Text S1: Supporting information for GPA

Dongjun Chung'?* Can Yang!3** Cong Li°,
Joel Gelernter®578 and Hongyu Zhao!®"*1
IDepartment of Biostatistics, Yale School of Public Health,
New Haven, Connecticut, USA.

2 Department of Public Health Sciences,

Medical University of South Carolina, USA.
3Department of Psychiatry, Yale School of Medicine,
New Haven, Connecticut, USA.
4Department of Mathematics,

Hong Kong Baptist University, Hong Kong.
’Program in Computational Biology and Bioinformatics, Yale University,
New Haven, Connecticut, USA.
6VA CT Healthcare Center, West Haven, Connecticut, USA.
"Department of Genetics, Yale School of Medicine,
West Haven, Connecticut, USA.
8Department of Neurobiology, Yale School of Medicine,
New Haven, Connecticut, USA.
9VA Cooperative Studies Program Coordinating Center,

West Haven, Connecticut, USA.

September 4, 2014

1 The Expectation-Maximization algorithm

In order to be consistent with the main text, we present the EM algorithm for the case that we
have two GWAS data but the generalization to more than two GWAS data is straightforward
and the actual GPA algorithm is not limited to the number of GWAS data. In the GPA model,

we have the parameter vector of length (25X + K + 25 D) as

0= (7T00, 10, To1, 711, 01, O¥2, [Qd00> qd10, 4do1, lel]de{l,---,D})
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and the complete likelihood as

Z

M D
=11 1I mPr(Pj1, Pl Zj = 1;0) [ [ Pr(Ajal Zj = 1;0)
d=1

j=11€{00,10,01,11}
If annotation data are not incorporated, this complete likelihood is simplified to
M
=1 II [®Pr(Pu, PplZy=1;0)".
j=11€{00,10,01,11}

Based on this complete likelihood, the E- and M-steps in the ¢-th iteration of the EM algorithm
are as follows.

E-step:

For [ € {00, 10,01, 11}, the posterior probabilities for association of the j-th SNP are obtained
as:
AV =Pr(Z; = 1P, A;00)
_ mPr(Pp, Pl Zi = 1;09) [T, Pr(A;ul Zy = 1,0)
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If annotation data are not incorporated, for [ € {00, 10,01, 11}, we have
Wl(t)Pr(IDjl,PjQIZﬂ = 1, @(t))
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M-step:

The parameters for the proportion of SNPs in each association status category are estimated
as:

M M
1 1
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The parameters for the enrichment of the d-th annotation data for association of SNPs are
estimated as:
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The parameters for the signal strength of the GWAS data are estimated as:

M, (t t t
D Zj 1 3(1)0 + 21(1)1> (t+1) Ej 1 3(0)1 + 23(1)1)
1 o M 2 - t
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The M step remains the same when annotation data are not incorporated, except that we do

not need to calculate qéﬁgl), qc(ﬁgl), q((itOJ{l and thflrl .
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2 Estimation of false discovery rate

For analysis of single GWAS without annotation data, the local false discovery rate can be

calculated as
#oPr(Pj| Z;jo = 1;0)
#oPr(Pj| Zjo = 1;0) 4+ 7, Pr(P;| Z = 1;0)

fdr(P;) = Pr(Z; = 1|P;) = (1)

where 7y, 71, and © are estimated from the EM algorithm.
For joint analysis of two GWAS data sets, we are interested in the local false discovery rate
of the j-th SNP, if it is claimed to be associated with the first phenotype and the second one,

ie.,
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where
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and {ﬁl}lE{OOJQOLH} and © are estimated parameters from the GPA model.
When annotation data are available, the false discovery rates can be calculated as

~
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Finally, we use the direct posterior probability approach [3] to control global false discovery rates
to determine associated SNPs. Specifically, given the GPA model fitting, we first sort SNPs
by their local false discovery rates from the smallest one to the largest one. Denote local false
discovery rates of these sorted SNPs by f;. We increase the threshold for local false discovery
rates, k, from zero to one until

Z] 1fj1{fj < /f}
Z] ll{fj <k}

where 7 is the pre-determined bound of global false discovery rates. Finally, we determine SNPs
with corresponding f; < k to be associated with the phenotype.

Fdr =

(6)

3 Estimation of standard error

To understand the genetic architecture of complex traits, we are interested in the accuracy of
the estimated parameters ({m}, {qs;}) from the GPA model. Here we consider the standard
errors of those parameters which can be calculated from covariance matrix estimated using
the empirical observed information matrix [2]. Specifically, the empirical observed information
matrix is defined as

A

M
= Zsj(PjaA]'; ©)s] (P;, A;;0),
j=1

where © are the parameter estimates from the EM algorithm (i.e., maximum likelihood esti-
mator (MLE)),

Olog L.;(©
Sj(PjaAj;@) = Eo {%—@J()|P’A} )

and log L.;(©) is the complete log likelihood for the j-th SNP. s,;(P;, A;; ©) is a column vector
of length (28 — 1 + K + 2KD). The first three (25 — 1) components of s; correspond to
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The last part is simply ignored when annotation data is not incorporated.

We do not include a component corresponding to my in s;(P;, A;;©) because of the re-
lationship that mog = 1 — w9 — me1 — 711. Instead, after we estimate the empirical observed
information matrix, we estimate the standard error for my using the Delta method [5] as

selin) = \[or©))" {1.0:P.0)} {ar©)}

where ¢(©) = 1 — w9 — o1 — ™11, g/(©) = [-1,—1,—1,0], and 0 is the zero vector of length
(K + 2K D).

