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ORIGINAL RESEARCH

Identification of Functional Variant Enhancers 
Associated With Atrial Fibrillation
Antoinette F. van Ouwerkerk, Fernanda M. Bosada,* Jia Liu,* Juan Zhang, Karel van Duijvenboden, Mark Chaffin,  
Nathan R. Tucker, Daniel Pijnappels, Patrick T. Ellinor, Phil Barnett, Antoine A.F. de Vries,* Vincent M. Christoffels *

RATIONALE: Genome-wide association studies have identified a large number of common variants (single-nucleotide 
polymorphisms) associated with atrial fibrillation (AF). These variants are located mainly in noncoding regions of the genome 
and likely include variants that modulate the function of transcriptional regulatory elements (REs) such as enhancers. 
However, the actual REs modulated by variants and the target genes of such REs remain to be identified. Thus, the biological 
mechanisms by which genetic variation promotes AF has thus far remained largely unexplored.

OBJECTIVE: To identify REs in genome-wide association study loci that are influenced by AF-associated variants.

METHODS AND RESULTS: We screened 2.45 Mbp of human genomic DNA containing 12 strongly AF-associated loci for RE activity 
using self-transcribing active regulatory region sequencing and a recently generated monoclonal line of conditionally immortalized 
rat atrial myocytes. We identified 444 potential REs, 55 of which contain AF-associated variants (P<10−8). Subsequently, using an 
adaptation of the self-transcribing active regulatory region sequencing approach, we identified 24 variant REs with allele-specific 
regulatory activity. By mining available chromatin conformation data, the possible target genes of these REs were mapped. To 
define the physiological function and target genes of such REs, we deleted the orthologue of an RE containing noncoding variants 
in the Hcn4 (potassium/sodium hyperpolarization-activated cyclic nucleotide-gated channel 4) locus of the mouse genome. Mice 
heterozygous for the RE deletion showed bradycardia, sinus node dysfunction, and selective loss of Hcn4 expression.

CONCLUSIONS: We have identified REs at multiple genetic loci for AF and found that loss of an RE at the HCN4 locus results 
in sinus node dysfunction and reduced gene expression. Our approach can be broadly applied to facilitate the identification 
of human disease-relevant REs and target genes at cardiovascular genome-wide association studies loci.

GRAPHICAL ABSTRACT: A graphical abstract is available for this article.

Key Words: atrial fibrillation ◼ chromatin ◼ gene expression ◼ genetics ◼ genome-wide association study ◼ regulation ◼ STARR-seq ◼ variants

Atrial fibrillation (AF) is the most common cardiac 
arrhythmia, with a prevalence increasing with age. 
It is a major risk factor for embolic stroke and is 

associated with morbidity and mortality.1 Although fac-
tors such as sex, aging, and comorbidities contribute to 
AF risk, family studies have shown there is a heritable 
component to AF.2–4 With the advance of genome-wide 
association studies (GWAS), the search for the genetic 
components of AF has accelerated. Many single-nucleo-
tide polymorphisms (SNPs) were found to be associated 

with AF in over 100 different loci, where each of the lead 
SNPs at a locus is often in strong linkage disequilib-
rium with hundreds of other common variants with vir-
tually indistinguishable statistical associations.5–12 The 
vast majority of these AF-associated SNPs are found 
in intergenic/intronic regions rather than protein-coding 
regions, which when coupled with complex linkage dis-
equilibrium structure makes identifying causal variant(s) 
challenging. This topic is a priority of the field, as iden-
tifying causal variant(s) at GWAS loci is the first step in 
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determining the molecular mechanism(s) by which these 
variants increase the risk of AF.

It has been found that disease-associated variants are 
often located in regions that are enriched for epigenetic 
signatures such as DNA accessibility and protein-binding 
sites, which predict the presence of cis-regulatory elements 
(REs).13–15 This suggests that alterations in target gene 
expression are due to disease-associated variants that modify 
the function of REs, by, for example, disruption or creation of 
TF (transcription factor)-binding sites.15,16 This likely causes 
small but important differences in the amount of RNA tran-
scribed and protein produced, thereby predisposing to AF 
development.17 Because AF is a complex disease, it is thought 
that multiple variants from different loci may act in an additive 
way to environmental risk factors to cause disease. Expres-
sion quantitative trait locus studies linking AF-associated vari-
ants to changed expression in heart tissue support this notion, 
as effect sizes on gene expression are often small.18

