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Figure	S1	Schematic	overview	of	this	study.		 	



	
Figure	S2	Summary	of	the	predicted	PAIs.	Panel	a):	distribution	of	the	number	of	PIDSs	

(promoter	 interacting	DNAm	 sites)	 for	 each	 bait	 probe	 (located	 in	 the	 promoter	 of	 a	

gene).	Panel	b):	distribution	of	physical	distances	between	pairwise	 interacting	DNAm	

sites	of	the	significant	PAIs.		
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Figure	S3	Overlap	of	the	predicted	PAIs	with	TADs	annotated	from	the	Rao	et	al.	1	Hi-C	

data.	Panel	a):	a	heatmap	of	the	predicted	PAIs	(red	asterisks)	and	chromatin	interactions	

with	 correlation	 score	 >	 0.4	 (blue	 dots)	 identified	 by	 Hi-C	 in	 a	 1.38	 Mb	 region	 on	

chromosome	6.	Only	41.5%	of	the	predicted	PAIs	in	this	region	showed	overlap	with	the	

TADs.	This	region	harbours	the	RPS6KA2	locus	as	shown	in	Fig.	5.	Panel	b):	a	heatmap	of	

the	predicted	PAIs	(red	asterisks)	and	chromatin	interactions	with	correlation	score	>	0.4	

(blue	dots)	identified	by	Hi-C	in	a	0.81	Mb	region	on	chromosome	12.	The	predicted	PAIs	

were	highly	 consistent	with	 the	 chromatin	 interactions	 identified	by	Hi-C.	This	 region	

harbours	the	ABCB9	locus	as	shown	in	Fig.	S4.	The	heatmap	is	asymmetric	for	the	PAIs	

with	the	x-	and	y-axes	representing	the	physical	positions	of	“outcome”	and	“exposure”	

probes	respectively.	 	



	
Figure	S4	A	shared	PIDS	region	with	eQTLs	predicted	to	interact	with	the	promoters	of	

multiple	genes	(i.e.,	ABCB9,	ARL6IP4,	MPHOSPH9).	The	top	two	plots	show	-log10(P	values)	

of	 SNPs	 from	 the	 GWAS	 meta-analyses	 (grey	 dots)	 for	 schizophrenia	 (SCZ)	 and	

educational	years	(EY).	Red	diamonds	and	blue	circles	represent	 -log10(P	values)	 from	

SMR	tests	for	associations	of	gene	expression	and	DNAm	with	SCZ	and	EY,	respectively.	

Solid	diamonds	and	circles	are	the	probes	not	rejected	by	the	HEIDI	test.	The	following	

three	 plots	 show	 -log10(P	 values)	 of	 SNP	 associations	 for	 the	 gene	 expression	 probes	

ILMN_2343048	(tagging	ABCB9),	ILMN_2393144	(tagging	ARL6IP4),	and	ILMN_1654421	

(tagging	MPHOSPH9)	from	the	CAGE	study.	The	sixth	plot	shows	-log10(P	values)	of	SNP	

associations	 for	 the	 DNAm	 probe	 cg13010344	 from	 the	 mQTL	 meta-analysis.	 The	
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heatmap-like	panel	on	the	bottom	shows	the	14	REMC	annotations	with	the	significant	

PAIs	annotated	by	orange	curved	 lines	on	 the	 top	(see	Fig.	S3b	 for	 the	overlap	of	 the	

predicted	PAIs	with	Hi-C	data)	and	the	Hi-C	loop	identified	by	Rao	et	al.1		annotated	on	

the	x-axis	(two	orange	bars	connected	by	a	red	curved	line).	

	

	

	
	

	



	
Figure	S5	Predicted	PAIs	at	the	SORT1	 locus.	Shown	are	the	14	REMC	chromatin	state	

annotations	with	the	significant	PAIs	labelled	on	the	top.	
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Figure	S6	 Expression	 (measured	by	TPM)	of	RNASET2	 (ENSG00000026297.11)	 in	53	

tissues	of	the	GTEx	(V7	data).			
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Figure	 S7	 Prioritizing	 gene	 and	 functional	 regions	 at	 the	ATG16L1	 locus	 for	 Crohn’s	

disease	(CD).	The	top	plot	shows	-log10(P	values)	of	SNPs	from	the	GWAS	meta-analysis	

