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Abstract

Background—Elevated cardiac troponin levels in blood are associated with increased risk of
cardiovascular diseases (CVDs) and mortality. Cardiac troponin levels are heritable, but their
genetic architecture remains elusive.

Methods—We conducted a trans-ethnic genome-wide association analysis on high-sensitivity
cardiac troponin T and I levels (hs-cTnT and hs-cTnl) in 24,617 and 14,336 participants free of
coronary heart disease and heart failure from six population-based cohorts, followed by a series of
bioinformatic analyses to decipher the genetic architecture of hs-cTnT and hs-cTnl.

Results—We identified four genome-wide significant loci for hs-cTnT including a novel locus,
rs3737882 in PPFIA4, and three previously reported loci at NCOAZ, TRAMI1 and BCLZ. One
known locus at VCL was replicated for hs-cTnl. One copy of C allele for rs3737882 was
associated with a 6% increase in hs-cTnT levels (MAF=0.18, p-value=2.80x10~%). We observed
pleiotropic loci located at BAG3and ANO5. The proportions of variances explained by single
nucleotide polymorphisms (SNPs) were 10.15% and 7.74% for hs-cTnT and hs-cTnl, respectively.
SNPs were co-localized with BCL 2 expression in heart tissues and hs-cTnT, and with ANO5
expression in artery, heart tissues and whole blood and both troponins. Mendelian randomization
analyses showed that genetically increased hs-cTnT and hs-cTnl levels were associated with
higher odds of atrial fibrillation (OR [95% CI] =1.38 [1.25, 1.54] for hs-cTnT and 1.21 [1.06,
1.37] for hs-cTnl).

Circ Genom Precis Med. Author manuscript; available in PMC 2022 December 01.
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Conclusions—We identified a novel genetic locus associated with hs-cTnT in a multi-ethnic
population, and found that genetically regulated troponin levels were associated with atrial
fibrillation.

Keywords

Cardiovascular disease; genome-wide association analysis; cardiac troponin; Mendelian
randomization analysis; co-localization analysis

Introduction

Methods

Cardiac troponin is a biomarker of cardiomyocyte necrosis,! consisting of three units,

T, I and C, collocated with tropomyosin on the actin filament. The troponin complex is
essential for calcium-mediated regulation of cardiac muscle contraction.? Cardiac troponin
Tand | (cTnT and cTnl) are established biomarkers for myocardial infarction diagnosis
and prognosis! and have been shown to be associated with increased risk for cardiovascular
disease (CVD) and mortality in the general population.3-5

Circulating cardiac troponin levels are heritable; the estimated heritability is 35% for

¢TnT and 25% for cTnl.8 A genome-wide association study (GWAS) of serum levels of
high-sensitivity cTnT (hs-cTnT) identified two loci — an intergenic region at 8q13 and
TNNTZ2(1g32) - in 11,544 European and African Americans.” Recently, a GWAS in 19,130
Scottish subjects has identified multiple loci for hs-cTnl (KLKB1 (4935.2), VCL (10922.2),
ANOS5 (11p14.3), CEPI95(17723.3), and CPLX4(18721.32)), and added four novel loci

at Clorf112(1q24.2), TRABDZA (2p11.2), SORBSZ2 (4035.1), and PTPRD (9p24.1) for
hs-cTnT.%7 Yet, the impact of genetic variation on the levels of hs-cTnT and 1, in ethnically
diverse populations has not been described. Using the most-updated high-sensitivity assays,?
we aimed to identify novel genetic variants associated with circulating cTnT and cTnl levels
in a large multi-ethnic population consisting of African, Asian, European and Hispanic
ancestries, and furthermore, to investigate causal associations with CVDs.

Availability of data and materials

Full summary GWAS statistics generated in this study are available upon reasonable request
made to the corresponding authors. The GTEXx version 8 expression quantitative trait loci
(eQTL) data used in this study is available from eQTL catalogues (ftp://ftp.ebi.ac.uk/pub/
databases/spot/eQTL). The authors declare that all other supporting data are available within
the article and its Supplemental Materials.