4 Simulation study for evaluating the LD effects on GPA

To study the LD effects on our GPA model, we used the observed genotype data from 3,356
control samples in the bladder cancer GWAS data set. In our simulation, we partitioned these
samples into two groups of equal size to mimic the two-GWAS case, and only used 37,352 SNPs
in chromosome 1.

We considered the case that the risk SNPs were more or less uniformly distributed along
the chromosome. We simulated a risk SNP every 1000 SNPs. As a result, we had 37 risk SNPs
potentially shared between the two GWAS. Typically, about 5% phenotypic variance can be
explained by a chromosome, but sometime this value can go up to about 15% (e.g., Yang J.
et al Genome partitioning of genetic variation for complex traits using common SNPs, Nature
Genetics, 2011). To simulate different signal strengths, we adopted the random-effects model
and set heritability h? = 5%, 10%, 20% jointly contributed by the 37 risk SNPs.

In the presence of LD effects, it would be difficult to distinguish the casual signals from the
associated signals due to LD statistically. It is expected that only the local genomic region in
LD with the identified risk genetic variants can be pinpointed through GWAS analysis. Here
we used different distance thresholds to define the flanking region of a risk variant. We only
regarded the identified SNPs outside the flanking region of the true risk SNPs as false positives.

We evaluated GPA performance for different h? and v, where ~ is the proportion of shared
risk SNPs between the two GWAS. We also considered three cases for annotation: without
annotation, with useful annotation (SNPs within 1Mb of risk SNPs are annotated), and with
random annotation (i.e., SNPs are annotated randomly). All the results are summarized based
on 100 simulations, as shown in Figure S1. First, the observed false positive rate (FDR)
decreased as the distance threshold increased, which suggests that the false positives happen
in the local regions of risk SNPs. Second, the observed FDR was higher for larger h%2. This
is because a risk SNP of a larger effect size can propagate its effect to SNPs in weaker LD
with itself. In summary, we believe that, for the complex diseases considered by us, where the
individual chromosomal contribution may be between 5% and the shared pleiotropy is around
50% of less, GPA can provide a satisfactory FDR control in term of pinpointing a local genomic
region associated with the phenotype of interest.
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Figure S1: Upper Panel: Results without annotation. Middle Panel: Results with annotation
(SNPs within 1Mb of risk SNPs are annotated). Lower Panel: Results with random annotation
(SNPs are annotated randomly). Here v is the proportion of shared risk SNPs between the
two GWAS. We reported the GPA results by controlling global false discovery rate at 0.2, as
indicated by the dashed red line. In each subplot, the observed false discovery rates at different
signal strength levels (h? = 5%, 10%, 20%) are shown based on different distance thresholds for
the flanking region.

5 Simulation study for evaluating noise annotation on
GPA

To evaluate GPA performance when irrelevant annotation is used, we performed some additional
simulation studies. He we also used the random-effects model as described in the main article.
We varied the number of annotations from 1 to 4. As shown in Figures S2-S4, incorporation
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Figure S2: GPA performance measured by AUC when a few irrelevant annotations are incor-
porated. Here ¢g; = qo = 0.1, N and m are the sample size and the number of risk SNPs,
respectively.

of irrelevant annotations do not lead to reduced power because gy and ¢; can be estimated
accurately.
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Figure S3: GPA performance measured by partial AUC when a few irrelevant annotations are
incorporated. Here ¢; = g9 = 0.1, N and m are the sample size and the number of risk SNPs,
respectively.
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Figure S4: GPA performance measured by power when a few irrelevant annotations are in-
corporated. Here q; = qop = 0.1, N and m are the sample size and the number of risk SNPs,
respectively.



6 Simulation study when the proportion of risk SNPs
should not be extremely small

We implicitly assumed the proportion of risk SNPs should not be extremely small
to enable GPA work well. This assumption is made based on the polygenic genetic
architecture of complex traits. We used simulation to investigate GPA performance
when the proportion of risk SNPs was extremely small. In the main article, we
used the liability model to evaluate whether our GPA model could work well in
presence of model mismatch (The Beta distribution used in the GPA model is
different from the distribution of the p-values from the liability model). To avoid
the effect of model mismatch, here we used the GPA model to check whether our
EM algorithm could give accurate estimates when the proportion of non-null SNPs
is small, in which we only needed to specify {7} and the o parameter in the Beta
distribution. For convenience, we first provide more details for single-GWAS case
and then discuss about the two-GWAS case. The results of parameter estimation
and FDR control for the single-GWAS case are shown in Figure S5, where o was
fixed at 0.6 (corresponding to a moderate GWAS signal). We can see that, although
the proportion of risk SNPs may not be estimated accurately if the true proportion
of risk SNPs is extremely small (m; < 0.001), GPA can provide a valid FDR control.

Notice that the power of GPA is low when 7, is smaller. This is because the
«a parameter was fixed at 0.6. The effect size of each risk SNP remained the same
while 7 became smaller, resulting in weaker and weaker signals. However, if we
adopted the liability model with fized heritability h%, smaller 7; will imply a larger
individual effect size of a risk SNP. Thus, the power of GPA can be higher. To
examine this, we used the liability model (as the same as the main article) for
simulation studies. The performance of GPA at different heritability h? is shown
in Figure S6. We did observe that the power was even higher when m; was smaller.

