
Are	there	detectable	eQTLs	in	GTEx	Whole	Blood	samples	that	may	
arise	from	miRNA-eQTLs	(available	in	published	Framingham	dataset),	
wherein	the	“GTEx	gene”	is	the	target	of	the	associated	miRNA?

Protein-coding	gene
SNV

miRNA

GTEx	eQTL

1

Framingham	miR-eQTL ?
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Total	#	w/opposite-signed	effect	sizes:		3052	/	4731
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GenemiR

GenemiR



Analytically-derived	2-sided	p	value	for	num_opposite_effects (3052)	 	=		1.319E-30	
(derived	w/pen-and	paper	calculation	&	normal	approx to	binomial	distribution)	

Also:	100,000	simulations	 to	check	for	significance
+	most_extreme__num_w_opposite_sign:	 2784
+	mean	value	from	simulations:	2657.5
+	2-sided	p-value	=	0.0

3

Observed	=	3052
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Protein-coding	gene

Window	of	eligible	SNVs

miRNA

A “cis-cis”	search	necessarily	limits	the	search	of	eQTLs	to	each	of	the	following	classes:

1)	only	those	SNVs	that	are	close	to	both	 the	miRNA	and	the	gene:
DistSNV-miRNA <	1	Mb					&					DistSNV-Gene <	1	Mb

2)	among	 those	SNVs,	consider	only	those	 in	the	overlap	of	the	restricted	windows
[miRNA_cis_window]		∩		[gene_cis_window]

3)	only	miRNA-gene	pairs	that	are	close	to	one	another
DistmiRNA-Gene <	2	Mb

{ 1	Mb	cis-window	for	gene1	Mb	cis-window	for	gene
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GTEx	eQTLs:	FDR	<	.05

The	total	number	of	identified	eQTLs	grows	from	~5000	to	~10,000
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FDR	<	0.10
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FDR	<	0.05
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FDR	<	0.05

Framingham	(miR-QTL)	[effect	size]
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FDR	<	0.05

Framingham	(miR-QTL)	[effect	size]
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10*Note	very	different	processing	for	the	2	datasets	though

For	cases	in	which	there	are	opposite	effects,	are	the	
strengths	of	the	eQTLs	correlated	(as	measured	by	the	abs.	

value	of	the	effect	sizes)?

FDR	<	0.05
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At	FDR	<=	0.05:	
10775	matched	eQTLs	queried	for	primary	linkages

>	206	distinct	genes
>	54	distinct	micro-RNAs

>	61 “primary”miRNA-target	linkages	identified
>	8	distinct	genes
>	9	distinct	micro-RNAs
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GenemiR

Only	a	limited	number	of	direct	(ie,	 “primary”)	miRNA-gene	linkages	identified
- Possible	that	the	miRNA	is	acting	on	gene	expression	indirectly – for	example,	

through	 an	intermediary	TF
- one	caveat	w/this	line	of	reasoning:	 if	this	is	the	case,	then	why	is	it	that	the	

“primary	target”	(ie,	the	TF	in	this	case)	is	not	captured	as	a	GTEx	eQTL?

Intermediary	
TF

Use	TF-target	gene	
interactions	in	FunSeq

GTEx	eQTL

Total	#	of	TFs	in	FunSeq:	115

# common	eQTLs	between	Framingham	&	GTEx	(at	FDR	<	0.05):		10775
of	these	10775,	#	secondary	(“TF-mediated”)	eQTLs	identified:	1074
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At	FDR	<=	0.05:	
10775	matched	eQTLs	queried	for	primary	linkages

>	206	distinct	genes
>	54	distinct	micro-RNAs

>	61 primary	miRNA-target	linkages	identified
>	8	distinct	genes
>	9	distinct	micro-RNAs

>	1074 secondary	(“TF-mediated”)	eQTLs	identified
>	20	distinct	genes
>	13	distinct	micro-RNAs
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- Uniform	processing	using	 raw	data	from	FHS	(also	enables	use	of	PEER	factors)
- NL2nd

- Tertiary	or	higher-order	 effects?
- combinatorial	effects?
- networks/graph-based	approaches	involving	PPIs

- TF-miRNA	linkages	from	ENCODE-nets?	(same	as	FunSeq?)

- more	in-depth	look	 into	distinct	genes	identified	above	(master	regulators?)

- integration	w/available	GWAS	data

- Very	recent	paper	in	The	American	Journal	of	Human	Genetics

GenemiR Intermediary	
Factor	A

Intermediary	
Factor	B

Further	 steps
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ARTICLE

Dynamic Role of trans Regulation
of Gene Expression in Relation to Complex Traits

Chen Yao,1,2 Roby Joehanes,1,2,3 Andrew D. Johnson,1,2 Tianxiao Huan,1,2 Chunyu Liu,1,2

Jane E. Freedman,4 Peter J. Munson,5 David E. Hill,6,7 Marc Vidal,6,7 and Daniel Levy1,2,*

Identifying causal genetic variants and understanding their mechanisms of effect on traits remains a challenge in genome-wide association

studies (GWASs). In particular, how genetic variants (i.e., trans-eQTLs) affect expression of remote genes (i.e., trans-eGenes) remains un-

known.Wehypothesized that some trans-eQTLs regulate expressionof distant genes by altering the expressionofnearby genes (cis-eGenes).