Ethical declarations and methods

All studies were approved by appropriate institutional review committees, and all subjects
provided written informed consent. Full details of data and methods used in this study are
presented in Supplemental Data and Methods.
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Multi-ethnic GWAS identifies a novel locus associated with hs-cTnT

We conducted multi-ethnic GWAS for hs-cTnT levels in 24,617 participants, including
18,590 from European, 3,806 from African, 775 from Asian, and 1,446 from Hispanic
ancestries. The hs-cTnl analyses included 14,336 participants, consisting of 12,730
European and 1,606 African ancestry subjects. The studies had mean ages ranged from
47.13 (SD=16.05) to 76.21 (SD=5.23), with proportions of females ranging from 50.8%
to 65.1%. Baseline characteristics were comparable among studies. Detailed demographic
information is presented in Supplemental Data V.

We identified 67 variants at four independent loci that were associated with hs-cTnT at
genome-wide significance (p-value<5x1078) (Figure 1 (a) and Table 1). One locus, mapping
to the intron of PPFIA4 (liprin-alpha-4), has not been previously reported. One copy of a

C allele (minor allele frequency (MAF)=0.18) for the lead SNP rs3737882 in PPFIA4 was
associated with 6% increased hs-cTnT level (p-value=2.80x10719). The MAF of rs3737882
was similar and the direction of effect was consistent across ethnic groups (Supplemental
Table I). We also replicated three previously reported loci near NCOAZ (nuclear receptor
coactivator 2) and 7RAM!I (translocation associated membrane protein 1), and at BCL2
(B-cell lymphoma, apoptosis regulator). We did not observe any genome-wide significant
association for hs-cTnl (Figure 1 (b)); however, one previously reported locus at VCL
showed suggestive association with hs-cTnl (p-value=5.51x1078). No genomic inflation was
observed for both troponin analyses (Supplemental Figure I).

The European-specific analysis resulted similar findings comparing to the trans-ethnic
analysis (Supplemental Table I1). The proportions of phenotypic variance explained by
common variants were estimated at 10.15% (standard error (SE)=0.025) for hs-cTnT and
7.74 % (SE=0.038) for hs-cTnl in European ancestry. In the African-ancestry-specific
analysis, we identified a genome-wide significant locus at LOC105378816;LOC107985037
(rs150095447, p-value=4.63x1079) for hs-cTnT, and one at CD2BP2 (rs116215614, p-
value=1.11x1078) for hs-cTnl (Supplemental Table 111). We did not observe genome-wide
significant association in Asian or Hispanic ancestries (Supplemental Table IV and V).

We presented ancestry-specific allele frequencies and association statistics for trans-ethnic
significant associations in Supplemental Table I.

Variant effects on protein coding sequence

We investigated the predicted deleterious effects of troponin-associated loci using the
Combined Annotation Dependent Depletion (CADD) scores. Sentinel SNPs and their
proxies with CADD scores greater than 12 are shown in Table 1 and Supplemental Table

VI. Among the genome-wide significant loci associated with hs-cTnT, the CADD score was
only significantly high (12.64) for the sentinel SNP at PPF/A4 (rs3737882). SNPs associated
with hs-cTnl in the VCL and ADK region showed significant CADD score. Additionally, a
proxy for the sentinel variant in the pleiotropic BAG3region, rs2234962, was predicted to be
deleterious (CADD score =21.50).

Circ Genom Precis Med. Author manuscript; available in PMC 2022 December 01.
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Pleiotropic locus for troponin T and |

We identified three candidate pleiotropic loci, BCL2, ANO5and BAGS3, associated

with both hs-cTnT and hs-cTnl at genome-wide significance (Supplemental Figure Il

and Supplemental Table VI1). The sentinel SNP at BCL 2, rs12457700, was identified

by multi-trait analysis of GWAS (MTAG) with p-values of 3.93x10712 and 4.84x10712
for hs-cTnT and hs-cTnl, respectively. Two loci, BAG3and ANOS5 were previously
identified with suggestive evidence in both hs-cTnT and hs-cTnl GWAS analyses and

had improved significance in MTAG analyses. The sentinel pleiotropic variants at BAG3
and ANO5 were rs7938061 (MTAG p-value for hs-cTnT (Ppmrac-hs-cTnT) =1.38%x1072 and
PMTAG-hs-cTni=1.36x1079, respectively) and rs72842207 (PpmTAG-hs-cTnT =1.17x1078 and
PMTAG-hs-cTni=1.11x1078, respectively).