We also conducted a simulation study checking the effect of lower bounds of
7 in the GPA algorithm when some of {m} are small in the joint analysis of two
GWAS data. Specifically, we considered the joint analysis of two GWAS data with
(700, To1, T10, 711) = ( 0.8999, 0.0001, 0.0001, 0.0999 ) and generated the p-values from
the mixture of the uniform distribution and the Beta distribution (The « values in
the two Beta distributions were fixed at 0.6). We evaluated the GPA model fitting
results for different lower bounds of the 7 parameters, 1073, 10~%, 10~° and 107°.
As shown in Figure S7, the true value was between the first and third quartiles of
each of the parameter estimates and the estimates were only weakly affected by
the lower bounds of m parameters. More importantly, all the false discovery rates
for the first phenotype (fdr;), the second phenotype (fdry), and both phenotypes
(fdr; ), were well controlled at a nominal level, regardless of the lower bound for =
parameters (Figure S8), where fdr,, fdr, and fdr; , were defined as the same as in
the main article. In summary, the GPA algorithm works robustly even when some
of proportions are small and it is affected only weakly by the lower bound for =
parameters.
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Figure S6: The power of GPA at different 7 values (sample size N = 5000). Here m
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7 Hypothesis testing of pleiotropy in the presence of an-
notation

In the main article, we have shown the power and type I error rate of the pleiotropy test in the
absence of annotation. We used simulation to evaluate whether pleiotropy test could be affected
by annotation. Comparing Figure S9 (with annotation) with Figure 5 (without annotation) in
the main article, the results almost remain the same.
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Figure S9: Hypothesis testing of pleiotropy with annotation.
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8 More simulation results for different parameter set-
tings

8.1 Performance of GPA
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Figure S10: The AUC (left), Partial AUC (middle) and Power (right) of GPA at N=2000, m
= 200.
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= 500.
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Figure S16: The AUC (left), Partial AUC (middle) and Power (right) of GPA at N=5000, m
= 2000.
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8.2 Evaluation of the global false discovery rates of GPA
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Figure S21: The global false discovery rates of GPA at N = 2000, m = 200. The upper and
lower panels show the results (joint and separate analysis for the SNPs associated with the
first and second diseases, as well as joint analysis for the pleiotropic SNPs) with and without
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Figure S22: The global false discovery rates of GPA at N = 2000, m = 500. The upper and
lower panels show the results (joint and separate analysis for the SNPs associated with the
first and second diseases, as well as joint analysis for the pleiotropic SNPs) with and without
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Figure S23: The global false discovery rates of GPA at N = 2000, m = 1000. The upper and
lower panels show the results (joint and separate analysis for the SNPs associated with the
first and second diseases, as well as joint analysis for the pleiotropic SNPs) with and without
annotation, respectively.
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Figure S24: The global false discovery rates of GPA at N = 2000, m = 2000. The upper and
lower panels show the results (joint and separate analysis for the SNPs associated with the
first and second diseases, as well as joint analysis for the pleiotropic SNPs) with and without
annotation, respectively.
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Figure S25: The global false discovery rates of GPA at N = 5000, m = 200. The upper and
lower panels show the results (joint and separate analysis for the SNPs associated with the
first and second diseases, as well as joint analysis for the pleiotropic SNPs) with and without
annotation, respectively.
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Figure S26: The global false discovery rates of GPA at N = 5000, m = 500. The upper and
lower panels show the results (joint and separate analysis for the SNPs associated with the
first and second diseases, as well as joint analysis for the pleiotropic SNPs) with and without
annotation, respectively.
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Figure S27: The global false discovery rates of GPA at N = 5000, m = 2000. The upper and
lower panels show the results (joint and separate analysis for the SNPs associated with the

first and second diseases, as well as joint analysis for the pleiotropic SNPs) with and without

annotation, respectively.
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Figure S28: The global false discovery rates of GPA at N = 10000, m = 200. The upper and
lower panels show the results (joint and separate analysis for the SNPs associated with the

first and second diseases, as well as joint analysis for the pleiotropic SNPs) with and without

annotation, respectively.
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Figure S29: The global false discovery rates of GPA at N = 10000, m = 500. The upper and
lower panels show the results (joint and separate analysis for the SNPs associated with the
first and second diseases, as well as joint analysis for the pleiotropic SNPs) with and without
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Figure S30: The global false discovery rates of GPA at N = 10000, m = 1000. The upper
and lower panels show the results (joint and separate analysis for the SNPs associated with the
first and second diseases, as well as joint analysis for the pleiotropic SNPs) with and without
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Figure S31: The global false discovery rates of GPA at N = 10000, m = 2000. The upper
and lower panels show the results (joint and separate analysis for the SNPs associated with the
first and second diseases, as well as joint analysis for the pleiotropic SNPs) with and without
annotation, respectively.
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8.3 Parameter {¢;} estimation

q_00, joint q_10, joint q_01, joint q_11, joint

0.102 0.106

0.098

0.094

gamma gamma gamma gamma
q_0* separate q_1* separate
& = = g 8
S | H o | o
. ' H - o

0.100 0.104
I......
I.... -
o f---- -
=-<I
0.4 05
-4
-4
-
.....<| °
2 B
0.100 0.104