Using publishedGWASdatasetswith39,165 single-nucleotide polymorphisms (SNPs) associatedwith1,960 traits,we exploredwhole blood

geneexpressionassociationsof trait-associatedSNPs in5,257 individuals fromtheFraminghamHeart Study.We identified2,350 trans-eQTLs

(atp<10!7);more than80%of themwere foundtohave cis-associatedeGenes.Mediation testingsuggested that for35%of trans-eQTL-trans-

eGene pairs in different chromosomes and 90%pairs in the same chromosome, the disease-associated SNPmay alter expression of the trans-

eGene via cis-eGene expression. In addition, we identified 13 trans-eQTL hotspots, affecting from ten to hundreds of genes, suggesting the

existence of master genetic regulators. Using causal inference testing, we searched causal variants across eight cardiometabolic traits (BMI,

systolic and diastolic blood pressure, LDL cholesterol, HDL cholesterol, total cholesterol, triglycerides, and fasting blood glucose) and iden-

tified several cis-eGenes (ALDH2 for systolic and diastolic blood pressure,MCM6 andDARS for total cholesterol, and TRIB1 for triglycerides)

that were causal mediators for the corresponding traits, as well as examples of trans-mediators (TAGAP for LDL cholesterol). The finding of

extensive evidence of genome-wide mediation effects suggests a critical role of cryptic gene regulation underlying many disease traits.

Introduction

Genome-wide association studies (GWASs) have identified
tens of thousands of genetic variants associated with com-
plex traits and diseases.1,2 Genetic variants identified by
GWASs, however, explain only a small proportion of
phenotypic variation, even for diseases known to have a
strong genetic component, such as obesity, diabetes, and
schizophrenia.3,4 This knowledge void has been termed
the ‘‘missing heritability.’’5 One important consideration
in the search for missing heritability is that the top
GWAS single-nucleotide polymorphisms (SNPs) are often
not causal variants for their associated traits, but rather
are in linkage disequilibrium (LD) with causal SNPs.3 In
addition, fewer than 5% of GWAS SNPs are non-synony-
mous substitutions, while the remainder are located
within non-coding regions.2,6 This suggests that instead
of directly altering the amino acid sequence of proteins,
SNPs can affect phenotypes by other mechanisms, such
as regulation of gene transcription levels.
Expression quantitative trait loci (eQTLs) are genetic var-

iants that are associated with gene transcription levels.7

eQTLs that alter expression of nearby transcripts (cis-
eGenes) are referred to as cis-eQTLs, whereas those associ-
ated with expression of remote transcripts (trans-eGenes),
usually on different chromosomes, are referred to as
trans-eQTLs.8,9 When SNPs at a trans-eQTL locus affect
the expression of multiple trans-eGenes, the region is

defined as a trans-eQTL hotspot.10 cis-eQTLs typically
reside close to transcription start sites (TSSs), suggesting
that they directly impact gene expression.11 In contrast
to cis-eQTLs, analysis of trans-eQTLs is vastly more compu-
tationally challenging and reported trans-eQTLs have
proven to be less replicable across studies.11,12 Therefore,
many eQTL studies focus only on cis-eQTLs or a small sub-
set of trans-eQTLs.12,13 trans-eQTL hotspots are of partic-
ular interest because SNPs linked to such hotpots could
serve important regulatory roles. The mechanisms by
which trans-eQTLs alter transcription of their linked
trans-eGenes are largely unknown and likely reflect indi-
rect or cryptic regulation.14,15 For example, it has been pro-
posed that expression of trans-eGenes could be mediated
by transcription factors residing close to the corresponding
trans-eQTLs.14 This phenomenon would allow cis-eQTLs
near regulatory genes to serve as master regulators for a
large number of trans-eGenes. We found that some eQTLs
can affect expression of eGenes both in a cis and trans
manner, whereby cis-eGenes mediate the associations be-
tween eQTLs and trans-eGenes.16

We investigated the associations of SNPs previously re-
ported to be associated with a variety of traits in GWASs
with whole blood gene expression measured in 5,257 Fra-
mingham Heart Study (FHS) participants. In total, we
related genotypes for 39,165 genome-wide significant
GWAS SNPs reported to be associated with 1,960 traits in
GWAS databases with expression levels of 17,873 genes