To determine which AF-associated SNPs cause an 
effect, an unbiased approach to identify variants that alter 
regulatory DNA sequences involved in the regulation of 
atrial gene expression is needed. To this end, we screened 
12 loci strongly associated with AF spanning 2.45 Mbp 

Nonstandard Abbreviations and Acronyms

AF atrial fibrillation
BAC bacterial artificial chromosome
CRISPR/Cas9  clustered regularly interspaced 

short palindromic repeats/clustered 
regularly interspaced short palin-
dromic repeat–associated 9

DEL deletion
ESRRB estrogen-related receptor-beta
GWAS genome-wide association study
iAM inducible atrial cardiomyocyte
IRF interferon regulatory factor
L2FC log2 fold change
MEF2 myocyte enhancer factor 2
RE regulatory element
sgRNA guide RNA
SNP single-nucleotide polymorphism
STARR-seq  self-transcribing active regulatory 

region sequencing
TF transcription factor

Novelty and Significance

What Is Known?
• Genome-wide association studies have identified over 

100 mostly noncoding regions of the genome that 
contain genetic variants (single-nucleotide polymor-
phisms) and variants in linkage disequilibrium associ-
ated with atrial fibrillation (AF).

• Among the many variants, many are likely just in the 
vicinity of AF-associated genetic elements, but others 
may directly affect AF susceptibility by, for instance, 
altering the activity of transcriptional regulatory ele-
ments and potentially the expression of effector genes, 
thus leading to increased AF risk.

• The challenge of genome-wide association study 
interpretation lies in the identification of the caus-
ative variants, the directionality of altered target gene 
expression, and the effect on biological mechanisms 
that impact on the trait of interest such as AF.

What New Information Does This Article Con-
tribute?
• We systematically screened 12 loci strongly associ-

ated with AF for atrial regulatory element activity using 
a combination of self-transcribing active regulatory 
region sequencing and a conditionally immortalized rat 
atrial cardiomyocyte line.

• We identified over 400 potential human regulatory 
elements and validated one such element in a murine 
in vivo model using genome editing, showing that its 

deletion causes decreased Hcn4 expression and 
bradycardia.

• This specific approach may be broadly applicable to 
interpretation of genome-wide association study data by 
aiding in the dissection of biological mechanisms under-
lying disease predisposition, stratification of patients 
based on genotype, and potentially leading to the devel-
opment of personalized diagnostics or therapies.

AF is the most common cardiac arrhythmia and is 
associated with significant morbidity and mortality. 
Genome-wide association studies have identified over 
100 mostly noncoding regions in the genome contain-
ing common variants associated with AF. Although 
poorly understood mechanistically, such variants could 
influence the function of critical gene regulatory ele-
ments, thus linking them to AF risk. Using an inducible 
atrial cardiomyocyte cell line, we performed a high-
throughput functional assay on 12 highly associated 
variant regions, totaling over 2 million base pairs. We 
identified over 400 potential human regulatory ele-
ments in the AF-associated regions and identified 24 
variants that cause altered activity of such elements. 
The homologue of a noncoding variant region close 
to Hcn4 was deleted from the mouse genome by 
genome editing to assess its function in vivo. These 
results provide a first step in the functional dissection 
of the AF-associated regions and could help pave the 
way to further stratify patients based on genotype.
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of human genomic sequence using the high-throughput 
method self-transcribing active regulatory region sequenc-
ing (STARR-seq)19 in a recently generated line of fully 
differentiation-competent rat atrial myocytes designated 
inducible atrial cardiomyocyte (iAM)-1.20 Of the genetic 
regions showing RE activity in this assay, we selected those 
regions that overlap both the locations of AF-associated 
variants and other epigenetic signatures suggestive of reg-
ulatory activity for further analysis. Subsequently, we used 
an adaptation of the STARR-seq approach to determine 
which of the selected AF-associated variants confer allele-
specific differential enhancer activity. Moreover, we suggest 
potential target genes of these allele-specific REs by incor-
poration of promoter capture Hi-C data.21 Furthermore, we 
deleted the mouse orthologue of a variant region with REs 
containing a variant that shows allele-specific activity in the 
HCN4 locus, revealing its regulatory activity, as well as its 
target gene specificity in vivo. Our approach should prove 
useful for wider application to GWAS follow-up studies, aid-
ing in the identification of regions with regulatory activity, as 
well as disease-associated functional variants.

METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request. 
Detailed Methods are provided in the Data Supplement. For 
research materials listed in the Methods and Materials, please 
see the Major Resources Table in the Data Supplement.

Human Material
DNA was obtained from AF cases previously enrolled in the 
Massachusetts General Hospital AF Study.18 All participants were 
of European ancestry, and the study is reviewed annually by the 
Institutional Review Board of the Massachusetts General Hospital.

Generation of Transgenic Mice Using CRISPR
Guide RNA (sgRNA) constructs were designed using the online 
tool ZiFiT Targeter.22 For sgRNA sequences, see Table I in the 
Data Supplement. Cas9 and sgRNA constructs were transcribed 
in vitro with the MEGAshortscript T7 (Thermo Fisher Scientific; 
AM1354) and mMESSAGE mMACHINE T7 Transcription 
(Thermo Fisher Scientific; AM1344M). sgRNAs (10 ng/µL 
per sgRNA) and Cas9 mRNA (25 ng/µL) were injected into 
the cytoplasm of 1-cell FVB/NRj zygotes to generate founder 
mouse lines. Lines were maintained on an FVB/NRj back-
ground (Janvier). Animal care and experiments were performed 
in accordance with the national and institutional guidelines. In all 
experiments, both male and female animals were used.

RESULTS
STARR-seq Identifies Atrial Myocyte-Specific 
Regulatory Potential in AF-Associated Regions
To identify biologically relevant regulatory potential 
through high-throughput assays such as STARR-seq, 

the use of cell types that represent the tissue of inter-
est and that can be efficiently transfected is critical. 
Therefore, we chose to use conditionally immortalized 
rat atrial myocytes (iAM-1 cells).20 iAM-1 cells prolifer-
ate with a doubling time of 38 hours in the presence of 
doxycycline and spontaneously reacquire a phenotype 
closely resembling that of primary rat atrial myocytes 
when cultured in the absence of doxycycline. We hence 
anticipated that regulatory sequences normally active in 
the atria would be activated in these cells in the absence 
of doxycycline. We first determined that at day 9 of dif-
ferentiation, iAM-1 cells are well differentiated and do 
not further mature (see extended Results in the Data 
Supplement; Figure I in the Data Supplement). Further-
more, reporter gene expression driven by human NPPA 
and GJA1 promoter increased between days 0 and 9 
of differentiation and stabilized (NPPA) or decreased 
(GJA1) afterward (Figure II in the Data Supplement). 
After optimization, a transfection efficiency of ≈50% of 
the iAM-1 cells was reached (Figure IIIA through IIID 
in the Data Supplement). Importantly, transfected cells 
differentiated equally well into functional (ie, excitable 
and contractile) cardiomyocytes as their nontransfected 
counterparts as judged from the results of bright-field 
microscopy and optical voltage mapping of the iAM-1 
cultures at 9 days of differentiation (Figure IIIE through 
IIIH in the Data Supplement). We concluded that pro-
moters of human cardiac genes are activated in redif-
ferentiated iAM-1 cells and that day 9 is an optimal time 
point for STARR-seq analysis.

We next used STARR-seq19 to determine the regu-
latory potential of a library of genomic fragments from 
regions containing AF GWAS SNPs (Figure 1A). We 
selected the 12 most significantly AF-associated GWAS 
loci (Table II in the Data Supplement) from a recent 
comprehensive AF GWAS.11 This GWAS contained over 
65 000 AF patients composed of European (84.2%), 
Japanese (12.5%), African American (2%), and Brazil-
ian and Hispanic (1.3%) populations. Using a threshold 
of 5×10−8 and Bonferroni correction, 104 AF-associated 
loci were found, each containing a sentinel SNP, and a 
number of associated variants in linkage disequilibrium 
with the sentinel SNP. Fifteen human bacterial artifi-
cial chromosomes (BACs) were selected that cover the 
majority of the regions containing AF-associated sentinel 
and associated variants in linkage disequilibrium. In total, 
the BACs in this study span 2.45 Mbp, with an average 
size of 163 kbp. Together, they contain 1641 AF-asso-
ciated variants at P<10−8 and 2465 AF-associated vari-
ants at P<10−4,11 with an average of 113 variants per 
BAC (Table II in the Data Supplement). Because of the 
random fragmentation of the BACs, each genetic locus 
is represented in multiple fragments of different lengths 
in a continuous distribution over that locus, resulting 
in a higher resolution than is achieved by other tech-
niques using discrete preselected regions.23 A library 
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was generated by inserting the fragments downstream 
of the SCP1 (super core promoter) promoter of plasmid 
(p)STARR-seq.19

