP on introns 2 and 3 (Supplementary Figure 7, top); likewise, we observe
significant and opposite effects for the second SNP on introns 1 and 3 (Supplementary Figure 7, bottom).
Importantly, all effects remained significant after including total gene expression as a covariate, and the
second SNP was not significantly associated with total expression. This example highlights the compensatory
effect of splicing - the inclusion of intron 2 is inversely correlated with the inclusion of intron 3 - and the
complexity of interpreting splicing TWAS effects.

twas replication with individual-level pgc

We used the individual-level PGC data2 to perform replication analyses and compare to summary-based
results (we had permission to access individual genotypes for 58,246 of 79,845 samples). Cis SNP-expression
effect sizes were computed using the BSLMM software (as in the main analysis) and predicted into each
PGC sub-cohort to produce individual-level gene expression predictions. We first verified that TWAS using
the raw GWAS data produced similar results as TWAS using summary statistics3, observing a correlation
of Z-scores ranging from 0.85-0.90 despite the somewhat different set of GWAS samples and independent
measures of LD (Supplementary Table 5).

Next, we down-sampled the PGC data into GWAS discovery samples of various sizes (10,000-50,000) to
quantify the power and out-of-sample replication of the SCZ TWAS associations (where the expression panel
size was always held constant; Supplementary Figure 3A). We estimated TWAS effect-size precision as the
slope of a regression of replication vs. discovery TWAS effect sizes across transcriptome-wide significant
associations (Online Methods), where a slope below 1 represents over-estimated effect sizes in the discovery
data due to winner’s curse. Across random down-samples, average effect-size precision was 0.93 at a discovery
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sample size of 50,000, indicating minimal winner’s curse and projecting highly accurate effect-size estimates
in the full TWAS. The number of transcriptome-wide significant associated genes increased linearly with
GWAS sample size and was similar across all four expression reference panels (with more associations in
brain expression at the largest discovery size), consistent with a polygenic architecture and many undiscovered
associations.

twas replication in cmc

We replicated the TWAS associations using case-control phenotypes from the CMC cohort (SCZ+BIP cases
and controls; we included BIP cases due to the high genetic correlation between these two diseases4 and
insufficient power to distinguish differences at this sample size). We observed significant replication across
all four expression panels, with no significant bias (Supplementary Figure 3B; Supplementary Figure 5). We
note that even though the same CMC samples were used for the TWAS brain expression reference panel and
replication using case-control status, this is an independent replication because CMC case-control status was
never used in the discovery TWAS. Next, using all transcriptome-wide significant TWAS genes and splicing
events identified in the PGC and their corresponding discovery effect sizes, we constructed gene-based risk
scores (GE-PRS) from their predicted expression in the CMC (SCZ+BIP) case-control samples (Online
Methods). The GE-PRS from each expression panel were significantly associated to case-control status,
with the strongest association coming from the CMC/brain expression GeRS, which explained 1.4× more
SCZ variance (and was more significant; P = 2.0× 10−4 vs. 1.2× 10−3) than a genetic risk score computed
using the 104 (non-HLA, autosomal) published genome-wide significant GWAS associations2 (Supplementary
Figure 3C). The GE-PRS remained significant in a joint model with the published GWAS predictor (P = 0.01,
Supplementary Table 6).

analyses of brainspan temporal expression

We sought to investigate temporal differences within the CMC/brain TWAS signal using individual tran-
scriptomes collected by the BRAINSPAN study (see Web Resources) across developmental periods in the
same brain sub-region (PFC) ranging from fetal to adult. For each of 19 developmental periods, we estimated
differential expression relative to the other periods as an indicator of temporal specificity. The “RNA-Seq
Gencode v10 summarized to genes” (RPKM) data was downloaded from the BRAINSPAN web-site and
the following quality control performed: Samples without meta-data or with RIN scores < 8 were removed;
data was quantile normalized to remove transcriptome-wide differences; log2(RPKM + 1)-transformed to
stabilize the variance; genes where transformed values were < 1 for more than 50% of samples were removed
as under-expressed; co-expression was computed across all pairs of individuals and any samples more than
2.5 standard deviations away from the mean removed as outliers; finally, we restricted to the pre-frontal
cortex subregion.

For each developmental period i and gene j, preferential expression for that period was computed across
all genes as a Z-score [GEi,j − µ(GE∗,j)]/σ(GE∗,j). The correlation matrix across of these Z-scores roughly
divided the transcriptomes into two clusters split at 26 weeks post-conception (pcw), though non-monotonic
correlation across some developmental periods were also observed (Supplementary Figure 11). For each de-
velopmental period, a signed Spearman rank correlation was computed between these Z-scores and the SCZ
TWAS χ2 statistics across all genes tested in the corresponding TWAS, and significance assessed (Supple-
mentary Figure 12). A high correlation indicates that genes preferentially expressed in that developmental
period also tend to be genes with a significant TWAS effect on schizophrenia.

We observed TWAS χ2 statistics to be significantly positively correlated with differential expression from
the mid-fetal developmental period (P < 0.05/19), and corresponding significant negative correlation for
differential expression from post-fetal periods (Supplementary Figure 11, 12). The effect was most significant
in the CMC/brain TWAS, less significant in the two blood TWAS, and non-significant in the adipose TWAS.

BRAINSPAN transcriptomes:
http://www.brainspan.org/static/download.html
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estimating h2
g from gene-based polygenic risk scores

We used classical theory from risk prediction to estimate the h2g explained by the SNP and GeRS predictors5,6.
The liability-scale prediction R2 = h2gh

2
g/(h

2
g + Me/N) where N is the effective number of samples and Me

is the effective number of SNPs (estimated at 60,000 genotyped markers genomewide7). Given prediction
R2, Me, and N , this equation can be used to back-calculate the h2g of the corresponding predictor2. For the
published PGC 102,627 SNP predictor, the liability-scale prediction R2 was 0.125, corresponding to an h2g
of 0.37 under an Me = 60, 000. This h2g is higher than previous estimates, which could be explained by the
presence of more extreme cases in the CMC data. After similarly pruning at r2 < 0.3, the TWAS GeRS from
all tissues jointly retained 14,023 genes, from which we computed an Me = 14, 023×60, 000/102, 627 = 8, 413.
The liability-scale prediction R2 was 0.046, corresponding to an h2g of 0.096 under an Me = 8, 413. The
fraction of SNP-h2g explained by genes across all tissues was then 0.096/0.37 = 26%.

We separately estimated these parameters using the AVENGEME method of ref.5, which uses a maximum
likelihood model over the distribution of prediction R2 values from multiple TWAS/GWAS p-value cutoffs.
This model additionally infers the fraction of variants that are non-causal (π0). The h2g of the PGC SNP
predictor was 0.33 (95% CI of 0.30 - 0.36) and the π0 was 0.78 (0.71 - 0.84). The h2g of the TWAS predictor
from all tissues was 0.086 (0.060 - 0.099) and the π0 was 0.67 (0.55 - 0.88). This fraction of SNP-h2g explained
by genes across all tissues was then 0.086/0.33 = 26%.

We note that the SCZ variance explained by gene expression can be estimated under a fixed-effects model
(ex: ref.8) or random-effects model (ex: ref.9) and may yield different estimates. We consider the estimate
above to be a fixed-effects-based upper-bound, akin to asking how much of the variance in the phenotype
can be explained by regressing out the predicted expression of all genes. Importantly, this estimate does
not distinguish between (1) cis-expression that causally effects SCZ, and (2) pleiotropic effects of the same
variants on expression and SCZ that are independent.

genetic correlation of chromatin elements

Genetic correlation of regulatory features and expression were estimated using Haseman-Elston (HE) re-
gression10. HE regression was used to estimate cis-heritability σ2

g by regressing the product of standardized
phenotypes on the off-diagonal GRM entries using the linear model yiyj ∼ σ2

gK(i, j)+e. Similarly, HE regres-
sion was used to estimate σg,A:B, the cis-genetic covariance between traits A and B in the linear regression
AiBj ∼ σg,A:BK(i, j) + e. Each value was computed as the mean from HE regressions across all target
phenotypes and genetic correlation was then estimated from these mean values as rg = σg,A:B/(σ

2
g,Aσ

2
g,B)1/2.

The standard error for each h2g estimate was computed as the standard deviation over the square root
of the number of estimates, and the standard error for rg computed using the Falconer approximation
SE(rg) ≈ (1 − r2g)[SE(h2A)SE(h2B)/(2h2Ah

2
B)]1/2. For a given chromatin phenotype (e.g. H3k27ac), we it-

erated over each gene and computed genetic correlation to all peaks ±500kb, with results averaged across
all gene-peak pairs and reported as a function of distance. The same process was repeated for every other
phenotype, substituting peaks for genes.

simulations to assess chromatin twas power

Using real genotypes from the UK10K11 study, we simulated a model where SNPs X are causal for a
chromatin peak (C = XβX + eC) and chromatin is causal for expression (E = CβC + eE). 100 1MB loci
were randomly selected across the genome, and causal SNPs in each locus were then randomly selected
from common variants (MAF > 1%). Environmental noise was set such that SNPs explain 30% of the
variance in a chromatin peak, and chromatin explains 30% of the variance in expression (consistent with our
observations that expression h2g is ∼ 10%). The TWAS was then performed using cis SNP-expression effect
sizes computed by BSLMM either predicting the chromatin phenotype (with increasing sample size) into
1,000 independent individuals with expression or vice versa, and then performing an association between
the predicted and measured phenotype. Separately, eQTL and cQTL association was computed for every
common SNP in the locus using individuals with both expression and chromatin measured. To evaluate
power at genome-wide significance, a TWAS association was reported as significant if it had P < 0.05 after
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correcting for (average 30 peaks per locus) × (20,000 genes) = 600,000 tests. For the QTL-based approach,
given M SNPs in the locus, a SNP was reported as significant if it had an eQTL P < 0.05 after correcting
for M ×20, 000 tests and a cQTL P < 0.05 after correcting for M ×30×20, 000 tests. For a given chromatin
sample size, the simulation was then performed at 100 random loci and 5 random seeds each, with the
fraction of loci reported as significant by each method taken as the power (Supplementary Figure 20). The
TWAS simulation was separately performed under the null, using non-heritable chromatin and expression,
and shown to be well-calibrated under the null (Supplementary Figure 19).