Gene-based association test and gene-set enrichment

The Multi-marker Analysis of GenoMic Annotation (MAGMA) gene-based association
analysis identified seven and three loci associated with hs-cTnT and hs-cTnl (p-
value<2.58x1075), respectively (Supplemental Table VI11). The significant associations for
hs-cTnT included the GWAS loci at BCLZ2and PPFIA4, with five other novel genes NS
MANBA, NPC1, TMEM127, and C180rf8. For hs-cTnl, VCL, ADK, and AP3M1 were
identified as significant. Genes mapped to GWAS associations with p-value <1x107° were
further investigated for gene-set enrichment (Supplemental Table IX). Two genome-wide
significant loci for hs-cTnT, BCL2and PPFIA4, were enriched in the hypoxia hallmark
gene set composed of genes up-regulated in response to low oxygen levels (adjusted
p-value =9.60x1073). Genes mapped to hs-cTnl SNPs were enriched among the gene
ontologies associated with mitochondrion targeting (adjusted p-value =6.38x1076) and
protein localization to mitochondrion (adjusted p-value =1.19x1075).

Tissue-specific co-localization and transcriptome-wide association analyses

We performed co-localization analysis for the nineteen loci identified in the GWAS

and MTAG analysis with gene expression using Genotype-Tissue Expression (GTEXx) v8
expression quantitative trait locus (eQTL) data (Supplemental Table X). We identified SNPs
associated with ANOS5 expression and either hs-cTnT or hs-cTnl in aortic artery, coronary
artery, heart atrial appendage, and whole blood (Figure 2). The eQTL associations for
ANOS5 were remarkably high in two artery tissues. We also identified SNPs at BCLZin left
ventricular and atrial appendage tissues (Supplemental Figure I11), and SNPs at A//SFin aorta
artery tissue, which co-localized with either hs-cTnT or hs-cTnl levels. Using predicted
expression levels, we performed a transcriptome-wide association analysis in aorta artery,
coronary artery, atrial appendage, left ventricle, and whole blood (Supplemental Table XI).
At the transcriptome-wide significance level (p-value<1.59x1075), we found that ANO5

in whole blood (p-value=1.51x107%) and in atrial appendage (p-value=6.94x1077), BCL2
in left ventricle (p-value=4.41x10711) and in atrial appendage (p-value=3.49x1078) were
associated with hs-cTnT. For hs-cTnl, we identified a novel locus at PLAU in left ventricle
(p-value= 8.05x1077).

Circ Genom Precis Med. Author manuscript; available in PMC 2022 December 01.
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Phenotypic effects of troponin-associated loci

The genetic correlation between hs-cTnT and hs-cTnl was estimated to be 0.99 (p-
value=2.00x1073). Genetic correlations with CVDs and related-traits are provided in
Supplemental Table XII. Atrial Fibrillation (AF) (r=0.27, p-value=1.00x10"%), body mass
index (BMI) (r=0.18, p-value=2.00x104), and estimated glomerular filtration rate (eGFR)
(r=—0.30, p-value=1.17x107°) were significantly genetically correlated with hs-cTnT, and
heart failure (HF) was correlated with hs-cTnl (r=0.53, p-value=2.00x1073).