The STARR-seq library was transfected before dif-
ferentiation and after 9 days of redifferentiation; mRNA 
from 14 dishes and genomic DNA from 2 dishes 
were isolated and sequenced. Of the input genomic 
DNA, 99.71% was recovered in the isolated DNA, and 
99.89% of the corresponding RNA was detected above 
a threshold of 10 tags. The mean number of tags per 
bin (10 bp) was 145.5 in DNA sequencing and 140.3 in 
RNA sequencing, with SDs of 48.9 and 125.1, respec-
tively (Figure 2A and 2B).

The log2 fold change (L2FC) of RNA reads over DNA 
reads was calculated for reads with >20 tags in the 
RNA sequencing data. Peak calling was performed with 
a threshold of 0.8 L2FC (corresponding to a 1.74-fold 
change in expression) with a 50-bp bin and a 20-tag 
cutoff, combining adjoining peaks within this 50-bp 
bin. In total, we obtained 197 regions encompassing 
60 600 bp of candidate REs with transcription-enhanc-
ing capacity (Tables II and III in the Data Supplement). 
On average, each BAC possessed 13 RE regions with 

an average total peak length of 4097 bp. Each of the 
loci spanning KCNN3, SCN10A, and WNT8A pos-
sessed only 2 regions displaying more than a 1.74-fold 
change in expression. With 37 regions showing a fold 
change >1.74, the GJA1 locus had the highest number 
of hits. As the promoter in the human pSTARR-seq used 
to identify REs has been reported to display relatively 
high basal activity,24 we hypothesized that this property 
could be used to detect REs with repressing activity. We 
analyzed regions displaying a higher number of reads 
in the DNA than in the RNA, finding 248 regions with 
an L2FC <−0.8 with a 50-bp bin, combining adjoining 
peaks within this 50-bp bin (Tables II and III in the Data 
Supplement). Together, these regions span 46 150 bp 
of candidate REs with repressing capacity, in line with 
observations of others.25

As a proof of concept for our STARR-seq screen, we 
confirmed the activity for previously reported cardiac 
enhancers intronic of SCN5A26 and SCN10A27 (Fig-
ure 2C). Interestingly, around promoters, we observed 
a negative L2FC, indicating that a promoter sequence, 
when inserted downstream of the SCP1 promoter of 
the STARR-seq plasmid, interferes with transcription and 

Figure 1. Self-transcribing active regulatory region sequencing (STARR-seq) approach and PITX2 locus output showing 
increased number of reads at overlapping bacterial artificial chromosomes (BACs).
A, Graphical representation of the STARR-seq approach. B, Example of PITX2 (paired-like homeodomain 2) locus. Showing genome-wide 
association study single-nucleotide polymorphisms, called STARR-seq peaks, RNA sequencing (seq) and DNA-seq reads of inducible atrial 
cardiomyocyte (iAM)-1 cells, DNA-seq reads of cardiac cell line HL-1 cells (Methods in the Data Supplement), BAC locations, EMERGE output, 
and Genomic Evolutionary Rate Profiling score (GERP). Highlighted areas indicate BAC overlap, reflected by an increased presence of these 
regions in the DNA-seq data. dox indicates doxycycline; CI-raCMC indicates conditionally immortalized rat atrial myocytes; and L2FC, log 2 fold 
change.
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does not have strong enhancer activity (Figure 2C).24 
Examples are the promoter of an isoform of SCN5A and 
the region upstream of SCN10A (Figure 2C).

To identify putative cardiac TF-binding sites in the 
identified enhancer elements based on their signature 
consensus binding sequences, a TF-binding motif analy-
sis was performed on the STARR-seq–called peaks with 
L2FC >1.5 corresponding to >2.8-fold increase in RNA 
reads over DNA reads using HOMER (Hypergeomet-
ric Optimization of Motif Enrichment).28 Enriched motifs 
included recognition sites for MEF2 (myocyte enhancer 
factor 2) family members, NKX2-5 (NK2 homeobox 
5), ESRRB (estrogen-related receptor-beta), COUP-
TFII (COUP transcription factor 2), KLF5 (Krüppel-like 
factor 5), and MEIS2 (Meis homeobox 2; Figure 3A and 
3C) with established roles in cardiac (atrial) develop-
ment and transcription.29–36 The enrichment of these 
recognition sites in the regions of enhanced transcrip-
tion identified in this assay could reflect the enrichment 
of cardiac enhancers present in the library. Interestingly, 
recognition sites for IRFs (interferon regulatory factors) 
were highly represented in the top 10 enriched motifs 

