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Coronary artery disease (CAD) characterized by the depo-
sition of atherosclerotic plaque in the epicardial arteries 

remains a leading cause of death and disability.1 Environmental 
variables contribute to CAD but genetic factors are thought to 
be of equal importance. During the past several years, large 
consortia have conducted meta-analyses of genome-wide 
association studies (GWAS) for CAD2,3 resulting in the iden-
tification of >45 CAD-associated loci.3 Together, these earlier 
studies explained ≈10.6% of the predicted heritability of CAD 
and for the majority, the functional link to atherosclerosis 
remains unknown.

Recently, using phased haplotypes from the 1000 Genomes 
Project to impute an enlarged number of single nucleotide 

polymorphisms (SNPs) for 48 GWAS, consisting of >180 000 
cases and controls, we identified an additional 10 CAD-
associated loci. One of the novel CAD-associated SNPs is 
rs56062135C>T at the SMAD3 locus on chromosome 15, and 
the common allele (C) is associated with increased risk (odds 
ratio=1.07) relative to the (T) allele (Table 1).4 Of note, this SNP 
is not in linkage disequilibrium (LD) with rs17228212T>C, 
reported to be associated with CAD in an earlier GWAS.5

The SMAD3 transcription factor is an important media-
tor of transforming growth factor-β (TGF-β) signaling, 
regulating transcription of genes with SMAD-binding ele-
ments. On TGF-β stimulation, the type II TGF-β recep-
tor recruits and phosphorylates the type I TGF-β receptor, 
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Objective—A recent genome-wide association study meta-analysis identified an intronic single nucleotide polymorphism in 
SMAD3, rs56062135C>T, the minor allele (T) which associates with protection from coronary artery disease. Relevant to 
atherosclerosis, SMAD3 is a key contributor to transforming growth factor-β pathway signaling. Here, we seek to identify 
≥1 causal coronary artery disease–associated single nucleotide polymorphisms at the SMAD3 locus and characterize 
mechanisms whereby the risk allele(s) contribute to coronary artery disease risk.

Approach and Results—By genetic and epigenetic fine mapping, we identified a candidate causal single nucleotide 
polymorphism rs17293632C>T (D′, 0.97; r2, 0.94 with rs56062135) in intron 1 of SMAD3 with predicted functional 
effects. We show that the sequence encompassing rs17293632 acts as a strong enhancer in human arterial smooth muscle 
cells. The common allele (C) preserves an activator protein (AP)-1 site and enhancer function, whereas the protective 
(T) allele disrupts the AP-1 site and significantly reduces enhancer activity (P<0.001). Pharmacological inhibition of 
AP-1 activity upstream demonstrates that this allele-specific enhancer effect is AP-1 dependent (P<0.001). Chromatin 
immunoprecipitation experiments reveal binding of several AP-1 component proteins with preferential binding to the (C) 
allele. We show that rs17293632 is an expression quantitative trait locus for SMAD3 in blood and atherosclerotic plaque 
with reduced expression of SMAD3 in carriers of the protective allele. Finally, siRNA knockdown of SMAD3 in human 
arterial smooth muscle cells increases cell viability, consistent with an antiproliferative role.

Conclusions—The coronary artery disease–associated rs17293632C>T single nucleotide polymorphism represents a novel 
functional cis-acting element at the SMAD3 locus. The protective (T) allele of rs17293632 disrupts a consensus AP-1 binding 
site in a SMAD3 intron 1 enhancer, reduces enhancer activity and SMAD3 expression, altering human arterial smooth 
muscle cell proliferation.   (Arterioscler Thromb Vasc Biol. 2016;36:972-983. DOI: 10.1161/ATVBAHA.116.307294.)
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which subsequently phosphorylates the SMAD3 protein. 
Phosphorylated SMAD3 then forms a complex with the 
common SMAD4 that subsequently translocates to the 
nucleus and regulates transcription.6,7 Relevant to a role in 
atherosclerosis, in systems genetics analysis of multiple 
GWAS, we identified TGF-β signaling and SMAD tran-
scriptional activities as enriched pathways for CAD asso-
ciation.8 However, despite extensive data on the functions 
of TGF-β with respect to atherosclerosis,9,10 the roles of 
SMAD proteins particularly SMAD3 and SMAD3 signal-
ing are less well-understood.

SMAD3 is expressed at low levels in healthy human 
aorta by immunohistochemistry and quantitative reverse 
transcription polymerase chain reaction (PCR).11 There is, 
however, a marked increase in SMAD3 and other SMAD 
proteins in fibrofatty lesions, with expression mostly limited 
to CD68-positive macrophages/macrophage-derived foam 
cells in these samples. Conversely, in fibrous atherosclerotic 
plaques, there are high levels of SMAD3 in vascular smooth 
muscle cells (SMCs), suggesting that the role of SMAD3 
in atherosclerosis depends on cell type and stage of ath-
erosclerosis.11 Higher SMAD3 expression in SMCs of the 
fibrous plaque coincides with TGF-β–mediated synthesis of 
collagen and other extracellular matrix proteins, which con-
tribute to plaque stability.12 Rare SMAD3 mutations cause 
aneurysms–osteoarthritis syndrome, an autosomal domi-
nant form of thoracic aortic aneurysms and dissections.13

Here, we have identified and characterized a functional 
SNP, rs17293632C>T, in SMAD3 that resides in a newly iden-
tified GWAS locus for CAD. Consistent with functionality, 
we show that rs17293632C>T is an expression quantitative 
trait locus (eQTL) in both whole blood and carotid plaque 
samples with reduced expression of SMAD3 in carriers of the 

protective (T) allele. We demonstrate that the protective (T) 
allele disrupts a consensus activator protein (AP)-1 binding 
site within a strong intronic enhancer and impairs enhancer 
activity in human arterial SMCs (hASMCs), as well as HeLa 
and HepG2 cells. Pharmacological blocking of AP-1 signal-
ing and of DNA binding ability markedly attenuates enhancer 
activity, and chromatin immunoprecipitation (ChIP) experi-
ments reveal binding of numerous AP-1 components to the 
region encompassing rs17293632, with impaired binding 
to the (T) versus (C) allele. Finally, siRNA knockdown of 
SMAD3 in hASMCs increases cell viability, consistent with 
an antiproliferative role.

Materials and Methods
Materials and Methods are available in the online-only Data 
Supplement.

Results
Haplotype Analysis of CAD-Associated SNPs 
at the SMAD3 Locus and Identification 
of Candidate Functional SNPs
The index GWAS SNP rs56062135C>T is intronic to SMAD3 
on chromosome 15 (Table 1).4 The SMAD3 gene is ≈130 kb 
in size with 9 exons, mostly clustered toward the 3′ end of 
the gene (Figure 1A). The regional association plot of SMAD3 
and chromosome 15 indicated a cluster of CAD-associated 
SNPs in SMAD3 in proximity to rs56062135C>T, with 
weaker CAD-associated signals in nearby genes at this locus 
(Figure 1B). Our conditional and joint association analysis 
showed that the association between SMAD3 and CAD is 
mainly explained by rs56062135 because it was the only SNP 
that remained significant in the final joint model (Table III in 
the online-only Data Supplement). Furthermore, we inves-
tigated the effect of rs56062135 on association of SMAD3 
variants with CAD by doing conditional analysis, as pre-
sented in Table V in the online-only Data Supplement. None 
of the variants tagging SMAD3 reach GWAS significance 
(P<5×10–8) after conditional analysis, and the vicinity SNPs 
to rs56062135 showed GWAS significant association in the 
CARDIoGRAM meta-analysis because they are in high LD 
with rs56062135 (r2>0.9).

We then sought to identify other SNPs in strong LD with 
this SNP using HaploReg v3 (http://www.broadinstitute.
org/mammals/haploreg/haploreg_v3.php) and Haploview 
(https://www.broadinstitute.org/scientific-community/sci-
ence/programs/medical-and-population-genetics/haploview/
haploview).14 This analysis revealed 6 other intronic SNPs in 

Nonstandard Abbreviations and Acronyms

AP-1 activator protein-1

CAD coronary artery disease

ChIP chromatin immunoprecipitation

eQTL expression quantitative trait locus

GWAS genome-wide association study

hASMCs human arterial smooth muscle cells

LD linkage disequilibrium

qRT-PCR quantitative reverse transcription polymerase chain reaction

SMCs smooth muscle cells

SNP single nucleotide polymorphism

TGF-β transforming growth factor-β

Table 1. Association of the Genome-Wide Association Study–Reported rs560621354 SNP and the rs17293632 SNP in Intron 1 of 
SMAD3 With Coronary Artery Disease

Lead  
Variant

Locus  
Name Chr A1/A2

Effect 
Allele (A1) 
Frequency

Imputation 
Quality I 2 Heterogeneity P N Studies

Association Model

Additive Recessive

OR (95% CI) P OR (95% CI) P

rs56062135 SMAD3 15 C/T 0.79 0.98 0.00 0.67 46 1.07 (1.05–1.10) 4.50E−09 1.17 (1.10–1.25) 8.88E−07

rs17293632 SMAD3 15 C/T 0.79 0.98 0.00 0.76 46 1.07 (1.05–1.10) 5.72E−09 1.17 (1.11–1.23) 1.22E−06

Chr indicates chromosome; CI, confidence interval; OR, odds ratio; and SNP, single nucleotide polymorphism.
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strong LD (r2>0.8), including rs17293632C>T within intron 
1 (Table 2). No SMAD3 exonic SNPs or SNPs predicted to 
alter splicing were in LD with rs56062135. Haploview soft-
ware and imported linkage data from the 1000 Genomes 
Browser reveals 20 separate LD blocks at the SMAD3 locus; 
rs56062135C>T and linked SNPs are all found within block 
13 (Figure I in the online-only Data Supplement). This fine-
mapping effort led us to conclude that the functional SNP(s) 
at the SMAD3 locus are noncoding.