Causal pathway from troponins to cardiovascular diseases

To establish a causal pathway from troponins to CVDs, we performed an MR analysis for
coronary artery disease (CAD), HF, AF, and stroke. As shown in Figure 3, both troponins
were causally associated with the risk of AF. A one standard deviation (SD) higher level of
inverse-normalized hs-cTnT and hs-cTnl was associated with a 32% (odds ratio (OR) [95%
confidence interval (C1)] = 1.32 [1.17, 1.50], p-value= 1.14x107°) or a 21% (OR [95% CI]
=1.21[1.06, 1.37], p-value= 4.72x1073) greater risk of AF, respectively. We did not observe
any association with CAD, HF, or stroke. The MR associations of hs-cTnT for AF showed
the presence of heterogeneity and horizontal pleiotropy (Supplemental Table XIII), so we
conducted sensitivity analyses by excluding outliers identified by MR-Pleiotropy RESidual
Sum and Outlier (MR-PRESSO). The adjusted OR [95% CI] for an association between
hs-cTnT and AF association was 1.38 [1.25, 1.54] (p-value =1.04x107%), consistent with
the primary analysis. Scatter plots of causal estimates for different MR test methods are
presented in Supplemental Figure 4.

Discussion

We are the first study to examine genetic determinants of hs-cTnT and hs-cTnl in a
multi-ethnic population, and we identified novel genetic determinants as well as validated
previous findings to improve our understanding of troponin genetic susceptibility. Beyond
mapping to nearest genes, we also showed the biological impacts of our findings using

in silico functional analyses and increasingly abundant publicly available data. Our results
demonstrated that multiple genetic loci were coupled with gene expression information,
which imply biologically relevant pathways. Furthermore, we observed a putative causal
association between troponins and AF using MR approaches. Our study provides insights
into the genetic etiology of circulating troponin levels and its potential impact on CVD.

We identified a novel hs-cTnT locus at 1932.1 mapped to PPFIA4. PPFIA4 encodes liprin-
alpha-1, which may regulate cell interaction with the extracellular environment. Our sentinel
variant, rs3737882, is a PPFIA4 intron variant with a deleterious effect (CADD score
=12.64). A previous multi-ethnic GWAS’ has reported another gene at 1q32.1, TNNTZ,
associated with a 99t percentile dichotomized hs-cTnT trait. PPFIA4 is a novel finding, as
it lies 1.6 Mb away from 7ANTZ2and the sentinel SNPs at the two genes are independent
(r2<0.01). Our study, for the first time, identified BCL2with genome-wide significance in
hs-cTnT. BCL2 showed only suggestive evidence in Yu et a/., 2013 (p-value= 6.57x107%).7
The sentinel variant mapped to BCL2was rs9944895, and we functionally confirmed its

Circ Genom Precis Med. Author manuscript; available in PMC 2022 December 01.
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co-localization with BCLZ2 expression in heart atrial appendage and left ventricular tissues
(Supplemental Figure I11).

Troponin associated loci are involved in cardiac cell responses to oxidative stress, 10
which can potentially influence the devilment of AF. Hs-cTnT-associated loci, PPFIA4
and BCL2, are enriched in the hypoxia-mediated mechanism (Supplemental Table IX).
When cells are stressed by hypoxia, PPFIA4 (liprin-alpha-4) is up-regulated by a hypoxia-
inducible factor, HIF-1a, and dissociates cell contacts.11 PPFIA4 s specifically expressed
in the brain, and skeletal and cardiac muscle tissues (The Human Protein Atlas, https://
www.proteinatlas.org/)12. According to GTEX version 8 data, PPFIA4 is significantly over-
expressed in the cerebellum and cerebellar hemispheres. The cerebellum is believed to
have a unique modular structure made, including the control tower of the cardiovascular
system, especially blood vessels.13 Over-expression of PPFIA4in the cerebellum may
potentially implicate a role for the brain in controlling the cardiovascular system under
hypoxic conditions.

BCLZ2encodes an integral outer mitochondrial membrane protein that inhibits the

apoptotic death of cells such as lymphocytes. BCLZ2 proteins have highly redundant
structures indicating the evolutionary importance of apoptosis - generally implicated in the
pathogenesis of many conditions including cardiac failure.1* Apoptosis of cardiomyocytes is
the major pathological change in cardiomyopathy, leading to excessive intercellular space.

