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Abstract

Purpose—Protein kinase C α (PRKCA) is involved in multiple functions and has been 

implicated in heart failure risks and treatment outcomes. This study aims to identify regulatory 

variants affecting PRKCA expression in human heart, and evaluate attributable risk of heart 

disease.

Methods—mRNA expression quantitative trait loci (eQTLs) were extracted from the Genotype 

and Tissue Expression Project (GTEx). Allelic mRNA ratios were measured in 51 human heart 

tissues to identify cis-acting regulatory variants. Potential regulatory regions were tested with 

luciferase reporter gene assays and further evaluated in GTEx and genome-wide association 

studies.

Results—Located in a region with robust enhancer activity in luciferase reporter assays, 

rs9909004 (T > C, minor allele frequency =0.47) resides in a haplotype displaying strong eQTLs 

for PRKCA in heart (p = 1.2 × 10−23). The minor C allele is associated with both decreased 

PRKCA mRNA expression and decreased risk of phenotypes characteristic of heart failure in 

GWAS analyses (QT interval p = 3.0 × 10−14). While rs9909004 is the likely regulatory variant, 

other variants in high linkage disequilibrium cannot be excluded. Distinct regulatory variants 

appear to affect expression in other tissues.

Conclusions—The haplotype carrying rs9909004 influences PRKCA expression in the heart 

and is associated with traits linked to heart failure, potentially affecting therapy of heart failure.
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INTRODUCTION

Protein kinase C α (PRKCA [MIM 176960]) is a member of the protein kinase C family of 

serine-threonine-specific protein kinases (1), which is involved in regulation of cell 

proliferation, apoptosis, differentiation, migration, cardiac hypertrophy, and inflammation 

(2, 3). Expressed in all human tissues, PRKCA spans over a 500 kb genomic region. 

Genome-wide association studies (GWAS) reveal that PRKCA variants are associated with 

cardiovascular disease traits (4, 5), schizophrenia (6), neural basis of episodic remembering 

(7), body mass index and asthma (8), multiple sclerosis (9), regulating bone architecture and 

osteoblast activity (10), diabetes (11), and pain (12). Further studies have reported 

associations with hypertension and response to hydrochlorothiazide (5, 13). As the majority 

of significant SNPs reside outside the protein coding regions, it is likely that multiple 

variants regulate PRKCA expression in a tissue-specific fashion.

For many PRKCA SNPs implicated in diseases and phenotypic traits, the functional 

relevance remains uncertain, most being surrogate markers rather than causative variants. 

Among significant GWAS hits, two reported functional variants modulating PRKCA gene 

expression and alternative splicing have been identified in a multiple sclerosis cohort study 

(14), including a GCC microsatellite VNTR located in the 5′ regulatory region of PRKCA. 

The 9–12 repeats are associated with increased PRKCA expression and protection against 

multiple sclerosis, and 3–6 repeats with lower expression and increased risk. Another in/del 

polymorphism (rs35476409/rs61762387, with 1 or 2 GGTG tandem repeats) is also 

associated with multiple sclerosis, with the 2-repeat allele (exon 3* + 5nt) as the risk factor.

It remains unclear how many distinct causative variants exist in PRKCA. Since PRKCA 

plays an important physiological role, resolving the mechanistic basis of PRKCA-

association with diseases and traits is critical. Regulatory variants can be identified as 

expression quantitative trait loci (eQTLs) in the Genotype-Tissue Expression (GTEx) 

project, providing mRNA expression profiles in multiple human tissues along with genome-

wide SNP data (15).

The most significant eQTLs in GTEx are found in heart tissue, suggesting cardiac-selective 

effects. Indeed, PRKCA is a key regulator of cardiac contractility and Ca2+ homeostasis in 

myocytes in mice, with PRKCA overexpression reducing cardiac contractility and PRKCA 

deficiency preventing heart failure (16). As PRKCA is a key downstream signaling molecule 

of the adrenergic beta-1 receptor, regulatory PRKCA variants active in the heart have the 

potential to affect treatment outcomes with beta-blockers in heart failure. The responsible 

genetic variant remains to be ascertained, since the best scoring eQTLs are part of a long 

haplotype with multiple SNPs in high linkage disequilibrium (LD) with each other. 

Moreover, we wanted to determine whether this eQTL haplotype is selective for heart tissues 

or active in other tissues as well.

