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A b s t r a c t1 5

M a n y g e n eti c v a ri a nt s a ff e ct c o m pl e x t r ait s t h r o u g h g e n e e x p r e s si o n, w hi c h c a n1 6

b e e x pl oit e d t o b o o st st ati sti c al p o w e r a n d e n h a n c e i nt e r p r et ati o n i n g e n o m e- wi d e1 7

a s s o ci ati o n st u di e s ( G W A S s) a s d e m o n st r at e d b y t h e t r a n s c ri pt o m e- wi d e a s s o ci ati o n1 8

st u d y ( T W A S) a p p r o a c h. F u rt h e r m o r e, d u e t o p ol y g e ni c i n h e rit a n c e, a c o m pl e x t r ait1 9

i s oft e n a ff e ct e d b y m ulti pl e g e n e s wit h si mil a r f u n cti o n s a s a n n ot at e d i n g e n e p at h-2 0

w a y s. H e r e w e e xt e n d T W A S f r o m g e n e- b a s e d a n al y si s t o p at h w a y- b a s e d a n al y si s:2 1

w e i nt e g r at e p u bli c p at h w a y c oll e cti o n s, e x p r e s si o n q u a ntit ati v e t r ait l o c u s ( e Q T L)2 2

d at a a n d G W A S s u m m a r y a s s o ci ati o n st ati sti c s ( o r G W A S i n di vi d u al-l e v el d at a) t o2 3

i d e ntif y g e n e p at h w a y s a s s o ci at e d wit h c o m pl e x t r ait s. T h e b a si c i d e a i s t o w ei g ht2 4

t h e S N P s of t h e g e n e s i n a p at h w a y b a s e d o n t h ei r e sti m at e d ci s- e ff e ct s o n g e n e2 5

e x p r e s si o n, t h e n a d a pti v el y t e st f o r a s s o ci ati o n of t h e p at h w a y wit h a G W A S t r ait2 6

b y e ff e cti v el y a g g r e g ati n g p o s si bl y w e a k a s s o ci ati o n si g n al s a c r o s s t h e g e n e s i n t h e2 7

p at h w a y. T h e p- v al u e s c a n b e c al c ul at e d a n al yti c all y a n d t h u s f a st. We a p pli e d o u r2 8

p r o p o s e d t e st wit h t h e K E G G a n d G O p at h w a y s t o t w o s c hi z o p h r e ni a ( S C Z) G W A S2 9

s u m m a r y a s s o ci ati o n d at a s et s, d e n ot e d S C Z 1 a n d S C Z 2 wit h a b o ut 2 0, 0 0 0 a n d3 0

1 5 0, 0 0 0 s u bj e ct s r e s p e cti v el y. M o st of t h e si g ni fi c a nt p at h w a y s i d e nti fi e d b y a n al y z-3 1

i n g t h e S C Z 1 d at a w e r e r e p r o d u c e d b y t h e S C Z 2 d at a. I m p o rt a ntl y, w e i d e nti fi e d 1 53 2

n o v el p at h w a y s a s s o ci at e d wit h S C Z, s u c h a s G A B A r e c e pt o r c o m pl e x ( G O: 1 9 0 2 7 1 0),3 3

w hi c h c o ul d n ot b e u n c o v e r e d b y t h e st a n d a r d si n gl e S N P- b a s e d a n al y si s o r g e n e-3 4

b a s e d T W A S. T h e n e wl y i d e nti fi e d p at h w a y s m a y h el p u s g ai n i n si g ht s i nt o t h e3 5

bi ol o gi c al m e c h a ni s m u n d e rl yi n g S C Z. O u r r e s ult s s h o w c a s e t h e p o w e r of i n c o r p o r at-3 6

i n g g e n e e x p r e s si o n i nf o r m ati o n a n d g e n e f u n cti o n al a n n ot ati o n s i nt o p at h w a y- b a s e d3 7

a s s o ci ati o n t e sti n g f o r G W A S.3 8

K e y w o r d s: a S P U, a S P U p at h, a S P U p at h 2, g e n e e x pr essi o n, T W A S.3 9
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I n t r o d u c ti o n4 0

Alt h o u g h g e n o m e- wi d e ass o ci ati o n st u di es ( G W A Ss) h a v e b e e n r e m ar k a bl y s u c c essf ul i n4 1

i d e ntif yi n g g e n eti c v ari a nts ass o ci at e d wit h c o m pl e x tr aits a n d dis e as es, o nl y a s m all t o4 2

m o d est pr o p orti o n of h erit a bilit y f or m ost c o m pl e x tr aits a n d dis e as es c a n b e e x pl ai n e d4 3

b y t h e i d e nti ff e d g e n eti c v ari a nts ( M a n oli o et al., 2 0 0 9). F urt h er m or e, si n c e t h e m aj orit y4 4

of i d e nti ff e d v ari a nts ar e f o u n d i n n o n- c o di n g r e gi o ns t h at ar e n ot i n li n k a g e dis e q uili b-4 5

ri u m ( L D) wit h c o di n g e x o ns, a m e c h a nisti c u n d erst a n di n g of h o w t h es e v ari a nts i n ff u e n c e4 6

tr aits is g e n er all y l a c ki n g ( L o c k e et al., 2 0 1 5; Al b ert a n d Kr u gl y a k, 2 0 1 5). H o w e v er, it is4 7

n o w k n o w n t h at a n i m p ort a nt cl ass of v ari a nts, t er m e d e x pr essi o n q u a ntit ati v e tr ait l o ci4 8

( e Q T Ls), a ff e ct c o m pl e x tr aits b y r e g ul ati n g g e n e e x pr essi o n l e v els; t h er e is a n e nri c h m e nt4 9

of e Q T Ls a m o n g t h e G W A S tr ait- ass o ci at e d v ari a nts ( L a p p al ai n e n et al., 2 0 1 3; Al b ert a n d5 0

Kr u gl y a k, 2 0 1 5). A c c or di n gl y, tr a ns cri pt o m e- wi d e ass o ci ati o n st u d y ( T W A S) a n d r el at e d5 1

m et h o ds ( G us e v et al., 2 0 1 6 a; G a m a z o n et al., 2 0 1 5; X u et al., 2 0 1 7 b) w er e pr o p os e d t o i n-5 2

t e gr at e e Q T L d at a wit h G W A S d at a t o i d e ntif y t h e g e n es ass o ci at e d wit h a c o m pl e x tr ait.5 3

T h es e m et h o ds m a y ii m pr o v e st atisti c al p o w er t o d et e ct ass o ci ati o ns r el ati v e t o tr a diti o n al5 4

S N P- b as e d G W A S a n d g e n e- b as e d t ests t h at i g n or e i nf or m ati o n o n g e n e e x pr essi o n r e g u-5 5

l ati o n. N e v ert h el ess, d u e t o t h e li mit e d s a m pl e si z es of e Q T L d at a a n d G W A S d at a, t h e y5 6

m a y f ail t o i d e ntif y s o m e m or e w e a kl y ass o ci at e d g e n es wit h s m all er e fi e ct si z es. O n t h e5 7

ot h er h a n d, g e n es d o n ot w or k i n is ol ati o n; i nst e a d, a gr o u p of f u n cti o n all y r el at e d g e n es5 8

as a n n ot at e d i n a bi ol o gi c al p at h w a y ar e oft e n i n v ol v e d i n t h e s a m e dis e as e s us c e pti bilit y5 9

a n d pr o gr essi o n ( H ei ni g et al., 2 0 1 0). G e n e- b as e d a n al ysis t esti n g e a c h g e n e o n e- b y- o n e6 0

m a y miss a n i m p ort a nt p at h w a y if e a c h g e n e i n t h e p at h w a y h as o nl y a s m all e fi e ct si z e,6 1

b ut i n a g gr e g ati o n t h e y c o ntri b ut e s u bst a nti all y. H e n c e, ass o ci ati o n a n al ysis of a gr o u p of6 2

f u n cti o n all y r el at e d g e n es, c all e d p at h w a y- b a s e d a n al y si s , h as b e e n pr o p os e d a n d a p pli e d6 3

i n pr a cti c e t o b o ost st atisti c al p o w er a n d i m pr o v e i nt er pr et a bilit y o v er g e n e- b as e d a n al ysis6 4

f or G W A S ( W a n g et al., 2 0 0 7; C h e n et al., 2 0 1 0; P e n g et al., 2 0 1 0; Wei et al., 2 0 1 2; S c h ai d6 5
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et al., 2 0 1 2; P a n et al., 2 0 1 5; B a ks hi et al., 2 0 1 6; Li et al., 2 0 1 6, 2 0 1 7).6 6

H er e, w e e xt e n d i nt e gr ati v e g e n e- b as e d t esti n g li k e T W A S t o i nt e gr ati v e p at h w a y-6 7

b as e d ass o ci ati o n a n al ysis t o i d e ntif y p at h w a ys ass o ci at e d wit h c o m pl e x tr aits a n d dis e as es.6 8

S p e ci ff c all y, w e pr o p os e a n e w s elf- c o nt ai n e d t est t h at i nt e gr at es e Q T L- d eri v e d w ei g hts,6 9

G W A S i n di vi d u al-l e v el or s u m m ar y d at a, S N P L D i nf or m ati o n, a n d g e n e f u n cti o n al a n-7 0

n ot ati o ns as p u bli c p at h w a y c oll e cti o ns t o i d e ntif y p at h w a ys ass o ci at e d wit h a c o m pl e x7 1

tr ait ( Fi g ur e 1). As i n T W A S, w e ffrst esti m at e t h e cis- e ff e cts of t h e S N Ps i n e a c h g e n e o n7 2

its e x pr essi o n l e v el, t h e n a d a pti v el y t est f or ass o ci ati o n b et w e e n a p at h w a y a n d a tr ait b y7 3

e ff e cti v el y a g gr e g ati n g p ossi bl y w e a k ass o ci ati o n si g n als a cr oss t h e g e n es i n t h e p at h w a y.7 4

We n ot e t h at o ur m et h o d ol o g y di fi ers fr o m e xisti n g a p pr o a c h es. I n pri n ci pl e, e xisti n g7 5

p at h w a y- b as e d a n al ysis m et h o ds c a n b e a p pli e d i n a t w o-st e p a p pr o a c h. Aft er o bt ai ni n g7 6

t h e p - v al u e f or e a c h g e n e b y a p pl yi n g T W A S or a r el at e d m et h o d, a n e xisti n g p at h w a y7 7

a n al ysis m et h o d, s u c h as g e n e s et e nri c h m e nt a n al ysis ( G S E A; S u br a m a ni a n et al. ( 2 0 0 5))7 8

or D A VI D ( H u a n g et al., 2 0 0 9), c a n b e a p pli e d t o i d e ntif y si g ni fi c a nt p at h w a ys. As t o7 9

b e s h o w n l at er, a t w o-st e p a p pr o a c h, criti c all y d e p e n di n g o n t h e o ut p ut of a g e n e- b as e d8 0

t est, m a y l os e p o w er as c o m p ar e d t o o ur i nt e gr at e d si n gl e-st e p m et h o d. F urt h er m or e,8 1

m a n y e xisti n g p at h w a y m et h o ds, i n cl u di n g G S E A a n d D A VI D, b el o n g t o t h e c at e g or y of8 2

c o m p etiti v e t ests, w hi c h c o m p ar e t h e p - v al u es of t h e g e n es i n a gi v e n p at h w a y wit h t h e8 3

p - v al u es of ot h er b a c k gr o u n d g e n es t o d et er mi n e t h e si g ni fi c a n c e l e v el, w hil e o ur m et h o d8 4

is a s elf- c o nt ai n e d t est wit h a n ull h y p ot h esis t h at n o n e of a n y g e n es i n t h e p at h w a y is8 5

ass o ci at e d wit h t h e dis e as e; it is k n o w n t h at a s elf- c o nt ai n e d t est is oft e n m or e p o w erf ul8 6

( G o e m a n a n d B ü hl m a n n, 2 0 0 7). I n a d diti o n, all t h e e xisti n g p at h w a y a n al ysis m et h o ds ar e8 7

o nl y f or G W A S d at a al o n e w hil e f aili n g t o t a k e a d v a nt a g e of e Q T L i nf or m ati o n, l e a di n g t o8 8

p o w er l oss a n d di fi c ulti es i n i nt er pr eti n g t h e fi n di n gs.8 9

O ur st u d y w as m oti v at e d b y a n al ys es of s c hi z o p hr e ni a ( S C Z) G W A S s u m m ar y d at a.9 0

S C Z is a m aj or c hr o ni c a n d s e v er e m e nt al dis or d er t h at is ass o ci at e d wit h c o nsi d er a bl e9 1

m or bi dit y a n d m ort alit y ( Tii h o n e n et al., 2 0 0 9) a n d a ff e cts a b o ut 1 % of t h e p o p ul ati o n.9 2
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Alt h o u g h t h e hi g h h erit a bilit y of S C Z h as b e e n d e m o nstr at e d b y pr e vi o us st u di es ( S ulli v a n9 3

et al., 2 0 1 2), t o d at e, o n e of t h e l ar g est G W A S m et a- a n al ys es, c o n d u ct e d b y t h e S c hi z o p hr e-9 4

ni a W or ki n g Gr o u p of t h e Ps y c hi atri c G e n o mi cs C o ns orti u m ( P G C), h as o nl y i d e nti ff e d9 5

1 2 8 i n d e p e n d e nt ass o ci ati o ns s p a n ni n g 1 0 8 c o ns er v ati v el y d e ff n e d l o ci ( S c hi z o p hr e ni a W or k-9 6

i n g Gr o u p, 2 0 1 4). T o i m pr o v e t h e st atisti c al p o w er a n d i nt er pr et a bilit y of t h e r es ults, G us e v9 7

et al. ( 2 0 1 6 a) a p pli e d T W A S t o t h e P G C G W A S s u m m ar y d at a a n d i d e nti ff e d 1 5 7 si g nif-9 8

i c a nt g e n es, of w hi c h 3 5 di d n ot o v erl a p wit h a g e n o m e- wi d e si g ni ff c a nt l o c us wit hi n 5 0 09 9

k b. H o w e v er, t h e p at h o p h ysi ol o g y of S C Z r e m ai ns l ar g el y u n k n o w n a n d t h us it is h ar d1 0 0

t o d e v el o p n e w dr u gs wit h hi g h e fi c a c y a n d l o w si d e e fi e cts. I d e ntif yi n g S C Z- ass o ci at e d1 0 1

p at h w a ys is a cr u ci al st e p f or m e c h a nisti c u n d erst a n di n g of S C Z a n d t h us d e v el o pi n g n e w1 0 2

dr u gs. H er e, w e p erf or m e d g e n e- a n d p at h w a y- b as e d a n al ys es t o i d e ntif y S C Z- ass o ci at e d1 0 3

g e n es a n d p at h w a ys, pr o vi di n g i nsi g hts i nt o t h e u n d erl yi n g m e c h a nis m of S C Z.1 0 4