0.096
1
o

0.096
1

Figure S32: The estimated ¢ at N = 2000, m = 200. The upper panel shows the estimated
400, G105 Go1, q11 in the joint analysis of two GWAS. The lower panel shows the estimated qo.,
g1 and ¢.o, @41 in the separate analysis for the first and second GWAS, respectively. The red
line represents the true values.
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Figure S33: The estimated ¢ at N = 2000, m = 200. The upper panel shows the estimated
400, G105 Go1, q11 in the joint analysis of two GWAS. The lower panel shows the estimated qo«,
g1+ and ¢.o, ¢4«1 in the separate analysis for the first and second GWAS, respectively. The red
line represents the true values.
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Figure S34: The estimated ¢ at N = 2000, m = 200. The upper panel shows the estimated
q00, G105 Go1, ¢11 in the joint analysis of two GWAS. The lower panel shows the estimated qos,
g1+ and ¢.o, g1 in the separate analysis for the first and second GWAS, respectively. The red
line represents the true values.
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Figure S35: The estimated ¢ at N = 2000, m = 200. The upper panel shows the estimated
400, G105 Go1, q11 in the joint analysis of two GWAS. The lower panel shows the estimated qo«,
g1+ and ¢.o, ¢4«1 in the separate analysis for the first and second GWAS, respectively. The red

line represents the true values.
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Figure S36: The estimated ¢ at N = 2000, m = 200. The upper panel shows the estimated
q00, G105 Go1, ¢11 in the joint analysis of two GWAS. The lower panel shows the estimated qos,
g1+ and ¢.o, g1 in the separate analysis for the first and second GWAS, respectively. The red
line represents the true values.
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Figure S37: The estimated ¢ at N = 2000, m = 200. The upper panel shows the estimated
400, G105 Go1, q11 in the joint analysis of two GWAS. The lower panel shows the estimated qo«,
g1+ and ¢.o, ¢4«1 in the separate analysis for the first and second GWAS, respectively. The red
line represents the true values.
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Figure S38: The estimated ¢ at N = 2000, m = 200. The upper panel shows the estimated
q00, G105 Go1, ¢11 in the joint analysis of two GWAS. The lower panel shows the estimated qos,
g1+ and ¢.o, g1 in the separate analysis for the first and second GWAS, respectively. The red
line represents the true values.
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Figure S39: The estimated ¢ at N = 2000, m = 200. The upper panel shows the estimated
400, G105 Go1, q11 in the joint analysis of two GWAS. The lower panel shows the estimated qo«,
g1+ and ¢.o, ¢4«1 in the separate analysis for the first and second GWAS, respectively. The red

line represents the true values.
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Figure S40: The estimated ¢ at N = 2000, m = 200. The upper panel shows the estimated
q00, G105 Go1, ¢11 in the joint analysis of two GWAS. The lower panel shows the estimated qos,
g1+ and ¢.o, g1 in the separate analysis for the first and second GWAS, respectively. The red
line represents the true values.
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Figure S42: The estimated ¢ at N = 2000, m = 200. The upper panel shows the estimated
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8.4 Parameter {m} estimation in separate analysis (single GWAS)
based on the random-effects model
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Figure S45: The estimated {m} of separate analysis (single GWAS) at N = 2000, m = 200.
The upper panel shows the estimated 7., 71, and 7,9, 7, With annotation, and the lower panel
shows the estimated 7., 71, and w9, 7,1 without annotation. The red lines represent the true
values.
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Figure S47: The estimated {m} of separate analysis (single GWAS) at N = 2000, m = 1000.
The upper panel shows the estimated mg,, 71, and 7,9, 7,1 with annotation, and the lower panel
shows the estimated mg,, T, and 7,9, 7 without annotation. The red lines represent the true
values.

33



Pi_0* seperate, w/ anno

e
- - — — T T
. | 8 e e
'’ ' l l '
R B e
o | 8 T |
S ° ° H
° ° 8
~ o o
o °
° °
o |
o
°
T T T T T
mM 025 05 075 1
gamma
Pi_0* seperate, w/o anno
o
- —~ — - —— -
——'—'-'-.
I N S M T
5 8
3 3 ® H
g °
© °
S . ° ° 8 °
°
< °
o o
°
o
34 o

T T T T T
mM 025 05 075 1

gamma

0.1 0.2 0.3 0.4

0.0

0.2 0.4 0.6 0.8

0.0

Pi_1*, seperate, w/ anno

°
°
°
. B
,gg

4
- -

B BTSN

©- fpoaco
Jo oo

" 0

- .
T T T T
mM 025 05 075 1

gamma

Pi_1*, seperate, w/o anno

07 08 09 10

0.6

1.0

04 06 08

0.2

Pi_*0, seperate, w/ anno

- - T = -

L L L L
. =h

8

8

8

HE I
g 3 8
8

° o

T
mM 025 05 075 1

gamma

Pi_*0, seperate, w/o anno

—
b G it ds dmmen o
8
T3 Ty
s
° o
.
333:
8°

°
o

T T T T T
mM 025 05 075 1

gamma

01 02 03 04

0.0

0.2 04 06 08

0.0

Pi_*1, seperate, w/ anno

°

8
83
4+ -3- 4+

Pi_*1, seperate, w/o anno

o

o ooo
Joo 0oe

Figure S48: The estimated {m;} of separate analysis (single GWAS) at N = 2000, m = 2000.
The upper panel shows the estimated mg,, 71, and 7,9, m,; with annotation, and the lower panel

shows the estimated mg,, 1, and 7,9, 7 without annotation. The red lines represent the true

values.
Pi_0*, seperate, w/ anno
w0 B °
2
° - T T = 7
- ' ' ' ' '
@ 1 N N ' '
[~
2
e
! ' D ' ] "
- ' i i ' '
@ " i N " '
S ' ' ' '
o - ' —;— - _:_
4 o—@%—o0—eo—o0
] °
<
b °
T T T T T
mM 025 05 075 1
gamma
Pi_0* seperate, w/o anno
8 ° 5
2
B - T - - T
1 . : 1 .
@ . - l
8
EN . . . .
o
I e
5 ' ' ! | '
@ ' ' ' !
° e T
4 8—o—8—b8—
(=]
L R
S