We confirmed by simulation that this chromatin TWAS strategy is well-calibrated (Supplementary Figure 19)
and better powered to identify SNP → chromatin → expression associations compared to the conventional
approach of testing each SNP for a significant association to both expression (eQTL) and nearby chromatin
peaks (cQTL)12,13 (Supplementary Figure 18A, 20).

simulations to evaluate twas scatterplots

We performed simulations to explore the relationship between the TWAS predicted phenotype and marginal
GWAS/QTL associations shown in Figure 4 and 5. Under the TWAS causal model and multivariate-normal
assumptions, the Z-score of each SNP is (in expectation) the product of the TWAS phenotype Z-score and
the SNP-TWAS phenotype correlation (labeled “Corr to GEpred” in figures). This visualization therefore
shows how well each SNP association follows the distribution that would be expected if the TWAS phenotype
completely explained the genetic association at the locus.

To simulate the functional phenotypes, the same chromatin/expression model was used as described in the
previous section: Using real genotypes from the UK10K11 study, we simulated a model where SNPs X are
causal for a chromatin peak (C = XβX + eC) and chromatin is causal for expression (E = CβC + eE). 100
1MB loci were randomly selected across the genome, and causal SNPs in each locus were then randomly
selected from common variants (MAF > 1%). Environmental noise was set such that SNPs explain 30% of
the variance in a chromatin peak, and chromatin explains 30% of the variance in expression (consistent with
our observations that expression h2g is ∼ 10%). We then selected a GWAS causal variant to be: (1) a common
SNP with a specified correlation to the genetic component of expression (i.e. the eQTL), corresponding to a
model where expression is partially independent of GWAS; or (2) the actual genetic component of expression,
corresponding to a model where expression is causal for the GWAS phenotype. The GWAS phenotype was
simulated for a held-out set of 3,000 individuals by adding Gaussian environmental noise to the causal
variant such that it explained 0.005% of the trait (consistent with a polygenic GWAS architecture). GWAS
summary statistics for a simulated set of 90,000 individuals were then computed by regenerating the Gaussian
environmental noise 30× and meta-analyzing the 30 resulting marginal statistics. After this process, any
instances that did not contain a genomewide significant variant were dropped from the analysis. A total of
500 simulations for each architecture were performed.

Supplementary Figures 33, 34 show the results of these simulations using either chromatin or GWAS as
the TWAS outcome. These simulations demonstrate that: (1, left panels) when the TWAS phenotype
is non-causal there is no relationship between the SNP association and TWAS phenotype correlation; (2,
right panels) when the TWAS phenotype is causal the relationship is linear across all of the marginal
associations in the locus; (3, middle panels) when the TWAS phenotype is partially correlated to the causal
GWAS/chromatin variant the relationship is partially linear but the most significant GWAS/chromatin
associations are typically not the variants most strongly correlated to the TWAS phenotype. In general,
as the correlation between expression and the chromatin/GWAS causal variant increases, the linear y ∼ x
relationship emerges, but only becomes completely linear when correlation is > 0.8 (right two panels).
Absence of the linear trend and/or presence of outlier SNPs that are highly GWAS significant (y values
away from zero) but not strongly correlated to the predicted expression (x values near zero) should be
treated as indicators of a coincidental TWAS association.

eqtl/cqtl overlap analysis using all significant eqtls

We considered an alternative eQTL/cQTL approach using all significant QTLs as used in refs.12,13. For each
population and given distance to TSS, we performed this analysis in two stages. Stage 1: We identified all
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eQTLs (by standard linear regression) that were significant after Bonferroni correction for the total number of
SNP-gene pairs tested. When distance to TSS was the maximal allowed (500kb), this resulted in 355 eQTLs
in the YRI and 579 eQTLs in the CEU data. Stage 2: From the set of significant eQTLs, we then looked for
those that were also significantly associated (by standard linear regression) with a given chromatin phenotype
(for peaks within the given distance to TSS), after Bonferroni correction for the number of eQTL-peak pairs
tested. In both stages the tests were only counted for the given chromatin phenotype (e.g. H3K27ac in
CEU). This was compared to the chromatin TWAS analysis where each gene was tested against any peak
within the given distance (by standard linear regression), and number of significant results reported after
Bonferroni correction for total number of gene-peak pairs tested in that phenotype (Supplementary Figure
18B).

pleiotropy/association between chromatin and scz

For loci that were identified in both the SCZ TWAS and the chromatin TWAS, we sought to establish a
direct connection between chromatin and SCZ using two approaches.

First, we performed a TWAS-like analysis for SCZ using the chromatin phenotype as the molecular measure
instead of expression, which we call a CWAS (chromatin-wide association study). Given BSLMM estimates
of the chromatin-QTL effect-size α, SCZ Z-scores Z, and an LD matrix D taken from the 1000 Genomes,
the CWAS statistic is then ZCWAS = αZ/(αDα)1/2. This differs from the formal TWAS analysis in that
the numerator does not involve a matrix inversion to estimate the causal QTL effect-sizes, which we elected
not to perform due to numeric instability at this sample size (see below). Of the 72 unique chromatin peaks
which were implicated for SCZ, 67 had a significant (P < 0.05) CWAS association to SCZ and 47 were
Bonferroni significant (Supplementary Table 21).

Next, we performed the single-variant SMR test14 for pleiotropy between the chromatin phenotype and SCZ.
The locus window was expanded to ±500kb of the gene and peak boundary to ensure that all SNPs that had
been used for TWAS were evaluated. SMR uses the effect-size at the top e/c-QTL and the corresponding
effect-size in the disease GWAS to estimate the causal or pleiotropic effect of molecular phenotype on disease.
We used default parameters but included all SNPs in the cis locus and allowed any QTL with P < 0.05 to be
selected as the instrument. Of the 42 SCZ TWAS genes with a chromatin TWAS association, 39 (93%) had a
significant (P < 0.05) SMR effect of cQTL on SCZ and 24 were Bonferroni significant (Supplementary Table
21). Only 11 genes (out of 26 tested: 42%) had a significant (P < 0.05) SMR effect of eQTL on SCZ in the
same samples (Supplementary Table 21), indicative of more power to detect pleiotropy for SCZ using cQTL
rather than eQTL molecular associations. To investigate the difference in power further, we retested the loci
identified in expression panels for which raw eQTL data was available (CMC/NTR) and compared to using
eQTLs in the CEU/YRI samples (Supplementary Table 22, 23). All eQTLs yielded significant SMR effects
on SCZ in the corresponding reference tissues (Supplementary Table 23). Notably the SMR effect sizes from
the chromatin data were comparable to the SMR effect sizes from the (much larger) expression reference
panels, again underscoring greater power to detect pleiotropy in the chromatin data (at the corresponding
sample size).

alternative tests of genetic covariance

The TWAS methodology applied here is fundamentally a test for non-zero genetic covariance between ex-
pression and a second phenotype. In this note we consider alternative frameworks in which this quantity
could be estimated and their respective advantages/disadvantages.

We elected not to perform the TWAS test using variance-components methods due to computational in-
tractability. Where raw GWAS data is available (as it was here for most of the SCZ samples) multi-variate
variance-component estimators (typically multi-variate REML) have been shown to be more powerful than
moments-based estimators such as the TWAS used here, Haseman-Elston regression, or LD-score regres-
sion15,16. Multi-variate REML does not require all phenotypes to be measured in all samples, and is often
applied to completely disjoint phenotype pairs4. In principle, one can merge the chromatin, expression,
and GWAS datasets to estimate the corresponding genetic correlations and perform statistical testing in a
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variance-component framework. However, the computational burden of computing genetic relatedness ma-
trices and corresponding matrix inversions for inference over 60,000 individuals for hundreds of thousands of
chromatin peaks was too great to perform in practice. Though methods exist to estimate genetic correlation
using Monte Carlo sampling without the need to construct a relatedness matrix17, we are not aware of
such methods for the disjoint phenotype case. Lastly, no multi-variate methods exist that incorporate the
BSLMM non-infinitessimal framework, and current BSLMM methods are only computationally feasible for
∼ 10, 000 individuals18. We have previously demonstrated a substantial gain from using the BSLMM to
predict expression3 and we observed a similar gain in our chromatin TWAS simulations here.

We elected not to perform the TWAS directly from chromatin phenotypes (aside from replication analyses)
because the sample size was too small to estimate predictor accuracy. The TWAS can be performed from
any molecular phenotype into the SCZ GWAS cohort and the prediction accuracy will follow the canonical
equation5,6 r2 = (h2gh

2
g)/(h2g +Me/N) where Me and N is the number of SNPs and individuals, respectively.

For a small number of SNPs (where Me/N < h2g) accuracy will primarily be driven by the phenotype h2g. For
example, assuming 20 effective SNPs in a 1MB locus7 and chromatin h2g of 0.30, the prediction r2 from 50
samples would be 0.13, equivalent to the prediction r2 from 1,000 samples (a 20× increase) with h2g of 0.15
(a 2× decrease). For genes where a causal chromatin phenotype explains less than half of the variance in
expression, TWAS from a 50 sample chromatin cohort will therefore be theoretically comparable to TWAS
from a 1,000 sample expression cohort (which is consistent with our simulations). However, 50 samples is
not sufficient to estimate that the feature is predictive, either using cross-validation or model likelihood.
So although the chromatin predictors would be accurate, we would have no way of knowing which of the
predictors are accurate/heritable and restricting the analyses to those. In contrast, expression from several
hundred individuals allows us to restrict to a large number of heritable genes and be confident that these
predictions are not null. Predicting from gene expression also ensures that every association is anchored by
a gene, which remains a more interpretable molecular unit than a chromatin peak.

Lastly, although cross-trait LD-score regression (LDSC) can be used to estimate genetic covariance using
summary statistics, it does not provide for a formal statistical test of local covariance15. Cross-trait LDSC
uses the block jackknife to estimate standard errors and perform statistical testing. However, the indepen-
dence assumptions of the block jackknife are violated within a single cis locus, where SNPs are typically
highly correlated and cannot be cleanly divided into independent blocks. We have also previously shown
empirically that forcing cross-trait LDSC estimates on local regions yields substantially lower power than the
TWAS approach3. We therefore use cross-trait LDSC as an aggregate measure of local genetic covariance
across many loci and compare to random loci to evaluate significance, but not as a formal statistical test for
individual loci.

analyses of hi-c at predicted chromatin elements

Hi-C data measured in the GM12878 LCL was downloaded after post-processing performed by Grubert et
al12. Briefly, for each pair of fragments, a covariance score was computed as the fraction of fragments that
interact with both pairs relative to the number of fragments interacting with only one. Based on concordance
between replicates, a threshold of 0.4 was selected which we also used here to define “contact”. For each
significant chromatin TWAS gene-peak pair (at 10% FDR) greater than 10kb apart, we counted the number
of contacts between ±2kb of the TSS and the corresponding chromatin peak. This was compared to the
number of contacts at all non-associated chromatin TWAS gene-peak pairs greater than 10kb apart, with
enrichment and significance estimated by Fisher’s exact test (Supplementary Figure 24).