We r e a n al y z e d t w o S C Z G W A S s u m m ar y d at a s ets, w hi c h w er e d o w nl o a d e d fr o m t h e1 0 5

P G C w e bsit e (s e e U R Ls): a m et a- a n al y z e d S C Z G W A S d at a s et wit h 8, 8 3 2 c as es a n d1 0 6

1 2, 0 6 7 c o ntr ols, d e n ot e d as S C Z 1 ( Ri p k e et al., 2 0 1 3), a n d a m or e r e c e nt a n d l ar g er o n e1 0 7

wit h 3 6, 9 8 9 c as es a n d 1 1 3, 0 7 5 c o ntr ols, d e n ot e d as S C Z 2 ( S c hi z o p hr e ni a W or ki n g Gr o u p,1 0 8

2 0 1 4). First, w e f o c us e d o n g e n e- b as e d a n al ysis. B y n oti n g t h at T W A S is t h e s a m e as1 0 9

t h e w ei g ht e d S u m t est wit h g e n e e x pr essi o n d eri v e d w ei g hts ( X u et al., 2 0 1 7 b), w e a p pli e d1 1 0

s o m e m or e p o w erf ul t ests, s u c h as t h e w ei g ht e d s u m of s q u ar e d s c or e ( S S U) t est a n d t h e1 1 1

w ei g ht e d a d a pti v e s u m of p o w er e d s c or e ( a S P U) t est ( P a n et al., 2 0 1 4). We a n al y z e d t h e1 1 2

S C Z 1 d at a a n d i d e nti fi e d 5 1, 1 0 8, a n d 8 7 si g ni fi c a nt g e n es b y a p pl yi n g T W A S, ( w ei g ht e d)1 1 3

S S U, a n d ( w ei g ht e d) a S P U, r es p e cti v el y. A m o n g t h es e i d e nti fi e d g e n es, a b o ut 9 0 % g e n es1 1 4

c o nt ai n e d g e n o m e- wi d e si g ni ff c a nt S N Ps wit hi n 5 0 0 k b i n t h e S C Z 2 d at a, c o nstit uti n g a1 1 5

hi g hl y si g ni fi c a nt a n d i nt uiti v e s u p p ort f or t h e i d e nti fi e d l o ci. We t h e n a p pli e d t h es e t ests1 1 6

t o t h e S C Z 2 d at a a n d i d e nti fi e d 7 5 n o v el S C Z g e n es, of w hi c h 5 0 h a v e n ot b e e n r e p ort e d1 1 7

i n t h e lit er at ur e y et. T h es e r es ults f urt h er c o n fir m t h at b ot h w ei g ht e d S S U a n d w ei g ht e d1 1 8

a S P U c a n i m pr o v e st atisti c al p o w er t o i d e ntif y m or e ass o ci at e d g e n es o v er t h at of T W A S.1 1 9
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S e c o n d, w e c o n d u ct e d p at h w a y- b as e d a n al ysis b y a p pl yi n g o ur pr o p os e d a p pr o a c h wit h1 2 0

t h e K y ot o E n c y cl o p e di a of G e n es a n d G e n o m es ( K E G G; K a n e his a a n d G ot o ( 2 0 0 0)) a n d1 2 1

G e n e O nt ol o g y ( G O; C o ns orti u m et al. ( 2 0 0 4)) c a n di d at e p at h w a ys t o t h e S C Z 1 a n d S C Z 21 2 2

d at a. M ost of t h e si g ni ff c a nt p at h w a ys i d e nti ff e d b y a n al y zi n g t h e S C Z 1 d at a w er e c o n-1 2 3

ffr m e d b y t h e S C Z 2 d at a. W h e n a n al y zi n g t h e S C Z 2 d at a, a t w o-st e p a p pr o a c h c o m bi ni n g1 2 4

T W A S a n d a n e xisti n g p at h w a y m et h o d, D A VI D, i d e nti ff e d o nl y o n e si g ni fi c a nt p at h w a y,1 2 5

s e q u e n c e- s p e ci fi c D N A bi n di n g ( G O: 0 0 0 3 7 0 0), w hi c h w as als o i d e nti fi e d b y o ur pr o p os e d1 2 6

m et h o d. I m p ort a ntl y, b y a n al y zi n g t h e S C Z 2 d at a w e i d e nti fi e d 1 5 n o v el si g ni fi c a nt S C Z-1 2 7

ass o ci at e d p at h w a ys, s u c h as p at h w a y G A B A r e c e pt o r c o m pl e x ( G O: 1 9 0 2 7 1 0), w hi c h w er e1 2 8

miss e d b y t h e g e n e- b as e d T W A S or a S P U a n al ysis. H e n c e, p at h w a y- b as e d a n al ysis, as a1 2 9

c o m pl e m e nt ar y t o ol t o g e n e- b as e d a n al ysis, m a y i d e ntif y s o m e p at h w a ys i n w hi c h i n di-1 3 0

vi d u al g e n es m a y h a v e o nl y t o o w e a k e ff e cts t o b e d et e ct e d b ut t h eir a g gr e g at e d e fi e cts1 3 1

ar e str o n g. O v er all, o ur r es ults s h o w c as e t h e i n cr e as e d p o w er of i nt e gr ati n g G W A S s u m-1 3 2

m ar y d at a, e Q T L d at a, r ef er e n c e L D i nf or m ati o n, a n d g e n e f u n cti o n al a n n ot ati o ns t o g ai n1 3 3

i nsi g hts i nt o t h e g e n eti c b asis of c o m pl e x tr aits.1 3 4

M a t e ri al a n d M e t h o d s1 3 5

D a t a S e t s1 3 6

We d o w nl o a d e d t w o p u bli cl y a v ail a bl e S C Z G W A S s u m m ar y d at a s ets fr o m t h e P G C1 3 7

w e bsit e (s e e U R Ls): t h e S C Z 1 d at a, w hi c h c o nt ai ns t h e m et a- a n al y z e d s u m m ar y st atisti cs1 3 8

b as e d o n 2 0, 8 9 9 i n di vi d u als ( Ri p k e et al., 2 0 1 3), a n d t h e S C Z 2 d at a b as e d o n 1 5 0, 0 6 41 3 9

i n di vi d u als ( S c hi z o p hr e ni a W or ki n g Gr o u p, 2 0 1 4). T h e s ets of g e n e e x pr essi o n- d eri v e d1 4 0

w ei g hts a n d t h e 1 0 0 0 G e n o m es Pr oj e ct r ef er e n c e p a n el w er e d o w nl o a d e d fr o m t h e T W A S1 4 1

w e bsit e (s e e U R Ls). F oll o wi n g t h e T W A S s et- u p, w e r e m o v e d t h e S N Ps wit h t h e str a n d-1 4 2

a m bi g u o us all el es ( A / T, G / C) fr o m t h e G W A S s u m m ar y d at a. T w o p at h w a y c oll e cti o ns,1 4 3
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G O a n d K E G G, w er e d o w nl o a d e d fr o m t h e M ol e c ul ar Si g n at ur es D at a b as e (s e e U R Ls).1 4 4

R e vi e w of T W A S a n d R el a t e d M e t h o d s1 4 5

We r e vi e w T W A S a n d its r el at e d m et h o ds, w hi c h t a k e G W A S s u m m ar y st atisti cs, a s et of1 4 6

g e n e e x pr essi o n- d eri v e d w ei g hts, a n d S N P L D i nf or m ati o n as i n p ut. Si n c e all t h e m et h o ds1 4 7

ar e g e n e- b as e d b y t esti n g t h e g e n es o n e b y o n e, f or t h e p ur p os e of pr es e nt ati o n w e o nl y1 4 8

n e e d t o c o nsi d er a si n gl e g e n e.1 4 9

F or a gi v e n g e n e, w e o nl y c o nsi d er a r e gi o n ar o u n d it (i. e. its c o di n g r e gi o n e xt e n d e d1 5 0

b y a c ert ai n dist a n c e, s a y ± 5 0 0 k b, u pstr e a m a n d d o w nstr e a m fr o m its T S S a n d T E S1 5 1

r es p e cti v el y) f or its ci s - e ff e cts. L et Z = ( Z 1 , . . . , Zp )
′ b e a v e ct or of z-s c or es of t h e S N Ps1 5 2

f or t h e g e n e b as e d o n t h e G W A S s u m m ar y d at a, or c o nstr u ct e d fr o m t h e G W A S i n di vi d u al-1 5 3

l e v el d at a. T h e n ull h y p ot h esis H 0 t o b e t est e d is t h at t h e S N Ps i n a gi v e n S N P s et ( of1 5 4

a g e n e or a p at h w a y) ar e n ot ass o ci at e d wit h a G W A S tr ait. Wit h W = ( ŵ 1 , . . . , ŵ p )
′,1 5 5

a v e ct or of t h e esti m at e d ci s- e ff e cts of t h e S N Ps o n g e n e e x pr essi o n b as e d o n a r ef er e n c e1 5 6

e Q T L d at a s et, T W A S t ests o n H 0 usi n g t h e w ei g ht e d z-s c or es. N ot e t h at, wit h G W A S1 5 7

i n di vi d u al-l e v el d at a, T W A S c a n b e i nt er pr et e d as t esti n g f or ass o ci ati o n b et w e e n i m p ut e d1 5 8

g e n e e x pr essi o n a n d t h e G W A S tr ait; h o w e v er, wit h G W A S s u m m ar y d at a, W ′Z m a y b e1 5 9

r e g ar d e d as a n i m p ut e d z − s c o r e f or t h e g e n e, b ut n ot i m p ut e d e x pr essi o n l e v el. It t ur ns o ut1 6 0

t h at T W A S is e q ui v al e nt t o t h e w ei g ht e d S u m t est ( P a n, 2 0 0 9; X u et al., 2 0 1 7 b). B e c a us e1 6 1

t h e S u m t est i m pli citl y ass u m es t h at all v ari a nts h a v e a n e q u al e ff e ct si z e a n d t h e s a m e1 6 2

e ff e ct dir e cti o n, t h e S u m t est a n d t h us T W A S, as dis c uss e d i n t h e pr e vi o us st u di es ( P a n,1 6 3

2 0 0 9; W u et al., 2 0 1 1; P a n et al., 2 0 1 4), m a y l os e st atisti c al p o w er if t h e tr u e ass o ci ati o n1 6 4

e fi e cts ar e s p ars e (i. e. wit h m a n y 0 s) or t h e e fi e ct dir e cti o ns ar e di fi er e nt. N ot e t h at, d u e t o1 6 5

t h e us u all y s m all s a m pl e si z e of t h e e Q T L d at as et, t h er e ar e al w a ys esti m ati o n err ors wit h1 6 6

t h e esti m at e d cis- e fi e cts W . M or e g e n er all y, a n y m or e p o w erf ul t ests, s u c h as t h e w ei g ht e d1 6 7

S S U t est or t h e w ei g ht e d a S P U t est, c a n b e a p pli e d ( X u et al., 2 0 1 7 b). I n p arti c ul ar, t h e1 6 8

S P U( γ ) t ests ar e p ossi bl e c a n di d at es t o us e, c o v eri n g s o m e e xisti n g o n es as s p e ci al c as es1 6 9
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( P a n et al., 2 0 1 4). F or e x a m pl e, S P U( 1) e q u als t o t h e S u m t est, w hil e S P U( 2) e q u als t o1 7 0

S S U a n d a k er n el m a c hi n e r e gr essi o n- b as e d t est ( als o k n o w n as S K A T ( W u et al., 2 0 1 1) i n1 7 1

r ar e v ari a nt a n al ysis) wit h a li n e ar k er n el. As t o b e c o n ffr m e d l at er, t h e S P U( 2) t est m a y1 7 2

yi el d hi g h er st atisti c al p o w er t h a n T W A S ( or S P U( 1)). G e n er all y, t h e S P U( γ ) t ests wit h1 7 3

γ ∈ Γ = { 1 , 2 , . . . , 6 , ∞ } c a n b e a p pli e d, a n d t h eir r es ults c a n b e c o m bi n e d b y t h e a d a pti v e1 7 4

a S P U t est ( P a n et al., 2 0 1 4).1 7 5

Si n c e n ot all S N Ps wit h n o n- z er o w ei g hts ( d eri v e d fr o m t h e r ef er e n c e e Q T L d at a s et)1 7 6

w er e pr es e nt e d i n t h e G W A S s u m m ar y d at a, w e us e d t h e I m p G- S u m m ar y s oft w ar e ( P as a-1 7 7

ni u c et al., 2 0 1 4) t o i m p ut e missi n g z-s c or es t o t h e 1 0 0 0 G e n o m es Pr oj e ct r ef er e n c e p a n el1 7 8

a c c or di n gl y. B e c a us e t h e c orr el ati o ns a m o n g Z c a n b e a p pr o xi m at e d b y L D a m o n g t h e1 7 9

S N Ps ( K w a k a n d P a n, 2 0 1 6; G us e v et al., 2 0 1 6 b), w e us e d t h e 1 0 0 0 G e n o m es Pr oj e ct r ef er-1 8 0

e n c e p a n el ( E ur o p e a n a n c estr y) ( or ot h er p a n els f or ot h er et h ni c /r a ci al gr o u ps) t o esti m at e1 8 1

t h e L D a n d t h us t h e c orr el ati o n m atri x f or Z . I n t his st u d y, w e us e d ff v e s ets of g e n e e x pr es-1 8 2

si o n r ef er e n c e w ei g hts t h at w er e b as e d o n t h e f oll o wi n g f o ur e Q T L d at a s ets: mi cr o arr a y1 8 3

g e n e e x pr essi o n d at a m e as ur e d i n p eri p h er al bl o o d fr o m 1, 2 4 5 u nr el at e d s u bj e cts fr o m t h e1 8 4

N et h erl a n ds T wi n R e gistr y ( N T R), mi cr o arr a y e x pr essi o n arr a y d at a m e as ur e d i n bl o o d1 8 5

fr o m 1, 2 6 4 i n di vi d u als fr o m t h e Y o u n g Fi n ns St u d y ( Y F S), R N A-s e q m e as ur e d i n a di p os e1 8 6

tiss u e fr o m 5 6 3 i n di vi d u als fr o m t h e M et a b oli c S y n dr o m e i n M e n st u d y ( M E T SI M), a n d1 8 7