(Figure 3A and 3B). Using RNA sequencing, we found 
expression of IRFs in human left atrial tissue (Figure IVC 
in the Data Supplement),37 as well as in the iAM-1 cells 
in the absence of transfected DNA (Figure IVA and IVB 
in the Data Supplement). This may lead to the excess 
activation of fragments containing IRF motifs. However, 
the occurrence of IRF motifs could also be caused by 
an innate immune response due to plasmid transfection. 
As a negative control, we ran a similar analysis on ran-
domly chosen STARR-seq regions of similar length with 
an L2FC between −1.5 and 1.5, revealing no enrich-
ment of any relevant motifs (Figure 3F). When we ana-
lyzed the enrichment on the STARR-seq–called peaks 
of L2FC<−1.5 corresponding to a 2.8-fold decrease 
of RNA over DNA reads, we similarly found significant 
enrichment of MEF2 and NKX2 family members and 
other cardiac TFs, confirming the presence of cardiac-
specific REs, representing potential repressors of 
expression (Figure 3D and 3E). For example, NKX2.5-
binding motifs were found in 25% of sites, with multiple 
testing corrected Q value of 0.0001 and P<10−5.

Figure 2. Self-transcribing active regulatory region sequencing (STARR-seq) output identifies regulatory elements.
A, Tag distribution of DNA-seq and RNA-seq in inducible atrial cardiomyocyte (iAM)-1 STARR-seq. B, Log2 fold change (L2FC) of RNA over 
DNA reads showing that a fraction of regions is overrepresented in the RNA (L2FC>0.8, potential enhancers) and a fraction is enriched in 
the DNA (L2FC<−0.8, potential repressors). C, SCN5A/10A locus showing atrial fibrillation (AF)-associated variants, called STARR-seq peaks 
(L2FC>0.8), L2FC of RNA over DNA reads, iAM-1 RNA-seq, iAM-1 DNA-seq, EMERGE output, and conservation track. The 2 areas highlighted 
in gray correspond to validated cardiac enhancers, both of which show STARR-seq signals. Promoter regions are shown as zoom-in underneath 
the genome browser of the University of California, Santa Cruz (UCSC) track. EXOG indicates Exo/Endonuclease G; and SNP, single-nucleotide 
polymorphism.
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Allele-Specific STARR-seq of AF-Associated 
Variants With Enhancer Potential
We next identified regulatory regions containing AF-
associated SNPs. Such SNPs could allele specifically 
alter RE activity and could, therefore, add to the risk of 
AF in patients with this risk allele. To select identified 
atrial REs containing AF-associated variants, we inter-
sected AF variants and the STARR-seq output. Because 
the STARR-seq tests transcriptional regulatory activity of 
episomal (ie, nonchromosomally integrated) DNA frag-
ments outside their chromatin context, they may report 

the activity of DNA fragments that are not active in vivo.24 
To address this issue and to better discriminate between 
false and real positive signals, we cross-referenced our 
data using EMERGE.38 This is a bioinformatics tool that 
integrates cardiac-specific ATAC (assay for transposase-
accessible chromatin) sequencing data, histone marks, 
and various TF chromatin immunoprecipitation sequenc-
ing data for tissue-specific enhancer prediction (Fig-
ure 4A). We selected 43 regions with overlapping 
STARR-seq signal, EMERGE signal, and AF-associated 
variants, containing a total of 78 variants with a threshold 
of P<10−4 (Table I in the Data Supplement). We chose 

Figure 3. Transcription factor motif enrichment in self-transcribing active regulatory region sequencing (STARR-seq) identified 
elements.
A, Top 50 identified motifs in STARR-seq >1.5 log2 fold change (L2FC). B, Top 10 motifs in STARR-seq regions with >1.5 L2FC showing a 
strong representation of IRF (interferon regulatory factors)-binding sites. C, All cardiac-specific motifs enriched in the STARR-seq regions with 
L2FC >1.5. D, Top 50 TF (transcription factor) motifs identified by HOMER (Hypergeometric Optimization of Motif Enrichment) in STARR-seq 
<−1.5 L2FC and P<0.05. Motif rank is based on significance; %sites indicates percentage of STARR-seq <−1.5 L2FC containing this motif. 
E, All cardiac-specific motifs enriched in the STARR-seq regions with L2FC<−1.5. F, Top 10 motifs found in STARR-seq between −1.5 and 1.5 
L2FC that we consider not to be potential regulatory elements. A–F, HOMER calculates Q values using the Benjamini-Hochberg false discovery 
rate procedure. Q values of <0.05 were considered significant. COUP-TFII indicates COUP transcription factor 2; MEF2, myocyte enhancer 
factor 2; MyoD, myoblast determination protein 1; NKX2-5, NK2 homeobox 5; and TBX5, t-box transcription factor 5.
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this threshold based on observations that subthreshold 
variants (association P<10−4) can affect RE activity and 
may represent true risk variants.39