mM 025 05 075 1

gamma

0.007  0.009  0.011

0.005

0.007  0.009 0.011

0.005

Pi_1*, seperate, w/ anno

0—8—o0—o0—o0
- 3 1
I
i ' T | i
' ' ' ' '
| | ' ' |
' H i ' |
' ' ' i '
' ' ' H '
| ' '
— - - - _:_
o
T T T T
1

mM 025 05 075

gamma

o
o—8—g—eo—o0
3 ® >~ - T
' ' '’ N Ll

' '
'
' ' ' ! '
' '
I I I I .
. - . v
"
' ' H ' '
! ' ' ' '
' o
- — —

o

T T T
. 1

0.991 0.993 0.995

0.989

0.991 0.993  0.995

0.989

Pi_*0, seperate, w/ anno

gamma

0.007 0.009 0.011

0.005

0.007  0.009 0.011

0.005

Pi_*1, seperate, w/ anno

o
34
a

gamma

:

. .

0——0——0——@——0
o—s:

T - T T
. .
Lo
H ' 0 ' '
[
N " ' i '
T S
SIS
T T T T T
mM 025 05 075 1

Figure S49: The estimated {m} of separate analysis (single GWAS) at N = 5000, m = 200.
The upper panel shows the estimated mg,, 71, and 7,9, 7,1 with annotation, and the lower panel
shows the estimated mg,, 1, and 7,9, 7 without annotation. The red lines represent the true

values.

34



Pi_*1, seperate, w/ anno

Pi_*0, seperate, w/ anno

Pi_1*, seperate, w/ anno

Pi_0* seperate, w/ anno

= o
o QO =
S 2 g
0 < +
o e o
< s <
g g g S D g g g

soeT...-:; - S m s woat----(8---{ |3 m m me A s 3 m I -+-
_ o m. _ o (&= B a L m.
helbets b el S22 d RIS =

T o ) T
~ QO
T T T T T T T T T T T T T T T
G200 0200 SL00 G200 0200 SLO0O 0LOO or— 2o 0L0 800 900 00 2¢k0 0’0 800 900 00
S B -
@£ =
@)
) A o QO ° o

o_v........l_o.. -~ £ o_v........l_o ob ~ W = = 2 - - £ _v........OA_ o L

||, g | . 2 B 8 o g _

N IR R S TI - L N THER IS S

© ;A...v © — ] hm, o h.w
- tel E | sl S EE s f - -l
_ 5 | ) o0 = -3 © 2
b--- ----fo 8 3 b--- e 8 g - = @ -8 & k- ---e-qe -
o - o * t 1=} o -
T T T T T T -$ * nna T T T T T T T T T
G86°0 0860 G.6°0 0660 G860 0860 S.6°0 .IV.u FH - 960 +60 <260 060 880 960 ¥60 <260 060 880
< <
& 2 3
S © 3
° v X =B ]
R SICEEIE TIPSR
© ©
o - <
..... -4 FE g p----- R c X % 3 deo---- e [ g | - ERRE B o
s =) > H
e g | | g &k K g _ e g
Oof---- ERRRE | SR ® of---- 4R 8 € L -~ g oto---- - - --- 1 & € ® | owp----B----{e -
5 5 & n o ) [ °
_ o 2 _ o — QO ¥ & o g
- = - -

e SICEEAEIE SUTEENEY RS RIS SN
T T T T T T {Lﬁm a T T T T T T T T
G200 0200 GL00 G200 0200 G100 d b} .H oo 800 900 00 2o 0L'0 800 900 ¥00

o k
g =5
< *
=
N R 1B o e
: | 22F : |
- fe i |-ERer e SEE 0 SR ts f -l
e g Lo 23 E g | .
M- tsl e sF EEE f[-MRterel f| oMl
S g S = t W S g
N S 5 oo
[ ceofoe o E it [ -] o of Yo H [} ! [N — o oo | 2 2 [ cemo e L
£ a £ wn ph o 5 o
T T T T T T e p + . T T T T T T T T
G860 086°0 G/6'0 G860 0860 G.6°0 — u m% % 960 60 260 060 960 V¥60 <260 060 880
2o =
= S 3
o B w5

075 1

0.5
gamma

mM  0.25

075 1

0.5
gamma

mM  0.25

35

0.5
gamma

mM  0.25

05 075 1

gamma

mM  0.25

shows the estimated mg,, T, and 7,9, 7 without annotation. The red lines represent the true

Figure S51: The estimated {m} of separate analysis (single GWAS) at N = 5000, m = 2000.
The upper panel shows the estimated mg,, 71, and 7,9, 7,1 with annotation, and the lower panel

values.



Pi_1*, seperate, w/ anno Pi_*0, seperate, w/ anno Pi_*1, seperate, w/ anno

Pi_0* seperate, w/ anno

0—0—0——0——0

3

3
.
|
;
.
!
'
.

+

1
1

0.75
0.75

05
gamma
Pi_*1, seperate, w/o anno
05
gamma
Pi_*1, seperate, w/ anno

mM  0.25
mM  0.25

-
ZT...-..;S
+---- -
- [
.:,T..-..;s.v

0O—0—0—0——0

T T T T T
01L0'0 600°0 8000 Z000 9000

0.75 1

0.5
gamma
Pi_*1, seperate, w/o anno

mM  0.25

+---- -1
o - -+
o -
et -1

@ of--- oo o

9—0—0—0——0

2200 8100 100

-+

&
X
!
!
!
:
:
!
-
8
Q —0 ——0——0——0

1
1

0.75
0.75

05
gamma
Pi_*0, seperate, w/o anno
0.5
gamma
Pi_*0, seperate, w/ anno

mM  0.25
mM  0.25

-l e
sT..-....To ﬂ_,

-+ _
.;..T..-..;Z ,_,

2200 8100 100

075 1

0.5
gamma
Pi_*0, seperate, w/o anno

mM  0.25

-

'

'

|

'

'

'

'

.