R N A-s e q m e as ur e d i n t h e d ors ol at er al pr efr o nt al c ort e x fr o m 6 2 1 i n di vi d u als fr o m C o m-1 8 8

m o n Mi n d C o ns orti u m ( C M C) ( G us e v et al., 2 0 1 6 b). T h e w ei g hts f or di ff er e nti all y s pli c e d1 8 9

i ntr o ns w er e f urt h er c o nstr u ct e d b y a n al y zi n g C M C d at a ( C M C-i ntr o ns) ( G us e v et al.,1 9 0

2 0 1 6 b). All t h es e w ei g hts w er e d o w nl o a d e d fr o m t h e T W A S w e bsit e (s e e U R Ls). T o a c-1 9 1

c o u nt f or m ulti pl e t esti n g, w e a p pli e d t h e B o nf err o ni c orr e cti o n f or e a c h s et of w ei g hts t o1 9 2

m a xi mi z e t h e c o nsist e n c y wit h t h e pr e vi o usl y p u blis h e d r es ults ( G us e v et al., 2 0 1 6 b) a n d1 9 3

n ot t o o v er- p e n ali z e t h e us e of a d diti o n al ( a n d oft e n hi g hl y c orr el at e d) g e n e e x pr essi o n-1 9 4

d eri v e d w ei g hts. S p e ci ff c all y, w e r e p ort e d t h e n u m b er of si g ni fi c a nt g e n es aft er c orr e cti n g1 9 5

f or t h e n u m b er of g e n es t est e d wit hi n t h e us e of e a c h of t h e fi v e g e n e e x pr essi o n s ets ( Y F S,1 9 6
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N T R, M E T SI M, C M C, a n d C M C-i ntr o ns; 5 0 0 4 g e n es o n a v er a g e wit h n o n e- z er o w ei g hts1 9 7

a n d b ei n g t est e d).1 9 8

A N e w P a t h w a y- b a s e d T e s t1 9 9

Gi v e n a p at h w a y, w e w o ul d li k e t o t est t h e n ull h y p ot h esis H 0 t h at n o n e of t h e g e n eti c2 0 0

v ari a nts i n t h e p at h w a y is ass o ci at e d wit h a tr ait. We i ntr o d u c e a n e w p at h w a y- b as e d t est2 0 1

t o i nt e gr at e g e n e f u n cti o n al a n n ot ati o ns a n d a r ef er e n c e e Q T L d at as et wit h G W A S d at a.2 0 2

Fi g ur e 1 ill ustr at es t h e w or k ff o w of o ur n e w p at h w a y- b as e d a n al ysis. As a c o m p aris o n, w e2 0 3

als o d es cri b e a t w o-st e p a p pr o a c h c o m bi ni n g a n e xisti n g i nt e gr ati v e g e n e- b as e d t est (li k e2 0 4

T W A S) a n d a n e xisti n g p at h w a y a n al ysis m et h o d (li k e D A VI D), i n w hi c h a g e n e- b as e d2 0 5

p- v al u e is c al c ul at e d f or e a c h g e n e b ef or e t h e y ar e c o m bi n e d i n p at h w a y a n al ysis.

G e n e e x pr essi o n d eri v e d  w ei g hts

G e n e 1 S N P 1 S N P 2 ··· S N P k 1

W 1 0 1. 2 ··· - 0. 5

S u m m ar y st atisti cs (s c or e st atisti cs)

P at h w a y :

P at h w a y 1 G e n e 1 G e n e 2 ··· G e n e n

G e n e 1 :

S N P L D i nf or m ati o n

G e n e e x pr essi o n d eri v e d  w ei g hts

S u m m ar y st atisti cs (s c or e st atisti cs)

G e n e n :

S N P L D i nf or m ati o n

······

······

······

P at h w a y 
d at a b as e ( G O, 
K E G G, et c.)

e Q T L d at a
( Pr e di X c a n,
T W A S , et c.)

G W A S s u m m ar y 
or i n di vi d u al-
l e v el d at a

L D i nf or m ati o n
( 1 0 0 0 G e n o m es
Pr oj e ct , et c.)

T W A S

P- v al u e f o r G e n e 1

T W A S

P- v al u e f o r G e n e n

E xisti n g p at h w a y  m et h o ds: D A VI D,  G S E A, et c.

P- v al u e f o r G e n e ···

······

I d e ntifi e d si g nifi c a nt p at h w a ys

N e w a S P U p at h 2

I d e ntifi e d
si g nifi c a nt p at h w a ys

G e n e 1 S N P 1 S N P 2 ··· S N P k 1

Z 1 0. 4 2. 5 ··· - 0. 9

G e n e n S N P 1 S N P 2 ··· S N P k n

Z n 1. 3 - 1. 5 ··· - 0. 6

G e n e n S N P 1 S N P 2 ··· S N P k n

W n 1. 4 - 0. 3 ··· 0. 8

2 0 6

Fi g ur e 1: W or k ff o w of p at h w a y- b as e d a n al ysis.

Gi v e n a p at h w a y S ∗ , w e ffrst r e m o v e t h e g e n es w h os e g e n e e x pr essi o n- d eri v e d S N P2 0 7

w ei g hts ar e all 0, r es ulti n g i n a s u bs et S c o nt ai ni n g n g e n es. We p artiti o n its z-s c or e v e ct or2 0 8

Z = ( Z ′
1 ·, . . . , Z′

n ·)
′ i nt o t h e z-s c or e s u b- v e ct ors f or t h e g e n es, s a y f or g e n e g ( wit h k g S N Ps)2 0 9
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as Z g · = ( Z g 1 , . . . , Zg k g )
′. F or e a c h g e n e g , w e st a n d ar di z e t h e g e n e e x pr essi o n d eri v e d2 1 0

w ei g hts W g · b y W s
g i = W g i /

∑ k g

i= 1 |W g i | s u c h t h at t h e w ei g hts of t h e g e n es ar e i n a si mil ar2 1 1

s c al e t o a v oi d o n e or f e w g e n es ( e. g. wit h l ar g e e x pr essi o n l e v els) d o mi n at e. T h e st a n d ar d-2 1 2

i z e d w ei g hts f or t h e g e n e s et S ar e W s = ( W s
1 ·, . . . , W s

n ·)
′ wit h W s

g · = ( W s
g 1 , . . . , W s

g k g
). We2 1 3

pr o p os e t h e f oll o wi n g t est st atisti cs:2 1 4

P at h S P U (γ ) =

n∑

g = 1

k g∑

k = 1

(W s
g k Z g k )

γ ,

a S P U p at h 2 = mi n
γ ∈ { 1 ,2 }

P P a t h S P U ( γ ) ,

w h er e P P a t h S P U ( γ ) is t h e p − v al u e of t h e P at h S P U (γ ) t est. B e c a us e P at h S P U( 1) a n d P at h-2 1 5

S P U( 2) ar e i n d e p e n d e nt ( D er k a c h et al., 2 0 1 4), w e c a n o bt ai n t h e p - v al u e of a S P U p at h 22 1 6

vi a t h e f oll o wi n g st e ps:2 1 7

1. C al c ul at e t h e p - v al u es, p 1 = P P a t h S P U ( 1 ) a n d p 2 = P P a t h S P U ( 2 ) , b as e d o n t h e t h e or y2 1 8

t h at P at h S P U( 1) a n d P at h S P U( 2) as y m pt oti c all y f oll o w a n or m al distri b uti o n a n d2 1 9

a mi xt ur e of χ 2 distri b uti o n u n d er H 0 , r es p e cti v el y ( P a n, 2 0 0 9).2 2 0

2. T a k e t h e mi ni m u m p - v al u e of P at h S P U( 1) a n d P at h S P U( 2), t h at is p mi n = mi n( p 1 , p2 ).2 2 1

3. B y t h e as y m pt oti c i n d e p e n d e n c e of P at h S P U( 1) a n d P at h S P U( 2), t h e p - v al u e f or t h e2 2 2

a S P U p at h 2 is p a S P U p a t h 2 = 1 − ( 1 − p mi n ) 2 .2 2 3

T h e a S P U p at h 2 t est is n e w i n t w o as p e cts: ffrst, u nli k e m a n y ot h er p at h w a y- b as e d2 2 4

m et h o ds a g gr e g ati n g i nf or m ati o n fr o m o nl y S N P d at a ( K w a k a n d P a n, 2 0 1 5; B a ks hi et al.,2 2 5

2 0 1 6), a S P U p at h 2 i n c or p or at es i nf or m ati o n i n a r ef er e n c e e Q T L d at a s et, t h us i n cr e as-2 2 6

i n g t h e p o w er a n d pr o vi di n g m e c h a nisti c i nsi g hts; s e c o n d, u nli k e m a n y ot h er m et h o ds, f or2 2 7

e x a m pl e f ast B A T ( B a ks hi et al., 2 0 1 6), w hi c h ar e n o n- a d a pti v e a n d t h us o nl y p o w erf ul2 2 8

u n d er s o m e s p e ci ff c alt er n ati v es, a S P U p at h 2 a d a pti v el y c o m bi n es i nf or m ati o n a n d t h us2 2 9

c a n m ai nt ai n r el ati v el y hi g h p o w er a cr oss a wi d er r a n g e of sit u ati o ns. Fi n all y, w e n ot e2 3 0

1 0



t h at a S P U p at h 2 is a s p e ci al c as e of a m or e g e n er al a n d a d a pti v e p at h w a y- b as e d t est c all e d2 3 1

a S P U p at h ( P a n et al., 2 0 1 5; K w a k a n d P a n, 2 0 1 5), m oti v at e d b y t h e f oll o wi n g t w o c o nsi d-2 3 2

er ati o ns. First, u nli k e a S P U p at h, t h e p - v al u e of a S P U p at h 2 c a n b e c al c ul at e d a n al yti c all y2 3 3

a n d t h us f ast, t h o u g h a si m ul ati o n- b as e d m et h o d c a n b e e q u all y a p pli e d; as t o b e d e m o n-2 3 4

str at e d i n t h e r es ults s e cti o n, t h e a n al o gi c al m et h o d pr o vi d es a g o o d a p pr o xi m ati o n t o t h e2 3 5

si m ul ati o n- b as e d m et h o d. S e c o n d, a S P U p at h 2 is t ail or e d t o i d e ntif yi n g p at h w a ys c o nt ai n-2 3 6

i n g m a n y ass o ci at e d g e n es or S N Ps wit h o nl y w e a k e ff e cts t h at c a n n ot b e d et e ct e d b y si n gl e2 3 7

S N P- or si n gl e g e n e- b as e d a n al ysis, f or w hi c h it is m or e p o w erf ul. H e n c e, a S P U p at h 2 c a n2 3 8

b e us e d eit h er al o n e or as a f ast s cr e e ni n g pr o c e d ur e f or t h e m or e ti m e- c o ns u mi n g a n d m or e2 3 9

g e n er al a S P U p at h t est.2 4 0

We e xtr a ct e d c a n di d at e p at h w a ys fr o m t w o g e n e f u n cti o n al a n n ot ati o n s o ur c es, K E G G2 4 1

a n d G O, w hi c h w er e d o w nl o a d e d fr o m t h e M Si g D B d at a b as e ( S u br a m a ni a n et al. ( 2 0 0 5);2 4 2

s e e U R Ls). B e c a us e a s m all p at h w a y gi v es r es ults n ot m u c h di ff er e nt fr o m a g e n e- b as e d2 4 3

a n al ysis, w h er e as t h e bi ol o gi c al f u n cti o n of a l ar g e p at h w a y is n ot s p e ci ff c, w e r estri ct e d o ur2 4 4

a n al ys es t o t h e p at h w a ys c o nt ai ni n g b et w e e n 1 0 a n d 2 0 0 g e n es, w hi c h is wi d el y a d o pt e d2 4 5

i n p at h w a y- b as e d a n al ysis ( N et w or k a n d of t h e Ps y c hi atri c G e n o mi cs C o ns orti u m, 2 0 1 5;2 4 6

P a n et al., 2 0 1 5). S u p pl e m e nt ar y T a bl e 1 s h o ws t h e s u m m ar y st atisti cs f or t h e c a n di d at e2 4 7

p at h w a ys. O n a v er a g e, w e a n al y z e d 4, 2 2 0 g e n e s ets f or e a c h s et of w ei g hts. T o a c c o u nt f or2 4 8

m ulti pl e t esti n g, w e a p pli e d t h e B o nf err o ni c orr e cti o n wit hi n e a c h s et of w ei g hts a n d us e d2 4 9

a sli g htl y c o ns er v ati v e c ut o ff 0 .0 5 / 5 0 0 0 = 1 × 1 0 − 5 . O wi n g t o t h e n o n-i n d e p e n d e n c e n at ur e2 5 0

of m a n y p at h w a ys, t h e B o nf err o ni c orr e cti o n mi g ht b e o v er- c o ns er v ati v e h er e.2 5 1

O t h e r E xi s ti n g P a t h w a y- b a s e d T e s t s2 5 2

I n pri n ci pl e, a n e xisti n g p at h w a y a n al ysis m et h o d, i n c o u pl e wit h a g e n e- b as e d t est, c a n2 5 3

b e a p pli e d i n a t w o-st e p a p pr o a c h. We c o m p ar e d o ur n e w m et h o d wit h t his t w o-st e p2 5 4

a p pr o a c h usi n g t w o p o p ul ar p at h w a y a n al ysis m et h o ds, i- G S E A 4 G W A S ( Z h a n g et al.,2 5 5

2 0 1 0) a n d D A VI D ( H u a n g et al., 2 0 0 9), t o f urt h er ill ustr at e t h e p o w er of o ur pr o p os e d2 5 6

1 1



t est. S p e ci ff c all y, f or i- G S E A 4 G W A S, w e u pl o a di n g t h e p - v al u es f or t h e g e n es ( c al c ul at e d2 5 7

b y T W A S or S S U or a S P U) f or a gi v e n p at h w a y t o t h e i- G S E A 4 G W A S s er v er (s e e U R Ls).2 5 8

F or D A VI D, w e u pl o a d e d t o t h e D A VI D s er v er (s e e U R Ls) t h e si g ni ff c a nt g e n es i d e nti ff e d b y2 5 9

T W A S or S S U or a S P U as t h e g e n e list a n d us e d t h e g e n es w e a n al y z e d as t h e b a c k gr o u n d.2 6 0