We next attempted to narrow down candidate functional/
causal SNPs at this locus. We conducted epigenetic fine-map-
ping and scanned publicly available databases to determine 

whether any of these intronic SNPs lie within a noncoding 
gene regulatory element such as an enhancer or promoter.15–17 
To help localize truly functional variants among a large pool of 
SNPs, we looked up rs56062135C>T and linked SNPs in the 
RegulomeDB (http://www.regulomedb.org/index) database. 
RegulomeDB contains experimental data sets from ENCODE 
and other sources in addition to computational predictions of 
regulatory potential.18 RegulomeDB guides interpretation of 
regulatory variants and assigns each variant a score, 1 being 
likely to be functional and 6 unlikely to be functional. This 
analysis revealed rs17293632C>T as the only SMAD3 SNP 
to represent a suitable candidate functional/causal variant 

Figure 1. Overview and chromatin signatures of the SMAD3 locus on chromosome 15. A, SMAD3 is found on the long arm of chro-
mosome 15 and contains 9 exons. Single nucleotide polymorphisms (SNPs) denoted in red represent the index rs56062135 GWAS 
SNP and the functional rs17293632 candidate SNP. B, Regional association plot for coronary artery disease (CAD) association for 
SMAD3 and proximal genes on chromosome 15 generated from 1000 genomes project imputation data. C, University of California 
Santa Cruz (UCSC) genome browser annotation and ENCODE project data for the entire SMAD3 gene on chromosome 15. SNPs 
from previously published genome-wide association studies are denoted in green. Chromatin regulatory features such as DNase hyper-
sensitivity sites, histone modifications (H3K4me1, H3K4me3, H3K27ac), and predicted transcription factor binding from chromatin 
immunoprecipitation–sequencing data are all included. EST indicates expressed sequence tag; and NHGRI, National Human Genome 
Research Institute.
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(Table 2). ENCODE and regulatory analysis demonstrated 
that rs17293632C>T is located in a gene regulatory hotspot 
(Figure 1C). HaploReg data indicates rs17293632C>T is 
located in a region with enhancer histone marks in 8 cell types, 
DNase hypersensitivity sites in 41 cells types, and alters 25 in 
silico transcription factor–binding sites. ChIP-Seq data from 
ENCODE reveal binding of dozens of transcription factors 
to the DNA region encompassing rs17293632C>T (Figure 
II in the online-only Data Supplement). The rare allele (T; 
MAF=0.21) of rs17293632C>T is protective (P=5.72×10–9; 
Table 1), comparable with the rs56062135C>T GWAS index 
SNP. In contrast, rs56062135 and rs56375023 had no avail-
able RegulomeDB data (Table 2), and ENCODE data did not 
suggest causal effects.

rs17293632 (T) Disrupts the Function of a 
Novel Enhancer in Intron 1 of SMAD3
We next sought to functionally verify the presence of 
an enhancer by investigating the region containing 
rs17293632C>T and 1 kb 5′ and 3′ flanking sequences (Figure 
III in the online-only Data Supplement). This 2-kb sequence 
contains several SNPs in addition to rs17293632C>T, as 
shown in Figure 2A. Pairwise LD values between SNPs in 
this region are shown in Figure IV in the online-only Data 
Supplement. We cloned this 2 kb sequence for dual lucifer-
ase assays by PCR amplification from genomic DNA homo-
zygous CC at rs17293632 and homozygous for all other 
SNPs. This sequence was inserted into the pGL3-Promoter 
vector (Promega) that contains an SV40 promoter upstream 
of the firefly luciferase gene and is used to evaluate putative 
enhancer sequences (Figure 2B). Because enhancer effects are 
commonly cell type–specific,19,20 experiments were performed 
in primary hASMCs with relevance to CAD. When the 2 kb 
sequence from SMAD3 intron 1 was cloned into pGL3-Pro-
moter with the C allele present for rs17293632, we observed 
a 10-fold increase in luciferase expression relative to no insert 
(P<0.001; Figure 2C). When the rs17293632 allele (C) was 
changed to (T), via site-directed mutagenesis, the activity of 
this SMAD3 enhancer was reduced by half (P<0.001). This 
indicated that in hASMCs, rs17293632(T) disrupts binding of 
≥1 transcription factors or chromatin-modifying enzymes. In 
HeLa and HepG2 cells, we found this 2-kb sequence to also 
act as a strong enhancer to moderate enhancer with an ≈4-fold 

increase in luciferase activity compared with empty vector 
(P<0.001; Figure 2C). Interestingly, the effects of this enhancer 
in HeLa and HepG2 cells are almost completely dependent 
on rs17293632C>T genotype because the presence of the (T) 
allele nearly fully disrupts enhancer activity. To further exam-
ine the contribution of the enhancer in the SMAD3 context, 
we cloned a 347-bp subset of this enhancer (Figure 2A) with 
both alleles of rs17293632 into the SMAD3p-Luc plasmid 
containing the human SMAD3 promoter in the pGL3-Basic 
backbone21 (Figure 2D). The enhancer was inserted 3′ of both 
the SMAD3 promoter sequence and firefly luciferase gene to 
mimic the orientation in the genome. As seen with the lon-
ger enhancer above, this 347-bp enhancer acts as an enhancer 
in the context of the SMAD3 promoter in hASMCs, and the 
rs17293632 (T) allele almost completely disrupts enhancer 
function (P<0.001; Figure 2E).

Next, we sought to verify that the SMAD3 intron 1 sequence 
containing rs17293632C>T acts as an active enhancer in 
hASMCs by performing ChIP with an H3K27ac antibody. 
Relative to nonspecific IgG, H3K27ac was highly enriched at 
rs17293632 (P<0.05) and suggests that this enhancer is func-
tionally active in these cells (Figure 2F). The histone mark 
H3K27ac is typically deposited by the protein P300, a tran-
scriptional coactivator commonly found at enhancers,22,23 that 
ENCODE predicted to strongly bind rs17293632 in other cell 
types. Indeed, binding of P300 (P<0.01) to the rs17293632 
sequence was enriched in the hASMC system (Figure 2F), 
further supporting the presence of a functional enhancer.

SMAD3 rs17293632C>T Is an eQTL in Whole 
Blood and Human Atherosclerotic Plaque Tissue
An eQTL effect provides strong evidence for a functional 
effect of a given SNP.24,25 We first searched common pub-
licly available online eQTL databases to determine whether 
rs17293632C>T or LD SNPs are associated with transcript 
levels of SMAD3 or another gene. We originally queried both 
the eQTL Browser (http://eqtl.uchicago.edu/cgi-bin/gbrowse/
eqtl/) from the University of Chicago and the NCBI eQTL 
Browser (http://www.ncbi.nlm.nih.gov/projects/gap/eqtl/
index.cgi), yet neither rs17293632C>T nor its linked SNPs 
appeared as eQTLs. Furthermore, we could not identify any 
reported eQTL SNP within the SMAD3 gene in an electronic 
search. We then sought to determine whether rs17293632C>T 

Table 2. SNPs in Intron 1 of SMAD3 in Strong Linkage Disequilibrium (r 2>0.8) With rs56062135 and RegulomeDB 
Scores for Predicted Function