Beyond eQTL analysis, regulatory variants can be detected by measuring allelic mRNA 

expression in the target tissue, using marker SNPs located in the transcribed region. In 

carriers heterozygous for a marker SNP, a significant deviation of the allelic mRNA 
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expression ratios from that of allelic gDNA ratios, also referred to as allelic expression 

imbalance (AEI), reveals the presence of regulatory variants (17). In previous studies, we 

have used AEI to identify a series of regulatory variants in pharmacologically and medically 

relevant genes (18–23).

In this study, to identify the regulatory genetic PRKCA variants in heart, we determined 

allelic PRKCA mRNA ratios in human left ventricular heart tissues, and we compared the 

results with AEI ratios from kidney, liver, and blood. This approach led us to identify a 

regulatory variant/haplotype modulating PRKCA expression in human heart, followed by 

testing its association with cardiovascular traits in available clinical studies.

MATERIALS AND METHODS

Databases

Genome-wide significant SNPs assigned to PRKCA were collected from the GWAS Catalog 

(https://www.ebi.ac.uk/gwas/) and GRASP (http://grasp.nhlbi.nih.gov/Search.aspx). PRKCA 

eQTLs were acquired from the Genotype and Tissue Expression Project (GTEx Analysis 

Release V6p, dbGaP Accession phs000424.v6.p1). Chromatin marks and transcription 

factors (TF) binding site predictions were obtained from HaploReg v4.1. Linkage 

disequilibrium (LD) data were obtained from the 1000 Genome Project.

Sample Preparation

Fifty-one left ventricle heart tissues, twenty kidney tissues and twenty liver tissues were 

obtained from the Cooperative Human Network Midwestern and Western Division. Heart 

tissues were obtained from patients undergoing heart transplantation. Of these, 41 are 

Caucasians, and 10 are African Americans. Kidney and liver tissues were from autopsies and 

biopsies, respectively. EB-transformed B lymphocytes were obtained from the Coriell 

Institute Cell Repositories. Ohio State University Institutional Review Board (IRB) approved 

the tissue studies. DNA and RNA were isolated from tissues as described (17, 24, 25). 

cDNA was synthesized with SuperScript III (Invitrogen, Carlsbad, CA, USA) using gene-

specific primers and oligo-dT.

Microsatellite and SNP Genotyping

The 15 × GCC microsatellite VNTR (chr17:64298451–64298495 in hg19 coordinate) and 

rs35476409/rs61762387 (1 or 2 GGTG tandem repeats) (14) were amplified using JumpStart 

™ Taq DNA Polymerase (Sigma-Aldrich, St. Louis, MO, USA) using a 5′-labeled forward 

fluorescent primer (6-FAM), and the labeled products separated on an ABI 3730 DNA 

analyzer (Applied Biosystems, Foster City, CA, USA). Data were analyzed with 

GeneMapper software v3.0 (Applied Biosystems, Foster City, CA, USA). SNPs rs2227857 

G > A, rs2228945 A > G, rs9910355 C > A, rs9303504 G > C, rs12601850 G > A, 

rs17633437 A > G, rs9909004 C > T and rs7210446 G > A were genotyped with a 

SNaPshot primer extension assay (Life Technologies, Carlsbad, CA, USA), using extension 

primers designed to anneal immediately adjacent to the SNP (26). Genomic DNA and cDNA 

containing the target SNP were amplified by PCR and the products subjected to the 

SNaPshot procedure (Applied Biosystems, Foster City, CA, USA) (17). Then the extended 
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primers were separated on an ABI3730 DNA analyzer and genotypes determined for each 

SNP. Primer sequences and PCR conditions are listed in Supplemental Table S1.

Allelic mRNA Expression Analysis

The SNaPshot primer extension assay described above was also used to measure allelic 

PRKCA mRNA expression ratios (17). rs2227857 G > A located in exon 8 and rs2228945 A 
> G in exon 16 were used as marker SNPs. Peak area ratios were measured for both genomic 

DNA and mRNA (cDNA). For heterozygous carriers of a marker SNP, the genomic DNA 

allele ratios are expected to be 1; in the samples analyzed we did not find a case of gDNA 

copy number variants detectable by significant ratio deviations from unity (mean of all 

gDNA allelic ratios). Therefore, cDNA ratios were normalized to the average of genomic 

DNA ratios. Each cDNA sample was analyzed in triplicate, and an allelic mRNA ratio of 

<0.77 or >1.3 was considered as significant AEI (approximate 3x SD from 1.0). Under the 

assumption of a single causative variant, all samples heterozygous for the causative SNP 

must show AEI, while homozygous samples should not.