R e s ul t s2 6 1

T W A S a n d R el a t e d M e t h o d s I d e n tif y K n o w n a n d N o v el S C Z-2 6 2

a s s o ci a t e d G e n e s2 6 3

First w e a p pli e d T W A S (i. e. t h e w ei g ht e d S u m t est), t h e ( w ei g ht e d) S S U a n d ( w ei g ht e d)2 6 4

a S P U t ests (t h at i nt e gr at e g e n e e x pr essi o n- d eri v e d w ei g hts) t o t h e S C Z 1 d at a ( Ri p k e et al.,2 6 5

2 0 1 3) of 2 0, 8 9 9 i n di vi d u als t o i d e ntif y S C Z- ass o ci at e d g e n es. T h e n w e l o o k e d f or g e n o m e-2 6 6

wi d e si g ni ff c a nt S N Ps ar o u n d t h es e g e n es i n t h e l ar g er S C Z 2 d at a ( S c hi z o p hr e ni a W or k-2 6 7

i n g Gr o u p, 2 0 1 4) of 1 5 0, 0 6 4 i n di vi d u als f or p arti al v ali d ati o n. T a bl e 1 s u m m ari z es t h e2 6 8

n u m b ers of t h e si g ni fi c a nt g e n es i d e nti fi e d b y t h e m et h o ds wit h t h e S C Z 1 d at a. T W A S,2 6 9

S S U, a n d a S P U i d e nti fi e d 5 1, 1 0 8, 8 7 si g ni fi c a nt g e n es ( aft er t a ki n g t h e u ni o n of t h e r es ults2 7 0

usi n g t h e fi v e s ets of w ei g hts), r es p e cti v el y. A m o n g t h es e 8 7 si g ni ff c a nt g e n es i d e nti fi e d2 7 1

b y a S P U, 6 4 ( ar o u n d 7 0 %) a n d 7 9 ( ar o u n d 9 0 %) c o nt ai n e d t h e g e n o m e- wi d e si g ni fi c a nt2 7 2

S N Ps ( p - v al u e < 5 × 1 0 − 8 ) wit hi n 5 0 0 k b i n t h e S C Z 1 d at a a n d t h e S C Z 2 d at a r es p e cti v el y,2 7 3

o fi eri n g a hi g hl y si g ni fi c a nt v ali d ati o n of t h e i d e nti fi e d l o ci. F or T W A S a n d S S U, w e h a v e2 7 4

t h e si mil ar pr o p orti o ns of t h e g e n es c o nt ai ni n g t h e g e n o m e- wi d e si g ni fi c a nt S N Ps i n b ot h2 7 5

t h e S C Z 1 a n d S C Z 2 d at a. Cl e arl y, S S U a n d a S P U i d e nti fi e d m or e ass o ci at e d g e n es t h a n2 7 6

T W A S. C o m p ar e d t o T W A S, S S U a n d a S P U c a n still m ai nt ai n hi g h p o w er if m a n y of2 7 7

t h e w ei g ht e d S N Ps i n a g e n e ar e n ot ass o ci at e d wit h a tr ait or t h eir ass o ci ati o ns ar e i n2 7 8

di ff er e nt dir e cti o ns. Si n c e w e d o n ot k n o w t h e s p arsit y l e v el a n d ass o ci ati o n dir e cti o ns of2 7 9

t h e u n d erl yi n g ass o ci ati o n p att er ns, w e us e d t h e a d a pti v e a S P U t est. H er e, p er h a ps d u e t o2 8 0
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t h e d e ns er ass o ci ati o n p att er ns (i. e. wit h m a n y ass o ci at e d S N Ps), S S U i d e nti ff e d a l ar g er2 8 1

n u m b er of S C Z- ass o ci at e d g e n es t h a n a S P U.2 8 2

S u p pl e m e nt ar y T a bl e 2 s h o ws t h e si g ni ff c a nt g e n e s ets i d e nti ff e d b y T W A S or S S U or2 8 3

a S P U b as e d o n t h e S C Z 1 d at a, a n d S u p pl e m e nt ar y Fi g ur es 1 – 5 pr es e nt t h e M a n h att a n2 8 4

pl ots f or t h e m et h o ds wit h t h e di ff er e nt s ets of w ei g hts. T h e str o n g est g e n e ass o ci ati o n2 8 5

i d e nti fi e d b y T W A S a n d S S U w as N T 5 C 2 ( MI M: 6 0 0 4 1 7), w hi c h w as als o r e p ort e d b y ot h er2 8 6

st u di es ( G u a n et al., 2 0 1 6). T his a n al ysis als o pr o vi d es a d diti o n al i n sili c o s u p p ort f or2 8 7

s o m e r e p ort e d S C Z- ass o ci at e d g e n es, i n cl u di n g S D C C A G 8 ( MI M: 6 1 3 5 2 4), I TI H 4 ( MI M:2 8 8

6 0 0 5 6 4), a n d NI S C H ( MI M: 6 1 5 5 0 7), a n d m a n y ot h er g e n es.2 8 9

T a bl e 1: T h e n u m b ers of t h e si g ni fi c a nt g e n es i d e nti fi e d b y a n al y zi n g t h e S C Z 1 d at a f or
e a c h si n gl e s et of t h e w ei g hts a n d t h eir u ni o n a cr oss t h es e w ei g hts. T h e n u m b ers a / b / c
i n e a c h c ell i n di c at e t h e n u m b ers of ( a) t h e si g ni fi c a nt g e n es; ( b) t h e si g ni fi c a nt g e n es
c o v eri n g at l e ast o n e g e n o m e- wi d e si g ni ff c a nt S N P wit hi n ± 5 0 0 k b i n t h e S C Z 1 d at a; ( c)
t h e si g ni fi c a nt g e n es c o v eri n g at l e ast o n e g e n o m e- wi d e si g ni fi c a nt S N P wit hi n ± 5 0 0 k b i n
t h e S C Z 2 d at a.

Y F S  N T R  M E T SI M C M C-i ntr o ns  C M C  C o m bi n e d
T W A S 1 4 / 1 1 / 1 4 1 3 / 8 / 1 3 8 / 5 / 7 1 8 / 1 0 / 1 3 1 6 / 1 0 / 1 3 5 1 / 3 1 / 4 3
S S U 3 1 / 2 5 / 2 6 2 7 / 1 9 / 2 6 2 4 / 1 4 / 2 3 2 7 / 1 7 / 2 3 3 9 / 2 5 / 3 4 1 0 8 / 6 7 / 9 5
a S P U 2 9 / 2 6 / 2 6 2 3 / 1 6 / 2 2 2 1 / 1 6 / 2 1 2 6 / 1 8 / 2 1 2 8 / 2 2 / 2 5 8 7 / 6 4 / 7 9

T h e n, w e a p pli e d T W A S, S S U, a n d a S P U t o t h e S C Z 2 d at a, listi n g t h e n u m b er of2 9 0

si g ni fi c a nt g e n es i d e nti fi e d b y e a c h m et h o d i n T a bl e 2. T h e q u a ntil e- q u a ntil e ( Q- Q) a n d2 9 1

M a n h att a n pl ots f or di fi er e nt s ets of w ei g hts ar e s h o w n i n S u p pl e m e nt ar y Fi g ur es 6 – 1 1,2 9 2

r es p e cti v el y. H er e, w e a n al y z e d t h e w h ol e S C Z 2 d at a, w hi c h w er e b as e d o n 3 6, 9 8 9 c as es2 9 3

a n d 1 1 3, 0 7 5 c o ntr ols, w hil e G us e v et al. ( 2 0 1 6 b) a n al y z e d t h e n o n- o v erl a p pi n g c as e- c o ntr ol2 9 4

s a m pl es wit h 3 4, 2 4 1 c as es a n d 4 5, 6 0 4 c o ntr ols. T his d at a di fi er e n c e l e d t o o ur fi n di n gs2 9 5

sli g htl y di ff er e nt fr o m t h eir p u blis h e d o n es ( G us e v et al., 2 0 1 6 b): a p pl yi n g T W A S t o t h e2 9 6

S C Z 2 d at a, w e i d e nti fi e d 2 0 2 si g ni fi c a nt g e n es, w hil e G us e v et al. ( 2 0 1 6 b) i d e nti fi e d 1 5 72 9 7

si g ni fi c a nt g e n es. B e c a us e t h e s a m pl e si z e of t h e S C Z 2 is m u c h l ar g er t h a n t h at of t h e2 9 8

S C Z 1, a p pl yi n g t o t h e S C Z 2 d at a i d e nti fi e d a m u c h l ar g er n u m b er of si g ni fi c a nt g e n es b y2 9 9
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e a c h m et h o d. A g ai n, S S U a n d a S P U a p p e ar e d t o b e m or e p o w erf ul t h a n T W A S i n t er ms3 0 0

of t h e n u m b er of t h e i d e nti ff e d si g ni ff c a nt ass o ci ati o ns. H o w e v er, b e c a us e u n d er di ff er e nt3 0 1

s c e n ari os di ff er e nt t ests m a y b e m or e p o w erf ul, e a c h t est i d e nti fi e d s o m e u ni q u e g e n es3 0 2

miss e d b y t h e ot h er t ests.3 0 3

T a bl e 2: T h e n u m b ers of t h e si g ni fi c a nt g e n es i d e nti fi e d b y a n al y zi n g t h e S C Z 2 d at a f or
e a c h si n gl e s et of t h e w ei g hts a n d t h eir u ni o n a cr oss t h es e w ei g hts. T h e n u m b ers a / b / c
i n e a c h c ell i n di c at e t h e n u m b ers of ( a) t h e si g ni fi c a nt g e n es; ( b) t h e si g ni fi c a nt g e n es
c o v eri n g at l e ast o n e g e n o m e- wi d e si g ni ff c a nt S N P wit hi n ± 5 0 0 k b i n t h e S C Z 1 d at a; ( c)
t h e si g ni fi c a nt g e n es c o v eri n g at l e ast o n e g e n o m e- wi d e si g ni fi c a nt S N P wit hi n ± 5 0 0 k b i n
t h e S C Z 2 d at a.

Y F S  N T R  M E T SI M C M C-i n tr o ns  C M C  C o m bi n e d
T W A S 6 3 / 1 9 / 4 6 4 9 / 2 2 / 3 9 4 3 / 1 1 / 3 2 5 6 / 1 7 / 3 7 6 9 / 2 1 / 5 0 2 0 2 / 6 3 / 1 4 2
S S U 1 2 7 / 4 0 / 9 4 7 8 / 3 2 / 5 9 1 0 8 / 3 2 / 7 6 1 0 0 / 2 2 / 6 1 1 2 4 / 3 2 / 8 5 3 8 1 / 1 0 8 / 2 5 5
a S P U 1 0 5 / 4 0 / 8 3 6 9 / 3 4 / 6 0 8 7 / 3 3 / 7 2 8 5 / 2 4 / 5 5 1 1 0 / 3 4 / 8 2 3 1 4 / 1 1 0 / 2 3 4

O v er all, w e i d e nti fi e d 4 1 0 si g ni fi c a nt ( a n d u ni q u e) g e n es b y t h e t hr e e m et h o ds b as e d3 0 4

o n a n al y zi n g t h e S C Z 2 d at a ( S u p pl e m e nt ar y T a bl e 3), of w hi c h 1 4 2 di d n ot o v erl a p wit h3 0 5

a n y g e n o m e- wi d e si g ni fi c a nt S N Ps wit hi n ± 5 0 0 k b i n t h e S C Z 2 d at a. N e xt, t o c o nsi d er3 0 6

t h e e fi e cts of di fi er e nt s ets of w ei g hts ( 2 5, 0 1 8 t ests i n t ot al), w e us e d a m or e stri n g e nt3 0 7

c ut o ff ( 0 .0 5 / 2 5 , 0 1 8 = 2 × 1 0 − 6 ) t o r e p ort t h e hi g hl y si g ni fi c a nt g e n es. We r e p ort t h e n e w3 0 8

ass o ci ati o ns t h at ar e m or e t h a n 5 0 0 k b a w a y fr o m a n y g e n o m e- wi d e si g ni fi c a nt S N Ps i n3 0 9

t h e S C Z 2 d at a. S u p pl e m e nt ar y T a bl e 4 lists 7 5 hi g hl y si g ni fi c a nt g e n es i d e nti fi e d b y t h e3 1 0

t hr e e m et h o ds; T W A S, S S U, a n d a S P U i d e nti fi e d 2 3, 6 8, a n d 3 2 hi g hl y si g ni fi c a nt g e n es,3 1 1

r es p e cti v el y, s h o w c asi n g t h e i n cr e as e d dis c o v er y p o w er of a p pl yi n g ot h er t ests o v er T W A S.3 1 2

T a bl e 3 r e p orts 3 2 hi g hl y si g ni fi c a nt g e n es i d e nti fi e d b y a S P U. We s e ar c h e d t h e N H G RI-3 1 3

E BI G W A S C at al o g ( M a c Art h ur et al. ( 2 0 1 7); s e e U R Ls) t o d et er mi n e if t h es e si g ni fi c a nt3 1 4

g e n es h a v e b e e n r e p ort e d b y ot h er st u di es. A m o n g t h es e 3 2 g e n es, 1 0 h a v e b e e n r e p ort e d3 1 5

b y ot h er st u di es. O n t h e ot h er h a n d, a m o n g t h e 7 5 si g ni fi c a nt g e n es i d e nti fi e d b y a n y3 1 6

m et h o d, 2 0 g e n es, s u c h as F O X N 2 ( MI M: 1 4 3 0 8 9; Cr oss- Dis or d er Gr o u p ( 2 0 1 3)), M S R A3 1 7

( MI M: 6 0 1 2 5 0; M a et al. ( 2 0 1 1), a n d P A X 5 ( MI M: 1 6 7 4 1 4; L o o et al. ( 2 0 1 2)), h a v e b e e n3 1 8
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r e p ort e d by ot h er st u di es. O v er all, t h es e 7 5 n e wl y i d e nti ff e d g e n es r e pr es e nt a cl ass of3 1 9

dis c o v eri es t h at w o ul d h a v e b e e n miss e d b y t h e st a n d ar d si n gl e S N P- b as e d t est, d u e t o n ot3 2 0

o nl y t h eir p o w er di ff er e n c es, b ut als o t h e dist al l o c ati o ns of t h e g e n o m e- wi d e si g ni ff c a nt3 2 1

S N Ps.3 2 2

N e w P a t h w a y M e t h o d I d e n ti ff e s K n o w n a n d N o v el S C Z- a s s o ci a t e d3 2 3

P a t h w a y s3 2 4

We a p pli e d t h e n e w p at h w a y t est a S P U p at h 2 t o b ot h t h e S C Z 1 a n d S C Z 2 d at a. Fi g ur e 23 2 5

c o m p ar es its p - v al u es fr o m t h e as y m pt oti cs- a n d M o nt e C arl o si m ul ati o n- b as e d m et h o ds,3 2 6

s h o wi n g t h at t h e as y m pt oti cs g a v e a g o o d a p pr o xi m ati o n t o t h e g ol d st a n d ar d b ut ti m e-3 2 7

c o ns u mi n g si m ul ati o n- b as e d m et h o d. T h e c orr el ati o n of − l o g1 0 p - v al u es b et w e e n t h es e t w o3 2 8

m et h o ds f or P at h S P U( 1), P at h S P U( 2), a n d a S P U p at h w er e 0. 9 9 8 9, 0. 9 9 8 1, a n d 0. 9 9 7 2,3 2 9

r es p e cti v el y. B e c a us e t h e si m ul ati o n- b as e d m et h o d is c o m p ut ati o n all y d e m a n di n g w hil e3 3 0

t h e as y m pt oti cs- b as e d m et h o d is a c c ur at e a n d m u c h f ast er, w e us e d t h e as y m pt oti cs- b as e d3 3 1

m et h o d t o c al c ul at e t h e p - v al u es of a S P U p at h 2 f or t h e s u bs e q u e nt a n al ysis.
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Fi g ur e 2: C o m p aris o n b et w e e n t h e as y m pt oti cs- a n d si m ul ati o n- b as e d p - v al u es of P at h-
S P U( 1) (l eft), P at h S P U( 2) ( mi d dl e), a n d a S P U p at h (ri g ht) b as e d o n t h e S C Z 2 d at a wit h
t h e G O Bi ol o gi c al Pr o c ess p at h w a ys.