SNP Chromosome Position (hg19) D′ r 2 RegulomeDB Score

rs72743461 15 67441750 0.97 0.92 4

rs17293632 15 67442596 0.97 0.94 2a

rs56375023 15 67448363 0.98 0.95 …

rs17228058 15 67450305 0.99 0.98 5

rs56062135 15 67455630 1.00 1.00 …

rs72743477 15 67464291 0.98 0.93 5

rs72743482 15 67466599 0.97 0.91 5

RegulomeDB scores for predicted function (1=likely to be functional; and 6=not likely to be functional). Linkage disequilibrium values were 
obtained from the HaploReg (v3). SNP indicates single nucleotide polymorphism.
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Figure 2. rs17293632 resides within a strong enhancer in human arterial smooth muscle cells (hASMCs) and other cell types and is respon-
sible for transcriptional activity of this enhancer. A, Schematic of the different enhancer sequences containing rs17293632 investigated in 
dual luciferase assays. Single nucleotide polymorphisms located within these enhancer sequences are denoted by their relative position. 
B, Overview of the SMAD3 enhancer reporter constructs with the SV40 promoter used for dual luciferase assays. These constructs contain 
the putative ≈2 kb full SMAD3 enhancer sequence (containing either the [C] or [T] allele at rs17293632) upstream of the SV40 promoter and 
firefly luciferase gene of the pGL3-Promoter vector that allows for identification of functional enhancer sequences. Empty pGL3-Promoter 
vector was used as a negative control. C, Firefly luciferase values for the SV40 promoter SMAD3 enhancer (Continued )
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acts as an eQTL for SMAD3 expression using PAXgene-
derived mRNA from whole blood of healthy individuals. 
Imputed rs17293632C>T genotypes from the Affymetrix 
6.0 array were verified experimentally using a TaqMan SNP 
Genotyping Assay specific for rs17293632. Because a previous 
study reported sex-specific effects on SMAD3 expression,26 we 
selected an even number of male and female subjects across 
the 3 genotypes for rs17293632C>T and all were matched for 

age and body mass index. We detected a significant associa-
tion between rs17293632 genotype and SMAD3 mRNA levels 
in whole blood (P<0.05; 1-way ANOVA; Figure 3A).

We next queried whether rs17293632C>T associates 
with SMAD3 expression in human atherosclerotic carotid 
plaque samples.27–30 Microarray data from plaque tissue 
in the Biobank of Karolinska Endarterectomies (BiKE) 
cohort, available for n=125 patients, were analyzed for asso-
ciation with rs17293632C>T. Because neither this SNP nor 
rs56062135C>T were present on the chip, rs16950687A>G 
(D′ 0.949; r2 0.859 with rs17293632; D′ 1; r2 0.953 
with rs56062135) was used as a proxy SNP. As shown, 
rs16950687A>G was significantly associated with SMAD3 
mRNA levels in carotid lesions (P<0.05; Figure 3B). We also 
examined association of rs17293632C>T with SMAD3 expres-
sion in several different tissues from the Advanced Study 
of Aortic Pathology.31 eQTL data from the ascending aorta 
adventitia were directionally consistent with the effects in 
blood and plaque tissue, but did not reach significance. Taken 
together, these data provide support for rs17293632C>T as an 
eQTL for SMAD3 mRNA expression in human whole blood 
and plaque tissue, consistent with an effect on gene regulation.

Enhancer Activity at Intron 1 of 
SMAD3 Is AP-1 Dependent
Although numerous transcription factors were predicted to 
bind the SMAD3 intron 1 enhancer, the protective allele (T) 
of rs17293632 is predicted to disrupt the consensus binding 
sequence, 5′-TGA[G/C]TCA-3′, for the transcription fac-
tor AP-1 (Figure 4A). To investigate the role of AP-1 at the 
SMAD3 intron 1 enhancer, we first sought to determine the 
effects of inhibiting AP-1 signaling pharmacologically using 
SP600125, an inhibitor of the Jun amino-terminal kinases  
(JNK) pathway that blocks both the phosphorylation and tran-
scriptional activity of c-Jun, a key player in AP-1–mediated 
transcription.32 In hASMCs, blocking AP-1 activation via 
the JNK pathway was shown to strongly diminish enhancer 
activity of the full SMAD3 intron 1 reporter containing the 
protective (C) allele at rs17293632 (Figure 4B). As predicted, 
SP600125 did not alter the enhancer activity of the construct 
containing rs17293632 (T), where the AP-1 site is already 
disrupted. Reduced c-Jun phosphorylation in response to 
SP600125 treatment was confirmed via Western blot (Figure 
V in the online-only Data Supplement). These data demon-
strate that the AP-1 transcription factor is crucial for proper 
enhancer function at this specific location.

Next, we sought to determine whether activating AP-1 
increases endogenous SMAD3 mRNA levels by using the 

Figure 3. rs17293632 represents a cis-expression quantitative 
trait locus for SMAD3 expression in human whole blood and 
carotid plaque tissue. A, SMAD3 mRNA levels in whole blood was 
measured across the 3 genotypes for rs17293632 by quantitative 
reverse transcription polymerase chain reaction and normalized to 
expression levels of PPIA. The number of patients for the CC, CT, 
and TT genotypes were 50, 50, and 41, respectively. Whole blood 
RNA was extracted from PAXgene Blood RNA tubes taken from 
fasting healthy individuals matched for age and sex. Lines on the 
graph represent mean±SD; *P<0.05; ANOVA with Bonferroni post 
hoc test. B, Association of rs16950687, proxy single nucleotide 
polymorphism (SNP) for rs17293632, with SMAD3 mRNA expres-
sion in n=125 genotyped carotid plaque samples from the Bio-
bank of Karolinska Endarterectomies (BiKE) study; *P<0.05; 1-way 
ANOVA; #P<0.05; t test between the AA and AG genotypes.

Figure 2 Continued. reporter constructs transfected in HITC6 hASMCs, HeLa cells, and HepG2 cells. Firefly luciferase values were nor-
malized to cotransfected Renilla luciferase. The hASMCs were harvested for dual luciferase assays 48 hours after transfection and HeLa 
and HepG2 cells harvested 24 hours after transfection. Plotted values represent mean±SD of 3 independent experiments (triplicates 
each experiment); ***P<0.001; **P<0.01; ANOVA with Bonferroni post hoc test. D, Overview of the SMAD3 enhancer reporter constructs 
with the SMAD3 promoter used for dual luciferase assays. Enhancer segments, 347 bp, (rs17293632 allele either [C] or [T]) were inserted 
downstream of the SMAD3 promoter and firefly luciferase gene in the SMAD3p-Luc plasmid. E, Firefly luciferase values for the SMAD3 
promoter SMAD3 enhancer reporter constructs that were transfected in HITC6 hASMCs and harvested 48 hours after transfection, with 
raw firefly luciferase values normalized using cotransfected Renilla luciferase. Plotted values represent mean±SD of 3 independent experi-
ments (triplicates each experiment); ***P<0.001; ANOVA with Bonferroni post hoc test. F, Chromatin immunoprecipitation data from 
HITC6 hASMCs homozygous CC at rs17293632 shows enrichment of both P300 protein as well as the H3K27ac chromatin mark at the 
rs17293632 intronic sequence compared with nonspecific IgG. Values are from 3 independent experiments and displayed as percentage 
of input DNA. Error bars denote SD; **P<0.01, *P<0.05, 2- tailed unpaired Student t test.
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commonly used phorbol ester PMA (phorbol 12-myristate 
13-acetate, also referred to as 12-O-Tetradecanoylphorbol-13-
acetate/TPA). During the course of 1 to 4 hours PMA stimu-
lation, SMAD3 mRNA levels increase in 2 separate lots of 
hASMCs (Figure 4C). Finally, knocking down c-Jun expres-
sion via siRNA decreases SMAD3 mRNA during the course 
of 48 hours (P<0.001), suggesting that c-Jun and AP-1 nor-
mally increase SMAD3 transcription (Figure 4D). In contrast, 
knocking down other AP-1 components such as c-Fos, JunB, 
and JunD did not produce significant changes in SMAD3 
mRNA (data not shown).

Allele-Specific Binding of AP-1 Components 
for rs17293632 in Primary Arterial SMCs
ENCODE ChIP-Seq data (Figure II in the online-only Data 
Supplement) indicate that AP-1 proteins c-Fos, FosL1, c-Jun, 
JunB, and JunD are able to bind the rs17293632 site in the 
SMAD3 intron but with little data on vascular cell types. We thus 
performed ChIP experiments in HITC6 hASMCs homozygous 

for the C allele. Protein-DNA complexes were pulled down using 
antibodies specific for c-Fos, c-Jun, JunB, and JunD, as well as 
a nonspecific IgG control. We demonstrated strong binding of 
c-Fos and JunD to rs17293632(C), as well as moderate bind-
ing of JunB and c-Jun (Figure 5A). AP-1 ChIP products were 
also amplified for negative control intronic genomic regions 
(Figure VI in the online-only Data Supplement). Relative to 
the input DNA, we observed much weaker binding of AP-1 
proteins to the negative control genomic areas (intronic 
sequences selected that are not predicted to bind AP-1).