Grubert et al. Hi-C quantification:
http://mitra.stanford.edu/kundaje/portal/chromovar3d/hic.html

estimating support for mediation by expression/chromatin

We evaluated whether the SCZ and chromatin TWAS associated loci were more consistent with a chromatin
mediating (SNP → chromatin → expression) or expression mediating (SNP → expression → chromatin)
causal model leading to SCZ susceptibility. The observed relationship between expression, chromatin, and
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disease can arise from multiple models and we sought to evaluate the evidence supporting each. The default
model:

X → H → T → Y

H = Xβh + Ieh : β̂h ∼ N(βh, 1/Nh)

T = H(1− et) + Iet : β̂t ∼ N(
√

1− e2tβh, 1/Nt)

Y = T (1− ey) + Iey : β̂y ∼ N(
√

1− e2t
√

1− e2yβh, 1/Ny)

E[β̂hβ̂y] = E[σh,y] =
√

1− e2t
√

1− e2yβ2
h

E[β̂tβ̂y] = E[σt,y] = (1− e2t )
√

1− e2yβ2
h

E[σh,y/σt,y] =
√

1− e2t/(1− e2t ) = 1/
√

1− e2t ≥ 1

an alternative model where chromatin is correlated with transcript but conditionally independent of trait:

X → T → Y ;T → H

T = Xβt + Iet : β̂t ∼ N(βt, 1/Nt)

Y = T (1− ey) + Iey : β̂y ∼ N(
√

1− e2yβt, 1/Ny)

H = T (1− eh) + Ieh : β̂h ∼ N(
√

1− e2hβt, 1/Nh)

E[σh,y] =
√

1− e2h
√

1− e2yβ2
t

E[σt,y] =
√

1− e2yβ2
t

E[σh,y/σt,y] =
√

1− e2h ≤ 1

In practice we want to aggregate the estimates from many loci to measure the average effect. Because we
cannot guarantee that the sign of the covariance will be the same for every locus, we instead seek to estimate
E[σ2

h,y]/E[σ2
t,y] and solve using squared terms in the above equations. By replacing the expectation of a

ratio with the ratio of an expectation we incur a small bias on the order of 1/N . Additionally, both the
numerator and the denominator of σ̂2

h,y/σ̂
2
t,y have an upwards bias corresponding to (1 − σ2)/N which will

bias the ratio towards 1, yielding an estimate of causal differences that is conservative.

To compare these two models without bias from sample size or assay, we estimated the genetic covariance
(covg) using the PGC SCZ summary statistics and molecular data from the CEU/YRI individuals which
had both chromatin and gene expression measured. For each SCZ/chromatin TWAS gene, we defined the
target locus as ±50kb of the union of gene and peak boundary and estimated SCZ-chromatin and SCZ-
expression covg using cross-trait LD score regression15, restricting to the well-imputed HapMap3 SNPs and
using in-sample LD. To estimate significance, background covg was computed using the same procedure over
200 randomly gene-peak pairs within 500kb of the TSS. The observed and background estimates were then
compared using the non-parametric Kolmogorov-Smirnov test. We note that for the YRI samples LD in the
GWAS summary statistics is expected to differ from LD in the eQTL/cQTL data, and confound the raw
estimate of covg; however, because the random gene-peak pairs are also computed from the same population,
we do not expect significance measured against this null to be inflated. We separately considered a partial
correlation analysis, where each expression measurement was transformed to the residual of the associated
chromatin peak in a standard linear regression (and likewise for each chromatin measurement). The two
estimates of covg were again computed from these partial phenotypes as described above.
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allele-specific analyses at mapk3 locus

RNA-seq reads at the MAPK3 locus were processed using the WASP pipeline19, which re-maps reads
containing polymorphisms to account for mapping bias. First, CMC genotypes were phased and imputed
using EAGLE220. Next, every RNA-seq read spanning a polymorphism was identified and remapped to
the reference with the alternative allele substituted; any reads that did not map to the same location were
then dropped form the analysis. Finally, any duplicate reads were removed randomly to prevent bias due to
allele-specific read quality.

Allele-specific analyses were then carried out using the WASP Combined Haplotype Test (CHT) to evaluate
imbalance of RNA-seq reads at each cis-SNP while accounting for over-dispersion with a beta-binomial
model. WASP first estimates a beta-binomial overdispersion parameter from all reads (for the allelic test),
as well as a beta-negative-binomial overdispersion parameter from the tested peak (for the QTL test). The
overdispersion parameters are then incorporated into a single likelihood model to test for allelic imbalance
at each SNP in the locus. We report both results using only allelic information at heterozygous sites (which
is independent of the eQTL-based TWAS) as well as the combined effect of heterozygous and homozygous
variants.

functional activity at mapk3 locus

We used brain tissue chromatin data from the psychENCODE project to identify epigenetic peaks near
the MAPK3 SCZ/chromatin TWAS association. This included ChIP-seq from H3k27ac and H3k4me3 in
17 control adult brain samples (prefrontal cortex and anterior cingulate cortex), and ATAC-seq from 12
adult SCZ case/control brains (prefrontal cortex). BWA21 aligned bam files and MaCS22 narrow peak
calls (q-value threshold of 0.01) were downloaded from the psychENCODE data portal and merged within
each tissue to identify peaks in the locus and create coverage plots (Supplementary Figure 36). Human-gain
neuro-developmental enhancers were downloaded from ref.23 and overlapped with the locus: two overlapping
peaks were observed in H3k4me2 from 8.5 post-conception-week (pcw) and 120pcw fetal tissues.

psychENCODE data portal:
https://www.synapse.org/#!Synapse:syn4566010

https://www.synapse.org/#!Synapse:syn5321694

Reilly et al. human-gain developmental enhancers:
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE63648
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Collaborators from the Psychiatric Genomics Consortium were, in alphabetical order: Devin Absher, Rolf
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supplementary tables

Supplementary Table 1: Expression SNP-heritability in CMC/NTR panels. Average cis and trans h2
g across

all genes is reported, followed by the number of genes with significant cis-h2
g at P < 0.05 after Bonferroni (family-wise

error rate, FWER) correction as well as P < 0.01. Significance was established by likelihood ratio test after dropping
the cis component. Standard error on h2

g estimates reported in parenthesis as standard deviation over square-root of
number of genes.

Expression # genes cis-h2g trans-h2g FWER < 0.05 P < 0.01

CMC genes 14,201 0.067 (0.001) 0.077 (0.006) 2,702 5,472
CMC genes (cases) 13,894 0.067 (0.001) 0.208 (0.011) 1,344 NA
CMC genes (controls) 13,959 0.077 (0.001) 0.304 (0.014) 1,229 NA
CMC introns† 86,817 0.017 (0.001) 0.046 (0.003) (1,453) 2,847 (3,908) 9,009

NTR genes 16,044 0.012 (0.001) 0.056 (0.002) 1,117 2,692
NTR genes (HRC common) 17,068 0.011 (0.001) 0.034 (0.002) 1,122 NA
NTR genes (HRC cis common∗) 16,419 0.011 (0.001) NA NA NA
NTR genes (HRC cis rare∗) 16,419 0.001 (0.000) NA NA NA
NTR transcripts (all probes) NA 0.010 0.050 1,368 NA

METSIM genes3 12,598 0.055 (0.001) 0.015 (0.001) 1,985 4,583

YFS genes3 10,619 0.074 (0.001) 0.06 (0.001) 3,836 5,337

*: Both components estimated jointly.
†: Total gene expression included as fixed effect. Number of unique genes shown in parenthesis at left.
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Supplementary Table 2: Associated genes with experiment-wide Bonferroni and study-wide FDR-based
multiple test correction. Top panel shows number of genes significantly associated after Bonferroni correction for
total number of tests within a given molecular experiment (e.g. H3k27ac peaks measured in CEU). These results are
identical to the primary primary results in Table 1. Bottom panel shows number of genes significant associated after
5% FDR control across all 9 molecular experiments.

per-phenotype Bonferroni 0.05 CMC-introns* CMC NTR YFS METSIM Unique

Chromatin associated (224) 125 244 182 346 232 806
SCZ and chromatin associated (10) 8 11 10 13 7 42

all-phenotype FDR 0.05 CMC-introns* CMC NTR YFS METSIM Unique

Chromatin associated (779) 429 854 554 1070 1015 2837
SCZ and chromatin associated (12) 10 14 12 17 7 52

* Number of splicing events shown in parenthesis.

Supplementary Table 3: Transcriptome-wide significant SCZ TWAS associations. Provided in Supplemen-
tary Excel Spreadsheet
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Supplementary Table 4: TWAS gene associations in CMC data stratified by case/control status. CMC
expression was tested for TWAS association to schizophrenia using expression in cases and controls separately,
followed by sample-size weighted meta-analysis. This should obviate biases due to having cases and controls in the
expression reference. Z-scores from the full reference (Zall) and the stratified reference (Zstrat) are compared here
for genome-wide significant genes identified in the former. Out of 5,511 converged genes, one gene - SDCCAG8 -
was genome-wide significant and significantly more associated in the meta-analysis than in the full analysis (Z of -5.7
vs -1.4, respectively). This gene may harbor complimentary effects on expression in cases and controls (GxE) that
confound the full-sample analysis.