(grey	dots)	for	CD2.	Red	diamonds	and	blue	circles	represent	-log10(P	values)	from	the	

SMR	 tests	 for	 associations	 of	 gene	 expression	 and	 DNAm	with	 CD	 respectively.	 Solid	

diamonds	are	the	probes	not	rejected	by	the	HEIDI	test.	The	second	plot	shows	-log10(P	

values)	 of	 SNP	 associations	 for	 the	 gene	 expression	 probe	 ILMN_1725707	 (tagging	

ATG16L1)	from	the	CAGE	study.	The	third	plot	shows	-log10(P	values)	of	SNP	associations	

for	 the	DNAm	probes	cg23050873	and	cg12834730.	The	plot	in	the	middle	shows	the	

significant	 PAIs	 between	 pairwise	 DNAm	 sites.	 The	 bottom	 plot	 shows	 the	 14	 REMC	

chromatin	state	annotations.		 	
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Figure	S8	Calibrating	the	test-statistics	from	SMR	and	HEIDI	by	simulation	in	overlapping	

samples.	 Details	 of	 the	 simulation	 can	 be	 found	 in	Supplementary	Note	 1.	 Panel	 a):	

distribution	 of	 the	 variance	 in	DNAm	 explained	 by	 the	 top-associated	mQTL	 for	 each	

exposure	probe.	Panel	b):	distribution	of	correlations	of		DNAm	levels	between	pairwise	

CpG	sites	(included	in	the	PAI	analysis)	computed	from	LBC	data3	(Methods).	Panel	c):	

QQ	plot	of	P	values	from	the	SMR	test	under	the	null	model	(i.e.,	there	is	no	association	

between	the	two	DNAm	sites).	Panel	d):	QQ	plot	of	P	values	from	the	HEIDI	test	under	the	

pleiotropic	model	(i.e.,	the	two	DNAm	sites	are	associated	due	to	the	same	causal	variant).		
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Supplementary	Note	1.	Simulations	in	overlapping	samples	

The	 SMR	 and	 HEIDI	 tests	 assume	 that	 the	 estimate	 of	 SNP	 effect	 on	 exposure	 is	

independent	 of	 that	 on	 outcome.	 This	 assumption	 can	 be	 violated	 if	 the	 sample	 from	

which	the	SNP	effect	on	exposure	was	estimated	overlapped	with	that	from	which	the	

SNP	 effect	 on	 outcome	 was	 estimated,	 and	 there	 is	 phenotypic	 correlation	 between	

exposure	and	outcome	in	the	overlapping	samples4.	To	investigate	whether	the	SMR	and	

HEIDI	test-statistics	were	biased	by	sample	overlap,	we	performed	simulations	under	the	

null	and	pleiotropic	models	based	on	the	whole-genome	sequencing	(WGS)	data	from	the	

UK10K	project5.	We	included	only	unrelated	individuals	(n	=	3,642)	and	~8.3	million	SNPs	

with	minor	 allele	 frequency	 (MAF)	>	0.01	 and	Hardy-Weinberg	 Equilibrium	 (HWE)	P	

value	>	1×10-6.	

		

Simulation	under	the	null	model	

We	first	simulated	DNAm	levels	at	two	probes	in	the	same	sample	(i.e.,	complete	sample	

overlap)	under	the	null	model	(i.e.,	there	is	no	association	between	the	DNAm	levels	of	

the	two	probes)	and	investigated	whether	the	SMR	statistics	were	biased	or	not.	To	do	so,	

we	randomly	sampled	SNPs	within	a	1	Mb	region	of	the	genome	and	chose	one	SNP	at	

random	as	the	causal	SNP	from	the	sampled	SNPs.	We	then	simulated	the	DNAm	levels	of	

3,642	 individuals	 at	 one	probe	 (m1)	 based	on	model	𝒎𝟏 = 𝒛𝑏&'( + 𝒆'( ,	where	z	 is	 a	

vector	of	genotype	of	the	causal	SNP,		𝑏&'(	is	the	effect	of	the	causal	SNP	on	DNAm	level	

𝑏&'(~	𝑁(0, 𝑅&'(2 )	with	 	𝑅&'(2 	being	 the	proportion	of	 variance	 in	m1	 explained	by	 the	

causal	SNP,	and	𝒆'(~	𝑁(0, 𝜎𝑒𝑚1
2 )	with	𝜎9:;