We next sought to determine whether changing rs17293632 
(C) to (T) affects binding of AP-1 proteins by performing 
allele-specific ChIP-quantitative PCR, using lot 287836 pri-
mary hASMCs that were heterozygous for rs17293632. To 
assess the allele-specific binding of AP-1, we first performed 
ChIP and followed with a nested PCR-TaqMan genotyping 
method for quantification. Protein/DNA complexes were 
immunoprecipitated with c-Fos, c-Jun, JunB, and JunD anti-
bodies. After PCR amplification of the eluted ChIP DNA, 

Figure 4. Activator protein (AP)-1 regulates enhancer activity at SMAD3 intron 1 and expression of SMAD3 mRNA. A, Depiction of the 
consensus AP-1 binding site, 5′-TGA[G/C]TCA-3′, with the location of the rs17293632 single nucleotide polymorphism highlighted in the 
red box. B, HITC6 human arterial smooth muscle cells (hASMCs) were pretreated with 50 µmol/L SP600125, which blocks phosphory-
lation of c-Jun, for 1 hour before transfection with the full-length SMAD3 enhancer reporter vectors or empty pGL3-Promoter vector 
for 24 hours. Values are plotted as mean±SD of 3 independent experiments (triplicates each experiment); NS indicates not significant; 
***P<0.001; ANOVA with Bonferroni post hoc test. C, HITC6 and lot 287836 hASMCs were treated with a final concentration of 50 nmol/L 
phorbol 12-myristate 13-acetate (PMA) and harvested for RNA at 0, 1, 2, and 4 hours. SMAD3 mRNA levels were assessed by quantita-
tive reverse transcription polymerase chain reaction (qRT-PCR) and normalized to expression levels of β-actin. Values represent mean±SD 
of 3 independent experiments (triplicates each experiment); ***P<0.001 compared with 0 hours; ANOVA with Bonferroni post hoc 
test. D, HITC6 hASMCs were transfected with either 50 nmol/L nontarget siRNA or 50 nmol/L JUN siRNA for 48 hours. SMAD3 and JUN 
mRNA levels were assessed by qRT-PCR and normalized to expression levels of β-actin. Values represent mean±SD of 3 independent 
experiments (triplicates each experiment); ***P<0.001 compared with nontarget (NT) siRNA; 2- tailed unpaired Student t test.
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TaqMan genotyping was performed to determine the ratios 
of the (C) to (T) alleles for rs17293632 in the amplified 
ChIP products. These TaqMan values were then applied to a 
standard curve consisting of different ratios of the 2 alleles 
(generated from homozygous genotypes). We found strong 
enrichment of (C) allele binding for both c-Fos and JunD 
(P<0.05; Figure 5B), both AP-1 members bound the strongest 
to this region as shown in Figure 5A. JunB also demonstrated 
enrichment for the C allele (P<0.05), whereas c-Jun showed, 
surprisingly, no enrichment (as described in Discussion). As 
expected, hASMC lot 287836 input and genomic DNA con-
trol samples had C:T ratios ≈1.0. Overall, these allele-specific 
ChIP data demonstrate enriched binding of AP-1 to the com-
mon (C) versus protective (T) allele, consistent with the above 
luciferase and eQTL data. Altered binding of AP-1 would 
lower the efficacy of the SMAD3 intron 1 enhancer and thus 
reduce SMAD3 transcription and mRNA levels.

SMAD3 Knockdown Increases 
hASMC Proliferation
SMAD3 knockdown in normal SMC medium resulted in a 15% 
to 25% increase in viable cells (P<0.01; Figure 6) with similar 

results for both lots of hASMCs. These findings indicate that 
SMAD3 has a negative effect on viability in hASMCs, which 
likely reflects an effect on cell proliferation. Because previ-
ous studies have shown that TGF-β induces apoptosis via a 
SMAD-dependent mechanism,33,34 we determined protein 
levels of PARP (Poly [ADP-ribose] polymerase), a DNA 
repair protein, that is a key caspase target. Caspase-mediated 
cleavage of PARP is a common marker of apoptosis, detect-
able by Western blotting because of the conversion of the 116 
kDa full-length protein to its 89 kDa form.35 We could not 
detect the characteristic of 89 kDa form of PARP in nontar-
get siRNA-treated hASMCs, and observed no difference in 
this marker of apoptosis between nontarget and SMAD3 
knockdown samples (Figure VII in the online-only Data 
Supplement). Furthermore, the microscopic appearance of 
hASMCs did not differ between nontarget siRNA and SMAD3 
siRNA treatment, supportive of an increase in hASMC prolif-
eration in response to SMAD3 siRNA knockdown (Figure 6). 
Thus, these data indicate that SMAD3 knockdown is not 
repressing a putative underlying apoptosis but rather suggest 
that SMAD3 regulates cell proliferation via other means.

Discussion
Despite the success of recent GWAS, there has been limited 
progress in understanding the function of the multiple risk loci 
identified. Multiple hurdles exist including the fact that most 
are located in intergenic regions or introns rather than coding 
sequences. Second, the identified polymorphism is most often 
not causal but rather in LD with a neighboring or even distal 
causal polymorphism. Third, although the association is at the 
level of genomic DNA, the relevance may be restricted to a 
particular tissue or organ. Finally, the direct contribution of 
any given locus could be temporally restricted; for instance, 
early transient activation followed by long-standing enduring 
epigenetic repercussions.

Here, we have investigated a recently discovered GWAS 
signal near rs56062135C>T in SMAD34 that is not linked to 
a previously reported GWAS signal at rs17228212C>T.5 By 
genetic and epigenetic fine mapping, we identified a SNP, 
rs17293632C>T, in almost perfect LD with rs56062135C>T, in 
a region with chromatin histone marks suggestive of enhancer 
activity. Functional studies confirmed that rs17293632C>T is 
located within a strong enhancer sequence in primary hASMCs, 
HeLa, and HepG2 cells. The common (C) allele maintains the 
conserved AP-1 binding site and results in greater AP-1 enhancer 
binding and maximal enhancer activity, whereas the protective 
(T) allele (MAF 0.21) disrupts the AP-1 recognition sequence, 
reduces AP-1 binding, and impairs enhancer activity. We pro-
pose that this enhancer is active in numerous cell types and 
that rs17293632(T) disrupts enhancer function via a universal 
mechanism. Stimulation with the AP-1 activator PMA increases 
endogenous SMAD3 mRNA levels in hASMCs, whereas c-Jun 
siRNA knockdown decreases SMAD3 mRNA, suggesting that 
AP-1 positively modulates SMAD3 transcription.

Although AP-1 regulation is complex and its transcrip-
tional activity can be stimulated by numerous factors, we 
observed that the presence of 5% serum was sufficient to pro-
duce an enhancer effect at SMAD3 intron 1 likely because of 

Figure 5. Activator protein (AP)-1 proteins bind to the rs17293632 
sequence and preferentially bind the common (C) allele. A, Chro-
matin immunoprecipitation data from HITC6 human arterial smooth 
muscle cells (hASMCs) show enrichment of AP-1 component 
proteins c-Fos, c-Jun, JunB, and JunD at the intronic enhancer 
comprising rs17293632. Values on the y axis are expressed as 
percentage of the input chromatin DNA and are representative 
of 3 independent experiments. Error bars denote SD. B, Allele-
specific chromatin immunoprecipitation (ChIP) was conducted 
in lot 287836 hASMCs, heterozygous at rs17293632. Eluted ChIP 
DNA values are expressed as the ratio of the rs17293632 (C) to (T) 
allele and are representative of 3 independent ChIP/Polymerase 
Chain Reaction/TaqMan experiments. *P<0.05; t test compared 
with genomic DNA TaqMan control. Error bars denote SD.
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the presence of various growth factors and cytokines. ChIP 
data (Figure II in the online-only Data Supplement) demon-
strate highly enriched binding in HITC6 cells of the AP-1 
components c-Fos and JunD, with lesser but still enriched 
binding of c-Jun and JunB compared with nonspecific IgG. 
This suggests that in the presence of 5% fetal bovine serum, 
AP-1 is able to sufficiently bind the rs17293632(C) sequence. 
We were surprised not to find more enriched binding of c-Jun, 
a central component of all AP-1 complexes,36,37 to the SMAD3 
intron 1 enhancer, especially because c-Jun siRNA knock-
down lowers SMAD3 mRNA.

Although c-Jun is important in the transcriptional activity 
of AP-1, it is possible that our system did not have the proper 
stimulatory context to maximize c-Jun binding to DNA. 
Furthermore, c-Jun expression is low in many cell types and 
its expression requires elevation by appropriate stimuli.36 The 
c-Jun antibody used may also not have been optimal for ChIP 
experiments. In addition, the epitope recognized by the c-Jun 
antibody may not be accessible in our ChIP material because 
of the potential of the formaldehyde cross-linking of protein 
to DNA masking effect. In contrast, c-Fos and JunD bound 
strongly to the rs17293632 sequence in an allele-dependent 
fashion, yet their siRNA knockdowns did not affect SMAD3 
expression. Potential reasons for this are that the c-Fos and 
JunD proteins are less potent transcription activators com-
pared with c-Jun or that there is functional redundancy 
between some AP-1 family members.38,39

Here, we also demonstrated ChIP-enriched binding of P300 
at the rs17293632 enhancer. P300 is a transcriptional coactiva-
tor by acting as a histone acetyltransferase that is able to relax 
chromatin structure and facilitate binding of other transcrip-
tion factors and can also act as an adaptor protein, suggesting 
that P300 may help the rs17293632 SMAD3 intron 1 enhancer 

loop around and interact with/activate the SMAD3 promoter 
area that is located in the 5′ direction. Mechanisms of P300 
recruitment to this region, roles of other transcription factors 
from Figure 1D ChIP-Seq data, and effect of rs17293632 on 
chromatin modifications warrant future investigation.