Gene Zall Zstrat

ALMS1P -4.8 -5.1
C2orf47 7.6 7.8
CEP170 -6.1 -5.9
CORO7 5.3 4.9
CPNE7 5.9 6.4
DOC2A -5.2 -6.0
DRG2 -5.4 -5.9
ELOVL7 -4.9 -4.7
EMB -5.0 -5.5
FAM109B -5.3 -6.1
FAM53C 4.5 4.7
FANCL 5.1 4.6
FURIN 5.2 4.8
GATAD2A 4.9 5.3
GLT8D1 5.5 6.0
HAPLN4 -4.7 -5.2
LOC100507140 4.8 4.3
LOC388152 -5.0 -5.6
MAPK3 -4.8 -4.9
MAU2 4.7 5.3
MCHR1 4.8 5.3
MED8 4.7 4.5
MPHOSPH9 5.6 6.4
NAGA -5.9 -6.4
NDUFA2 4.6 4.8
NDUFAF2 -4.5 -5.5
NEK4 -6.0 -6.6
NT5C2 6.4 6.7
PCCB 6.3 6.8
PCDHA2 -4.5 -4.1
PRMT7 -4.5 -4.9
REXO1 -4.6 -3.4
SEPT10 -4.6 -4.6
SETD8 5.4 5.4
SF3B1 -5.7 -6.1
SLC45A1 5.5 5.5
SNAP91 -4.8 -5.0
TEK 5.1 4.9
TMEM110 4.5 5.4
TMEM81 -4.8 -4.2
TSNAXIP1 -4.8 -5.0
XPNPEP3 -4.6 -5.0
ZMAT2 -4.7 -5.0
ZSCAN2 -5.1 -5.3
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Supplementary Table 5: Correlation between genotype and summary based TWAS in sub-cohorts. For
each PGC sub-cohort, TWAS Z-scores (using CMC as reference) were estimated for 1,000 random genes using (a)
summary statistics and (b) genotype-based prediction (BLUP) and Pearson correlation between the two computed.
Each line reports the correlation when estimated either using array SNPs or imputed HapMap3 SNPs. Bottom section
reports Pearson correlation between TWAS Z-scores from summary-based prediction and individual-based prediction
across four expression reference panels. Note that summary data includes additional restricted samples that were not
available for individual-based prediction.

Cohort Array Imputed HapMap3

CMC into sub-cohorts

aber 0.89 0.92
ajsz 0.98 0.98
asrb 0.91 0.92
buls 0.94 0.96
cati 0.67 0.68
caws 0.80 0.82
clm2 0.97 0.97
clo3 0.97 0.98
cou3 0.84 0.86
denm 0.95 0.96
dubl 0.94 0.96
edin 0.94 0.96
egcu 0.92 0.92
ersw 0.90 0.90
gras 0.89 0.89
irwt 0.94 0.96
lacw 0.78 0.79
lie2 0.94 0.95
lie5 0.96 0.97
mgs2 0.91 0.92
munc 0.85 0.86
pewb 0.82 0.83
pews 0.87 0.90
port 0.85 0.87
s234 0.88 0.91
swe1 0.85 0.90
swe5 0.90 0.91
swe6 0.85 0.87
top8 0.92 0.95
ucla 0.95 0.96
uclo 0.87 0.90
umeb 0.90 0.90
umes 0.96 0.97
zhh1 0.82 0.84

into all samples

CMC NA 0.90
METSIM NA 0.89
NTR NA 0.90
YFS NA 0.85
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Supplementary Table 6: GE-PRS prediction accuracy in CMC/brain. Prediction R2 trained in PGC and
predicted into the CMC SCZ/BIP cohort shown for three predictors: (a) gene risk score (GE-PRS) from TWAS with
CMC gene expression and splicing, with associations in the HLA region excluded; (b) GWAS genetic risk score (GRS)
compiled by the PGC; (c) same GRS with associations in the HLA region excluded. 3 rightmost columns report
P-values from a single/joint linear regression with the specified predictors (with results from the single predictor for
each row on the diagonal). Prediction R2 was computed after subtracting out the R2 from two principal components,
and converting to the liability scale at 1% prevalence (which is a linear transformation). Clumping of variants with
maximum LD r2 = 0.1 was used for all three predictors.

Predictor liability R2 P-value with (a) P-value with (b) P-value with (c)

(a) CMC/brain TWAS GE-PRS (no HLA) 0.016 2.4× 10−4 1.4× 10−2 1.3× 10−2

(b) PGC GWAS GRS 0.014 3.4× 10−2 5.7× 10−4 NA
(c) PGC GWAS GRS (no HLA) 0.013 6.3× 10−1 NA 1.2× 10−3

Supplementary Table 7: Conditional analysis of TWAS loci. For each significant TWAS gene, the maximum
GWAS χ2 statistic across all SNPs, and the lead GWAS SNP χ2 statistic was measured in conditional models with
the average across all loci reported. The models evaluated were: (row 1) the standard marginal GWAS statistics;
(row 2) conditioning the locus on the most significant eQTL in the reference expression; (row 3) conditioning the
locus on the full TWAS prediction from the reference expression; (row 4) conditioning the locus on the lead GWAS
SNP (which is an overfit due to selection performed in the same sample). All conditional analyses were performed
using the COJO method from ref.24, with reference LD from all 1000 Genomes European samples. LD to the TWAS
predicted expression was likewise computed by predicting into the 1000G EUR samples.

Feature avg max χ2 lead SNP χ2

TWAS-associated locus 42.1 42.1
Locus conditioned on best eQTL 22.3 13.0
Locus conditioned on TWAS predictor 20.0 10.3
Locus conditioned on best GWAS SNP 16.6 NA
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Supplementary Table 8: Conditional analysis of GWAS SNPs in LD with TWAS genes. The 108 PGC-
SCZ GWAS significant SNPs were conditioned on all transcriptome-wide significant TWAS associations. Results are
reported for the 43 SNPs that were in LD (r2 > 0.05) with at least one TWAS gene and considered for conditioning.
Mean SNP association was χ2 = 42.8 and χ2 = 6.1 before/after conditioning. Median P-value was P = 1.2× 10−10

and P = 0.028 before/after conditioning. All joint/conditional analyses were performed using the COJO method
from ref.24, with reference LD from the CMC samples. LD to the TWAS predicted expression was likewise computed
by predicting into the CMC samples.

SNP chr position Z-score PV cond. Z-score cond. PV

rs34269918 1 8424984 -6.0 3.0e-09 -2.04 2.5e-02
rs11210892 1 44100084 6.2 8.7e-10 3.56 3.5e-04
rs1702294 1 98501984 8.4 6.5e-17 4.36 1.5e-05
rs140505938 1 150031490 6.1 1.3e-09 0.11 2.0e-01
rs11682175 2 57987593 7.0 4.6e-12 3.01 2.2e-03
rs6434928 2 198304577 -6.7 3.0e-11 -0.78 1.5e-01
rs199532108 2 200825237 7.7 2.9e-14 1.13 1.1e-01
rs6704768 2 233592501 7.0 6.0e-12 4.09 4.6e-05
rs4330281 3 17859366 -5.5 6.9e-08 -1.96 2.9e-02
rs2535627 3 52845105 6.6 6.0e-11 0.70 1.6e-01
rs7432375 3 136288405 -6.6 9.6e-11 -0.42 1.8e-01
rs33972009 3 180594593 6.6 8.9e-11 3.01 2.2e-03
rs10520163 4 170626552 -5.7 1.4e-08 -2.84 3.5e-03
rs1501357 5 45364875 -5.7 1.7e-08 -2.87 3.2e-03
rs4391122 5 60598543 -7.4 3.1e-13 -2.69 5.3e-03
rs4388249 5 109036066 5.3 1.3e-07 2.45 9.9e-03
rs3849046 5 137851192 -5.9 7.0e-09 -1.50 6.5e-02
rs111896713 5 140143664 -5.1 4.6e-07 -0.22 1.9e-01
rs202141053 6 84280274 6.1 1.5e-09 1.48 6.6e-02
rs10650434 7 2025096 -7.5 9.5e-14 -4.08 4.8e-05
rs149009306 7 24747494 -5.1 4.7e-07 -2.93 2.7e-03
rs13240464 7 110898915 7.2 1.1e-12 1.96 2.9e-02
rs11191419 10 104612335 8.6 1.8e-17 0.42 1.8e-01
rs61126341 11 46350213 -6.7 3.3e-11 -2.21 1.7e-02
rs2514218 11 113392994 6.2 7.7e-10 4.15 3.6e-05
rs10791097 11 130718630 7.0 5.6e-12 1.76 4.2e-02
rs4766428 12 110723245 6.2 1.1e-09 2.01 2.7e-02
rs2851447 12 123665113 7.6 4.0e-14 1.76 4.2e-02
rs12887734 14 104046834 7.4 1.8e-13 0.48 1.8e-01
rs8042374 15 78908032 -7.1 3.1e-12 -0.85 1.4e-01
rs950169 15 84706461 6.5 1.4e-10 1.32 8.3e-02
rs4702 15 91426560 7.0 4.6e-12 3.09 1.7e-03
rs12691307 16 29939877 -6.4 2.3e-10 -1.35 8.0e-02
rs8044995 16 68189340 -5.5 5.1e-08 -0.89 1.3e-01
rs4523957 17 2208899 6.1 1.7e-09 4.08 4.8e-05
rs8082590 17 17958402 -5.8 1.0e-08 -0.73 1.5e-01
rs2905426 19 19478022 -5.8 1.1e-08 -1.14 1.0e-01
rs56873913 19 50091199 5.2 2.8e-07 1.82 3.8e-02
rs6065094 20 37453194 6.6 8.7e-11 2.66 5.8e-03
rs199694726 22 39987017 6.7 3.2e-11 4.47 9.2e-06
rs9607782 22 41587556 -6.9 1.3e-11 -4.12 4.0e-05
rs6002655 22 42603814 -6.0 2.3e-09 -2.20 1.8e-02
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Supplementary Table 9: Heritability of chromatin phenotypes in CEU. Estimates of chromatin phenotype
cis-h2

g averaged across all corresponding peaks in the CEU . Estimation performed by Haseman-Elston regression and
standard error reported as the standard deviation over the square-root of the number of observations.

Assay # of peaks cis-h2g (se)

RNA-seq 19,666 0.048 (0.002)
H3K27AC 44,019 0.043 (0.001)
H3K4ME1 77,070 0.030 (0.001)
H3K4ME3 18,139 0.029 (0.002)
PU1 50,215 0.026 (0.001)
RPB2 46,985 0.027 (0.001)

Supplementary Table 10: Chromatin TWAS associations vs eQTL/cQTL overlap associations. Unique
number of genes significantly associated with a chromatin phenotype peak in YRI/CEU, using TWAS or eQTL/cQTL
overlap, reported as a function of minimum distance around the gene. Associations were significant after experiment-
wide Bonferroni correction for tests across all chromatin phenotypes in the population. Corresponds to results
represented graphically in Supplementary Figure 18.