1The Framingham Heart Study, 73 Mt. Wayte Avenue, Framingham, MA 01702, USA; 2The Population Sciences Branch, Division of Intramural Research,
National Heart, Lung, and Blood Institute, NIH, Bethesda, MD 20892, USA; 3Hebrew Senior Life, 1200 Centre Street Room #609, Boston, MA 02131, USA;
4Department of Medicine, University of Massachusetts Medical School, Worcester, MA 01655, USA; 5Mathematical and Statistical Computing Laboratory,
Center for Information Technology, NIH, Bethesda, MD 20817, USA; 6Center for Cancer Systems Biology (CCSB) and Department of Cancer Biology, Dana-
Farber Cancer Institute, Boston, MA 02215, USA; 7Department of Genetics, Harvard Medical School, Boston, MA 02115, USA
*Correspondence: levyd@nhlbi.nih.gov
http://dx.doi.org/10.1016/j.ajhg.2017.02.003.
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trans-eQTL Hotspots
Among the 2,324 trans-eQTLs, we identified 13 trans-
eQTL hotspots across eight chromosomes, with the
index SNP associated with at least ten transcripts (Table 1
and Figure 3). Notably, 8 out of 13 trans-eQTL hotspots
were also identified in the Blood eQTL Browser,12 indi-
cating that hotspots are more replicable than individual
trans-eQTLs. For these trans-eQTL hotspots, we found

that cis-eQTLs linked to trans-eQTL hotspots have smaller
effects compared to cis-eQTLs not located within trans-
eQTL hotspots (mean R2 0.009 versus 0.02, t test p < 1 3

10!8) and have similar effect sizes as trans-eQTLs (mean
R2 0.009 versus 0.01, Table S6, Figure S2B). We found
that eGenes associated with trans-eQTL hotspots have a
directional bias, with 65% of trans-eGenes showing the
same directional effect in relation to the trans-eQTLs,33

Figure 2. Mediation Mechanisms of eQTLs
Genetic variants can affect traits through the followingmechanisms: (1) missense SNP affects protein structure/function; (2) non-coding
SNP affects gene expression (cis); (3) non-coding SNP affects remote (trans) gene expression directly or by (4) cis-eGene mediation of the
trans-eQTL-trans-eGene association; or (5) reverse causality (trait has feedback effect on gene expression).

Table 1. trans-eQTL Hotspots

Hotspot Location (hg19)
Number of
trans-eQTLs

Number of trans-
eGenes Associated
with Index eQTL

Directional Bias of
trans-eGenes Associated
with Index eQTL

Traits Associated
in GWAS with Index
eQTLs

trans-eGene
Enrichment
in TF Motifsa

1: 205,187,981–205,244,972 10 10 þ64% platelet count NA

1: 248,039,451 1 12 !58% red blood cell count STAT1/STAT2

2: 60,708,597–60,725,451 14 14 !79% fetal hemoglobin level NFAT/SP1

3: 50,093,209 1 24 þ100% age at menarche NA

3: 56,849,749–56,865,776 2 126; 84 !94%; þ92% platelet count; mean
platelet volume

TCF3/ETS2

6: 135,411,228–13,543,5501 13 22 !55% fetal hemoglobin NA

6: 139,840,693–139,844,429 13 48 !70% erythrocyte count SP1/TCF3

7: 50,423,963–50,562,361 19 76 !59% childhood acute
lymphoblastic leukemia

PAX4

12: 54,712,308–54,736,470 2 14 þ79% mean platelet volume ETS2

12: 111,884,608–112,610,714 9 13 !62% LDL cholesterol; blood
pressure; asthma

NA

16: 57,061,189–57,061,189 2 10 !100% HDL cholesterol IRF8/IRF2

17: 27,072,463–27,322,441 45 32 þ55% mean corpuscular volume E4F1

17: 33,796,260–33,944,055 4 51 þ75% mean platelet volume ETS2/MAZ

Plus sign (þ) denotes the positive association; minus sign (!) denotes the negative association.
aTranscription factors whose motifs were matched with promoter regions [!2 kb, 2 kb] around transcription start site of the trans-eGenes; NA, no TF target
enrichment.

574 The American Journal of Human Genetics 100, 571–580, April 6, 2017

“Using published GWAS datasets with 39,165 single-nucleotide polymorphisms (SNPs) 
associated with 1,960 traits, we explored whole blood gene expression associations of trait-
associated SNPs in 5,257 individuals from the Framingham Heart Study. We identified 2,350 
trans-eQTLs (at p < 10 7); more than 80% of them were found to have cis-associated eGenes... 
We hypothesized that some trans-eQTLs regulate expression of distant genes by altering the 
expression of nearby genes (cis-eGenes).”
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Supplementary	content- incl:
>	Interior	miRNAs
>	p-value	calculations
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#	w/opposite	effect	sizes:		8/	43 #	w/opposite	effect	sizes	:		3044/	4688

14

21 4

4 818

826 2353

691

miRNAswithin	
the	genes	themselves
N	=	43	pairs(	<	1%)
6	miRNAs,	4	genes

GenemiR

miRNAs outside	
the	genes

N	=	4688	pairs
39	miRNAs,	59	genes	

GenemiR



miRNAswithin	
the	genes	themselves
N	=	43	pairs(	<	1%)
6	miRNAs,	4	genes

18

GenemiR

miRNAs outside	
the	genes

N	=	4688	pairs
39	miRNAs,	59	genes	

GenemiR

*	P-val ≈	1.3	E-30	*	P-val ≈	9.2	E-16	
P-val derivations	in	supplementary	slides

Obs =	3044Obs =	8
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p_value_derivation_all_miRNAs
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p_value_derivation_interior_miRNAs