2 = 𝑣𝑎𝑟(𝒁𝑏𝑧𝑚1)A1 𝑅𝑧𝑚12⁄ − 1D.	To	generate	data	

under	the	null	model,	we	generated	the	DNAm	levels	of	the	other	probe	(m2)	based	on	

model	 𝒎2 = 𝒆'2 ,	 where	 𝒆'2~	𝑁(0, 𝜎𝑒𝑚2
2 ) 	with	 𝜎9:E

2 = 1 .	 Correlation	 of	 errors	 in	

estimating	 the	 SNP	 effects	 (re)	may	 occur	 due	 to	 sample	 overlap	 (𝜌)	 and	 phenotypic	

correlation	 (𝑟G).	 To	mimic	 this,	we	 generated	 residuals	 (e)	 of	 the	 two	 probes	 from	 a	

multivariate	normal	distribution,	𝒆 = H
𝒆'(
𝒆'2I~𝑁JH

0
0I , K

𝜎𝑒𝑚1
2 𝑟𝑝𝜎𝑒𝑚1𝜎𝑒𝑚2

𝑟𝑝𝜎𝑒𝑚1𝜎𝑒𝑚2 𝜎𝑒𝑚2
2 MN,	where	

𝑟G	and	𝑅&'(2 	were	randomly	sampled	from	the	observed	distributions	computed	from	data	

used	in	the	PAI	analysis	in	the	LBC	cohorts.	We	then	performed	a	regression	analysis	to	

detect	the	top	associated	mQTL	for	each	simulated	probe,	and	ran	an	SMR	analysis	for	

each	pair	of	simulated	probes.	We	repeated	the	simulation	5,000	times	to	quantify	the	

inflation/deflation	of	SMR	test-statistics	under	this	simulation	scenario	(Fig.	S8c).	

Simulation	under	a	pleiotropic	model	

To	examine	the	distribution	of	the	HEIDI	test-statistics	under	a	pleiotropic	model	(i.e.,	the	



DNAm	levels	of	two	CpG	sites	are	associated	due	to	the	same	causal	variant),	we	sampled	

a	region	and	a	causal	SNP	to	generate	DNAm	level	of	the	first	CpG	site	using	the	same	

strategy	 above.	The	DNAm	 levels	 of	 the	 second	probe	was	 simulated	based	on	model	

𝒎𝟐 = 𝒛𝑏&'2 + 𝒆'2 ,	 where	𝑏&'2 	is	 the	 effect	 of	 the	 causal	 SNP	 on	 DNAm	 level	 of	 the	

second	 probe	 with	𝑏&'2~	𝑁(0, 𝑅&'22 ) ,	 𝑅&'22 	being	 the	 proportion	 of	 variance	 in	 m2	

explained	 by	 the	 causal	 variant,	𝒆'2~	𝑁(0, 𝜎𝑒𝑚1
2 )	with	𝜎9:E

2 = 𝑣𝑎𝑟(𝒁𝑏𝑧𝑚2)A1 𝑅𝑧𝑚22⁄ − 1D .	

The	residuals	(e)	of	the	two	probes	were	sampled	from	a	multivariate	normal	distribution	

𝒆 = H
𝒆'(
𝒆'2I~𝑁JH

0
0I , K

𝜎𝑒𝑚1
2 𝑟𝑝𝜎𝑒𝑚1𝜎𝑒𝑚2

𝑟𝑝𝜎𝑒𝑚1𝜎𝑒𝑚2 𝜎𝑒𝑚2
2 MN ,	 where	 𝑟G ,	 	 𝑅&'(2 	and	 	 𝑅&'22 	were	

randomly	sampled	from	the	observed	distributions	in	the	LBC	cohorts	mentioned	above.	

We	detected	 the	mQTL	 for	 each	probe	using	 linear	regression	and	performed	an	SMR	

analysis	to	test	for	association	between	the	two	probes.	We	then	performed	a	HEIDI	test	

if	 the	SMR	association	p-value	was	<	0.05,	and	repeated	the	simulation	5,000	times	 to	

evaluate	the	inflation/deflation	of	the	HEIDI	test-statistics	under	this	simulation	scenario	

(Fig.	S8d).	
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