Luciferase assays consistently confirmed an effect of 
rs17293632C>T on enhancer activity. However, our data with the 
2-kb enhancer sequence indicated changing the allele from (C) 
to (T) reduced reporter activity significantly but not completely 
relative to the empty pGL3-Promoter. Similarly, treatment with 
SP600125 reduced the activity of the SMAD3 reporter with the 
rs17293632 C allele, to the same levels as the SMAD3 reporter 
with the T allele but both had greater activity in comparison with 
empty pGL3-Promoter, and treatment with SP600125 had no 
effect when the AP-1 site was disrupted. Thus, the 2-kb SMAD3 
intron 1 sequence investigated still has some enhancer activity 
in hASMCs independent of the rs17293632 SNP studied here. 
As indicated in Figure III in the online-only Data Supplement, 
other transcription factors are predicted to bind a few hundred 
base pairs away from the cluster of transcription factors that 
bind to the immediate rs17293632 SNP. ENCODE data also 
demonstrated H3K4me1 and H3K27ac enhancer histone marks 
across the entire 2-kb intronic sequence studied. Nevertheless, 
our results indicate that rs17293632 contributes to a large frac-
tion, perhaps the majority, of this intronic enhancer regulation.

During the course of these experiments, another report 
highlighted rs17293632C>T as a strong candidate functional 
SNP. Farh et al40 developed a fine-mapping algorithm to 
identify candidate casual variants for numerous autoimmune 
diseases and provide ChIP-Seq data for AP-1 in HeLa cells 
heterozygous at rs17293632. They observed robust binding of 
AP-1 to the rs17293632 (C) allele, but not to the sequence 
with the (T) allele (31 AP-1 reads for the C allele versus 1 read 

Figure 6. SMAD3 knockdown in 2 separate lots of primary human arterial smooth muscle cells increases cell proliferation/viability. 
A, HITC6 and lot 287836 cells were transfected with either 20 nmol/L nontarget (NT) siRNA or 20 nmol/L SMAD3 siRNA and harvested for 
the MTT assay 72 hours later to evaluate cell proliferation/cell viability. Values displayed represent the means±SD of 3 independent exper-
iments; ***P<0.001; **P<0.01; ANOVA with Bonferroni post hoc test. B, SMAD3 knockdown at the protein level was confirmed via Western 
blot, with human β-tubulin used as the loading control.
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for the T allele). Their findings are directionally similar to our 
allele-specific TaqMan experiments with AP-1 (Figure 5B). 
However, their study did not provide further experimen-
tal evidence with respect to rs17293632 function. Although 
rs17293632 was used as an example of a likely causal SNP, 
the specific AP-1 protein(s) investigated in their ChIP-Seq 
experiment was not reported.

Further evidence for rs17293632C>T as a causal SNP at 
this locus is provided by eQTL data for SMAD3 expression 
in both whole blood and vascular tissue. We elected to focus 
solely on SMAD3 for eQTL analysis because rs17293632 is 
located within SMAD3 and no other genes in the region had 
plausible links to atherosclerosis. Although we demonstrated 
that rs17293632 is a cis-eQTL for SMAD3 expression, we 
cannot rule out trans-eQTL effects. There are several genes in 
the vicinity of SMAD3/rs17293632 that may also be regulated 
by rs17293632, and future studies with this regard will be of 
interest. Although P values in eQTL analysis were nominally 
significant at P<0.05, they would not pass the multiple cor-
rection threshold if we probed for many genes in addition to 
SMAD3. Recent studies have shown some eQTLs are shared 
among tissues,41,42 whereas others are tissue-specific.42,43 
Although we showed eQTL data in whole blood and vascular 
tissue, it will be important to determine whether rs17293632 
is an eQTL in various other tissues because this SNP has 
pleiotropic effects on other diseases (Table IV in the online-
only Data Supplement). In the midst of our experiments, 
rs17293632 was deposited in the GTEx eQTL database (http://
www.gtexportal.org) as an eQTL for SMAD3 in thyroid with 
the same direction of effect (P=1.9×10−13; Figure VIII in the 
online-only Data Supplement).

Although these fine-mapping, bioinformatic, and experi-
mental findings demonstrate that rs17293632C>T is a func-
tional SNP at this locus, others may exist. Table 2 shows that 
this SNP is in almost perfect LD with 6 other SNPs at the 
SMAD3 locus. Although the latter do not seem to significantly 
disrupt transcription factor binding sites or have strong regula-
tory chromatin modifications compared with rs17293632C>T, 
it is plausible that they could still affect gene regulation. As 
indicated in Figure 1C, the SMAD3 locus as a whole seems to 
contain many gene regulatory hotspots, with several regions 
containing strong H3K27ac, H3K4me1, and clusters of tran-
scription factor binding in ENCODE ChIP-Seq data.

Other reports indicate the enhancer sequence in SMAD3 
encompassing rs17293632C>T has relevance to phenotypes 
other than atherosclerosis. Of note, a cluster of SNPs in vicin-
ity to rs17293632 and toward the 3′ end of the SMAD3 gene 
(Figure 1C) have previously been associated with various dis-
eases (Table IV in the online-only Data Supplement), most 
with immune components in their pathophysiology. These 
include Crohn disease, inflammatory bowel disease, asthma, 
and atopy.44–48 As we have demonstrated, the SMAD3 intron 
1 enhancer is functional across numerous cell types and thus 
effects of rs17293632C>T are likely to apply across a wide 
variety of cell types expressing AP-1 family member proteins. 
Affecting enhancer function and subsequently SMAD3 expres-
sion would be expected to alter TGF-β signaling with pleio-
tropic effects giving rise to various conditions and diseases. 

Similar to Crohn disease and inflammatory bowel disease, 
atherosclerosis has an immune/inflammatory component and 
macrophages and T cells play important roles in pathogenesis. 
It could thus be of interest to determine whether immune and 
inflammatory cytokines are able to activate AP-1 signaling 
upstream of binding to rs17292632. Because the rs17293632 
SNP and 5′-TGA[G/C]TCA-3′ AP-1 recognition sequence is 
conserved between humans and mice, generation of mouse 
models with different alleles for rs17293632 or deletion of 
the enhancer sequence entirely may further unravel the con-
tribution of this AP-1 regulatory mechanism. Alternatively, 
genome editing of the AP-1 binding site using CRISPR/Cas9 
in human cell lines could be used to further clarify its role.

It is well established that SMAD3 is an important media-
tor of TGF-β signaling and previous studies suggest that 
TGF-β signaling has a protective effect in atherosclerosis.9,10,12 
However, the role of SMAD3 in the vasculature is somewhat 
less clear. As reported by Kobayashi et al,49 Smad3 null mice 
showed enhanced neointimal hyperplasia with decreased 
matrix deposition in response to femoral artery injury. 
Smad3−/− intima were also shown to contain more proliferating 
vascular SMCs and less collagen as compared with wild-type 
intima. In agreement with these findings here we find that in 
hASMCs (Figure 6), SMAD3 knockdown increases cell via-
bility consistent with an antiproliferative role of SMAD3. In 
contrast, Tsai et al50 reported that overexpression of Smad3 
via adenoviral delivery to injured rat carotid artery or in cul-
tured vascular SMCs increased SMC proliferation in response 
to TGF-β.

Irrespective of these discrepant findings, it is not immedi-
ately evident how decreased SMAD3 expression and increased 
SMC proliferation in carriers of rs17293632 (T) would be 
associated with protection from CAD. This finding may sug-
gest that decreased SMAD3 expression has a beneficial effect 
at a specific stage of atherosclerosis or in a specific cellular/
tissue context. It is known that SMAD3 is expressed at low lev-
els in normal artery but increases dramatically in response to 
injury and is elevated in atherosclerotic plaque.11,50 Attenuation 
of this response in carriers of the rs17293632 (T) allele may 
somehow be protective. Second, although effects on vascu-
lar SMCs are plausible in terms of linking this SNP to ath-
erosclerosis, it is possible that reduced SMAD3 expression in 
another cell type in the vessel wall (endothelial, macrophage, 
T cell) would have an antiatherogenic effect. Our findings that 
expression of the SMAD3 gene is under positive regulation 
by AP-1 is notable in that there are reports Jun proteins can 
antagonistically affect function of the SMAD3 protein,51 sug-
gesting dynamic interplay between these factors.