°

0——0——0——0——0

T T T T T T
860 086°0 9.6°0

1
1

0.75
0.75

05
gamma
Pi_1*, seperate, w/o anno
0.5
gamma
Pi_1*, seperate, w/ anno

mM  0.25
mM  0.25

6—o0—o0—o—o0
o

o
-

'

'

'

'

'

'
o

T T T T T T
860 0860 9260

075 1

0.5
gamma
Pi_1*, seperate, w/o anno

mM  0.25

9—0—0——0——0
-
'
'
'
'
|
'
'
.

2200 8100 100

1
1

0.75
0.75

0.5
gamma
Pi_0* seperate, w/o anno
—0—0——0——0
0.5
gamma
Pi_0*, seperate, w/ anno

mM  0.25
mM  0.25

. =
+-- -+
-1
T.*o
-+ -

0——0——0——0——0

¥66'0 €66'0 2660 1660 0660

2200 8100 100

075 1

0.5
gamma
Pi_0* seperate, w/o anno

mM  0.25

-

'

'

0

'

'

'

'

.

0——0——0——0——0

¥66'0 €660 2660 L66°0 0660

shows the estimated mg,, 1, and 7,9, 7T without annotation. The red lines represent the true

Figure S52: The estimated {m;} of separate analysis (single GWAS) at N = 10000, m = 200.
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shows the estimated mg,, 1, and 7,9, 7 without annotation. The red lines represent the true
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8.5 Parameter {m} estimation in joint analysis (two GWAS) based
on the random-effects model
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Figure S56: The estimated {m;} of joint analysis (two GWAS) at N = 2000, m = 200. The upper
panel shows the estimated mgg, 710, mo1, 711 With annotation, and the lower panel shows the
estimated g, 719, 71, 11 Without annotation. The last column 7’ = 717 — (w1 +711) (710 +711)
indicates the level pleiotropy. The red lines represent the true values.
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Figure S57: The estimated {m;} of joint analysis (two GWAS) at N = 2000, m = 500. The upper
panel shows the estimated myy, 719, mo1, 711 With annotation, and the lower panel shows the
estimated g, 710, o1, 711 Without annotation. The last column 7" = w11 — (o1 +711) (710 +711)
indicates the level pleiotropy. The red lines represent the true values.
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Figure S58: The estimated {m} of joint analysis (two GWAS) at N = 2000, m = 1000. The
upper panel shows the estimated 7o, 719, 701, 711 With annotation, and the lower panel shows
the estimated g, 710, mo1, 711 Without annotation. The last column 7" = 717 — (o1 +711) (710 +
m11) indicates the level pleiotropy. The red lines represent the true values.
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Figure S59: The estimated {m} of joint analysis (two GWAS) at N = 2000, m = 2000. The
upper panel shows the estimated mqg, 719, mo1, m11 With annotation, and the lower panel shows
the estimated g, 710, To1, 711 Without annotation. The last column 7" = 717 — (7o1 +711) (710 +
m11) indicates the level pleiotropy. The red lines represent the true values.
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Figure S60: The estimated {m;} of joint analysis (two GWAS) at N = 5000, m = 200. The upper
panel shows the estimated mgg, 710, mo1, 711 With annotation, and the lower panel shows the
estimated g, 719, 71, 11 Without annotation. The last column 7’ = 717 — (w1 +711) (710 +711)
indicates the level pleiotropy. The red lines represent the true values.
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Figure S61: The estimated {m} of joint analysis (two GWAS) at N = 5000, m = 500. The upper
panel shows the estimated myy, 719, mo1, 711 With annotation, and the lower panel shows the
estimated g, 710, o1, 711 Without annotation. The last column 7" = w11 — (o1 +711) (710 +711)
indicates the level pleiotropy. The red lines represent the true values.
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Figure S62: The estimated {m} of joint analysis (two GWAS) at N = 5000, m = 2000. The
upper panel shows the estimated 7o, 719, 701, 711 With annotation, and the lower panel shows
the estimated g, 710, mo1, 711 Without annotation. The last column 7" = 717 — (o1 +711) (710 +
m11) indicates the level pleiotropy. The red lines represent the true values.
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Figure S63: The estimated {m} of joint analysis (two GWAS) at N = 10000, m = 200. The
upper panel shows the estimated mqg, 719, mo1, m11 With annotation, and the lower panel shows
the estimated g, 710, To1, 711 Without annotation. The last column 7" = 717 — (7o1 +711) (710 +
m11) indicates the level pleiotropy. The red lines represent the true values.

Pi_00, joint, w/ anno Pi_10, joint, w/ anno Pi_01, joint, w/ anno Pi_11, joint, w/ anno Pi', joint, w/ anno
(=3
s - 1 e 7 - [ ! [
° 2 o 4\ o \ / o /
- ' Q| [ I « |
+ = S mm % S S J e 3

S
3
/o-
TﬁL
O ==
o T
—-—
=
8

0.970
Il
440
-+
B
1
;-
Il
ot -
Il
N
I
1

I
0}44.,
FA
o4
N
0.010
1
° f—
4
0.010
I
0.010
I
1
i
0.010
1
N

8 ! o
S / - =
o -
1% s . A 1 \ 1 1
/ g ‘ . ‘ o | /= . |~
§ S S o 8 4 S { == 8 - =
o T T T T o T T T T T o T T T T T o T T T T S T T T T
m/M 0.5 1 mM 05 1 mM 0.5 1 m/M 05 1 mM 05 1
gamma gamma gamma gamma gamma
Pi_00, joint, w/o anno Pi_10, joint, w/o anno Pi_01, joint, w/o anno Pi_11, joint, w/o anno Pi', joint, w/o anno
o — — —
= - [} - o o
& .