Cell Culture and Luciferase Reporter Gene Assays

Cells were cultured at 37°C in humidified air at 5% CO2 in DMEM/F12 (HEK-293) 

containing 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin. 

Luciferase assay vectors were prepared using pGL3-Basic plasmid (Promega, Madison, WI, 

USA). The Infusion Cloning System (Clontech, Mountain View, CA, USA) was used to 

insert the fragment into the cloning site of pGL3-Basic. For each candidate SNP, the region 

around the SNP of ~500 bps was amplified by PCR. The fragments containing either the 

major or the minor allele were inserted at the KpnI or XhoI multiple cloning sites of pGL3-

Basic (see Supplemental Table S2 for primers and cloning sites). Then the constructs were 

transformed into the competent cells (Clontech, Mountain View, CA, USA) and plated on 

LB agar with carbenicillin. Individual clones were screened and plasmids isolated using the 

Zyppy MiniPrep Kit (Zymo Research, Irvine, CA, USA). The sequence of plasmids with 

correct insertion was confirmed by Sanger sequencing. Positive clones were digested with 

KpnI or XhoI and the insert was again subcloned into pGL3-Basic vectors. The clones with 

either forward or reverse insert orientation were identified using restriction enzyme digestion 

and gel electrophoresis, and plasmids isolated using the ZymoPURE MidiPrep Kit (Zymo 

Research, Irvine, CA, USA). HEK293 cells were incubated in 24-well plates for 24h and 

each well of cells were transfected with 1 μg target construct and 0.2 μg renilla luciferase 

control vector using lipofectamine 2000 (Life Technologies, Carlsbad, CA, USA) in 50 μL 

OptiMem Media (Thermo Fisher Scientific, Waltham, MA, USA). Cell culture media 

containing ampicillin replace the OptiMem Media 6 h after transfection. The Dual-Glo 

Luciferase Assay System (Promega, Madison,WI, USA) was used to measure the firefly and 

renilla luciferase signals on a Packard Fusion Plate Reader (PerkinElmer Life and Analytical 

Sciences, Shelton, CT, USA). The pGL3-Basic empty vectors without any insert were also 

transfected into cells as controls. All transfections were carried out in triplicate. For each 

well, luciferase activity was normalized to renilla fluorescence, and the ratio was further 

normalized to the ratio of pGL3-Basic empty vectors.
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Statistical Analyses

SNP & Variation Suite (Golden Helix, Bozeman, MT, USA) was used to calculate D’ and R2 

values between SNPs using the Expectation Maximization (EM) algorithm. Chi-squared test 

and statistical analyses were performed using the GraphPad Prism software package (version 

3, GraphPad Software, Inc., La Jolla, CA) and R version 3.2.3.

RESULTS

GWAS SNPs Assigned to PRKCA

The PRKCA SNPs with genome-wide significance (p < 5 × 10−8) are listed in Table I, plus 

candidate SNPs with p values < 10−6. The low linkage disequilibrium (LD) between 

significant single nucleotide polymorphisms (SNPs) in these various traits (Table I) indicates 

that distinct functional variants affect different traits. In two study cohorts of individuals of 

European ancestry, two SNPs in complete LD, rs9892651 and rs9912468, are significantly 

associated with QT interval and QRS interval respectively (4, 27), while rs9912468 is also 

associated with QT interval but with a higher p value (3.7 × 10−6) (Table I, #13 study (27)). 