S u p pl e m e nt ar y T a bl es 5 a n d 6 s h o w t h e si g ni fi c a nt p at h w a ys i d e nti fi e d b y a S P U p at h 23 3 3

wit h t h e C M C- a n d Y F S- b as e d w ei g hts w h e n a p pli e d t o t h e S C Z 1 d at a, r es p e cti v el y. We3 3 4

g a v e t h e g e n e s ets i n t h e S u p pl e m e nt ar y T a bl es 2 a n d 3 as t h e S C Z 1- a n d S C Z 2- b as e d3 3 5
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si g ni ff c a nt g e n e s ets. F or si m pli cit y, w e d e n ot e t h e m as t h e S C Z 1 a n d S C Z 2 g e n e s ets,3 3 6

r es p e cti v el y. O ur n e w m et h o d a S P U p at h 2 wit h t h e C M C- b as e d w ei g hts i d e nti ff e d 3 3 si g-3 3 7

ni ff c a nt p at h w a ys, of w hi c h 2 4 ( ar o u n d 8 0 %) c o nt ai n e d t h e si g ni ff c a nt g e n es i n t h e S C Z 13 3 8

g e n e s et w hil e 3 1 ( ar o u n d 9 4 %) c o nt ai n e d t h e si g ni fi c a nt o n es i n t h e S C Z 2 g e n e s et. I n p ar-3 3 9

ti c ul ar, a S P U p at h 2 wit h t h e C M C- b as e d w ei g hts i d e nti fi e d si x si g ni fi c a nt p at h w a ys t h at3 4 0

c o nt ai n e d at l e ast o n e si g ni fi c a nt g e n e i n t h e S C Z 2 g e n e s et b ut n o si g ni fi c a nt g e n es i n t h e3 4 1

S C Z 1 g e n e s et, s u c h as p at h w a ys s y n a p s e o r g a ni z ati o n ( G O: 0 0 5 0 8 0 8, p - v al u e = 1 .1 4 × 1 0 − 6 ),3 4 2

r e s p o n s e t o t r a n sf o r mi n g g r o wt h f a ct o r b et a ( G O: 0 0 7 1 5 5 9, p - v al u e = 1 .8 3 × 1 0 − 6 ), t r a n s-3 4 3

f o r mi n g g r o wt h f a ct o r b et a r e c e pt o r si g n ali n g p at h w a y ( G O: 0 0 0 7 1 7 9, p - v al u e = 4 .2 8 × 1 0 − 6 ),3 4 4

a n d p o siti v e r e g ul ati o n of t r a n sf o r mi n g g r o wt h f a ct o r b et a p r o d u cti o n ( G O: 0 0 7 1 6 3 6, p - v al u e3 4 5

= 5 .6 5 × 1 0 − 6 ). T h er e e xist s o m e bi ol o gi c al ff n di n gs p arti all y s u p p orti n g t h es e i d e nti fi e d3 4 6

p at h w a ys t h at w o ul d b e ot h er wis e miss e d b y g e n e- b as e d a n al ysis. M ulti pl e m e m b ers of3 4 7

tr a nsf or mi n g gr o wt h f a ct or ( T G F) b et a s u p erf a mil y pl a y s o m e r ol es i n t h e d e v el o pi n g n er-3 4 8

v o us s yst e m ( K a p els ki et al., 2 0 1 6). Alt er ati o n i n T G F- β 1 e x pr essi o n h as b e e n o bs er v e d3 4 9

i n S C Z p ati e nts ( Ki m et al., 2 0 0 4). S y n a ps e is a n i m p ort a nt c o m p o n e nt i n t h e n er v o us3 5 0

s yst e m a n d S C Z p ati e nts w er e f o u n d t o h a v e e nri c h e d m ut ati o ns i n t h e g e n es b el o n gi n g3 5 1

t o t h e p osts y n a pti c d e nsit y at gl ut a m at er gi c s y n a ps es ( H all et al., 2 0 1 5). I n c o ntr ast,3 5 2

a S P U p at h 2 wit h t h e Y F S- b as e d w ei g hts i d e nti fi e d 1 9 si g ni fi c a nt p at h w a ys, all of w hi c h3 5 3

c o nt ai n e d at l e ast o n e si g ni fi c a nt g e n e i n b ot h t h e S C Z 1 a n d S C Z 2 g e n e s ets. P er h a ps d u e3 5 4

t o t h at t h e C M C- b as e d g e n e e x pr essi o n w as m e as ur e d fr o m t h e br ai n tiss u e a n d w er e m or e3 5 5

cl os el y r el at e d t o S C Z, w hil e t h e Y F S- b as e d o n es fr o m t h e bl o o d, t h e C M C- b as e d w ei g hts3 5 6

w er e m or e i nf or m ati v e. O v er all, it w as c o n fir m e d t h at p at h w a y- b as e d a n al ysis is us ef ul3 5 7

as a c o m pl e m e nt ar y t o ol t o g e n e- b as e d a n al ysis, o fi eri n g i nsi g hts i nt o t h e g e n eti c b asis of3 5 8

c o m pl e x tr aits.3 5 9

As a n a d a pti v e t est, a S P U p at h 2 c a n m ai nt ai n hi g h p o w er u n d er v ari o us s c e n ari os. F or3 6 0

e x a m pl e, b as e d o n t h e S C Z 1 d at a, f or p at h w a y n u cl e a r s p e c k ( G O: 0 0 1 6 6 0 7) wit h t h e C M C-3 6 1

b as e d w ei g hts, t h er e w er e 3 0 0 m ar gi n all y si g ni fi c a nt a n d n e g ati v el y ass o ci at e d S N Ps ( z-3 6 2
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s c or e < − 1 .9 6 ) a n d 3 0 9 m ar gi n all y a n d p ositi v el y ass o ci at e d S N Ps ( z-s c or e > 1 .9 6 ) a m o n g3 6 3

5 7 4 1 S N Ps wit h n o n- z er o w ei g hts. T h e v ar yi n g ass o ci ati o n dir e cti o ns a m o n g m ar gi n all y3 6 4

si g ni ff c a nt S N Ps l e d t o a n o n-si g ni ff c a nt p - v al u e= 3 .0 × 1 0 − 3 of P at h S P U( 1). I n c o ntr ast,3 6 5

b e c a us e P at h S P U( 2) w as r o b ust t o v ar yi n g ass o ci ati o n dir e cti o ns, it yi el d e d a si g ni ff c a nt p -3 6 6

v al u e = 2 .1 × 1 0 − 8 . B y c o m bi ni n g t h e r es ults of P at h S P U( 1) a n d P at h S P U( 2), a S P U p at h 23 6 7

yi el d e d a si g ni ff c a nt p - v al u e= 4 .1 × 1 0 − 8 . F urt h er m or e, t his p at h w a y c o nt ai n e d at l e ast3 6 8

t w o si g ni fi c a nt g e n es i n b ot h t h e S C Z 1 a n d S C Z 2 g e n e s ets, s u p p orti n g t h e si g ni fi c a n c e3 6 9

of t h e p at h w a y. F or p at h w a y r e g ul ati o n of c ell ul a r s e n e s c e n c e ( G O: 2 0 0 0 7 7 2) wit h t h e3 7 0

C M C- b as e d w ei g hts, t h er e w er e 8 6 m ar gi n all y a n d n e g ati v el y ass o ci at e d S N Ps ( z-s c or e3 7 1

< − 1 .9 6 ) a n d 4 5 m ar gi n all y b ut p ositi v el y ass o ci at e d S N Ps ( z-s c or e > 1 .9 6 ) a m o n g 1 5 1 63 7 2

S N Ps wit h n o n- z er o w ei g hts. T h e ass o ci ati o ns i n di fi er e nt dir e cti o ns w er e n ot c o m pl et el y3 7 3

c a n c el e d o ut si n c e t h e n u m b er of t h e n e g ati v el y ass o ci at e d S N Ps w as al m ost t wi c e as t h at3 7 4

of t h e p ositi v el y ass o ci at e d S N Ps. P at h S P U( 1) yi el d e d a si g ni fi c a nt p - v al u e (= 1 .9 × 1 0 − 7 ),3 7 5

w hil e P at h S P U( 2) yi el d e d a n o n-si g ni fi c a nt p - v al u e (= 2 .4 × 1 0 − 3 ). A g ai n b y c o m bi ni n g3 7 6

i nf or m ati o n fr o m t h e t w o t ests, a S P U p at h 2 yi el d e d a si g ni ff c a nt p - v al u e (= 3 .8 × 1 0 − 7 ).3 7 7

T his p at h w a y als o c o nt ai n e d at l e ast o n e si g ni fi c a nt g e n e i n b ot h t h e S C Z 1 a n d S C Z 2 g e n e3 7 8

s ets. G e n er all y, as a n y n o n- a d a pti v e t est, P at h S P U( 1) or P at h S P U( 2) m a y l os e st atisti c al3 7 9

p o w er u n d er di fi er e nt sit u ati o ns; h o w e v er, b y c o ntr ast, a S P U p at h 2 t h at d at a- a d a pti v el y3 8 0

a g gr e g at es i nf or m ati o n c a n m ai nt ai n r el ati v el y hi g h p o w er a cr oss a wi d e r a n g e of sit u ati o ns.3 8 1

T h e n w e a n al y z e d t h e S C Z 2 d at a. T h e n e w t est a S P U p at h 2 wit h t h e C M C- a n d Y F S-3 8 2

b as e d w ei g hts i d e nti fi e d 2 3 5 a n d 2 4 2 si g ni fi c a nt p at h w a ys, r es p e cti v el y (s e e S u p pl e m e nt ar y3 8 3

T a bl e 6 a n d 7 f or d et ails). T a bl e 4 s h o ws t h e 6 si g ni fi c a nt K E G G p at h w a ys i d e nti fi e d3 8 4

b y a S P U p at h 2 wit h t h e C M C- b as e d w ei g hts. All of t h es e si g ni fi c a nt p at h w a ys c o v er e d at3 8 5

l e ast o n e si g ni ff c a nt g e n e i n t h e S C Z 2 g e n e s et w hil e t hr e e p at h w a ys, Al z h ei m e r’ s di s e a s e3 8 6

( hs a 0 5 0 1 0, p - v al u e = 2 .4 × 1 0 − 8 ), s y st e mi c l u p u s e r yt h e m at o s u s ( hs a 0 5 3 2 2, p - v al u e = 0 .0 ),3 8 7

a n d h y p e rt r o p hi c c a r di o m y o p at h y ( hs a 0 5 4 1 0, p - v al u e = 2 .3 × 1 0 − 9 ), h a v e b e e n r e p ort e d b y3 8 8

ot h er st u di es t o b e ass o ci at e d wit h S C Z ( W u et al., 2 0 1 6; S a nt ar elli et al., 2 0 1 1).3 8 9
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T a bl e 4: T h e si g ni ff c a nt K E G G p at h w a ys i d e nti ff e d b y a S P U p at h 2 wit h t h e C M C- b as e d
w ei g hts f or t h e S C Z 2 d at a.