0.020
1
0.020
1
0.020

1 /

0.020
1
N

- "
= . >
R | - — ' _ j ° 5 o 2
2 L, o 4 ~ 8 - ? o 7 . BR B . B
| ! S =1 L
188 - g +iER- g | - g g - Es
g |+ f g T\ g T\ g /4 " g /4 T
s o s -~ — -
ol | ‘ i A 1 AT 1 &°¢
/ ; ; e ° -
o ! o { o
2l S o S 4 e S | === 8
P=] T T T T T [=} T T T T T o T T T T T o T T T T T o T T T T T
m/M 05 1 m/M 0.5 1 m/M 0.5 1 m/M 0.5 1 m/M 0.5 1
gamma gamma gamma gamma gamma

Figure S64: The estimated {m} of joint analysis (two GWAS) at N = 10000, m = 500. The
upper panel shows the estimated 7o, 719, 701, 711 With annotation, and the lower panel shows
the estimated mog, m10, To1, 11 Without annotation. The last column 7" = 717 — (w1 + 711 ) (710 +
m11) indicates the level pleiotropy. The red lines represent the true values.
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Figure S65: The estimated {m} of joint analysis (two GWAS) at N = 10000, m = 1000. The
upper panel shows the estimated mqg, 719, mo1, m11 With annotation, and the lower panel shows
the estimated g, 710, To1, 711 Without annotation. The last column 7" = 717 — (7o1 +711) (710 +
m11) indicates the level pleiotropy. The red lines represent the true values.
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Figure S66: The estimated {m} of joint analysis (two GWAS) at N = 10000, m = 2000. The
upper panel shows the estimated 7o, 719, 701, 711 With annotation, and the lower panel shows
the estimated mog, m10, To1, 11 Without annotation. The last column 7" = 717 — (w1 + 711 ) (710 +
m11) indicates the level pleiotropy. The red lines represent the true values.
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8.6 Parameter {m} estimation in separate analysis (single GWAS)
based the GPA model
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Figure S67: The estimated {m } of separate analysis (single GWAS) at M = 20000, m = 400
with p-values of risk SNPs being simulated from Beta(0.6, 1). The upper panel shows the
estimated mg,, 7, and 7., T, with annotation, and the lower panel shows the estimated 7.,
. and 7o, T, Without annotation. The red lines represent the true values.
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Figure S69: The estimated {m} of separate analysis (single GWAS) at M = 20000, m = 2000
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8.7 Parameter {m;} estimation in joint analysis (two
the GPA model
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Figure S70: The estimated {m} of joint analysis (two GWAS) at M = 20000, m = 400 with p
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Too, T10, To1, T11 With annotation, and the lower panel shows the estimated mgg, 710, 701, 711

without annotation. The red lines represent the true values.

46



0.75 0.85 0.95

0.65

0.5 0.7 0.9

0.3

Pi_00, joint, w/ anno

mM 025 05 075 1

gamma

Pi_00, joint, w/o anno

— = —
-*-. I
[, B
o
8 3 °
°

'
-
o

- o
o
- o
o

o

3

T T T T T
mM 025 05 075 1

gamma

0.10 0.20 0.30

0.00

00 01 02 03 04 05 0.6

Pi_10, joint, w/ anno

o

mM 025 05 075 1

gamma

Pi_10, joint, w/o anno

°

°

°
©° 8 °
° - H

o

—_ o
ey

T T T T T
mM 025 05 075 1

gamma

0.10 0.20

0.00

0.0 0.1 02 03 04 05 0.6

Pi_01, joint, w/ anno

o

Pi_01, joint, w/o anno

°

0.02 004 006 0.08

0.00

0.00 0.02 0.04 0.06 0.08 0.10

Pi_11, joint, w/ anno

Figure S71: The estimated {m} of joint analysis (two GWAS) at M = 20000, m = 1000 with p
values of risk SNPs being simulated from Beta (0.6, 1). The upper panel shows the estimated

Too, T10, To1, T11 With annotation, and the lower panel shows the estimated mgg, 710, o1, 711

without annotation. The red lines represent the true values.

075 0.80 085 0.90

0.70

070 0.75 0.80 0.85 0.90

Pi_00, joint, w/ anno

pu—

T
mM 025 05 075

gamma

Pi_00, joint, w/o anno

mM 025 05 075 1

gamma

0.05 0.10 0.15

0.00

0.05 0.10 0.15

0.00

Pi_10, joint, w/ anno

Pi_01, joint, w/ anno

0.05 0.10 0.15

0.00

0.05 0.10 0.15

0.00

Pi_11, joint, w/ anno

05 0.75 1

gamma

Pi_11, joint, w/o anno

Figure S72: The estimated {m} of joint analysis (two GWAS) at M = 20000, m = 2000 with p
values of risk SNPs being simulated from Beta (0.6, 1). The upper panel shows the estimated

Too, T10, To1, T11 With annotation, and the lower panel shows the estimated g, 719, To1, T11

without annotation. The red lines represent the true values.

