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INTRODUCTION 

Recent advances in genome-wide association studies (GWAS) have yielded a plethora of loci 

associated with diverse human diseases and traits (Hindorff LA). However, signals emerging 

from GWAS, which identify typically dozens of variants in linkage disequilibrium (LD), have 

rarely been traced to the disease-causing variants and even more rarely to the mechanisms by 

which they may increase disease risk. The majority of common genetic variants are located in 

non-coding regions (1000 Genomes Project Consortium, 2012), and disease-associated loci 

are enriched for eQTLs (Nica et al., 2010), DHSseq and ChIPseq peaks (Maurano et al., 2012; 

The ENCODE Project Consortium, 2012), suggesting that variants modulating gene 

regulation are major contributors to common disease risk.   

 Experimental DHS-, RNA-, and ChIPseq approaches have been used to prioritize 

candidate cis-regulatory variants (Maurano et al., 2012; The ENCODE Project Consortium, 

2012; Ward and Kellis, 2012b). However, such experimental approaches require access to 

appropriate human tissues and are hampered by the spatial, temporal, environmental and 

epigenetic complexity of gene regulation. These limitations emphasize the need for 

bioinformatics approaches that reliably assess the regulatory role of non-coding variants. So 

far, phylogenetic conservation has been a common denominator in the search for non-coding 

regulatory regions (Chinwalla et al., 2002; Pennacchio et al., 2006; The ENCODE Project 

Consortium, 2007; Visel et al., 2009b; Blow et al., 2010; Lindblad-Toh et al., 2011; The 

ENCODE Project Consortium, 2012). Unfortunately, intra- and cross-species differences in 

gene expression are often driven by changes in transcription factor binding sites (TFBSs), and 

their rapid evolutionary turnover results in lineage-specific regulatory regions that are 

functionally conserved but have low phylogenetic conservation (Ward and Kellis, 2012a), 

thus challenging the use of these algorithms. Importantly, gene regulatory regions in 

eukaryotes tend to be organized in cis-regulatory modules (CRMs), comprising complex 
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2010; Voight et al., 2010). The cis-regulatory variants in complex regions revealed a similar 

or stronger association compared to the initial GWAS signal (Table S4), and a look-up in a 

recent fine-mapping study (Maller et al., 2012) reassured that our cis-regulatory SNPs belong 

to the predicted disease causal SNP set. To further assess the predictive power of PMCA more 

generally, we analyzed GWAS signals for 18 human diseases(Hindorff LA) and confirmed an 

enrichment of SNPs in complex regions relative to random SNPs matched for MAF and 

genomic localization from the 1,000G Project (P=1.9 x 10-4, binominal, Table S5).  

 Moreover, we applied PMCA on reported cis-regulatory SNPs associated with diverse 

disease-related traits, including cancer, myocardial infarction, thyroid hormone resistance, 

hypercholesterolemia and adiponectin levels (MYC Pomerantz et al., 2009 MDM2 Post et al., 

2010 PSMA6 Ozaki et al., 2006 THRB Alberobello et al., 2011 SORT1 Musunuru et al., 2010 

APM2 Laumen et al., 2009). Consistent with the functional proof from the original 

publications, our analysis informed on all but one of the cis-regulatory SNPs (Table S6). The 

highest scores inferred from PMCA predicted the reported myocardial infarction risk variant, 

which was shown to regulate hepatic SORT1 expression (Musunuru et al., 2010). Together, 

these results demonstrate the utility of TFBS modularity information within CRMs to 

elucidate functionality of GWAS signals in the non-coding genome.  

 

Clustering of distinct homeobox TFBSs is a specific feature of T2D-related complex 

regions 

Considering that TFBS turnover is characteristic for CRM evolution (Blow et al., 2010; Ward 

and Kellis, 2012a), the utility of sequence conservation in deciphering cis-regulatory variants 

may be limited. To assess the power of harnessing TFBS patterns, which allows sequence 

variability, beyond conventional sequence conservation, we performed PMCA on all 47 

autosomal T2D risk loci (Hindorff LA accessed June 2012; 1,465 SNPs; r2 > 0.7; Figure S2A-
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positions (correlation) with complex/non-complex regions were counted, and plotted vs. 

position relative to anchor. From complex and non-complex regions with SNP (±500bp) as 

anchor, the overlapping positions of DHSseq and ChIPseq regions (correlation) with 

complex/non-complex regions were counted and plotted vs. position relative to anchor. For 

details see Extended Experimental Procedures. 

Primary human tissue and hASC 

Human islets and adipose tissue were obtained with informed consent from each subject. The 

studies were approved by the local ethics committees. Primary hASCs (adipose-derived stem 

cells) were isolated from subcutaneous adipose tissue and differentiated in vitro. Genotyping 

was done by MassARRAY (Sequenom), Omni express (Illumina) or Sanger Sequencing. For 

details see Extended Experimental Procedures. 

RNA Preparation and Expression Analysis 

Total RNA was prepared by TRIzol (Invitrogen) or RNeasy Lipid Tissue Mini Kit (Qiagen), 

and gene expression was measured by qRT-PCR or microarrays (Affymetrix, Illumina).  

Allele-specific primer extension was performed with SNaPshotKit (ABI Prism). For details 

see Extended Experimental Procedures. 