I D  P at h wa y n a m e P at h S P U( 1)  P at h S P U( 1) a S P U p at h 2  # si g. g e n e s

h s a 0 5 3 2 2 S y st e mi c l u p u s e r yt h e m at o s u s 2. 6 E- 0 4 5. 5 E- 1 0 1. 1 E- 0 9 1 6
h s a 0 5 4 1 0  H y p e rt r o p hi c c a r di o m y o p at h y 8. 3 E- 0 2 1. 5 E- 0 9 2. 9 E- 0 9 2
h s a 0 5 4 1 4  Dil at e d c a r di o m y o p at h y 4. 0 E- 0 1 3. 1 E- 0 8 6. 3 E- 0 8 2
h s a 0 4 1 2 0  U bi q uiti n m e di at e d p r ot e ol y si s 6. 1 E- 0 2 2. 9 E- 0 7 5. 8 E- 0 7 5
h s a 0 5 0 1 0  Al z h ei m e r’ s di s e a s e 6. 7 E- 0 1 9. 1 E- 0 7 1. 8 E- 0 6 5
h s a 0 5 0 1 6  H u nti n gt o n’ s di s e a s e 4. 7 E- 0 1 2. 3 E- 0 6 4. 5 E- 0 6 5

T a bl e 5 s h o ws t h e si g ni ff c a nt a n d n o v el p at h w a ys c o nt ai ni n g n o si g ni ff c a nt g e n es i n t h e3 9 0

S C Z 2 g e n e s et b ut d et e ct e d b y a S P U p at h 2 wit h eit h er t h e C M C- or t h e Y F S- b as e d w ei g hts.3 9 1

P er h a ps d u e t o t h at t h e C M C- b as e d w ei g hts w er e d eri v e d fr o m t h e br ai n tiss u e a n d t h us3 9 2

m or e r el e v a nt t o S C Z t h a n t h e Y F S- b as e d w ei g hts, usi n g t h e C M C- b as e d w ei g hts i d e nti fi e d3 9 3

1 2 si g ni fi c a nt a n d n o v el p at h w a ys, w hil e usi n g t h e Y F S- b as e d i d e nti fi e d o nl y t hr e e. S o m e3 9 4

e xisti n g st u di es p arti all y s u p p ort e d t h e n e wl y i d e nti fi e d p at h w a ys. F or e x a m pl e, G A B A3 9 5

s yst e m pl a ys a n i m p ort a nt r ol e i n or c h estr ati n g t h e s y n c hr o ni cit y of l o c al n et w or ks a n d3 9 6

a fi e cts c o g niti v e a n d e m oti o n al b e h a vi or ( R u d ol p h a n d M ö hl er, 2 0 1 4). F urt h er, c o g niti v e3 9 7

s y m pt o ms i n S C Z ar e attri b ut e d t o a c orti c al G A B A er gi c d e ff cit ( R u d ol p h a n d M ö hl er,3 9 8

2 0 1 4), p arti all y s u p p orti n g t h at p at h w a y G A B A r e c e pt o r c o m pl e x ( G O: 1 9 0 2 7 1 0) is p ossi bl y3 9 9

r el at e d t o S C Z. O v er all, t h es e 1 5 n e wl y i d e nti fi e d p at h w a ys r e pr es e nt a cl ass of dis c o v eri es4 0 0

t h at w o ul d h a v e b e e n miss e d b y g e n e- b as e d a n al ysis.4 0 1

C o m p a ri s o n s B e t w e e n a S P U p a t h 2 a n d O t h e r M e t h o d s4 0 2

Wit h t h e a p pli c ati o n t o t h e S C Z 2 d at a wit h t h e C M C- b as e d w ei g hts, w e c o m p ar e d o ur4 0 3

pr o p os e d m et h o d wit h t h e t w o-st e p a p pr o a c h c o m bi ni n g a g e n e- b as e d t est a n d a n e x-4 0 4

isti n g p at h w a y a n al ysis m et h o d, i n cl u di n g t h e p o p ul ar D A VI D ( H u a n g et al., 2 0 0 9) or4 0 5

i- G S E A 4 G W A S ( Z h a n g et al., 2 0 1 0). We als o c o m p ar e d it wit h t h e m or e g e n er al a n d4 0 6

st a n d ar d a S P U p at h ( P a n et al., 2 0 1 5).4 0 7
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We a p pli e d D A VI D ( H u a n g et al., 2 0 0 9) wit h t h e C M C- b as e d w ei g hts a n d i d e nti-4 0 8

ff e d o n e si g ni ff c a nt p at h w a y: t r a n s c ri pti o n f a ct o r a cti vit y, s e q u e n c e- s p e ci ff c D N A bi n di n g4 0 9

( G O: 0 0 0 3 7 0 0, B e nj a mi ni- c orr e ct e d p - v al u e = 4 .2 × 1 0 − 3 ). T his p at h w a y w as e x cl u d e d i n o ur4 1 0

e arli er a n al ysis b e c a us e it c o nt ai n e d m or e t h a n 2 0 0 g e n es; w h e n a p pli e d, a S P U p at h 2 c o ul d4 1 1

i d e ntif y t his p at h w a y as w ell (p - v al u e = 4 .5 × 1 0 − 7 ). We als o a p pli e d i- G S E A 4 G W A S4 1 2

( Z h a n g et al., 2 0 1 0) b ut f ail e d t o i d e ntif y a n y si g ni ff c a nt p at h w a ys. I n a d diti o n t o t h e4 1 3

t w o-st e p n at ur e of t h e a b o v e t w o p at h w a y m et h o ds (t h us d e p e n di n g o n t h e o ut p ut or p er-4 1 4

f or m a n c e of t h e g e n e- b as e d t esti n g i n t h e first st e p), i n c o ntr ast t o t h e o n e-st e p a p pr o a c h4 1 5

of a S P U p at h 2, t h e y als o di fi er wit h r es p e ct t o t h eir n ull h y p ot h es es b ei n g t est e d: b ot h4 1 6

D A VI D a n d i- G S E A 4 G W A S b el o n g t o t h e c at e g or y of “ c o m p etiti v e t ests ” t esti n g f or t h e4 1 7

e nri c h m e nt of t h e ass o ci at e d g e n es i n t h e p at h w a y b ei n g t est e d as c o m p ar e d t o ot h er p at h-4 1 8

w a ys, w hil e o ur a S P U p at h 2 m et h o d is a “s elf- c o nt ai n e d t est ” as a gl o b al t est f or i d e ntif yi n g4 1 9

w h et h er t h er e is ( ar e) a n y si g ni fi c a nt g e n e(s) i n t h e p at h w a y; d u e t o t h e di fi er e n c e b et w e e n4 2 0

t h e n ull h y p ot h es es b ei n g t est e d, a s elf- c o nt ai n e d t est is i n g e n er al m or e p o w erf ul t h a n a4 2 1

c orr es p o n di n g c o m p etiti v e t est.4 2 2

Fi g ur e 3 s h o ws t h e r u n ni n g ti m es f or a S P U p at h 2 a n d a S P U p at h. D u e t o t h e c o m-4 2 3

p ut ati o n al c o nstr ai nt, w e r a n at m ost B = 1 0 6 si m ul ati o ns t o c al c ul at e t h e p- v al u es f or4 2 4

a S P U p at h. F or t h e si m ul ati o n- b as e d m et h o d, t h e r u n ni n g ti m e i n cr e as e d r a pi dl y wit h t h e4 2 5

n u m b er of si m ul ati o ns, f or w hi c h a l ar g er v al u e is r e q uir e d f or a m or e si g ni fi c a nt p - v al u e.4 2 6

I n c o ntr ast, si n c e t h e p - v al u es of a S P U p at h 2 w as c al c ul at e d b y t h e as y m pt oti cs- b as e d4 2 7

m et h o d, t h e r u n ni n g ti m e w as i n v ari a nt t o t h e p - v al u es. S u p pl e m e nt ar y T a bl e 9 s h o ws t h e4 2 8

1 7 9 si g ni ff c a nt p at h w a ys i d e nti fi e d b y a S P U p at h wit h t h e C M C- b as e d w ei g hts, of w hi c h 1 3 94 2 9

( ar o u n d 8 0 %) w er e als o i d e nti fi e d b y a p pl yi n g a S P U p at h 2 wit h t h e C M C- b as e d w ei g hts,4 3 0

c o nstit uti n g a hi g hl y si g ni fi c a nt o v erl a p b et w e e n t h eir r es ults. F urt h er m or e, a S P U p at h 24 3 1

i d e nti fi e d a t ot al of 2 3 5 si g ni fi c a nt p at h w a ys, s h o w c asi n g p ossi bl y hi g h er st atisti c al p o w er4 3 2

o v er a S P U p at h f or t h e S C Z 2 d at a. I n s u m m ar y, a S P U p at h 2 is s e v er al or d ers f ast er t h a n4 3 3

a S P U p at h, m or e s o f or l ar g e a n d hi g hl y si g ni fi c a nt p at h w a ys, a n d c a n b e m or e p o w erf ul4 3 4
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f or d e ns el y ass oci at e d p at h w a ys (i. e. t h os e c o nt ai ni n g m a n y ass o ci at e d S N Ps / g e n es), t h us4 3 5

w e r e c o m m e n d usi n g a S P U p at h 2 eit h er al o n e or as a f ast s cr e e ni n g pr o c e d ur e f or t h e m or e4 3 6

ti m e- c o ns u mi n g a n d m or e g e n er al a S P U p at h t est.
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1 e 3 1 e 4 1 e 5 1 e 6

N u m b er of si m ul ati o n s

lo
g 

of 
ti
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 (

s)

t e st

a S P U p at h 2

a S P U p at h

4 3 7

Fi g ur e 3: C o m p aris o n b et w e e n r u n ni n g ti m es of a S P U p at h 2 a n d a S P U p at h f or t h e S C Z 2
d at a wit h t h e p at h w a ys i n t h e G O Bi ol o gi c al Pr o c ess.

Si m ul a ti o n s4 3 8

We c o n d u ct e d si m ul ati o n st u di es t o e v al u at e a n d c o m p ar e t h e p erf or m a n c e of o ur pr o p os e d4 3 9

n e w a S P U p at h 2 t est wit h t h e a S P U p at h t est. We g e n er at e d si m ul at e d d at a t o mi mi c r e al4 4 0

d at a: w e us e d t h e G O Bi ol o gi c al Pr o c ess p at h w a ys a n d C M C- d eri v e d S N P w ei g hts, a n d4 4 1

si m ul at e d z-s c or es as G W A S s u m m ar y st atisti cs f or S N Ps. S p e ci ff c all y, f or a gi v e n p at h w a y4 4 2

S ∗ i n t h e G O Bi ol o gi c al Pr o c ess p at h w a y d at a b as e, w e ffrst r e m o v e d t h e g e n es w h os e C M C-4 4 3

d eri v e d S N P w ei g hts w er e all 0 , r es ulti n g i n a s u bs et S c o nt ai ni n g n g e n es a n d p S N Ps wit h4 4 4

n o n e- z er o w ei g hts. We g e n er at e d a z-s c or e v e ct or fr o m a m ulti v ari at e n or m al distri b uti o n,4 4 5

Z ∼ N (µ, Σ) , w h er e µ = ( µ 1 , . . . , µp )
′ w as t h e m e a n a n d Σ w as t h e L D m atri x b as e d o n4 4 6

t h e 1 0 0 0 G e n o m es Pr oj e ct r ef er e n c e p a n el ( E ur o p e a n a n c estr y), r es p e cti v el y. N ot e t h at4 4 7

z-s c or es ar e e x p e ct e d t o h a v e a m ulti v ari at e n or m al distri b uti o n as y m pt oti c all y. T o s a v e4 4 8

c o m p uti n g ti m e, w e ass u m e d t h at t h e S N Ps fr o m di ff er e nt c hr o m os o m es w er e i n d e p e n d e nt4 4 9
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a n d o nl y c o nsi d er e d t h e p at h w a ys wit h l ess t h a n 2 0 0 0 S N Ps. I n t ot al, w e c o nsi d er e d 1 9 0 54 5 0

p at h w a ys. F urt h er, w e d e ff n e d S N P j w as ass o ci at e d or i nf or m ati v e wit h t h e c orr es p o n di n g4 5 1

µ j = si g n(W j )c , w h er e W j w as t h e C M C- d eri v e d w ei g ht f or S N P j , c ≠ 0 w as s o m e p ositi v e4 5 2

c o nst a nt, a n d si g n (a ) g a v e t h e si g n of a ; i n c o ntr ast, S N P j w as n o n-i nf or m ati v e wit h µ j = 0 .4 5 3

N ot e t h at w e als o c o nsi d er e d n o n- c o nst a nt |µ j | f or ass o ci at e d S N Ps. T o e v al u at e t y p e I4 5 4

err or r at es, w e c o nsi d er e d t h e n ull c as e (s et- u p A) wit h n o i nf or m ati v e S N P ( µ = 0 ). T o4 5 5

e v al u at e p o w er, w e f urt h er c o nsi d er e d t h e f oll o wi n g f o ur s et- u ps u n d er di ff er e nt sit u ati o ns:4 5 6

s et- u p B, 5 0 % S N Ps i n e a c h g e n e w er e i nf or m ati v e; s et- u p C, 1 0 % S N Ps i n e a c h g e n e w er e4 5 7

i nf or m ati v e; s et- u p D, o nl y o n e S N P i n e a c h g e n e w as i nf or m ati v e; a n d s et- u p E, o nl y4 5 8

o n e S N P i n 2 0 % of t h e g e n es i n t h e p at h w a y w as i nf or m ati v e. Ot h er S N Ps w er e s et t o4 5 9

n o n-i nf or m ati v e a n d w e v ari e d t h e tr u e ass o ci ati o n str e n gt h c t o g e n er at e p o w er c ur v es f or4 6 0

s et- u p B t o E. Aft er g e n er ati n g a z-s c or e v e ct or f or e a c h p at h w a y, w e a p pli e d b ot h t h e4 6 1

a S P U p at h 2 a n d a S P U p at h t ests. T h e e ntir e pr o c e d ur e w as r e p e at e d a b o ut 3 8, 0 0 0 ti m es4 6 2

(i. e. 2 0 p er p at h w a y) f or s et- u p A. F or ot h er s et- u ps, wit h di ff er e nt c , w e r e p e at e d t h e e ntir e4 6 3

pr o c e d ur e a b o ut 1, 9 0 0 ti m es ( 1 p er p at h w a y) a n d ff x e d t h e n o mi n al si g ni fi c a n c e l e v el at4 6 4

α = 0 .0 5 .4 6 5

T a bl e 6 s h o ws t h e e m piri c al t y p e I err or r at es, i n di c ati n g t h at t h e P at h S P U( 1), P at h-4 6 6

S P U( 2), a n d a S P U p at h 2 c o ul d c o ntr ol t h eir t y p e I r at es s atisf a ct oril y u n d er v ari o us n o mi n al4 6 7

si g ni fi c a n c e l e v els.4 6 8

T a bl e 6: E m piri c al t y p e I err or r at es of o ur pr o p os e d p at h w a y- b as e d t ests wit h s o m e v ar yi n g
n o mi n al si g ni fi c a n c e l e v els α u n d er si m ul ati o n s et- u p A.