In addition, PRKCA SNPs are associated with other diseases or traits such as transmission 

distortion, LDL cholesterol level and height in women (Table I). Taking rs9892651 as 

reference SNP, minor allele frequency and LD with the other SNPs vary with phenotypes 

independent of GWAS p values (Table I), suggesting distinct causative genetic variants for 

different traits.

eQTLs of PRKCA in Human Heart Left Ventricle and Thyroid

The GTEx Portal lists 183 eQTLs in human heart left ventricle, 88 eQTLs in human thyroid 

and 1 eQTL in whole blood with p values < 10−5. Shown in Fig. 1, PRKCA heart eQTLs are 

distinct from thyroid eQTLs and whole blood eQTLs, indicating the presence of selective 

eQTLs in heart. Several SNPs have similarly high eQTL scores (low p value) in heart 

tissues, the top scoring SNP (9 × 10−23) being rs9910355 (Fig. 1) located in intron 2 in a 

haplotype block with high LD between a number of eQTL SNPs (Table II). The remaining 

eQTLs with higher p values have progressively lesser LD with the top scoring SNPs, 

indicating that the genetic influence on mRNA expression in the heart is mainly determined 

by a single regulatory element. Any of the top scoring SNPs in high LD (in Caucasians) 

could be the causative SNPs, while we cannot exclude the possibility that more than one 

regulatory SNP resides on the same haplotype. In Africans, fewer SNPs have near perfect 

LD, indicating the possibility to rule out some variants with use of AEI analysis, a more 

precise indicator of a regulatory variant in each individual subject.

Allelic PRKCA mRNA Ratios and AEI Analysis

To identify causative SNPs, we measured AEI in human heart tissues, followed by 

genotyping to scan for causative variants (18–23). Two common SNPs located in the 

PRKCA coding region (rs2227857 in exon 8 and rs2228945 in exon 16) were used as 

marker SNPs to measure allelic mRNA ratios in human heart, kidney, liver, and B-

lymphocytes. The two marker SNPs are not in LD with each other, with heterozygous 

carriers not overlapping between the two markers. With marker rs2227857, 10 of 22 
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heterozygous heart samples displayed AEI, with AEI ratios in the range of 1.5–3.5 fold (Fig. 

2). With rs2228945, 5 of 7 heart samples showed AEI with ratios of 1.6–2.3 (Fig. 2). 

Significant AEI ratios (major/minor allele) were both below and above 1. These results 

indicate the presence of one or more frequent regulatory variants, not in LD with the marker 

SNPs, of substantial effect on mRNA expression. We also performed allelic PRKCA mRNA 

analyses in human kidney, liver, and EB-virus transformed B-lymphocytes. Absence of 

allelic ratios deviating significantly from unity in kidney and liver (Fig. 2) is consistent with 

absence of significant PRKCA eQTLs in kidney and liver in the GTEx portal database. B-

lymphocytes display frequent AEI (Fig. 2), consistent with the presence of regulatory 

variants in blood (14). These results indicate that regulatory variants of PRKCA are tissue 

specific.

Genotype Association With AEI in Heart

We applied the AEI ratios in heart to scan the PRKCA gene locus for causative variants. 

Among the 29 samples with AEI data, 21 samples are from Caucasians and 8 from African 

Americans. To identify likely causative SNPs that account for AEI status in the heart, we 

used the top eQTL SNP (rs9910355) to search for SNPs that are in high LD with rs9910355 

and also show histone marks indicative of possible regulatory function (Supplemental Table 

S3). Using HaploReg v4.1, six SNPs were selected (Table III) and genotyped in all heart 

samples (n = 51). In addition, two proposed regulatory variant active in blood previously 

reported (14), the 15 × GCC microsatellite and rs35476409/rs61762387 (1 or 2 GGTG 

tandem repeats), were also genotyped in all samples (Table III). The minor allele frequency 

(MAF) and p values reflecting association with incidents of AEI are listed in Table III, while 

LD between the variants is summarized in Table IV. Of the eight SNPs genotyped, only 

rs9909004 and rs7210446 completely match the AEI status in all samples (Fig. 2), and both 

have the lowest p value for association with AEI (5.4 × 10−7, Table III), the minor allele 

associating with reduced PRKCA expression. SNP rs12601850 was ruled out because it was 

homozygous in a tissue showing AEI (1.9-fold ratio). Similarly, rs9910355 and rs9303504, 

in high LD (R2 = 0.98, D’ = 0.99) with rs9909004, are less likely causative candidates 

because one sample with AEI (1.6-fold) is homozygous for both variants. We repeated the 

AEI analysis for this sample three times, confirming a finding of AEI (data not shown). 