CEU eQTL/cQTL
100bp 1kb 2kb 10kb 50kb 100kb 250kb 500kb

H3K4ME1 1 2 2 5 7 8 9 8
H3K4ME3 0 3 3 8 10 12 12 12
H3K27AC 0 3 6 10 11 11 12 11
PU1 0 0 0 1 3 4 6 6
RPB2 5 8 8 11 13 14 15 15

CEU TWAS
100bp 1kb 2kb 10kb 50kb 100kb 250kb 500kb

H3K4ME1 20 23 23 30 43 44 40 35
H3K4ME3 29 30 30 29 29 36 39 35
H3K27AC 51 55 58 63 72 77 69 63
PU1 37 38 39 44 64 62 66 61
RPB2 54 62 60 71 74 81 84 75

YRI eQTL/cQTL
100bp 1kb 2kb 10kb 50kb 100kb 250kb 500kb

H3K4ME1 1 3 11 21 27 26 27 28
H3K4ME3 4 19 25 26 28 31 33 33
H3K27AC 3 22 25 29 31 31 34 34
DHS 3 7 9 10 8 9 8 8

YRI TWAS
100bp 1kb 2kb 10kb 50kb 100kb 250kb 500kb

H3K4ME1 138 142 155 202 277 311 297 284
H3K4ME3 89 121 151 183 239 260 260 250
H3K27AC 102 129 142 183 250 282 272 263
DHS 27 33 33 36 41 46 41 39
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Supplementary Table 11: Number of chromatin TWAS associations at 5% FWER. Left section shows
analysis of chromatin peaks (and corresponding multiple-test correction) within 2kb of the TSS; right panel shows
analysis of peaks within 500kb of the TSS.

A: CEU ±2kb ±500kb

Chromatin pheno YFS MET NTR CMC Union YFS MET NTR CMC All

PU1 27 25 15 9 51 35 28 25 18 77
RPB2 41 50 32 26 91 41 49 34 32 92
H3K4ME1 14 15 5 12 30 19 19 14 14 49
H3K4ME3 10 25 13 9 41 14 25 13 9 42
H3K27AC 39 33 19 23 82 36 37 19 22 84

Union 105 103 67 60 216 112 99 67 71 235

B: YRI ±2kb ±500kb

Chromatin pheno YFS MET NTR CMC Union YFS MET NTR CMC All

DHS 20 17 9 11 43 24 16 8 12 51
H3K4ME1 90 81 42 55 197 150 145 74 96 363
H3K4ME3 96 69 44 60 185 127 126 67 97 313
H3K27AC 89 69 37 52 173 147 127 56 99 333

Union 176 148 87 110 360 272 257 131 193 652

Supplementary Table 12: Number of chromatin TWAS associations at 10% FDR. Left section shows
analysis of chromatin peaks (and corresponding multiple-test correction) within 2kb of the TSS; right panel shows
analysis of chromatin peaks within 500kb of the TSS.

A: CEU ±2kb ±500kb

Chromatin pheno YFS MET NTR CMC Union YFS MET NTR CMC Union

PU1 73 85 46 40 177 122 118 93 71 304
RPB2 224 312 136 155 569 270 339 143 175 667
H3K4ME1 90 90 66 59 236 100 121 63 74 274
H3K4ME3 99 132 67 56 249 65 118 68 52 229
H3K27AC 259 233 136 139 549 225 231 152 164 574

Union 520 597 310 347 1252 574 653 354 404 1454

B: YRI ±2kb ±500kb

Chromatin pheno YFS MET NTR CMC Union YFS MET NTR CMC Union

dhs 91 54 18 41 157 87 54 33 44 174
H3K4ME1 546 475 227 352 1197 974 937 449 715 2425
H3K4ME3 464 374 186 325 983 699 662 295 571 1717
H3K27AC 535 433 205 340 1112 818 770 388 571 1985

Union 1003 828 377 685 2108 1561 1428 698 1216 3682
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Supplementary Table 13: Chromatin TWAS using CMC/brain splicing events. For each chromatin phe-
notype and distance to TSS (±2kb or ±500kb), columns report (1) the number of genes associated with chromatin
identified using gene-chromatin TWAS; (2) the number of splicing events associated with chromatin peaks identified
using splicing-chromatin TWAS; (3) the number of unique genes corresponding to those splicing events; (4) the num-
ber of unique genes that was not identified using the gene-chromatin TWAS. CMC splice events (at 5% FDR) were
significantly less likely to have a chromatin association in YRI than in CEU compared to CMC expression phenotypes
(OR=6.5; P < 1 × 10−20), explained either by increased population specificity for splicing or systematic differences
in LD at sQTLs relative to eQTLs.

±2kb ±500kb

Chromatin Genes Splice Spliced New spliced Genes Splice Spliced New spliced
phenotype variants genes genes variants genes genes

H3K4ME3 68 18 10 10 104 60 35 31
H3K4ME1 62 24 13 12 105 71 36 27
H3K27AC 65 29 14 12 112 78 42 31
dhs 11 3 3 3 12 2 2 2
PU1 9 17 8 7 18 43 25 23
RPB2 26 27 16 11 32 50 28 19
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Supplementary Table 14: Genes with multiple chromatin peaks haves stronger top eQTL. Genes in each
reference panel were stratified by the number of 5% FDR significant chromatin TWAS associations they had, and the
ratio of variance explained by top eQTL (h2

eQTL) divided by the total cis-h2
g was computed. Table reports the # of

genes for each peak count, the mean cis-h2
g, the mean fraction of cis-h2

g explained by the top eQTL, and the standard
error of the mean in paranethsis.

# of TWAS associated peaks # of genes cis-h2g (se) h2eQTL/cis-h2g (se)

0 11910 0.12 (0.001) 0.57 (0.003)
1 1927 0.12 (0.003) 0.68 (0.009)
2 889 0.12 (0.004) 0.78 (0.014)
3 448 0.12 (0.005) 0.84 (0.021)
> 3 589 0.14 (0.006) 0.89 (0.019)

Supplementary Table 15: Accuracy of predicted expression in CEU/YRI samples. Mean adjusted R2 of
predicted expression with measured RNA-seq in the in the CEU/YRI samples, reported for NTR/CMC reference
panels. For each training/testing combination, the humber of significant genes observed at 5% FWER (Bonferroni
correction); 10% FDR; and the mean cis-h2

g in reference panel is also reported. The NTR : CEU analysis is from
a single tissue (blood) and population, yielding prediction R2 comparable to the h2

g; the CMC : CEU analysis is a
cross-tissue prediction (from brain into blood) that may explain relatively lower R2/h2

g; and the two YRI analyses
represent cross-ethnic predictions which are also expected to have lower accuracy due to differences in LD.

NTR : CEU CMC : CEU NTR : YRI CMC : YRI

Mean R2 (se = 0.001) 0.036 0.032 0.017 0.018
# Genes at 5% FWER 43 54 23 48
# Genes at 10% FDR 253 532 129 288
Mean cis-h2g in reference 0.056 0.148 0.056 0.148

Supplementary Table 16: Variance in gene expression explained by chromatin peak for chromatin TWAS
associations. For each significant chromatin TWAS association detected in CEU using the NTR blood reference,
the variance explained in corresponding measured RNA-seq expression by the chromatin phenotype is reported, as
well as the cis-h2

g of expression in the training cohort.

±2kb ±500kb

Category R2 (se) h2g (se) R2 (se) h2g (se)

PU1 7.4% (3.5%) 5.6% (0.8%) 2.1% (1.4%) 6.8% (1.4%)
RPB2 27.2% (4.0%) 11.3% (2.1%) 28.4% (3.2%) 11.3% (2.4%)
H3K4ME1 0.4% (1.9%) 5.8% (0.3%) 16.6% (5.2%) 24.8% (7.1%)
H3K4ME3 35.7% (7.9%) 19.8% (5.5%) 23.7% (7.4%) 21.1% (5.8%)
H3K27AC 30.6% (6.6%) 12.1% (3.7%) 27.2% (5.7%) 18.0% (4.6%)

Supplementary Table 17: Cross-cohort meta-analysis of chromatin TWAS associations. Number of unique
genes with significant ±500kb chromatin TWAS associations shown for each population and meta-analyzed across
populations. Meta column reports significant associations (after Bonferroni correction) from meta-analysis of chro-
matin peaks that physically overlapped in CEU and YRI. New column reports genes that were identified in the
meta-analysis but not in the population-specific analyses. Union of all other sets reported in last column.

Chromatin phenotype CEU YRI Meta New Union

H3K4ME1 25 158 186 79 254
H3K4ME3 15 154 141 70 237
H3K27AC 37 147 217 107 279
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Supplementary Table 18: Splicing events with SCZ TWAS and chromatin TWAS associations. For each
significant CMC/brain splicing events with a SCZ TWAS association, the number of significant chromatin TWAS
associations are reported (FWER 5% among chromatin TWAS associations, by Bonforroni correction).

Gene Intron D
H

S

H
3
K

2
7
A

C

H
3
K

4
M

E
1

H
3
K

4
M

E
3

P
U

1

R
P

B
2

CCDC90B chr11:82985783:82991184 0 1 0 0 0 0
CCDC90B chr11:82989872:82991184 0 1 1 0 0 0
SBNO1 chr12:123821038:123825535 0 0 0 0 1 0
KLC1 chr14:104145855:104151323 0 0 1 1 0 0
RTN1 chr14:60074210:60097164 0 0 1 0 1 0
RTN1 chr14:60074210:60193637 0 0 1 0 0 0
TAOK2 chr16:29997825:29998165 0 0 0 0 0 1
PPP4C chr16:30094168:30094715 0 0 0 0 0 1
TBC1D5 chr3:17255862:17279655 0 0 1 0 0 0
NEK4 chr3:52800010:52800194 0 0 1 0 0 0
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Supplementary Table 19: Significant SCZ and chromatin TWAS associations. Provided in Supplementary
Excel Spreadsheet

Supplementary Table 20: Enrichment of chromatin association for SCZ TWAS associated genes. En-
richment of chromatin associations at SCZ TWAS genes was tested against randomly selected null genes matched on
heritability features. Each row reports ratio of real data chromatin associations to permuted chromatin associations,
as well as corresponding p-value in 20,000 permutations. Null genes were selected as (1st row) random heritable; (2nd
row) matched on gene cis-heritability (an estimate of maximum linear prediction accuracy); (3rd row) matched on
REML likelihood from heritability estimate (an estimate of model fit); (4th row) fraction of cis-heritability explained
by top eQTL (an estimate of sparsity). Matching was done by (1) computing the feature distribution for the SCZ
TWAS set; (2) dividing into quintiles; (3) downsampling the null genes to have the same frequencies in each SCZ
TWAS quintile.