α 0 .0 5 0 .0 1 0 .0 0 1
P at h S P U( 1) 4 .9 × 1 0 − 2 9 .8 × 1 0 − 3 1 .2 × 1 0 − 3

P at h S P U( 2) 5 .3 × 1 0 − 2 1 .1 × 1 0 − 2 1 .3 × 1 0 − 3

a S P U p at h 2 4 .4 × 1 0 − 2 1 .0 × 1 0 − 2 1 .2 × 1 0 − 3

Fi g ur e 4 s h o ws st atisti c al p o w er u n d er s et- u ps B t o E. I n s et- u p B, b e c a us e 5 0 % of4 6 9

t h e S N Ps i n t h e p at h w a y w er e i nf or m ati v e wit h d e ns e ass o ci ati o n si g n als, P at h S P U( 1) w as4 7 0

e x p e ct e d t o b e m ost p o w erf ul as c o n fir m e d i n Fi g ur e 4; si n c e a S P U p at h 2 c o m bi n e d t h e4 7 1
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i nf or m ati o n fr o m bot h t h e P at h S P U( 1) a n d P at h S P U( 2), a S P U p at h 2 als o a c hi e v e d hi g h4 7 2

p o w er cl os e t o P at h S P U( 1). W h e n t h e ass o ci ati o n si g n als w er e l ess d e ns e wit h o nl y 1 0 % of4 7 3

t h e S N Ps as i nf or m ati v e (s et- u p C), all t h e t ests p erf or m e d si mil arl y, t h o u g h a S P U p at h 24 7 4

a n d P at h S P U( 1) h a d a sli g ht e d g e o v er a S P U p at h a n d P at h S P U( 2) r es p e cti v el y. W h e n4 7 5

m ost S N Ps (s et- u p D) or m ost g e n es w er e n ot ass o ci at e d wit h t h e tr ait (s et- u p E), a S P U-4 7 6

p at h w as e x p e ct e d t o b e m or e p o w erf ul t h a n a S P U p at h 2 b e c a us e a S P U p at h 2 is t ail or e d4 7 7

t o i d e ntif yi n g d e ns e ass o ci ati o ns of p at h w a ys c o nt ai ni n g m a n y ass o ci at e d S N Ps / g e n es wit h4 7 8

o nl y w e a k e ff e cts. I n ot h er si m ul ati o n s et- u ps wit h v ar yi n g |µ j | f or ass o ci at e d S N Ps a n d / or4 7 9

di ff er e nt pr o p orti o ns of ass o ci at e d S N Ps / g e n es, w e o bt ai n e d si mil ar r es ults as s h o w n i n4 8 0

S u p pl e m e nt ar y Fi g ur e 1 2. N ot e t h at, b y t h e or y, t h er e is n o u nif or ml y m ost p o w erf ul t est4 8 1

f or p at h w a y a n al ysis; a S P U p at h is m or e g e n er al a n d t h us e x p e ct e d t o b e hi g h p o w er e d4 8 2

a cr oss a wi d er r a n g e of s c e n ari os t h a n a S P U p at h 2, w hi c h is t ail or e d f or a n d m or e p o w erf ul4 8 3

f or d et e cti n g d e ns e ass o ci ati o n si g n als li k e i n s et- u p A. H o w e v er, a S P U p at h 2 is m u c h f ast er4 8 4

t h a n a S P U p at h. H e n c e, as m e nti o n e d e arli er, w e r e c o m m e n d usi n g a S P U p at h 2 eit h er al o n e4 8 5

t o d et e ct d e ns el y ass o ci at e d p at h w a ys, or as a f ast s cr e e ni n g pr o c e d ur e f or a S P U p at h if4 8 6

o n e is i nt er est e d i n b ot h d e ns el y a n d s p ars el y ass o ci at e d p at h w a ys.4 8 7

Di s c u s si o n4 8 8

I n t his w or k, w e h a v e pr es e nt e d a p o w erf ul a n d a d a pti v e m et h o d t h at i nt e gr at es g e n eti c a n d4 8 9

tr a ns cri pti o n al v ari ati o ns t o i d e ntif y p at h w a ys ass o ci at e d wit h a c o m pl e x tr ait. Usi n g g e n e4 9 0

e x pr essi o n t o c o nstr u ct w ei g hts a n d t h e n a d a pti v e w ei g hti n g t o i d e ntif y si g ni ff c a nt p at h w a ys4 9 1

h as s o m e p ot e nti al a d v a nt a g es. First, a p at h w a y m a y b e a m or e i nt er pr et a bl e bi ol o gi c al u nit4 9 2

t h a n a si n gl e S N P or g e n e, a n d m a y s h e d li g ht i nt o bi ol o gi c al m e c h a nis ms u n d erl yi n g a tr ait4 9 3

or dis e as e. S e c o n d, p at h w a y- b as e d a n al ysis, c o m pl e m e nt ar y t o g e n e- b as e d a n al ysis, a n d4 9 4

as d e m o nstr at e d h er e, c a n i d e ntif y i m p ort a nt p at h w a ys t h at m a y b e miss e d b y g e n e- b as e d4 9 5

a n al ysis. Si n c e di ff er e nt t ests will b e p o w erf ul u n d er di fi er e nt u n d erl yi n g tr u e ass o ci ati o n4 9 6
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p att er ns, i n p arti c ul ar, o ur pr o p os e d t est m a y m ai nt ai n r el ati v el y hi g h st atisti c al p o w er4 9 7

a cr oss a wi d er r a n g e of sit u ati o ns d u e t o its a d a pti v e n at ur e of a g gr e g ati n g ass o ci ati o n4 9 8

i nf or m ati o n a cr oss t h e g e n es i n a p at h w a y. T hir d, o ur pr o p os e d m et h o d is si mil ar t o4 9 9

ot h er i nt e gr ati v e g e n e- b as e d m et h o ds, s u c h as T W A S ( G us e v et al., 2 0 1 6 a), Pr e di X c a n5 0 0

( G a m a z o n et al., 2 0 1 5) a n d a S P U ( X u et al., 2 0 1 7 b), t h at i n c or p or at e e Q T L i nf or m ati o n5 0 1

i nt o G W A S a n al ysis. H o w e v er, di ff eri n g fr o m t h at t h e a b o v e i nt e gr ati v e m et h o ds ar e5 0 2

g e n e- b as e d, o ur m et h o d a g gr e g at es i nf or m ati o n a cr oss t h e g e n es t o i d e ntif y si g ni ff c a nt5 0 3

p at h w a ys. I m p ort a ntl y, u nli k e T W A S a n d Pr e di X c a n, w hi c h us e a si m pl e w ei g ht e d li n e ar5 0 4

c o m bi n ati o n of g e n eti c v ari a nts ( or t h eir z-s c or es) t o c o nstr u ct t est st atisti cs, o ur a p pr o a c h5 0 5

a d a pti v el y ( a n d n o n-li n e arl y) w ei g hts t h e g e n eti c v ari a nts a n d t h us a g gr e g at es i nf or m ati o n5 0 6

b as e d o n t h e u n d erl yi n g ass o ci ati o n p att er ns t o i n cr e as e dis c o v er y p o w er. As s h o w n i n5 0 7

o ur a p pli c ati o ns, o ur m et h o d c o ul d i d e ntif y s o m e i m p ort a nt p at h w a ys t h at w er e miss e d b y5 0 8

t h e a b o v e i nt e gr ati v e g e n e- b as e d t ests, e v e n f oll o w e d wit h a st a n d ar d p at h w a y a n al ysis.5 0 9

Fi n all y, w e n ot e t h at o ur pr o p os e d a p pr o a c h is i n t h e c at e g or y of “s elf- c o nt ai n e d t ests ”, i n5 1 0

w hi c h w e ar e i nt er est e d i n i d e ntif yi n g a n y p at h w a y c o nt ai ni n g o n e or m or e g e n es or S N Ps5 1 1

ass o ci at e d wit h a tr ait. T his is di ff er e nt fr o m t h e “ c o m p etiti v e t ests ”, s u c h as D A VI D a n d5 1 2

G S E A, t h at w o ul d d et e ct p at h w a ys e nri c h e d wit h ass o ci at e d g e n es or S N Ps as c o m p ar e d5 1 3

t o b a c k gr o u n d p at h w a ys.5 1 4

A p pli c ati o n of o ur pr o p os e d a n d ot h er i nt e gr ati v e g e n e- b as e d m et h o ds t o t w o S C Z s u m-5 1 5

m ar y d at a n ot o nl y r e c a pit ul at e d m a n y k n o w n g e n es or p at h w a ys b ut als o i d e nti ff e d m a n y5 1 6

n e w o n es. S p e ci fi c all y, w e i d e nti fi e d 7 5 si g ni fi c a nt g e n es wit h o ut a n y k n o w n ass o ci at e d5 1 7

S N Ps wit hi n 5 0 0 k b, of w hi c h 5 0 h a v e n ot b e e n r e p ort e d i n a n y st u di es y et. It is p ossi bl e5 1 8

t h at s o m e of t h es e si g ni fi c a nt g e n es r e pr es e nt n e w fi n di n gs t h at h a v e b e e n miss e d d u e t o5 1 9

t h e l o w er st atisti c al p o w er i n ot h er st a n d ar d si n gl e S N P- or g e n e- b as e d t est wit h o ut i n-5 2 0

c or p or ati n g g e n e e x pr essi o n d at a. F urt h er m or e, s o m e p at h w a ys m a y c o nt ai n o nl y g e n es5 2 1

wit h s m all e ff e ct si z es, w hi c h m a y n ot b e d et e ct e d e v e n b y i nt e gr ati v e g e n e- b as e d t ests li k e5 2 2

T W A S, b ut m a y b e b y o ur pr o p os e d p at h w a y t est. H er e, w e i d e nti fi e d 1 5 n o v el si g ni fi c a nt5 2 3
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p at h w a ys ass o ci at e d wit h S C Z, s u c h as p at h w a y G A B A r e c e pt o r c o m pl e x ( G O: 1 9 0 2 7 1 0),5 2 4

w hi c h c o ul d b e miss e d b y g e n e- b as e d T W A S or a S P U. T a k e n t o g et h er, o ur r es ults s h o w c as e5 2 5

t h e p o w er of i n c or p or ati n g r ef er e n c e g e n e e x pr essi o n d at a i nt o g e n e- b as e d or p at h w a y- b as e d5 2 6

ass o ci ati o n t esti n g f or G W A S. T h e n e wl y i d e nti ff e d g e n es a n d p at h w a ys m a y h el p us g ai n5 2 7

i nsi g hts i nt o t h e bi ol o gi c al m e c h a nis m u n d erl yi n g S C Z.5 2 8

Alt h o u g h i n t his st u d y w e h a v e m ai nl y f o c us e d o n S C Z a n d a p pli e d t h e v ari o us m et h o ds5 2 9

t o t w o G W A S s u m m ar y d at a s ets, it is n at ur al t o a p pl y o ur m et h o d t o ot h er c o m pl e x tr aits5 3 0

wit h eit h er i n di vi d u al-l e v el or s u m m ar y d at a. We e x p e ct t h at a p pl yi n g o ur pr o p os e d a n d5 3 1

ot h er i nt e gr ati v e m et h o ds li k e T W A S t o ot h er e xisti n g G W A S d at a m a y i d e ntif y m or e5 3 2

n o v el ass o ci ati o ns a n d s h e d m or e li g ht o n t h e u n d erl yi n g bi ol o gi c al m e c h a nis ms. We n ot e5 3 3

t h at o ur pr o p os e d m et h o d ol o g y c a n b e a p pli e d wit h ot h er e n d o p h e n ot y p e- d eri v e d w ei g hts5 3 4

( X u et al., 2 0 1 7 a) or e v e n wit h o ut w ei g hts (i. e. all S N Ps wit h a n e q u al w ei g ht).5 3 5

Fi n all y w e c o m m e nt o n o ur vi e w t h at T W A S is a w ei g ht e d S u m t est a n d its r el at e d5 3 6

iss u es, w hi c h ar e als o dis c uss e d b y W ai n b er g et al. ( 2 0 1 7) a n d i n h t t p : / / h a k y i m l a b . o r g /5 3 7

p o s t / v u l n e r a b i l i t i e s / . Alt h o u g h T W A S w as ori gi n all y pr o p os e d t o i d e ntif y G W A S5 3 8

ass o ci ati o ns t hr o u g h g e n e e x pr essi o n, a n y s u c h dis c o v er y b as e d o n a si n gl e e Q T L / G W A S5 3 9

d at as et is at m ost o nl y s u g g esti v e t o m e di ati n g e ff e cts of g e n e e x pr essi o n. As dis c uss e d i n5 4 0

X u et al. ( 2 0 1 7 b), i n s pit e of t h e c o n n e cti o ns of T W A S wit h t w o-st a g e l e ast s q u ar es a n d5 4 1

M e n d eli a n r a n d o mi z ati o n ( M R), d u e t o t h e a d o pt e d str o n g ass u m pti o ns t h at ar e li k el y t o b e5 4 2

vi ol at e d i n pr a cti c e, c a uti o ns s h o ul d b e t a k e n t o a v oi d e xtr a p ol ati n g a n y dis c o v er e d G W A S5 4 3

ass o ci ati o ns t o c a us al e ff e cts m e di at e d t hr o u g h g e n e e x pr essi o n. H e n c e, w e si m pl y r e g ar d5 4 4

T W A S as a s p e ci al c as e of w ei g ht e d ass o ci ati o n t esti n g. I n t his vi e w, w e yi el d a f e w b e n e ffts5 4 5

w hil e a v oi di n g p ossi bl e o v er-i nt er pr et ati o n of a n ass o ci ati o n as a c a us al e fi e ct. First, d u e t o5 4 6

s o m e w ell- k n o w n li mit ati o ns of t h e S u m t est a n d i n h er e nt err ors i n esti m ati n g t h e cis- e fi e cts5 4 7

(i. e. w ei g hts) of g e n eti c v ari a nts wit h us u all y s m all e Q T L d at as ets, m o di fi c ati o ns t o T W A S5 4 8

m a y l e a d t o m or e p o w erf ul a n al ysis m et h o ds, s u c h as b as e d o n t h e S S U / S P U( 2) a n d a S P U5 4 9

t ests ( X u et al 2 0 1 7 a). Ot h er t ests, li k e a S P U, wit h a m or e fi e xi bl e w ei g hti n g s c h e m e,5 5 0
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m a y als o i d e ntif y ass o ci ati o ns t hr o u g h ot h er n o n- g e n e e x pr essi o n- m e di at e d m e c h a nis ms.5 5 1

S e c o n d, i n a d diti o n t o g e n e e x pr essi o n, ot h er m ol e c ul ar or cli ni c al i nt er m e di at e p h e n ot y p es5 5 2

c a n b e us e d t o c o nstr u ct w ei g hts f or w ei g ht e d G W A S ass o ci ati o n a n al ysis ( X u et al., 2 0 1 7 a).5 5 3

T h e pr o p os e d st atisti c al t ests ar e i m pl e m e nt e d i n R p a c k a g e a S P U 2 t h at is c urr e ntl y5 5 4

p u bli cl y a v ail a bl e o n Git H u b ( a n d will b e p ut o n C R A N); t h e o nli n e m a n u al a n d e x a m pl e5 5 5

c o m p ut er c o d e ar e p u bli cl y a v ail a bl e at w u c h o n g . o r g / a s p u p a t h 2 . h t m l .5 5 6

S u p pl e m e n t al D a t a5 5 7

S u p pl e m e nt al D at a i n cl u d e 1 2 S u p pl e m e nt ar y Fi g ur es a n d 9 S u p pl e m e nt ar y T a bl es.5 5 8