SNPs rs17633437, the 15 × GCC microsatellite, and rs35476409/rs61762387 do not account 

for AEI status independently, nor in combination with other SNPs (Table III), indicating 

these two variants, reported to be regulatory in blood (14), are not active in heart tissue. In 

contrast, none of the SNPs in Table III can account for the AEI in B-lymphocytes (Fig. 2), 

indicating tissue selective regulatory variant in heart. Since genome-wide genotyping data 

are available for the B-lymphocytes used in this study, we obtained all SNPs within PRKCA 

locus and 50kb up- and down-stream of PRKCA and tested association with AEI status. This 

approach failed to identify any SNPs that can fully account for AEI in B-lymphocytes, 

suggesting the presence of multiple regulatory variants or other regulatory mechanisms in B-

lymphocytes.

Chromatin State and Histone Marks for Candidate SNPs in Heart and Other Tissues

To determine whether the top scoring heart eQTL SNPs have a potential functional role, we 

searched for nearby chromatin marks in HaploReg v4.1. In heart left ventricle, rs9910355, 

Li et al. Page 6

Pharm Res. Author manuscript; available in PMC 2020 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



rs9303504, rs7210446, and rs9909004 locate in a genomic region marked with H3K4me1, 

enriched in enhancers (Supplemental Table S3). Most of the other SNPs do not locate in 

genomic regions with the core 15 state, H3K4me1 and H3K29ac. Combined with the AEI 

results, rs9909004 and rs7210446 appear to be the most likely regulatory variants in the 

heart. Contributions from other variants in the same haplotypes cannot be excluded.

Reporter Gene Assays for Enhancer Activity Using Luciferase Expression

To determine whether the regions surrounding six highly linked PRKCA heart eQTL SNPs, 

we used a luciferase reporter gene assay in HEK-293 cells. The plasmid constructs 

containing either forward or reverse inserts for each the major allele or minor allele were 

transfected into the HEK-293 cells and luciferase activity measured. Shown in Fig. 3, 

constructs containing the reverse insert carrying rs9909004 increased expression 12–13 fold 

over pGL3-Basic vector, whereas the rs7210446 region insert did not when inserted in either 

direction. The inserts of the rs9910355 and rs12801850 region also yielded robust increases, 

but only in the forward orientation, whereas the other three SNP regions caused little or no 

increases. The results demonstrate that enhancer orientation is important to consider in 

reporter gene assays. However, none of the minor alleles resulted in detectable differences in 

luciferase activity. These results indicate that rs9909004 and two additional eQTL SNPs 

reside in putative enhancer regions whereas no allele effects are detectable in HEK293 cells 

(derived from the kidney where AEI was not detectable). Attempts failed to transfect the 

reporter gene plasmid into IMR90 cells that show similar a chromatin state as reported for 

heart tissue (Supplemental Table S3), possibly expressing needed transcription factors, and 

no further attempts were made in consideration of the tissue specific nature of the regulatory 

genetic effect.

DISCUSSION

PRKCA is expressed throughout the body and has been associated with multiple traits and 

diseases, including the regulation of the cardiac contractility. In patients with dilated 

cardiomyopathy, PRKCA is overexpressed (36). Mice lacking PRKCA have enhanced 

cardiac ventricular performance whereas transgenic overexpression of PRKCA impairs 

cardiac performance (16, 37), effects mimicked by pharmacological PRKCA inhibition in 

PRKCA wild-type mice (37). These results strongly support a deleterious effect of elevated 

levels of PRKCA in the heart and predict a protective effect by genetic variants that reduce 

PRKCA heart expression. Strong PRKCA eQTLs in human heart tissues – with distinct 

patterns or undetectable in other tissues – support the presence of heart-specific regulatory 

variants responsible for association with cardiac phenotypes. LD patterns among these eQTL 

SNPs indicate that a single variant or haplotype accounts for cardiac PRKCA eQTLs. AEI 

analysis and bioinformatics characterization have identified rs9909004 as a likely causative 

variant, consistent with its clinical association with deleterious heart contractility measures 

(Table I), the minor C allele being associated with reduced PRKCA mRNA expression and 

therefore conveying a protective role. Presence of strong eQTLs in thyroid tissues, one 

reported eQTL in blood of moderate strength, and AEI in blood lymphocytes in our study 

demonstrate the influence of regulatory PRKCA variants in other tissues, but the eQTL and 