47



8.8 Performance evaluation with moderate heritability and pleiotropy

We also performed some additional simulations with h? being much more moderate
(h* = 0.3). Results for m = 500, N = 2000,5000,10000 are shown in Figures S73-
S75. The results demonstrate that, at moderate h? levels, GPA can still effectively
improve the power by leveraging the pleiotropy between related traits.

We have also noticed that the power improvement could be a function of the
sample size. When the sample size is relatively large, the improvement at weak
pleiotropy level becomes more visible. To demonstrate this, we performed addi-
tional simulations at even weaker pleiotropy level (7 = 0.1,0.12,0.15,0.2) and even
larger sample sizes (N = 20000, 30000, 40000, 50000). The results are shown in Figure
S76. We can see that GPA will be able to better leverage the pleiotropy between
moderately related traits with the increased sample size of GWAS.
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Figure S73: The performance of GPA at moderate heritability level (h? = 0.3, m = 500 and
N =2000). Here + is the proportion of shared risk SNPs between the two GWAS.
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8.9 Performance comparison between
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approach at N = 2000, m = 500.
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approach at N = 5000, m = 1000.
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9 Goodness of fit between GPA and real data sets from

psychiatric Genomics Consortium

Real data Simulated data
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Figure S88: Upper left: The p-value histogram of real data (BPD and SCZ). Upper right: The
histogram of p-values simulated from fitted GPA model. Lower left: Comparison between the
p-values of BPD and the simulated p-values. Lower right: Comparison between the p-values of
SCZ and the simulated p-values.
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Figure S89: Upper left: The p-value histogram of real data (MDD and SCZ). Upper right: The
histogram of p-values simulated from fitted GPA model. Lower left: Comparison between the
p-values of MDD and the simulated p-values. Lower right: Comparison between the p-values
of SCZ and the simulated p-values.
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Figure S90: Upper left: The p-value histogram of real data (MDD and BPD). Upper right: The
histogram of p-values simulated from fitted GPA model. Lower left: Comparison between the
p-values of MDD and the simulated p-values. Lower right: Comparison between the p-values
of BPD and the simulated p-values.
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Figure S91: Upper left: The p-value histogram of real data (ASD and SCZ). Upper right: The
histogram of p-values simulated from fitted GPA model. Lower left: Comparison between the
p-values of ASD and the simulated p-values. Lower right: Comparison between the p-values of
SCZ and the simulated p-values.
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Figure S92: Upper left: The p-value histogram of real data (ASD and MDD). Upper right: The
histogram of p-values simulated from fitted GPA model. Lower left: Comparison between the
p-values of ASD and the simulated p-values. Lower right: Comparison between the p-values of
MDD and the simulated p-values.
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Figure S93: Upper left: The p-value histogram of real data (ASD and BPD). Upper right: The
histogram of p-values simulated from fitted GPA model. Lower left: Comparison between the
p-values of ASD and the simulated p-values. Lower right: Comparison between the p-values of
BPD and the simulated p-values.
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Figure S94: Upper left: The p-value histogram of real data (ADHD and SCZ). Upper right: The
histogram of p-values simulated from fitted GPA model. Lower left: Comparison between the
p-values of ADHD and the simulated p-values. Lower right: Comparison between the p-values

of SCZ and the simulated p-values.
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Figure S95: Upper left: The p-value histogram of real data (ADHD and MDD). Upper right:
The histogram of p-values simulated from fitted GPA model. Lower left: Comparison between
the p-values of ADHD and the simulated p-values. Lower right: Comparison between the
p-values of MDD and the simulated p-values.

64



Real data Simulated data

RN
< \‘V‘kﬁ‘z"“
S V“\ Y “‘Q\\'%t§’§\vx¢"$\\"ﬁ\, ”
’(\‘Ié‘5vA: AN "‘ \5 "'AV‘V"!""“:{I;’(‘
SOOI e NI INAES
e A\ AR
TX = Y <7 XI5
g PGSR s 3 L SARLZ R
B ST ) ""'A!l‘v“»z‘/
2 S 'k\?“t‘(’ 7 S llbzvlg
; i 8 7
L

<
AR AU YA 8
- o
o —
[T9)
o i
o
8 4
o
—
8
5 38
c S
) 3
g3 g
Lo Lo
o
4 S |
o
n
o
S |
&
— Real data — Real data
o —— Simulated data o 4 —— Simulated data
T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
p-value p-value

Figure S96: Upper left: The p-value histogram of real data (ADHD and BPD). Upper right:
The histogram of p-values simulated from fitted GPA model. Lower left: Comparison between
the p-values of ADHD and the simulated p-values. Lower right: Comparison between the
p-values of BPD and the simulated p-values.

65



Real data Simulated data

\ S

’ V\” A‘
‘A ‘«vli;t%‘«\‘ A D
3{ A "‘

'\\\* "’ %A'i S

\\
RO \ ,
‘):'A :4‘\'1 4. '4" =
a\y‘,x‘o &’&\ f

0

I

o
o
o -
RMWMWWWWW S
7 —
o - w
8 4
S 8 |
o
| -
> >
[S] [S]
o g |
g 8 g o
° 3 =
i T 3
o
— Real data N — Real data
o —— Simulated data o 4 —— Simulated data
T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
p-value p-value

Figure S97: Upper left: The p-value histogram of real data (ADHD and ASD). Upper right:
The histogram of p-values simulated from fitted GPA model. Lower left: Comparison between
the p-values of ADHD and the simulated p-values. Lower right: Comparison between the
p-values of ASD and the simulated p-values.
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