W e b R e s o u r c e s5 5 9

T h e U R Ls f or d at a pr es e nt e d h er ei n ar e as f oll o ws:5 6 0

• D A VI D s er v er: h t t p s : / / d a v i d . n c i f c r f . g o v ;5 6 1

• i G S E A 4 G W A S s er v er: h t t p : / / g s e a 4 g w a s . p s y c h . a c . c n ;5 6 2

• M Si g D B: h t t p : / / s o f t w a r e . b r o a d i n s t i t u t e . o r g / g s e a / m s i g d b / c o l l e c t i o n s . j s p #5 6 3

C 3 ;5 6 4

• N H G RI- E BI G W A S C at al o g: h t t p : / / w w w . e b i . a c . u k / g w a s / h o m e ;5 6 5

• P G C s u m m ar y d at a: h t t p s : / / w w w . m e d . u n c . e d u / p g c / d o w n l o a d s ;5 6 6

• T W A S w e bsit e: h t t p : / / g u s e v l a b . o r g / p r o j e c t s / f u s i o n .5 6 7

A c k n o wl e d g m e n t5 6 8

T h e a ut h ors t h a n k t h e r e vi e w ers f or m a n y h el pf ul c o m m e nts. T his r es e ar c h w as s u p p ort e d5 6 9

b y NI H gr a nts R 2 1 A G 0 5 7 0 3 8, R 0 1 H L 1 1 6 7 2 0, R 0 1 G M 1 1 3 2 5 0 a n d R 0 1 H L 1 0 5 3 9 7, a n d b y5 7 0

t h e Mi n n es ot a S u p er c o m p uti n g I nstit ut e.5 7 1

2 8

wuchong.org/aspupath2.html
https://david.ncifcrf.gov
http://gsea4gwas.psych.ac.cn
http://software.broadinstitute.org/gsea/msigdb/collections.jsp#C3
http://software.broadinstitute.org/gsea/msigdb/collections.jsp#C3
http://software.broadinstitute.org/gsea/msigdb/collections.jsp#C3
http://www.ebi.ac.uk/gwas/home
https://www.med.unc.edu/pgc/downloads
http://gusevlab.org/projects/fusion


R ef e r e n c e s5 7 2

Al b ert, F. W. a n d Kr u gl y a k, L. ( 2 0 1 5). T h e r ol e of r e g ul at or y v ari ati o n i n c o m pl e x tr aits5 7 3

a n d dis e as e. N at u r e R e vi e w s. G e n eti c s , 1 6( 4): 1 9 7 – 2 1 2.5 7 4

B a ks hi, A., Z h u, Z., Vi n k h u y z e n, A. A., Hill, W. D., M c R a e, A. F., Viss c h er, P. M., a n d5 7 5

Y a n g, J. ( 2 0 1 6). F ast s et- b as e d ass o ci ati o n a n al ysis usi n g s u m m ar y d at a fr o m G W A S5 7 6

i d e nti ff es n o v el g e n e l o ci f or h u m a n c o m pl e x tr aits. S ci e nti ff c R e p o rt s , 6: 3 2 8 9 4.5 7 7

C h e n, L. S., H utt er, C. M., P ott er, J. D., Li u, Y., Pr e nti c e, R. L., P et ers, U., a n d Hs u, L.5 7 8

( 2 0 1 0). I nsi g hts i nt o c ol o n c a n c er eti ol o g y vi a a r e g ul ari z e d a p pr o a c h t o g e n e s et a n al ysis5 7 9

of G W A S d at a. T h e A m e ri c a n J o u r n al of H u m a n G e n eti c s , 8 6( 6): 8 6 0 – 8 7 1.5 8 0

C o ns orti u m, G. O. et al. ( 2 0 0 4). T h e G e n e O nt ol o g y ( G O) d at a b as e a n d i nf or m ati cs r e-5 8 1

s o ur c e. N u cl ei c A ci d s R e s e a r c h , 3 2( D at a b as e iss u e): D 2 5 8 – D 2 6 1.5 8 2

Cr oss- Dis or d er Gr o u p, P. G. C. ( 2 0 1 3). I d e nti ff c ati o n of ris k l o ci wit h s h ar e d e ff e cts o n fi v e5 8 3

m aj or ps y c hi atri c dis or d ers: a g e n o m e- wi d e a n al ysis. T h e L a n c et , 3 8 1( 9 8 7 5): 1 3 7 1 – 1 3 7 9.5 8 4

D er k a c h, A., L a wl ess, J. F., S u n, L., et al. ( 2 0 1 4). P o ol e d ass o ci ati o n t ests f or r ar e g e n eti c5 8 5

v ari a nts: a r e vi e w a n d s o m e n e w r es ults. St ati sti c al S ci e n c e , 2 9( 2): 3 0 2 – 3 2 1.5 8 6

G a m a z o n, E. R., W h e el er, H. E., S h a h, K. P., M o z a fi ari, S. V., A q ui n o- Mi c h a els, K.,5 8 7

C arr oll, R. J., E yl er, A. E., D e n n y, J. C., Ni c ol a e, D. L., C o x, N. J., et al. ( 2 0 1 5). A5 8 8

g e n e- b as e d ass o ci ati o n m et h o d f or m a p pi n g tr aits usi n g r ef er e n c e tr a ns cri pt o m e d at a.5 8 9

N at u r e G e n eti c s , 4 7( 9): 1 0 9 1 – 1 0 9 8.5 9 0

G o e m a n, J. J. a n d B ü hl m a n n, P. ( 2 0 0 7). A n al y zi n g g e n e e x pr essi o n d at a i n t er ms of g e n e5 9 1

s ets: m et h o d ol o gi c al iss u es. Bi oi nf o r m ati c s , 2 3( 8): 9 8 0 – 9 8 7.5 9 2

G o es, F. S., M c Gr at h, J., A vr a m o p o ul os, D., W ol y ni e c, P., Pir o o z ni a, M., R u c zi ns ki, I.,5 9 3

N est a dt, G., K e n n y, E. E., V a ci c, V., P et ers, I., et al. ( 2 0 1 5). G e n o m e- wi d e ass o ci ati o n5 9 4
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st u d y of s chi z o p hr e ni a i n as h k e n a zi j e ws. A m e ri c a n J o u r n al of M e di c al G e n eti c s P a rt B:5 9 5

N e u r o p s y c hi at ri c G e n eti c s , 1 6 8( 8): 6 4 9 – 6 5 9.5 9 6

G u a n, F., Z h a n g, T., Li, L., F u, D., Li n, H., C h e n, G., a n d C h e n, T. ( 2 0 1 6). T w o-5 9 7

st a g e r e pli c ati o n of pr e vi o us g e n o m e- wi d e ass o ci ati o n st u di es of as 3 mt- c n n m 2- nt 5 c 2 g e n e5 9 8

cl ust er r e gi o n i n a l ar g e s c hi z o p hr e ni a c as e – c o ntr ol s a m pl e fr o m h a n c hi n es e p o p ul ati o n.5 9 9

S c hi z o p h r e ni a R e s e a r c h , 1 7 6( 2): 1 2 5 – 1 3 0.6 0 0

G us e v, A., K o, A., S hi, H., B h ati a, G., C h u n g, W., P e n ni n x, B. W., J a ns e n, R., D e G e us,6 0 1

E. J., B o o ms m a, D. I., Wri g ht, F. A., et al. ( 2 0 1 6 a). I nt e gr ati v e a p pr o a c h es f or l ar g e-s c al e6 0 2

tr a ns cri pt o m e- wi d e ass o ci ati o n st u di es. N at u r e G e n eti c s , 4 8( 3): 2 4 5 – 2 5 2.6 0 3

G us e v, A., M a n c us o, N., Fi n u c a n e, H. K., R es h ef, Y., S o n g, L., S a ff, A., O h, E., M c-6 0 4

C ar oll, S., N e al e, B., O p h o ff, R., et al. ( 2 0 1 6 b). Tr a ns cri pt o m e- wi d e ass o ci ati o n st u d y6 0 5

of s c hi z o p hr e ni a a n d c hr o m ati n a cti vit y yi el ds m e c h a nisti c dis e as e i nsi g hts. bi o R xi v ,6 0 6

0 6 7 3 5 5.6 0 7

H all, J., Tr e nt, S., T h o m as, K. L., O’ D o n o v a n, M. C., a n d O w e n, M. J. ( 2 0 1 5). G e n eti c6 0 8

ris k f or s c hi z o p hr e ni a: c o n v er g e n c e o n s y n a pti c p at h w a ys i n v ol v e d i n pl asti cit y. Bi ol o gi c al6 0 9

P s y c hi at r y , 7 7( 1): 5 2 – 5 8.6 1 0

H ei ni g, M., P etr ett o, E., W all a c e, C., B ott ol o, L., R oti v al, M., L u, H., Li, Y., S ar w ar, R.,6 1 1

L a n gl e y, S. R., B a u erf ei n d, A., et al. ( 2 0 1 0). A tr a ns- a cti n g l o c us r e g ul at es a n a nti- vir al6 1 2

e x pr essi o n n et w or k a n d t y p e 1 di a b et es ris k. N at u r e , 4 6 7( 7 3 1 4): 4 6 0 – 4 6 4.6 1 3

H u a n g, D. W., S h er m a n, B. T., a n d L e m pi c ki, R. A. ( 2 0 0 9). S yst e m ati c a n d i nt e gr a-6 1 4

ti v e a n al ysis of l ar g e g e n e lists usi n g d a vi d bi oi nf or m ati cs r es o ur c es. N at u r e P r ot o c ol s ,6 1 5

4( 1): 4 4 – 5 7.6 1 6

K a n e his a, M. a n d G ot o, S. ( 2 0 0 0). K E G G: k y ot o e n c y cl o p e di a of g e n es a n d g e n o m es.6 1 7

N u cl ei c A ci d s R e s e a r c h , 2 8( 1): 2 7 – 3 0.6 1 8
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K a p els ki, P ., S ki bi ńs k a, M., M a ci u ki e wi c z, M., Z ar e m b a, D., J asi a k, M., a n d H a us er, J.6 1 9

( 2 0 1 6). F a mil y ass o ci ati o n st u d y of tr a nsf or mi n g gr o wt h f a ct or b et a 1 g e n e p ol y m or-6 2 0

p his ms i n s c hi z o p hr e ni a. P s y c hi at r. P ol , 5 0( 4): 7 6 1 – 7 7 0.6 2 1

Ki m, Y.- K., M yi nt, A.- M., L e e, B.- H., H a n, C.- S., L e e, H.- J., Ki m, D.- J., a n d L e o n ar d,6 2 2

B. E. ( 2 0 0 4). T h 1, t h 2 a n d t h 3 c yt o ki n e alt er ati o n i n s c hi z o p hr e ni a. P r o g r e s s i n N e u r o-6 2 3

P s y c h o p h a r m a c ol o g y a n d Bi ol o gi c al P s y c hi at r y , 2 8( 7): 1 1 2 9 – 1 1 3 4.6 2 4

K w a k, I.- Y. a n d P a n, W. ( 2 0 1 5). A d a pti v e g e n e- a n d p at h w a y-tr ait ass o ci ati o n t esti n g wit h6 2 5

G W A S s u m m ar y st atisti cs. Bi oi nf o r m ati c s , 3 2( 8): 1 1 7 8 – 1 1 8 4.6 2 6

K w a k, I.- Y. a n d P a n, W. ( 2 0 1 6). A d a pti v e g e n e- a n d p at h w a y-tr ait ass o ci ati o n t esti n g wit h6 2 7

G W A S s u m m ar y st atisti cs. Bi oi nf o r m ati c s , 3 2( 8): 1 1 7 8 – 1 1 8 4.6 2 8

L a p p al ai n e n, T., S a m m et h, M., Fri e dl ä n d er, M. R., A C‘t H o e n, P., M o nl o n g, J., Ri v as,6 2 9

M. A., G o n z al e z- P ort a, M., K ur b at o v a, N., Gri e b el, T., Ferr eir a, P. G., et al. ( 2 0 1 3).6 3 0

Tr a ns cri pt o m e a n d g e n o m e s e q u e n ci n g u n c o v ers f u n cti o n al v ari ati o n i n h u m a ns. N at u r e ,6 3 1

5 0 1( 7 4 6 8): 5 0 6 – 5 1 1.6 3 2

Li, J., Wei, Z., C h a n g, X., C ar di n al e, C. J., Ki m, C. E., B al d ass a n o, R. N., H a k o n ars o n,6 3 3

H., C o ns orti u m, I. I. G., et al. ( 2 0 1 6). P at h w a y- b as e d g e n o m e- wi d e ass o ci ati o n st u di es6 3 4

r e v e al t h e ass o ci ati o n b et w e e n gr o wt h f a ct or a cti vit y a n d i n ff a m m at or y b o w el dis e as e.6 3 5

I n ff a m m at o r y B o w el Di s e a s e s , 2 2( 7): 1 5 4 0 – 1 5 5 1.6 3 6

Li, L., W a n g, X., Xi a o, G., a n d G a z d ar, A. ( 2 0 1 7). I nt e gr ati v e g e n e s et e nri c h m e nt a n al ysis6 3 7

utili zi n g is of or m-s p e ci ff c e x pr essi o n. G e n eti c E pi d e mi ol o g y , 4 1: 4 9 8 – 5 1 0.6 3 8

L o c k e, A. E., K a h ali, B., B er n dt, S. I., J usti c e, A. E., P ers, T. H., D a y, F. R., P o w ell, C.,6 3 9

Ve d a nt a m, S., B u c h k o vi c h, M. L., Y a n g, J., et al. ( 2 0 1 5). G e n eti c st u di es of b o d y m ass6 4 0

i n d e x yi el d n e w i nsi g hts f or o b esit y bi ol o g y. N at u r e , 5 1 8( 7 5 3 8): 1 9 7 – 2 0 6.6 4 1

3 1



L o o, S. K., S htir, C., D o yl e, A. E., Mi c k, E., M c G o u g h, J. J., M c Cr a c k e n, J., Bi e d er m a n,6 4 2

J., S m all e y, S. L., C a nt or, R. M., F ar a o n e, S. V., et al. ( 2 0 1 2). G e n o m e- wi d e ass o ci ati o n6 4 3

st u d y of i nt elli g e n c e: a d diti v e e ff e cts of n o v el br ai n e x pr ess e d g e n es. J o u r n al of t h e6 4 4

A m e ri c a n A c a d e m y of C hil d & A d ol e s c e nt P s y c hi at r y , 5 1( 4): 4 3 2 – 4 4 0.6 4 5
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