Cell Culture and Reporter Assays 

Huh7, INS-1, 293T, C2C12, 3T3-L1 and SGBS cells were cultured using standard protocols. 

Genomic sequences surrounding SNPs were synthesized (MWG), cloned into pGL4.22 

(Promega) with TK-promoter and transfected into cells (with renilla-luciferase for 

normalization) by Lipofectamine 2000 (Invitrogen), and luciferase activity was measured by 

LuminoscanAscent (Thermo). For details see Extended Experimental Procedures. 

Gene knockdown by siRNA 
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Table 1. Genotype-PRRX1-dependent regulation of PRXX1/PPARG anti-regulated genes in 
hASCs. 

 siNT siPRRX1 siPRRX1 / siNT 

 hetero homo hetero/homo hetero homo hetero/homo hetero homo 

 
Mean 

±SD 

Mean 

±SD 
FC p 

Mean 

±SD 

Mean 

±SD 
FC p FC p FC p 

PRRX1 
0.52 

±0.18 

0.51 

±0.19 
1.01 0.92 

0.11 

±0.05 

0.12 

±0.06 
0.90 0.56 0.25 

2.83 x 10-

7 
0.22 4.02 x 10-8 

PPARG2 
4.32 

±1.07 

0.79 

±0.08 
0.18 

2.46 x 10-

11 

4.34 

±1.47 

3.37 

±1.04 
0.77 0.08 1.00 0.96 4.29 

7.24 x 10-

11 

PPARG1 
1.07 

±0.26 

1.04 

±0.33 
1.03 0.79 

1.18 

±0.35 

1.20 

±0.49 
0.98 0.90 1.15 0.35 1.10 0.41 

PEPCKC 
2.83 

±0.58 

1.03 

±0.20 
2.76 

1.62 x 10-

10 

2.66 

±0.50 

2.98 

±0.42 
0.89 0.09 0.94 0.43 2.90 8.77 x 10-4 

PDK4 
2.01 

±0.88 

0.74 

±0.18 
2.73 3.19 x 10-5 

2.00 

±0.60 

1.73 

±0.61 
1.15 0.27 0.99 0.97 2.35 8.01 x 10-6 

LIPE 
1.37 

±0.64 

0.68 

±0.32 
2.01 2.00 x 10-3 

1.30 

±0.32 

1.21 

±0.45 
1.08 0.56 0.95 0.74 1.77 2.03 x 10-3 

ADIPOQ 
1.89 

±0.32 

0.95 

±0.31 
1.98 7.92 x 10-8 

1.85 

±0.44 

1.75 

±0.61 
1.05 0.66 0.98 0.81 1.84 2.84 x 10-4 

OPG 
0.78 

±0.36 

1.67 

±0.53 
0.47 3.91 x 10-5 

0.84 

±0.28 

1.09 

±0.38 
0.77 0.07 1.08 0.61 0.65 4.10 x 10-3 

TIMP3 
0.61 

±0.21 

1.50 

±0.52 
0.41 6.45 x 10-6 

0.83 

±0.33 

1.00 

±0.39 
0.83 0.23 1.36 0.06 0.67 0.01 

BBOX1 
2.16 

±0.48 

0.96 

±0.30 
2.26 8.04 x 10-8 

1.84 

±0.37 

2.14 

±0.44 
0.86 0.07 0.85 0.07 2.23 3.09 x 10-8 

GLUT4 
1.57 

±0.35 

0.99 

±0.24 
1.58 6.15 x 10-5 

1.62 

± 

1.50 

±0.31 
1.09 0.26 1.03 0.67 1.50 1.08 x 10-4 

THRSP 
0.99 

±0.28 

1.61 

±0.39 
0.61 8.18 x 10-5 

1.53 

±0.33 

1.60 

±0.32 
0.95 0.57 1.55 

1.38 x 10-

4 
0.99 0.93 

PRRX1/PPARG anti-regulated genes were identified by Illumina microarray analysis in samples with PRRX1 knockdown and simultaneous 
PRRX1 and PPARG knockdown during adipogenic differentiation (Figure 5E). Confirmatory qRT-PCR was performed for these 
representative top regulated genes in hASC from BMI-matched heterozygous (hetero, n = 16) and homozygous (homo, n = 32) risk-allele 
carriers (genotyped for the PPARG locus cis-regulatory variant rs4684847 and the tagSNP rs1801282 Pro12Ala). PRRX1, Paired-related 
homeobox 1; PPARG, peroxisome proliferator-activated receptor gamma; PEPCKC, Phosphoenolpyruvate carboxylase cytosolic; PDK4, 
pyruvate dehydrogenase kinase, isozyme 4; LIPE, lipase, hormone-sensitive; ADIPOQ, adiponectin, C1Q and collagen domain containing; 
OPG, Osteoprotegerin; TIMP3, TIMP metallopeptidase inhibitor 3; BBOX1, butyrobetaine (gamma), 2-oxoglutarate dioxygenase (gamma-
butyrobetaine hydroxylase); GLUT4, Glucose Transporter Type 4; THRSP, thyroid hormone responsive Spot 14 Protein; FC, fold change; p, 
p-value from unpaired t-test. 
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Figures 

Figure 1 
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Figure 2 

 

 
