CMC splice CMC NTR YFS MET Total

No matching 1.59 (0.0461) 1.82 (0.0124) 1.66 (0.0265) 1.68 (0.0160) 0.98 (0.4223) 1.53 (0.0004)
Matched on cis-h2g 1.40 (0.0988) 1.78 (0.0142) 1.59 (0.0350) 1.62 (0.0211) 1.01 (0.3882) 1.47 (0.0015)
Matched on cis-h2g likelihood 1.29 (0.1447) 1.77 (0.0156) 1.53 (0.0488) 1.53 (0.0336) 0.87 (0.5704) 1.38 (0.0053)
Matched on % cis-h2g from top eQTL 1.30 (0.1404) 1.71 (0.0194) 1.49 (0.0537) 1.40 (0.0640) 0.84 (0.6114) 1.33 (0.0114)
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Supplementary Table 21: SMR replication rate at chromatin TWAS loci. Each column shows the number
of SCZ/chromatin TWAS implicated loci that also had significant QTL-based associations using the SMR test and
CEU/YRI eQTL and cQTL data. Column 1 reports the number of SCZ/chromatin TWAS genes that had significant
eQTL SMR associations for SCZ, for the 26/35 genes (excluding introns) that had post-QC RNA-seq expression in
the CEU/YRI samples. Column 2 reports the number of SCZ/chromatin TWAS genes that had significant cQTL
SMR associations for SCZ in at least one peak. Column 3 reports the number of SCZ/chromatin TWAS peaks that
had significant cQTL SMR associations for SCZ. Column 4 reports the number of peaks with a that had a significant
chromatin-SCZ association using a TWAS-like approach on the chromatin phenotype (see Supplementary Materials).
Note: there are 72 unique peaks as 4 peaks were significantly associated in multiple tissues.

# Genes (SMR eQTLs) # Genes (SMR cQTLs) # Peaks (SMR cQTLs) # Peaks (CWAS)

Total unique 35 42 72 72
Tested 26 42 72 72
P < 0.05 11 39 66 67
Bonferroni P < 0.05 3 24 31 47

Supplementary Table 22: Specific chromatin TWAS loci with SMR replication (in chromatin data). For
each gene with a schizophrenia TWAS and chromatin TWAS association, the best eQTL/cQTL is listed as well as
the causal effect on schizophrenia estimated by mendelian randomization.

Gene Phenotype SNP βSMR s.e P-value

GRAP RNA-seq rs2453610 0.02 0.02 1.3e-01
RPB2 rs1624825 0.04 0.01 * 1.4e-03

KIAA0391 RNA-seq rs147548181 -0.00 0.01 8.9e-01
H3K27AC rs7159324 0.06 0.01 * 1.7e-04
H3K27AC rs78426265 0.05 0.01 * 6.2e-04
H3K4ME1 rs7159324 0.05 0.01 * 1.8e-05

MAP7D1 RNA-seq rs6667450 -0.00 0.02 8.0e-01
RPB2 rs10752586 -0.04 0.01 * 4.6e-04

MAPK3 RNA-seq rs3935873 0.10 0.03 † 1.6e-03
H3K27AC rs3924855 0.08 0.02 * 1.2e-05
RPB2 rs6565175 0.05 0.01 * 1.3e-05

MPHOSPH9 RNA-seq rs4930719 -0.05 0.02 5.3e-03
PU1 rs7299943 -0.07 0.02 * 6.5e-04

PCCB RNA-seq rs696081 -0.08 0.02 † 1.5e-04
H3K4ME1 rs480330 0.05 0.01 * 3.3e-04

PPP2R3C RNA-seq rs74970204 -0.03 0.01 5.7e-03
H3K27AC rs7159324 0.06 0.01 * 1.7e-04
H3K27AC rs78426265 0.05 0.01 * 6.2e-04
H3K4ME1 rs75741665 0.05 0.02 * 1.5e-03
H3K4ME1 rs7159324 0.05 0.01 * 1.8e-05

PRMT7 RNA-seq rs28570171 0.02 0.01 1.0e-01
H3K4ME1 rs57434514 0.05 0.02 4.8e-03

RERE RNA-seq rs139118270 -0.06 0.03 3.7e-02
RPB2 rs301816 0.06 0.01 * 9.2e-05
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Supplementary Table 23: Specific chromatin TWAS loci with SMR replication (in expression reference
data). The SMR test requires eQTL effect-sizes, which were unavailable for the YFS and METSIM data, restricting
this analysis to TWAS genes that were identified in NTR and CMC. The test was performed using either 46 randomly
sub-sampled individuals (corresponding to the size of the CEU/Waszak et al. expression data) or the full dataset.
CBR3 and SLC45A1 were unavailable in the CEU reference and were not evaluated in Supplementary Table 22. (*)
indicates significance after Bonferroni correction.

46 samples all samples

Gene/Mark expression SNP βSMR s.e P-value SNP βSMR s.e P-value

CBR3 NTR rs2835266 -0.01 0.02 5.5e-01 rs2835281 -0.11 0.03 * 1.1e-04
GRAP NTR rs8080953 0.02 0.02 3.7e-01 rs7501702 0.20 0.06 * 5.1e-04
MAP7D1 NTR NA NA NA NA rs795047 -0.30 0.10 * 1.9e-03
MAPK3 CMC rs9933310 0.00 0.02 8.8e-01 rs11865086 0.09 0.03 * 4.1e-04
MPHOSPH9 CMC rs596940 -0.04 0.02 7.8e-02 rs7296418 -0.24 0.07 * 3.2e-04
PCCB CMC rs1279831 -0.09 0.03 * 2.4e-03 rs7618871 -0.11 0.02 * 3.4e-08
PPP2R3C NTR rs12878912 0.02 0.03 3.3e-01 rs4594164 0.19 0.05 * 4.3e-05
PRMT7 CMC rs8046501 0.06 0.03 1.9e-02 rs3785113 0.05 0.02 * 8.3e-04
RERE NTR rs1294040 0.00 0.01 9.1e-01 rs4908760 0.15 0.05 * 2.9e-03
SLC45A1 CMC rs10399665 0.05 0.02 7.8e-03 rs10399665 -0.11 0.04 * 2.4e-03
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Supplementary Table 24: Posterior probabilities of colocalization. Posterior probabilities of a single shared
underlying variant between pairs of phenotypes computed from COLOC (with default parameters) for each locus
highlighted in the Results. Each section first lists the results from a eQTL-SCZ colocalization for the SCZ TWAS
gene, followed by cQTL-eQTL and cQTL-SCZ colocalization for all chromatin TWAS associated peaks. [*] Chromatin
peaks identified in YRI, which are a model violation for COLOC due to trans-ethnic LD but included for completeness.

Feature eQTL GWAS

PPP2R3C NTR - 99%
H3k27ac CEU 98% 98%
H3k27ac CEU 99% 99%
H3k4me1 CEU 79% 79%
H3k4me1 CEU 99% 99%

KLC1 CMC splicing - 58%
H3k4me1 YRI* 100% 100%
H3k4me3 YRI* 84% 84%

MAPK3 CMC - 61%
H3k27ac CEU 89% 86%
RPB2 CEU 100% 100%
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Supplementary Table 25: Genetic correlation of gene expression. Average cish2
g and genetic correlation (ρg)

between NTR/blood and CMC/brain studies (top row); and between cases and controls within the CMC/brain study.
Both values were estimated for the cis locus at each gene using Haseman-Elston regression. The ρg standard error
was approximated using the Falconer approximation (see Methods) on the reported standard errors of the cis-h2

g and
covg estimates, assuming zero correlation of errors. We note that the blood/brain correlation is substantially lower
than reported analyses of tissues from a single RNA-seq analysis pipeline25, likely due to assay-specific effects.