In summary, of the dozens of CAD-associated loci iden-
tified by the GWAS approach, few have been functionally 
characterized. Here, we finely map a newly reported GWAS 
locus to identify a causal SNP that represents a novel func-
tional cis-acting element at the SMAD3 locus on chromosome 
15. The protective rs17293632 (T) allele disrupts a consensus 
AP-1 binding site, resulting in impaired AP-1 binding to the 
SMAD3 intron 1 enhancer, and reduces enhancer activity that 
in turn correlates with lower SMAD3 expression in blood and 
human plaque.
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The majority of significant and replicated single nucleotide polymorphisms associated with complex diseases, such as coronary artery dis-
ease, are located in noncoding regions of the genome. However, the functional characterization of these noncoding variants is essential for 
further understanding the complex biology of atherosclerosis. In this study, we have used genetic and epigenetic fine mapping procedures 
to identify a novel functional coronary artery disease–associated intronic single nucleotide polymorphism in the SMAD3 gene. This single 
nucleotide polymorphism disrupts binding of the activator protein-1 transcription factor and impairs gene enhancer activity for the human 
SMAD3 promoter in primary human arterial smooth muscle cells and lowers SMAD3 levels in vivo in human whole blood and plaque tissue. 
Our data suggest this activator protein-1 regulation of SMAD3 is a novel and relevant mechanism in the pathogenesis of coronary artery 
disease. Because of the importance of transforming growth factor-β signaling in atherosclerosis, altered SMAD3 levels are expected to have 
important effects in the vasculature.
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Materials and Methods 

Cell Culture 

Primary human arterial smooth muscle cells (hASMCs) were obtained from two sources. Lot HITC6 was 

provided by the laboratory of Dr. JG Pickering. These cells were derived from primary cultures of smooth 

muscle cells from the human thoracic artery
1
. They were homozygous for the CC genotype at rs17293632 

and all experiments were performed between passages 28-33. The second lot of hASMCs, 0000287836, 

was purchased from Lonza (catalog #CC-2571) and were heterozygous for rs17293632. These cells were 

derived from the ascending aorta and experiments were performed between passages 5 and 9. Both lots of 

hASMCs were grown in SmGM-2 Smooth Muscle Cell Basal Medium (Lonza) supplemented with 5% 

FBS, insulin, hFGF-B, GA-1000, and hEGF. HeLa cells were purchased from ATCC and grown in high 

glucose DMEM (Gibco) supplemented with 10% FBS, Penicillin-Streptomycin, and L-glutamine. HepG2 

cells were also purchased from ATCC and grown in low glucose DMEM (Gibco) supplemented with 10% 

FBS, Penicillin-Streptomycin, and L-glutamine. 

Generation of SMAD3 Reporter Constructs 

The putative enhancer sequence in intron 1 of SMAD3 (Chr15:67,441,598-67,443,643) was first PCR 

amplified with primers: forward 5’-GATTGAGCTCCCTGTTCAGCATTTTGAGTTTC-3’ (SacI 

restriction site); reverse 5’-GATTGCTAGCGAGCTATTGGAGACTGTGAGA-3’ (NheI restriction site). 

PCR was performed on a previously genotyped genomic DNA template that had a CC genotype at 

rs17293632 and homozygous for all other SNPs in the amplicon. This PCR product, as well as empty 

pGL3-Promoter vector (Promega), were both double-digested with SacI and NheI and subsequently PCR 

or gel purified before ligation. Site-directed mutagenesis was used to change the allele at rs17293632 

from C to T and performed using the Q5 site-directed mutagenesis kit (New England BioLabs).  

To test for enhancer activity in the context of the human SMAD3 promoter, we obtained the SMAD3p-

Luc plasmid from the laboratory of Dr. Thomas Kelley
2
. This plasmid contains the human SMAD3 

promoter (fragment corresponding to -1879 to +13 of the ATG start site of the SMAD3 gene) upstream of 

the firefly luciferase gene in the pGL3-Basic vector. From the pGL3-Promoter-rs17293632-C and pGL3-

Promoter-rs17293632-T plasmids we PCR amplified a 347 bp segment using the following primers: 

forward 5’-GATTGTCGACCTGAGATGGTTGTAAATGTCCC-3’ (SalI restriction site); reverse 

5’- GATTGTCGACAACTGGCGGCCTTGTTCTAT-3’ (SalI restriction site), PCR amplification was 

conducted using Q5 Hot Start High-Fidelity DNA Polymerase (New England BioLabs). These PCR 

products plus SMAD3p-Luc, were digested with SalI and subsequently PCR or gel purified before 

ligation. Correct sequences and insert orientations of all vectors were verified by Sanger sequencing. 

Transfection and Luciferase Assays 

For transient transfection studies in hASMCs, HITC6 cells were seeded in 6 well dishes and grown to 

~85% confluence at the time of transfection. Each well was transfected with 2.5 µg of firefly luciferase 

construct and 2% pRL-SV40 Renilla (pGL3-Promoter experiments) or 2% pRL-TK Renilla (SMAD3p-

Luc experiments). hASMCs were harvested 48 hours after transfection by washing once with 1X PBS and 

lysing with 500 µL of 1X Passive Lysis Buffer (Promega). For transient transfection studies with HeLa 
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and HepG2 cells, cells were seeded in 12 well dishes and grown to 70% confluence at the time of 

transfection. Each well was transfected with 500 ng of firefly luciferase construct and 2% pRL-TK 

Renilla. The HeLa and HepG2 cells were harvested 24 hours after transfection with 250 µL of 1X Passive 

Lysis Buffer per well. Transfections for all cell types were conducted using the Lipofectamine 3000 

Reagent (Life Technologies). Lysates were centrifuged for 1 minute at 13,000 rpm at 4°C and 20 µL of 

supernatant were used for the luciferase assay. Luciferase readings for the hASMCs were measured with 

the Lumat LB 9507 luminometer (Berthold Technologies) and readings for the HeLa and HepG2 cells 

were measured with the GloMax luminometer (Promega). 

Drug Treatments 

To determine the effect of SP600125 on SMAD3 enhancer activity, HITC6 hASMCs were seeded in 6 

well dishes and grown to approximately 85% confluence. SP600125 was purchased from Cell Signaling 

Technology and added to cells for 1 h at a final concentration of 50 µM prior to transfection with the 

SMAD3 pGL3-Promoter constructs (2.5 µg reporter per well). The HITC6 cells were harvested 24 h after 

transfection with 500 µL of 1X Passive Lysis Buffer per well. The final concentration of DMSO in both 

the control and SP600125 treatments was 0.1%.  

PMA Treatments and c-Jun Knockdown 

For PMA experiments both HITC6 and lot 287836 cells were seeded in 6 well plates and grown to 

approximately 85% confluence. At this point, media was changed for 16 hours to SmGM-2 Smooth 

Muscle Cell Basal Medium (Lonza) supplemented with 0.5% FBS, insulin, hFGF-B, GA-1000, and 

hEGF. Both lots of cells were treated with a final concentration of 50 nM PMA for the following time 

points: 0 h, 1 h, 2 h, and 4 h before being harvested for RNA. 

For c-Jun siRNA knockdown, HITC6 cells were seeded in 6 well plates and grown to ~80% confluence. 

Cells were transfected with a final concentration of either 50 nM nontarget siRNA or 50 nM JUN siRNA 

(s7658, Life Technologies). 48 h after transfection, cells were harvested for RNA. 

RNA for all samples was isolated using the High Pure RNA Isolation Kit (Roche). 500 ng of RNA was 

reverse-transcribed using the Transcriptor First Strand cDNA Synthesis Kit (Roche) using a combination 

of oligo(dT) and random hexamer primers. Quantitative PCR of cDNA samples was conducted using the 

LightCycler 480 II machine (Roche). Human β-actin was used as the reference gene for qPCR 

experiments. The following primer sequences were used for qPCR experiments: SMAD3: forward 5’-

GCCTTCTGGTGCTCCATCTC-3’ reverse 5’-AATAGCGCTGTCACTGAGGCA-3’; JUN: forward 5’- 

AGGTTCAGGGTCATGCTCTGTT-3’ reverse 5’-ACGTGAAGTGACGGACTGTTCT-3’; β-actin: 

forward 5’-TCCCTGGAGAAGAGCTACGA-3’ reverse 5’-ATCTGCTGGAAGGTGGACAG-3’.  