In vivo, decreased expression of Bcl-2 is associated with production of reactive oxygen
species, 10 which can cause arrhythmic conditions.1® Cardiomyocytes with overexpressed
peroxisome proliferator-activated receptor gamma (PPARgamma) were reportedly resistant
to oxidative stress-induced apoptosis, and a knock-down study suggested that Bc/-2 up-
regulation mediated the protective effect of PPARgamma by regulating cell’s sensitivity

to oxidative stress.1® At the apex and both ventricles of the heart, three transplanted
individuals with dilated cardiomyopathy exhibited increased Bc/-2 expression possibly as

a compensatory mechanism to the increased level of apoptosis.1 In the co-localization
analysis, we observed that the sentinel SNP, rs9944895, was associated with a decreased
hs-cTnT levels and an increased BCLZ2 expression in heart tissues (for an additional G
allele, beta= -0.07 in GWAS; beta = 0.25 (left ventricle) and 0.38 (atrial appendage) in
GTEX version 8 eQTL data), supporting the anti-apoptotic protective effect of BCLZ2. BCL2
expression associated with hs-cTnT variants is specific to heart tissues (Supplemental Figure
[11), highlighting the importance of hs-cTnT as a detectable biomarker in the blood.

Two loci, anoctamin 5 (ANO5) and BCL 2-associated athanogene 3 (BAGS3), were identified
as valid pleiotropic loci for both hs-TnT and hs-cTnl, and included as genetic instruments

in the MR analysis. BAG3encodes an anti-apoptotic co-chaperone protein and variants

in BAG3have been established as causes of dilated cardiomyopathy and myofibrillar
myopathy.18 BAGZinteracts with the best characterized inhibitor of apoptosis, BCL2, in
preventing cell death.1® In hypoxia-injured cardiomyocytes, BAG3 over-expression activated
autophagy and NF-kB promoting cell proliferation and inhibiting apoptosis.2°

ANOS5 encodes a member of the anoctamin family, a transmembrane protein and a
putative calcium activated chloride channel.2! In our study, both troponin associations

Circ Genom Precis Med. Author manuscript; available in PMC 2022 December 01.
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are significantly co-localized with ANO5 expression in all tissues of interest, but more
significant expression is found in artery tissues taken from the left and right coronary
arteries and the ascending aorta (rising from the left ventricle of the heart) (Figure

2 and Supplemental Table X). Few is known about function of ANO5'in artery, but
anoctaminopathies may apply to arteries since the tunica media or a middle layer of arterial
wall contains muscular tissue.22 The recent GWAS in a Scottish family identified ANO5 for
hs-cTnl only and stated its relevance to adult-onset cardiomyopathy.8 An increased risk of
ventricular arrhythmia has been observed in ANO5 mutation carriers.23

The association between hs-cTnT, hs-cTnl and the risk of AF has been observed repeatedly,
where increased troponin levels were observed in AF patients.242° Evidence has also shown
that troponin is associated with the risk of CVDs and mortality in AF patients.26 The
underlying mechanism between troponin and AF is not clear; however, we observed that
genetically regulated high hs-cTnT and | levels related to increased risk of AF. The genetic
instruments of troponin we used to test the potential causality with AF included PPFIA4,
BCLZ2, BAG3, and ANO5. The novel hs-cTnT locus, PPFIA4, has shown genome-wide
significance in the association with AF in large genome-wide studies,?’28 suggesting

shared genetic architecture between troponin and AF. The link between PPFIA4 and AF

is understudied; we suspect that hypoxia-induced cell disassociation can lead to structural
remodeling of the atria, which increases the risk of AF.29 In a canine model of congestive
heart failure, the increased apoptosis (i.e. the increased ratio of pro-apoptotic (Bax) to anti-
apoptotic BCLZ2expression) developed within 24 hours after the onset of tachypacing; which
leads to increased cell death and leukocyte infiltration; and progressively increased AF till 5
weeks after the onset.30 Th association between BAG3, ANO5and AF is largely unknown.
Mutations in BAG3and ANO5 could induce dilated cardiomyopathy,18:23:31 and myocardial
interstitial fibrosis was reported in ANO5 knockout rabbits.32 Cardiac troponin is a sensitive
biomarker of cardiomyopathy, and elevated hs-cTnT and | levels are associated with
myocardial fibrosis.33:34 AF has shared pathology with cardiomyopathy3® and myocardial
fibrosis3®, suggesting that troponin may mediate the effect of those candidate genes to AF.
The potential causal relation between troponin and AF deserves further investigation.