Study 1 Study 2 Study 1 cis-h2g Study 2 cis-h2g covg ρg

NTR/blood CMC/brain 0.0099 (0.0003) 0.0644 (0.0011) 0.0053 (0.0003) 0.21 (0.01)
CMC-case CMC-control 0.0770 (0.0013) 0.0863 (0.0014) 0.0819 (0.0013) 1.00 (0.02)
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supplementary figures
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Supplementary Figure 1: Analysis Flowchart.
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Supplementary Figure 2: Individual-tissue Manhattan plots.
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Supplementary Figure 3: Replication of TWAS associations. (a) The PGC data was randomly split into
increasingly large discovery samples (size on the x-axis) and TWAS statistics were estimated from each reference
panel. Left panel reports the number of significant genes (after 5% FWER (Bonferroni) correction) for a given
GWAS sample size. Right panel reports the slope from a regression of βreplication ∼ βdiscovery for significant genes
identified at each sample size (where all 56, 000 − x remaining samples were used as replication). (b) TWAS effect-
sizes for association to schizophrenia identified in the PGC (x-axis) compared to corresponding estimates in the CMC
(y-axis). Dotted line corresponds to y = x; red line corresponds to the slope from a (Z-score weighted) regression
of CMC ∼ PGC, with estimate and p-value shown in bottom right. (c) Schizophrenia risk prediction R2 shown for
risk scores constructed from significant TWAS genes (bars) and PGC2 GWAS SNPs (dashed line, comparable to the
1% − 3% reported in ref2). Number of genes used in each score reported in parenthesis. Linear-regression R2 of
phenotype on predictor (after subtracting R2 from jointly fit ancestry PCs) was transformed to the liability scale
assuming schizophrenia prevalence of 1%, a linear transformation consistent across all predictors. P-value for the
predictor in a joint model with the ancestry PCs shown above each bar.
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Supplementary Figure 4: Validation of significant PGC-SCZ SNPs in CMC. SNP effect-sizes for association
to schizophrenia identified in the PGC (x-axis) compared to corresponding estimates in the CMC (y-axis). Effect-
sizes are log(odds-ratio) after accounting for ancestry PCs. Results were identical when using effect-sizes estimates
by converting association Z-scores to liability-scale β, as in Figure 3. Dotted line corresponds to y = x, red line
corresponds to the slope from a (Z-score weighted) regression of CMC ∼ PGC, with estimate and p-value shown in
bottom right.
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Supplementary Figure 5: Validation of significant splice-TWAS associations in CMC.
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Supplementary Figure 6: GWAS statistics at SCZ TWAS loci. Density plots of best GWAS χ2 statistics
for (A) 108 PGC SCZ published loci containing genome-wide significant SNPs; (B) 56 most significant 1MB loci
that did not overlap a genome-wide significant SNP (for comparison with D); (C) 190 TWAS loci that overlapped
genome-wide significant SNPs; (D) 56 TWAS loci that did not overlap a genome-wide significant SNP.
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Supplementary Figure 7: Independent effects on alternative splicing at SDCCAG8. Top (bottom) panels
show the effect of the best and second best splice-QTL after stepwise model selection across all phenotypes. Effect
on total expression shown at left, followed by the effect on each of the six inferred splicing events. The two variants
have independent effects on splicing, and the second variant is also independent of total gene expression. Red box
plots show intron abundance and pink box plots show same after regressing out the total gene expression.
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Supplementary Figure 8: COLOC results at SCZ/chromatin TWAS loci. Distribution of COLOC posterior
probabilities for SCZ TWAS associations (left) and subset with chromatin TWAS associations (right). Dashed line
(and labeled points) shows threshold calibrated so that < 5% of overlapping features (blue line) are considered
colocalized.
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Supplementary Figure 9: COLOC results at SCZ/chromatin TWAS loci. Distribution of COLOC posterior
probabilities for SCZ TWAS associations with three different priors on a shared genetic effect. (right) panel shows
default prior (as in Supplementary Figure 8). Dashed line (and labeled points) shows threshold calibrated from default
prior (as in Supplementary Figure 8) so that < 5% of overlapping features (blue line) are considered colocalized.
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Supplementary Figure 10: Overlap of genes prioritized by TWAS and Hi-C contacts. (Hi-C) Genes with
Hi-C contact to lead GWAS SNP in fetal brain; (TWAS) genes with SCZ TWAS association; and intersection.
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Supplementary Figure 11: BRAINSPAN differential expression correlation matrix. Correlation of differ-
ential expression Z-scores across developmental periods within the BRAINSPAN pre-frontal cortex RNA-seq. Upper
right shows correlation with color; lower left shows correlation coefficient.
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Supplementary Figure 12: SCZ TWAS correlation with BRAINSPAN temporal differential expression.
For each TWAS reference panel, the Spearman rank correlation is reported between SCZ TWAS effect sizes (Z-
scores) and BRAINSPAN differential expression Z-scores across developmental periods in pre-frontal cortex RNA-seq.
Correlations that are significant after Bonferroni correction for number of periods are color-coded and labeled with
p-values.
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Supplementary Figure 13: Gene risk score from CMC/brain TWAS. Liability-scale R2 between gene risk
score and schizophrenia status in CMC for different discovery (PGC) significance thresholds. Left panel shows score
constructed from genetic component of expression/splicing; right panel shows score from overall expression/splicing.
In both cases, the R2 is measured from the model y ∼ GeRSgene+GeRSintron+PC1+PC2 after subtracting R2 from
PCs only and transforming to liability scale at 1% prevalence (a linear transformation). P-value in black corresponds
to 2-dof ANOVA test against model with PC’s only. P-value in white corresponds to GeRSintron regression coefficient.
P-values only reported where < 0.05.
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Supplementary Figure 14: Correlation between expression and chromatin phenotypes. (A) For each gene
and cis-locus (±500kb) the average total and genetic correlation between expression of the gene and nearby chromatin
state is plotted as function of distance from chromatin mark to gene center. (B) For every significant TWAS-linked
gene-mark combination, the adjusted R2 between mark and corresponding RNA-seq levels was measured, with dark
bars reporting the mean by chromatin category and reference panel. The same quantity was computed for all peaks
±500kb to the significant TWAS genes (“all nearby peaks” bar); as well as for 10 samplings of any random peak-gene
combination no more than 500kb apart (“random” bar). Error bars indicate standard error of the mean. * (**)
indicate instances where the null is significantly lower than TWAS-gene estimate by T-test at P < 0.05 (P < 0.05/5).
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Supplementary Figure 15: Genetic correlation between chromatin and cis-expression in CEU. For each
gene and cis-locus (±500kb) the average total and genetic correlation between expression of the gene and nearby
chromatin state is plotted as function of distance from chromatin peak to gene center. Genetic correlation was
computed using the mean cis-h2

g and cis-covg across all peaks closer than the specified distance (x-axis). Total
correlation is the Pearson correlation between expression and chromatin state across individuals.
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Supplementary Figure 16: Genetic correlation between chromatin phenotypes in CEU. For each chromatin
peak and cis-locus (±500kb) the average total and genetic correlation between nearby peaks is plotted as function
of maximum distance between peaks (x-axis). Genetic correlation was computed using the mean cis-h2

g and cis-covg
across all peaks in the window. Total correlation is the Pearson correlation between peaks across individuals.
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Supplementary Figure 17: Chromatin TWAS associations compared to top eSNP/cQTL associations.
Number of unqiue genes significantly associated with a chromatin peak after Bonferroni correction for a given distance
from the gene (x-axis): (right) using top eSNP in chromatin cohort; (left) using TWAS from each reference panel.
Results from CEU (YRI) populations shown in top (bottom) panels.
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Supplementary Figure 18: Power and detection of significant gene-mark associations. (a) Molecular
phenotypes were simulated under the SNP → chromatin → expression model and two methods to detect gene-mark
associations evaluated. (TWAS, orange) corresponds to predicting expression from a held-out reference panel with
1,000 individuals and testing each proximal chromatin peak for association. (eQTL/cQTL, green) corresponds to
identifying SNPs that are significantly associated with both chromatin and expression at the locus. For a given
chromatin phenotype sample size (x-axis), power was measured as the number of instances where locus was deemed
significant after accounting for number of gene-mark pairs tested (TWAS) or number of SNPs and gene-mark pairs
tested (eQTL/cQTL). Solid (dashed) lines correspond to 1 (2) chromatin-causing variants in the simulation. (b)
Genes significantly associated with a chromatin phenotype peak in YRI/CEU. For a given distance from the gene
(x-axis), the number of unique genes is reported after experiment-wide Bonferroni correction for tests within each
chromatin phenotype. Results from TWAS prediction-based approach shown on left; results from overlapping QTL
approach on the right (see Methods).
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Supplementary Figure 19: Calibration of chromatin/expression TWAS under the null. Chromatin pheno-
types and expression were simulated as non-heritable and a chromatin/expression TWAS performed. Bars correspond
to the fraction of genes significant at P < 0.05, with the dotted line corresponding to the expected 5%.
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Supplementary Figure 20: Chromatin/expression TWAS performance in simulation. Molecular pheno-
types were simulated under the SNP → chromatin → expression model and methods to detect gene-chromatin-peak
associations evaluated. (TWAS: E to H, blue) corresponds to predicting expression from a reference panel with 1,000
individuals and testing against each proximal chromatin peak for association at a given chromatin phenotype size
(x-axis). (TWAS: H to E, green) corresponds to the same procedure but predicting from chromatin samples (x-axis)
into the expression individuals. (eQTL/hQTL, red) corresponds to identifying SNPs that are significantly associated
with both chromatin and expression at the locus. Power is measured as the number of instances where locus was
deemed significant after accounting for number of gene-peak pairs tested (TWAS) or number of SNPs and gene-peak
pairs tested (eQTL/cQTL). Solid (dashed) lines correspond to 1 (2) chromatin-causing variants in the simulation.
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Supplementary Figure 21: Distribution of chromatin TWAS associated peaks. For each chromatin phe-
notype and cohort, the density plot of the distance between peak center and TSS of the associated gene is shown.
Computed for chromatin TWAS associations at 10% FDR.
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Supplementary Figure 22: Significant chromatin TWAS associations in YRI. For each chromatin phenotype,
number of chromatin TWAS associations (left: unique genes; right: unique gene-peak pairs) significant at P < 0.05
after Bonferroni correction (y-axis) is shown for a given cis window size (x-axis). Note x-axis is non-linear.
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Supplementary Figure 23: Significant chromatin TWAS associations in CEU. For each chromatin phenotype,
number of chromatin TWAS associations (left: unique genes; right: unique gene-peak pairs) significant at P < 0.05
after Bonferroni correction (y-axis) is shown for a given cis window size (x-axis). Note x-axis is non-linear. Note
that, in contrast to the YRI data, chromatin peaks in the CEU samples were defined based on a small set of reference
individuals, resulting in many fewer peaks and yielding fewer chromatin TWAS associations.
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Supplementary Figure 24: Enrichment of Hi-C loops at chromatin TWAS associated elements. Across
all TWAS associated gene-peak pairs (at 10% FDR) that are less than (x-axis) kb apart, the y-axis shows the odds
ratio of Hi-C looping enrichment. Enrichment computed as the fraction of associated pairs with a Hi-C chromatin
contact compared to the fraction of all gene-peak pairs at the same maximum distance with Hi-C contact. Minimal
peak-gene distance for all tests was 10kb, to ascertain for distal associations. Note that successive points describe
nested data.
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Supplementary Figure 25: Variance in RNA expression explained by chromatin TWAS associations
(±2kb) in YRI. For every significant chromatin TWAS associations, the adjusted R2 between the peak and cor-
responding measured expression levels is reported, with dark bars reporting the mean by chromatin category and
reference panel. Note that the RNA-seq phenotype was not used to identify the gene-mark combination and the
TWAS prediction is out-of-sample; this yielding an unbiased estimate of variance in expression explained by the
associated mark. Because nearby peaks are expected to have some non-zero correlation to the gene we considered
two nulls: the same quantity was computed for all peaks ±2kb to the significant TWAS genes (“all nearby peaks”
bar); as well as for 10 samplings of any random peak-gene combination no more than 2kb apart (“random” bar).
Adjusted R2 was always used so as to yield an unbiased mean estimate. Error bars indicate standard error of the
mean. * (**) indicate instances where the null is significantly lower than TWAS-gene estimate by T-test at P < 0.05
(P < 0.05/4).