Protein Expression 

For all protein experiments, either HITC6 or lot 287836 cells were grown in 6 well plates. Protein 

samples were harvested on ice using RIPA buffer containing fresh Roche cOmplete Protease Inhibitor 

cocktail and Roche PhosStop Phosphatase Inhibitor cocktail. Protein concentration was determined using 

the Pierce BCA Protein Assay Kit. 35 µg of each denatured sample was loaded onto a 4-15% gradient 

SDS-PAGE gel (Bio-Rad) and run under reducing conditions. Samples were transferred to nitrocellulose 
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membranes (Bio-Rad) for 1 h at 100V and subsequently blocked for 1 h at room temperature using 

Odyssey blocking buffer (SMAD3, c-Jun, and PARP) or 5% BSA (phospho c-Jun). To confirm SP600125 

reduced phosphorylation of c-Jun, the membrane was incubated with rabbit Phospho-c-Jun (Ser63) II 

Antibody #9261 (Cell Signaling Technology, 1:1000 dilution). Total c-Jun was probed by stripping the 

membrane and re-probing with rabbit c-Jun (H-79) antibody (Santa Cruz Biotechnology, sc-1694). To 

confirm SMAD3 knockdown in the cell proliferation assays, membranes were incubated with rabbit 

SMAD3 Antibody #9513 (Cell Signaling Technology, 1:1000 dilution). Apoptosis was assessed by 

probing with rabbit PARP Antibody #9542 (Cell Signaling Technology, 1:1000 dilution), that detects the 

normal 116 kDa form of PARP as well as the cleaved 89 kDa protein. For loading controls, all 

membranes were probed with mouse beta Tubulin Antibody D66 (GeneTex, 1:2000 dilution). IRDye 

secondary antibodies (LI-COR) were used at a concentration of 1:15000 and membranes were visualized 

with the LI-COR Odyssey imaging system. 

Human Samples for SMAD3 Whole Blood Analysis 

Healthy normal weight individuals of European ancestry
3
 were selected for eQTL studies on whole blood. 

Genomic DNA was genotyped using Affymetrix 6.0 arrays and SNP data imputed using the Phase 1 v3 

release from the 1000 Genomes Project. The minor allele frequency for rs17293632 (T) is 0.21 (Table 1); 

41 subjects in this cohort were homozygous for the (T) allele at rs17293632.  Many more subjects were 

heterozygous or homozygous (C) carriers and 50 of each were selected with careful matching for age and 

sex to the rs17293632 TT group (Supplementary Table I). Fasting blood samples were collected in 

PAXgene Blood RNA tubes (PreAnalytiX/QIAGEN) and stored at -80°C prior to analysis. 

Quantitative Real-Time PCR for SMAD3 Whole Blood Analysis 

Whole blood RNA was extracted using the PAXgene Blood RNA kit (PreAnalytiX/QIAGEN). cDNA 

was synthesized using the Transcriptor First Strand cDNA Synthesis kit (Roche) and a combination of 

anchored oligo(dT) and random hexamer primers, with 500 ng of patient whole blood RNA as the 

template. Quantitative PCR for SMAD3 mRNA was performed with SYBR Green I Master (Roche) and 

run on the LightCycler 480 II machine (Roche). Peptidylprolyl Isomerase A (PPIA) was used as the 

reference gene for all quantitative PCR experiments.  The following primer sequences were used for 

quantitative PCR analysis: SMAD3: forward 5’-GCCTTCTGGTGCTCCATCTC-3’ reverse 5’-

AATAGCGCTGTCACTGAGGCA-3’; PPIA: forward 5’-ACCGTGTTCTTCGACATTGC-3’ reverse 5’-

TTCTGTGAAAGCAGGAACCC-3’ 

SMAD3 eQTL Analysis in Primary Tissue 

SMAD3 expression in human carotid plaque tissue was investigated using samples from the BiKE 

(Biobank of Karolinska Endarterectomies) study. The BiKE study at the Karolinska Institute, Stockholm, 

Sweden comprises a repository of atherosclerotic plaque and plasma samples obtained from patients that 

underwent carotid endarterectomy, along with clinical parameters, genotype data, RNA expression and 

proteomics data. Details of the study cohort have been published previously
4–7

. High-density genotyping 

in BiKE samples was performed using Illumina610w‐QuadBead Array and matched with the 

corresponding plaque samples (n=125). Since rs17293632 was not present on the chip, rs16950687 (D’ 
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0.949, r
2
 0.859 with rs17293632; D’ 1, r

2
 0.953 with rs56062135) was selected as a proxy using the SNaP 

software from the Broad Institute.   

SMAD3 expression was also probed in vivo in non-CAD patients from various tissues collected in the 

ASAP (Advanced Study of Aortic Pathology) study. Patients from the ASAP study had aortic valve and 

ascending aortic disease and all underwent elective open heart surgery
8
. None of these patients had 

significant CAD by coronary angiography.  Tissues collected included mammary artery intima-media, 

liver, ascending aorta intima-media, ascending aorta adventitia, and heart. SNPs were genotyped on the 

Illumina610w‐QuadBead Array and rs17293632 imputed using the Mach2.0 algorithm and 1000 

Genomes data as reference (imputation quality r
2
 = 0.718).  

Chromatin Immunoprecipitation 

Primary hASMCs were seeded in 150 mm dishes and grown to confluence before harvesting. Cells were 

fixed with 1% formaldehyde before being quenched with glycine. For each round of ChIP, cells from two 

150 mm plates (~1 million cells per dish) were combined and lysed with 500 µL of nuclear lysis buffer. 

Cross-linked chromatin was sheared into fragments of approximately 500 bp using the BioRuptor 

sonicator (Diagenode) and clarified using centrifugation. PureProteome Protein A/G Magnetic Beads 

(Millipore) were preblocked with both salmon sperm DNA and BSA for 30 minutes at 4°C. Before the 

immunoprecipitation, the 500 µL of total chromatin was incubated with 10 µL of resuspended pre-

blocked beads to further reduce background. Each chromatin immunoprecipitation used 200 µg of 

hASMC chromatin, 10 µL of resuspended beads, and 10 µg of either c-Fos (Santa Cruz Biotechnology, 

K-25: sc-253), c-Jun (Santa Cruz Biotechnology, H-79: sc-1694), JunB (Santa Cruz Biotechnology, 210: 

sc-73), JunD (Santa Cruz Biotechnology, 329: sc-74), P300 (Santa Cruz Biotechnology, C-20: sc-585), 

H3K27ac (Abcam, ChIP Grade ab4729), or nonspecific Rabbit IgG. Protein-antibody-bead complexes 

were incubated overnight at 4°C with rotation. Complexes were washed four times with wash buffer, once 

with high salt wash buffer, and eluted from the beads with elution buffer containing 1% SDS and 100 mM 

sodium deoxycholate and heating for 15 minutes at 65°C. Cross-links were reversed by addition of NaCl 

to a final concentration of 200 mM along with RNase A and shaking at 65°C for 5 hours. Eluted DNA 

was purified using the GeneJET PCR Purification Kit (Thermo Scientific) and used for quantitative PCR. 

Quantitative PCR was performed using SYBR Green I Master (Roche) and the LightCycler 480 II 

machine (Roche). The sequences of primers specific for rs17293632 were FWD: 5’- 

CTCCGCGTGAATGTCACTG-3’ and REV: 5’- GAGAGGTGAAGAGGGCAAAT-3’. Sequences of 

negative control primers, amplifying intronic areas of the CPT1B gene, are listed in Supplementary Table 

II. Melting curve analysis was conducted for each primer set for every run conducted. 

Allele-Specific ChIP-qPCR 

A TaqMan SNP Genotyping Assay for the rs17293632 SNP was purchased from Life Technologies 

(C__33991343_10). Lot 287836 hASMCs, confirmed to be heterozygous at rs17293632, were used for all 

allele-specific ChIP qPCR experiments. Quantitative PCR was first performed on the immunoprecipitated 

DNA as described above, and products purified using the GeneJET PCR Purification Kit (Thermo 

Scientific). TaqMan SNP genotyping assays for rs17293632 were then performed on PCR products to 

generate the ratio of the (C) to (T) allele for DNA that binds AP-1. For each allele-specific qPCR run, a 

standard curve was generated consisting of previously genotyped homozygous CC and homozygous TT 
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genomic DNA samples mixed in the following ratios: 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, and 1:9. The 

Log2 ratio of FAM/VIC of these standards at cycle 55 was then used to generate the standard curve. The 

Log2 ratio of FAM/VIC of the immunoprecipitated DNA was then fitted to the standard curve to calculate 

the ratio of (C) to (T) alleles. Both sonicated input PCR product, as well as unsonicated lot 287836 

genomic DNA, which have 1:1 C:T ratios, were included as controls for each run.  