AEI patterns point to distinct PRKCA variants, associated with distinct clinical phenotypes.
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AEI status can be established with high confidence in a single individual. Only rs9909004 

and rs7210446, in complete LD (R2 = 1, D’ = 1) with each other, fully account for AEI 

status, implicating both as top candidates for a causative variant. However, only rs9909004 

resides in a region with strong enhancer activity in a reporter gene assay (Fig. 3). It is 

noteworthy that the insertion direction of tested genomic regions had substantial impact on 

enhancer activity in the reporter gene assays; testing both insertion directions revealed 

strong enhancer activity of the rs9909004 region, located in intron 2, only in the reverse 

direction. Matching an additional criterion of a regulatory variant, the rs9909004 C allele is 

predicted to decrease occupancy of certain transcription factors (TFs) compared to the T 

allele (p = 0.005) (38), while TF binding changes are less pronounced for rs7210446, 

rs12601850, and rs17633437. Further studies are needed to identify the relevant 

transcription factor(s). Taken together, rs9909004 is the likely functional variant regulating 

the PRKCA gene expression in the heart.

Two GWAS report significant associations of QT interval and QRS interval with rs9892651 

and rs9912468 in a European population (Table I) (4, 27). The rs9892651 T and rs9912468 

C alleles are associated with prolonged QT-intervals, increasing the risk of ventricular 

conduction defects. Both variants are in complete LD (R2 = 1, D’ = 1) with rs9909004 in 

Europeans. However, neither variant is in proximity of any chromatin marks in heart tissue, 

leaving rs9909004 as the strongest candidate regulatory variant. Increased expression of 

PRKCA in heart associated with the rs9909004 T allele can reduce phosphorylation of 

phospholamban (PLB), the sarcoplasmic reticulum Ca2+ ATPase-2 (SERCA-2) pump 

inhibitory protein (16). The dephosphorylated PLB interacts with SERCA-2 and inhibits its 

activity, slowing transport of Ca2+ back to the sarcoplasmic reticulum of myocytes, and 

thereby prolonging the QT interval. Thus, heart failure patients with different PRKCA 
expression levels may require different treatment strategies. A main therapeutic strategy, 

beta-blocker therapy has been shown to vary with genetic variants in the beta-1 adrenergic 

receptor (ADRB1); therefore, we propose that rs9909004 can also modulate beta-blocker 

therapy, which may be more effective when PRKCA activity is high. Clinical trials should 

be done to test the combined effect of these genetic variants on the outcome of betablocker 

therapy (39, 40).

According to GTEx Analysis Release V6p, the population consists of 84.3% White, 13.7% 

African-American and 1% Asian. With rs9909004 showing highly significant eQTL p values 

across these population, the causative variant regulating PRKCA expression in the heart is 

present across population. All heart tissue donors in our study had been diagnosed with heart 

failure, whereas only a small portion of GTEx autopsy tissue donors had been diagnosed 

with heart failure, indicating the regulatory variant effect is not contingent on disease status.

While the reporter gene assays performed in HEK293 cells derived from human embryonic 

kidney cells did reveal strong enhancer activity of the rs9909004 region, it failed to reveal a 

distinct effects of the rs9909004 alleles on mRNA expression. Although reporter gene 

analysis is considered the gold standard for promoter and enhancer activity, it fails to 

recapilutate genetic influence observed in vivo, possibly caused by temporal and tissue 

specific expression of TFs and TF networks, or changes in chromatin states/epigenetic 

modifications that are not reflected in reporter gene assays as we have reported for VKORC1 
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(20). Serving as an eQTL in the heart, rs9909004 is not an eQTLs in kidneys nor in other 

tissues available in GTEx (over 70 tissues). Therefore, failure to detect allelic effects is 

likely caused by the tissue specific nature of the cardiac eQTLs, requiring tissue specific TFs 

or TF networks for the regulatory genetic effect to be detectable. In addition, we cannot 

exclude the possibility that other variants in high LD with rs9909004 are regulatory or 

contribute to the effect of rs9909004 when combined. As several SNPs are in high LD with 

rs9909004 in most populations, these SNPs can serve as markers for clinical associations, 

specifically for cardiac phenotypes.