CMC METSIM NTR YFS

H3K27AC

R
2(

m
ar

k,
G

E
)

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

TWAS−linked peaks
all nearby peaks
random

** ** **
**** ** ** **

CMC METSIM NTR YFS

H3K4ME1

R
2(

m
ar

k,
G

E
)

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

TWAS−linked peaks
all nearby peaks
random

**
** *

**
** * **

CMC METSIM NTR YFS

H3K4ME3

R
2(

m
ar

k,
G

E
)

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

TWAS−linked peaks
all nearby peaks
random

**

**

** **
** ** ** **

CMC METSIM NTR YFS

dhs

R
2(

m
ar

k,
G

E
)

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

TWAS−linked peaks
all nearby peaks
random

* ** ** ** *



54

Supplementary Figure 26: Variance in RNA expression explained by chromatin TWAS associations
(±500kb) in YRI. For every significant chromatin TWAS associations, the adjusted R2 between the peak and
corresponding measured expression levels is reported, with dark bars reporting the mean by chromatin category and
reference panel. The same quantity was computed for all peaks ±500kb to the significant TWAS genes (“all nearby
peaks” bar); as well as for 10 samplings of any random peak-gene combination no more than 500kb apart (“random”
bar). Error bars indicate standard error of the mean. * (**) indicate instances where the null is significantly lower
than TWAS-gene estimate by T-test at P < 0.05 (P < 0.05/4). See Supplementary Figure 25 for details.
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Supplementary Figure 27: Variance in RNA expression explained by chromatin TWAS associations
(±2kb) in CEU. For every significant chromatin TWAS associations, the adjusted R2 between the peak and cor-
responding measured expression levels is reported, with dark bars reporting the mean by chromatin category and
reference panel. The same quantity was computed for all peaks ±500kb to the significant TWAS genes (“all nearby
peaks” bar); as well as for 10 samplings of any random peak-gene combination no more than 500kb apart (“random”
bar). Error bars indicate standard error of the mean. * (**) indicate instances where the null is significantly lower
than TWAS-gene estimate by T-test at P < 0.05 (P < 0.05/4). See Supplementary Figure 25 for details.
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Supplementary Figure 28: Variance in RNA expression explained by chromatin TWAS associations
(±500kb) in CEU. For every significant chromatin TWAS associations, the adjusted R2 between the peak and
corresponding measured expression levels is reported, with dark bars reporting the mean by chromatin category and
reference panel. The same quantity was computed for all peaks ±500kb to the significant TWAS genes (“all nearby
peaks” bar); as well as for 10 samplings of any random peak-gene combination no more than 500kb apart (“random”
bar). Error bars indicate standard error of the mean. * (**) indicate instances where the null is significantly lower
than TWAS-gene estimate by T-test at P < 0.05 (P < 0.05/4). See Supplementary Figure 25 for details.
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Supplementary Figure 29: Variance in RNA expression explained by marks (±500kb) across populations.
For every significant chromatin TWAS association, the adjusted R2 between mark and corresponding RNA-seq levels
was measured using associations within and across the CEU/YRI populations. Note that both expression reference
panels were of European origin, so only the CEU:CEU case involves no trans-ethnic prediction. * (**) indicate mean
is significantly greater than zero by T-test at P < 0.05 (P < 0.05/8).
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Supplementary Figure 30: Mediation analysis of expression and chromatin phenotype. For each chromatin
TWAS association identified in YRI, a mediation analysis was performed in CEU for the overlapping peak quantifying
variance in RNA-seq expression explained by: (a) the chromatin phenotype; (b) the predicted expression for that
gene (from the NTR blood reference); (c) the chromatin phenotype after regressing out the predicted expression;
and (d) the predicted expression after regressing out the chromatin phenotype. The mean and standard error of
each variable is reported in the barplot in the above order. The mark residual explained more variance in expression
than the prediction residual (P = 0.001) indicative of the chromatin phenotype mediating between cis-SNPs and
expression.
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Supplementary Figure 31: Genetic covariance of chromatin TWAS genes/peaks and SCZ. For each TWAS
gene associated with SCZ and chromatin, the histogram of cis genetic covariance between eQTL/cQTL and GWAS
effect-sizes is shown in red. Distribution from randomly selected marks (near heritable TWAS genes) are shown in gray.
(a,b) Show estimates from CEU and YRI populations. (c,d) Show estimates from CEU and YRI after conditioning
on the complementary phenotype (i.e. chromatin residualized on expression, and vice-versa). P-value reported for the
difference between focal and background distribution by non-parametric Kolomagorov-Smirnov test. Note: because
the GWAS was performed in Europeans, the correlation from YRI QTLs will be dampened by cross-population
heterogeneity. Averaging across the 42 chromatin TWAS associations at genes identified in the SCZ TWAS, both the
expression-SCZ and chromatin-SCZ covg were significantly higher than that of a random background of gene-peak
pairs less than 500kb apart, with chromatin-SCZ covg 2.5× greater on average than expression-SCZ covg and more
significantly different from the background. This corresponds to the chromatin phenotype explaining 35% of the
variance in expression under the model where it is the mediator, with the rest due to environmental or trans variance
independent of disease.
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B: SCZ GWAS
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C: MAPK3 eQTL (CMC/brain)
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E: RPB2 peak cQTL (CEU)
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Supplementary Figure 32: Chromatin and
SCZ TWAS association at MAPK3. Ex-
ample association of MAPK3 gene expression
and SCZ and nearby chromatin peak. (A) lo-
cus schematic with all nearby genes and chro-
matin peaks; TWAS associated features high-
lighted in blue and green. (B-D left) Man-
hattan plots of marginal association statistics
before and after conditioning on the TWAS
predicted expression (colored/dark dots, re-
spectively). Dashed line shows local signif-
icance threshold after Bonferroni correction
for number of SNPs. (B-E right) Relation-
ship between marginal GWAS/QTL associa-
tion (y axis) and the correlation (x-axis) be-
tween TWAS predicted expression (GEpred es-
timated in the 1000 Genomes reference) and
marginal GWAS/QTL association. The color
of each point reflects the eQTL effect size of
the expression used for GEpred and size of each
point reflects absolute significance of the eQTL.
(B) SCZ GWAS association; (C) MAPK3 ex-
pression phenotype used for TWAS predic-
tion and associated with SCZ/chromatin; (D)
TWAS associated H3k27ac2 peak in CEU; (E)
TWAS associated RPB2 peak in CEU. See
Supplementary Figure 33, S34 for additional
examples and simulations.
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Supplementary Figure 33: TWAS scatterplot for simulated GWAS loci. Relationship between marginal
GWAS association (y axis) and the correlation (x axis) between TWAS predicted expression (GEpred) and marginal
GWAS association shown for simulated GWAS loci. An expression phenotype was simulated from 900 individuals
to have either a single common causal variant (top panels) or two common causal variants (bottom panels), and the
genetic value of the phenotype inferred. The GWAS causal variant was then chosen to be: (right-most panels) the
expression phenotype, corresponding to a model where expression is causal for trait; (left-most panels) a random
common variant uncorrelated with expression, corresponding to a model where eQTL and GWAS effects in the locus
are independent; (middle panels) increasingly more correlated with expression. GWAS association statistics were
simulated for a study size of N = 90, 000 and only loci which achieved genome-wide significance were retained. A
total of 500 simulations for each architecture were performed and results in the format of Main Figure 4 and 5 over-
plotted as semi-transparent points. As the correlation between expression and the GWAS causal variant increases,
the linear y ∼ x relationship emerges, but only becomes completely linear when correlation is > 0.8 (right two panels).
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Supplementary Figure 34: TWAS scatterplot for simulated chromatin association. Relationship between
marginal cQTL association (y axis) and the correlation (x axis) between TWAS predicted expression (GEpred) and
marginal cQTL association shown for simulated GWAS loci. An expression phenotype was simulated from 900
individuals to have either a single common causal variant (top panels) or two common causal variants (bottom
panels), and the genetic value of the phenotype inferred. The cQTL causal variant was then chosen to be: (right-
most panels) the expression phenotype, corresponding to a model where expression is causal for trait; (left-most
panels) a random common variant uncorrelated with expression, corresponding to a model where eQTL and cQTL
effects in the locus are independent; (middle panels) increasingly more correlated with expression. cQTL association
statistics were simulated for a study size of N = 70 and only loci which achieved genome-wide significance were
retained. A total of 500 simulations for each architecture were performed and results in the format of Main Figure 4
and 5 over-plotted as semi-transparent points. As the correlation between expression and the cQTL causal variant
increases, the linear y ∼ x relationship emerges, but only becomes completely linear when correlation is > 0.8 (right
two panels). Note that all distributions are significantly noisier than Supplementary Figure 33 due to much smaller
sample size.
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Supplementary Figure 35: Hi-C interactions between SCZ finemappped SNPs and KLC1 promoter.
(Gene model) Shows KLC1 locus and known genes. (Credible SNPs) Shows positions of fine-mapped 95% credible
set of SCZ GWAS markers at this locus. (Chromatin TWAS) Shows position of two chromatin peaks and (below)
the significance of Hi-C chromatin interaction between 10kb region containing the chromatin TWAS peaks and each
other 10kb region in the locus.
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Supplementary Figure 36: Locus schematic and coverage plot of MAPK3 epigenetic features in brain.
Top panel shows relevant features in the chromosome 16 MAPK3 locus: exons shown in gray; chromatin TWAS
associated peaks shown in blue; human-gain developmental enhancers identified by ref.23 shown in green (observed in
H3k4me2 from 8.5pcw and 120pcw fetal tissue); and rare CNVs implicated in SCZ and ASD26 shown in red. Bottom
panels show coverage plots from ATAC-seq; as well as ChIP-seq analysis of H3k27c and H3k4me3 in two cortical
tissues; with MaCS peak calls shaded in gray.
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Supplementary Figure 37: Conditional analysis at MAPK3 locus (rs28529403). Marginal QTL associations
before (left) and after (right) conditioning are shown for all molecular phenotypes associated at MAPK3. Nearby
genes KCTD13 and MVP were previously implicated in neuroanatomical phenotypes26,27 and corresponding eQTLs
are shown here for reference, though no evidence of significant association was observed. Rare CNVs implicated in
SCZ and ASD26 indicated in red lines below points.
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B: SCZ GWAS (conditioned on predicted MAPK3)
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C: Prefrontal cortex RNA−seq (CMC)
MAPK3 eQTLs
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D: Prefrontal cortex RNA−seq (CMC)
MAPK3 eQTLs (cond. on rs28529403)
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E: LCL (Waszak et al)
H3K27ac cQTLs
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Supplementary Figure 38: Conditional analysis at MAPK3 locus (rs61764202). Marginal QTL associations
before (left) and after (right) conditioning are shown for all molecular phenotypes associated at MAPK3. Nearby
genes KCTD13 and MVP were previously implicated in neuroanatomical phenotypes26,27 and corresponding eQTLs
are shown here for reference, though no evidence of significant association was observed. Rare CNVs implicated in
SCZ and ASD26 indicated in red lines below points.
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E: LCL (Waszak et al)
H3K27ac cQTLs
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F: LCL (Waszak et al)
H3K27ac cQTLs (cond. on rs61764202)
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Supplementary Figure 39: Allele-specific expression at MAPK3 locus. Manhattan plots from tests for allele-
specific haplotype expression of CMC RNA-seq at the MAPK3 locus. Top panel shows results from an allele-specific
(heterozygous) only test, bottom panel shows results from combined test that uses heterozygous and homozygous
sites. The center of the TWAS associated chromatin peaks shown with read line.
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