Cell Proliferation Assays 

Cell proliferation assays were performed using the same protocol for HITC6 and lot 287836 batches of 

hASMCs. These were first seeded in 24 well plates and grown in SmGM-2 Smooth Muscle Cell Basal 

Medium (Lonza) supplemented with 5% FBS, insulin, hFGF-B, GA-1000, and hEGF. siRNA transfection 

was performed when cells reached approximately 45% confluency. Cells were transfected with a final 

concentration of either 20 nM nontarget siRNA or 20 nM SMAD3 siRNA. SMAD3 siRNA 

oligonucleotides (s8401 and s8402) were purchased from Life Technologies. siRNA transfection was 

conducted using the Lipofectamine RNAiMAX reagent (Life Technologies) and  6 h after transfection, 

media was changed and replaced with normal growth medium. After 72 h of knockdown, cell 

proliferation was measured using the MTT assay (Molecular Probes, Life Technologies). The MTT assay 

detects living cells, and is based on reduction of the tetrazolium dye MTT to its insoluble form, formazan, 

that has a purple colour that can be quantified at 595 nm. After MTT incubation at 37°C, DMSO was 

added as the solubilizing reagent.  

Conditional and Joint Association Analysis 

To determine if the observed association between SMAD3 and CAD is mediated by rs56062135 or other 

SNPs, we used conditional and joint association analysis implemented in GCTA software
9
. This is a two 

step procedure that involves conditional analysis to identify independent SNPs and secondly, fitting all 

selected SNPs jointly in a model and excluding SNPs with p values (p-values from joint analysis) that are 

greater than the cut-off p value, using the software default p< 5x 10
-8

 (GWAS significant level) as our 

threshold. GCTA method requires summary-level statistics from a meta-analysis of genome-wide 

association studies (GWAS) and estimated linkage disequilibrium (LD) from a reference sample with 

individual-level genotype data. We used the SNP summary statistics from the recently published 1000 

Genomes–based GWAS meta-analysis of CAD
10

 as our meta-analysis file (CARDIoGRAM Meta-

analysis). Furthermore, the reference sample must be large enough so that the LD correlations are 

estimated with little error
9,11

, and it can be one of the participating studies of the meta-analysis
9
; therefore, 

we used the 1000 Genomes post-imputed genotype data from our cohorts that are included in the 

CARDIoGRAM Meta-analysis and excluded variants with IMPUTE2 info < 0.4, in our final dataset, we 

have 13,367 subjects with available genotypes at 15M variants that we used as our reference sample for 

conditional and joint association analysis. 

Statistical Analysis 

Data displayed represents the mean ± SD for experiments conducted in triplicate, and is representative of 

3 independent experiments. Significant differences were assessed by either one-way ANOVA followed 

by Bonferroni’s post-hoc test or unpaired, two-tailed Student’s T-test, where appropriate. Figures were 

generated and analysis performed using the GraphPad Prism software. 
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Supplement Material 

Supplementary Figure I 

 

 

Supplementary Figure I. Visualization of the various LD blocks in the SMAD3 gene using the 

Haploview software and linkage data taken from the 1000 Genomes Browser. 
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Supplementary Figure II 

 

 

 

Supplementary Figure II. UCSC genome browser annotation and ENCODE project data for the regional 

view of the rs17293632 SNP. 
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Supplementary Figure III 

 

 

 

Supplementary Figure III. UCSC genome browser annotation and ENCODE project data for the entire 

full SMAD3 intron 1 enhancer sequence characterized.  
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Supplementary Figure IV 

 

 

 

Supplementary Figure IV. LD heatmap generated using the Haploview software and linkage data taken 

from the 1000 Genomes Browser displaying pairwise linkage disequilibrium for SNPs located within the 

SMAD3 intron 1 enhancer. Numbers within the blocks represent pairwise r
2 
values multiplied by 100. 

White to grey to black blocks represent increasing r
2
 values. 
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Supplementary Figure V 

 

 

Supplementary Figure V. Reduced levels of phospho c-Jun in response to SP600125 were confirmed via 

Western blotting, with human β-tubulin used as the loading control. HITC6 hASMCs were treated with 

either 50 µM SP600125 or DMSO control for 24 hours prior to harvesting. 
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Supplementary Figure VI 

 

 

 

Supplementary Figure VI. Negative control DNA regions amplified for AP-1 chromatin 

immunoprecipitation. Crosslinked DNA-protein complexes from HITC6 cells were immunoprecipitated 

with the antibodies for AP-1 components c-Fos, c-Jun, JunB, and JunD. The ChIP DNA was then 

amplified with primers specific for two regions of the CPT1B gene (intron 7 and intron 13). Values are 

expressed as the percentage of input chromatin DNA. Values denote the mean of three independent ChIP 

experiments ± SD. 
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Supplementary Figure VII 

 

 

 

Supplementary Figure VII. SMAD3 siRNA knockdown does not affect cleavage of PARP in both lots 

of hASMCs.  HITC6 and lot 287836 cells were transfected with either 20 nM nontarget siRNA or 20 nM 

SMAD3 siRNA and harvested for protein 72 hours later. Lysates were probed with PARP antibody that 

recognizes both the full length, 116 kDa form of the protein, as well as the 89 kDa form that serves as a 

marker for cells undergoing apoptosis. Human β-tubulin was used as the loading control for both lots of 

cells. 
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Supplementary Figure VIII 

 

 

Supplementary Figure VIII. eQTL box plot for rs17293632 and SMAD3 mRNA expression in thyroid 

tissue from the GTEx eQTL Browser. ENSG00000166949.11 refers to SMAD3 levels. 
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Supplementary Table I. Characteristics of the three groups of healthy individuals selected for 

rs17293632 eQTL analysis 

 

Cohort N Male N Female Mean Age (± SD) Mean BMI (± SD) 

CC 25 25 45.68 (15.78) 21.00 (1.70) 

CT 25 25 43.68 (14.30) 20.20 (1.98) 

TT 19 22 44.65 (15.82) 20.60 (1.80) 

 

 

 

 

Supplementary Table II. Sequences of the negative control intronic DNA regions used for AP-1 

chromatin immunoprecipitation 

 

Region Amplicon Size Forward primer Reverse primer 

CPT1B Intron 7 123 GGAAGAGGGAGACAGAACACC GCACAAGGTCCTACAGAGGAA 

CPT1B Intron 13 101 TCAGCACTTCCCTCTTACCC GGCCAAGACATCTTCAGGAG 
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Supplementary Table III. Conditional and joint association analysis results for SMAD3 locus 

 

  CARDIoGRAM Meta-analysis Conditional and joint analysis 

Variant Effect allele Beta SE p-value Beta SE p-value 

rs56062135 C 0.07 0.01 4.52E-09 0.07 0.01 4.54E-09 
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Supplementary Table IV. SNPs within the 2 kb enhancer in intron 1 (chr15:67,441,598-67,443,643) of 

the SMAD3 gene that are in linkage disequilibrium with published GWAS SNPs 

 

Reported GWAS 

SNP (MAF) 

Disease or Trait Reference Enhancer SNP 

(MAF) 

D’ r2 

rs56062135 (0.21) Coronary artery disease Nikpay et al. Nat Genet 

2015 

 

rs72743461 (0.22) 0.97 0.92 

rs1866316 (0.28) 0.97 0.66 

rs17293632 (0.21) 0.97 0.94 

rs17228212 (0.29) Coronary artery disease Samani et al. N Engl J 

Med 2007 

rs17227883 (0.29) 0.98 0.96 

rs12441344 (0.22) Risk of sudden cardiac arrest 

in patients with coronary 

artery disease 

Tseng et al. Heart Rhythm 

2009 

rs2033785 (0.23) 0.98 0.90 

rs11637816 (0.23) 0.98 0.90 

rs17293632 (0.21) Inflammatory bowel disease Jostins et al. Nature 2012 

 

rs72743461 (0.22) 1 1 

rs1866316 (0.28) 1 0.70 

rs17293632 (0.21) 1 1 

rs17293632 (0.21) Crohn’s disease Franke et al. Nat Genet 

2010 

 

rs72743461 (0.22) 1 1 

rs1866316 (0.28) 1 0.70 

rs17293632 (0.21) 1 1 

rs17228058 (0.21) Allergy susceptibility Hinds et al. Nat Genet 

2013 

rs72743461 (0.22) 0.96 0.92 

rs1866316 (0.28) 0.96 0.65 

rs17293632 (0.21) 0.97 0.93 

rs744910 (0.52) Asthma 

 

Moffat N Engl J Med 

2010 

 

rs72743461 (0.22) -0.98 0.29 

rs2033785 (0.23) 0.99 0.27 

rs1866316 (0.28) -0.97 0.40 

rs11637659 (0.80) 1 0.27 

rs11637816 (0.23) 0.99 0.27 

rs17293632 (0.21) -0.98 0.28 

rs17227883 (0.29) 0.96 0.35 
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rs12913547 (0.24) Central corneal thickness 

and keratoconus 

Lu et al. Nat Genet 2013 rs2033785 (0.23) 0.84 0.70 

 rs11637816 (0.23) 0.84 0.70 

rs17294280 (0.24) Asthma and hay fever Ferreira et al. J Allergy 

Clin Immunol 2014 

rs72743461 (0.22) 0.88 0.66 

 rs1866316 (0.28) 0.74 0.46 

   rs17293732 (0.21) 0.68 0.89 
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