Our study is the largest multi-ethnic GWAS analysis of cardiac troponins; however, it also
has limitations. Due to modest sample sizes of African-, Asian- and Hispanic-subjects, the
statistical power to detect ancestry-specific associations in these ancestries was limited.

In addition, we lacked replication studies to reproduce our novel findings. Of note, we
reproduced three previously reported loci: an intergenic region near NCOAZ for hs-cTnT,
and VCL and ADK for hs-cTnl.%:7 For our novel finding in PPFIA4, we were not able to get
an independent study to replicate the locus. Nevertheless, for the sentinel SNP in PPFIA4,
rs3737882, we observed homogeneous positive effect across all ancestries and statistical
significance in African, Asian, and European ancestries. We anticipate our novel findings
can be generalized to other populations. Lastly, AF polygenic risk score (PRS) has provided
prognostic information into clinical factors in risk stratification algorithms.3” Our work can
be extended by constructing a troponin PRS and integrating AF loci. Future studies are
warranted to exam the added value of troponin-AF PRS in the clinical risk management.

Circ Genom Precis Med. Author manuscript; available in PMC 2022 December 01.
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Conclusions

In summary, we identified a novel genome-wide significant locus for hs-cTnT, rs3737882
in PPFIA4in a large multi-ethnic population. Previously reported loci were also confirmed
for hs-cTnT, BCL2at 8q13.3 and an intergenic region near NCOAZ2 at 18qg21.33, and for
hs-cTnl, VCL at 10g22.2. Pleiotropic loci for both hs-cTnT and hs-cTnl were identified at
ANO5and BAGS3, supported by co-localization evidence of gene expression in heart and
artery tissues. MR analysis showed that hs-cTnT and hs-cTnl were causally associated with
38% and 21% higher risk of AF, respectively. Our findings provide new sights into CVD
etiology and demonstrate potential clinical utility of troponin as a preventive target of AF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

cTnT and cTnl

hs-cTnT and hs-cTnl

Cardiac troponin T and |

high-sensitivity cTnT and cTnl

CVvD cardiovascular disease

AF atrial fibrillation

CAD coronary artery disease

CHD coronary heart disease

HF heart failure

eGFR estimated glomerular filtration rate

ARIC Atherosclerosis Risk in Communities study

AGES-Reykjavik study

Age, Gene/Environment Susceptibility-Reykjavik Study

CHS Cardiovascular Health Study

MESA Multi-Ethnic Study of Atherosclerosis
PROSPER Prospective Study of Pravastatin in the Elderly at Risk
SHIP Study of Health in Pomerania

SE standard error

SD standard deviation

OR odds ratio

Cl confidence interval

CADD combined annotation dependent depletion score
MTAG multi-trait analysis of GWAS

MAGMA Multi-marker Analysis of GenoMic Annotation
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Figure 1. Manhattan Plots of Genome-wide Associationsfor hs-cTnT (a) and hs-cTnl (b)
SNPs are positioned along the x-axis according to chromosomal position with —log10(p-

value) along the y-axis. Genome-wide significance threshold (p-value=5x1078) is presented
as a dashed black horizontal line and suggestive significance threshold (p-value=1x107°) is
presented as a dotted black horizontal line. Sentinel SNPs (+50kb) with p-value<1x1076 are
labeled with the nearest genes. Novel findings are colored in green, while the previously
reported loci are highlighted in yellow.
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Figure 2. Scatter Plot of GWAS and eQTL Associations at ANO5S
SNPs located +50kb of ANO5 are plotted with —logo(p-value) along the y-axis against their

genomic positions on the x-axis. Associations for gene expression, hs-cTnT and hs-cTnl are
shown in red, green, and blue points, respectively.
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Figure 3. Forest Plotsfor Mendelian randomization associations between troponins and

cardiovascular diseases.
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P-value
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cTnT: cardiac troponin T; cTnl: cardiac troponin I; AF: atrial fibrillation; CAD: coronary
artery disease; HF: heart failure; AS: All stroke.
*Indicates significant MR association after Bonferroni adjustment for multiple testing

burden.
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