In summary, our results support the conclusion that rs9909004 affects PRKCA expression in 

the heart, consistent with a significant association with heart disease via affecting cardiac 

contractility. We cannot exclude the possibility that other SNPs in high LD, for example 

rs7210446, could be responsible or contribute to the regulatory effect of rs9909004. On the 

basis of these results and the strong rational for PRKCA’s role in cardiac functions, 

rs990904 should be assessed as a potential biomarker predictive of PRKCA activity in the 

heart and risk of heart disease and personalized treatment of heart diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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GWAS Genome-wide association studies

LD Linkage disequilibrium

MAF Minor allele frequency

PLB Phospholamban

PRKCA Protein kinase C α subunit

SERCA-2 Sarcoplasmic reticulum Ca2+ ATPase-2

SNPs Single nucleotide polymorphisms

TF Transcription factors
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Fig. 1. 
Manhattan plot of eQTLs (p = <10−5) for PRKCA mRNA expression in human heart left 

ventricle, thyroid and whole blood. The Y-axis shows −log10 (p value) and X-axis shows 

genomic position (chr17 with hg19 coordinates). The red dots represent the eQTLs in heart, 

the green dots represent the eQTLs in thyroid, and the blue dot represents the eQTL in 

whole blood. eQTLs of interest are highlighted with a diamond: rs9909004 (black), and 

rs9910355 (brown). The position of PRKCA is represented by the horizontal line.
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Fig. 2. 
Allelic mRNA expression ratios of PRKCA in heart and other tissues. Ratios represent 

major over minor alleles for two marker SNPs located in exon 8 (rs2227857) and exon 16 

(rs2228945). Tissues heterozygous for rs9909004 are indicated with *. The horizontal dotted 
line represents the lower (0.77) and the solid line the upper threshold (1.3) for declaring the 

presence of AEI (defined as ~3× SD of mean allelic mRNA ratios). Each bar is the mean 

allelic ratio (± SD) per tissue.
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Fig. 3. 
Relative luciferase activity of twenty PRKCA luciferase reporter gene constructs in HEK293 

cells. Luciferase activity was normalized to renilla luciferase activity in each sample, and 

adjusted to the activity of the respective pGL3-Basic vectors [Construct (Firefly/Renilla)/

pGL3 (Firefly/Renilla)]. *rs9910355 and rs9303504 are in close proximity so that the region 

inserted into the plasmid contained both SNPs. The vector constructs with inserts in the 

forward or reverse orientation are listed.
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Table II

Top Scoring eQTLs in Human Heart Left Ventricle

SNPs Location Minor Allele Major Allele MAF
a

P value
#

rs9910355 intron 2 A C 0.47 7.2 × 10−24

rs9303504 intron 2 G C 0.47 8.2 × 10−24

rs9909004 intron 2 C T 0.47 1.2 × 10−23

rs12601850 intron 2 A G 0.42 8.5 × 10−20

rs17633437 intron 1 G A 0.42 9.2 × 10−20

rs7210446 intron 2 G A 0.47 1.2 × 10−23

rs9910577 intron 2 T C 0.47 7.7 × 10−24

rs9890911 intron 2 T C 0.47 8.2 × 10−24

rs9912468 intron 2 G C 0.47 8.2 × 10−24

rs11867573 intron 2 A G 0.47 8.2 × 10−24

rs8071250 intron 2 C T 0.47 8.3 × 10−24

rs989265l intron 2 C T 0.47 1.2 × 10−23

rs11079650 intron 2 A C 0.47 1.2 × 10−23

rs4577128 intron 2 T C 0.47 1.3 × 10−23

rs9893075 intron 2 C T 0.47 1.3 × 10−23

rs11658550 intron 2 C T 0.47 1.3 × 10−23

rs11658630 intron 2 G A 0.47 1.3 × 10−23

rs129406l 0 intron 2 A G 0.47 1.3 × 10−23

rs4335805 intron 2 T G 0.47 1.7 × 10−23

rs4328478 intron 2 C T 0.47 2.7 × 10−23

rs7406054 intron 2 G A 0.47 6.6 × 10−23

rs7406066 intron 2 G A 0.47 1.3 × 10−22

rs35183571 intron 2 C T 0.42 5.7 × 10−20

rs12944131 intron 2 A C 0.42 8.5 × 10−20

a
Minor allele frequency data from CEU population in the 1000genome database

#
P value is from GTEx Analysis Release V6p
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