Primers were designed for the selected regions, typi-
cally amplifying 450- to 900-bp fragments containing all 
assigned variants. To amplify the selected variant enhanc-
ers, a database containing whole genome sequencing 
data of AF patients was searched for samples hetero-
zygous for the respective variants, and selected variants 

were amplified using this input DNA library (Figure 4B). 
The presence of both alleles of the selected variants was 
verified using Sanger sequencing, and the fragments 
were combined in equimolar amounts. Subsequently, 
these fragments were inserted into pSTARR-seq_human, 
and the resulting reporter plasmid library was transfected 
into iAM-1 cells. After 9 days of differentiation, DNA and 
RNA were extracted from the cells and sequenced. Of 
the 78 selected variants, 72 were detected after DNA 

Figure 4. Variant self-transcribing active regulatory region sequencing (STARR-seq) shows significant allele-specific regulatory 
potential.
A, CAV1/CAV2 locus showing atrial fibrillation (AF) variants, STARR-seq called peaks, log2 fold change (L2FC) of RNA over DNA reads, 
inducible atrial cardiomyocyte (iAM)-1 RNA sequencing (seq), iAM-1 DNA-seq, EMERGE output, and conservation track. Highlighted areas 
are regions included in the variant STARR-seq. Zoom-in of the regions included in the variant STARR-seq, with variant name. Star indicates 
significant difference in STARR-seq reads between minor and major alleles. B, Method of the variant STARR-seq. Regions of 400 to 900 bp 
including the selected variants were amplified from several patients. Regions were checked for heterozygosity by Sanger sequencing. Next, 
a library was constructed and transfected into iAM-1 cells. After cardiomyogenic differentiation of these cells, DNA and RNA were extracted 
followed by DNA-seq and RNA-seq. Allele frequencies in DNA were compared with RNA. CI-raCMC indicates conditionally immortalized rat 
atrial myocytes; PCR, polymerase chain reaction; and SNP, single-nucleotide polymorphism.

D
ow

nloaded from
 http://ahajournals.org by on January 11, 2023



OR
IG

IN
AL

 R
ES

EA
RC

H
van Ouwerkerk et al Functional Variant Enhancers in Atrial Fibrillation

236  July 3, 2020 Circulation Research. 2020;127:229–243. DOI: 10.1161/CIRCRESAHA.119.316006

sequencing (92.3%; Table IV in the Data Supplement). 
We quantified the number of reads of both alleles of the 
variants in DNA and RNA sequencing using DESeq2 
and a Z test to compare the proportion of each allele in 
the transfected (DNA input library) relative to its counter-
part in the transcribed material (RNA output library). This 
analysis showed that 24 variants had significantly dif-
ferent allelic ratios between the input and output library, 
indicative of altered regulatory activity (33.3%; Table V in 
the Data Supplement; Figure 5A and 5B). The significant 
differential activities ranged from 1.6% to 8.8% (Table V 
in the Data Supplement).

To further validate the allele-specific enhancer activity, 
we tested a number of these variant REs by luciferase 
assay in the iAM-1 cell line. Comparison of normalized 
major and minor allele luciferase values revealed that 5 of 
10 variants showed a significant difference in activity (Fig-
ure 5B). One of these variants, rs7430477 T/C lies within 
a previously identified enhancer intronic of SCN10A.27 
The direction of the change is consistent with the allele-
specific STARR-seq results for 3 of 5 of the significant 
variants in the luciferase assay: rs36088503, rs7430477, 
and rs10821415. The other variants (rs7795510 and 

rs76809100) show a higher activity for the allele that 
showed a lower activity in the STARR-seq.

To look into the potential mechanism by which the 
variants affect DNA transcription, find individual motif 
occurrence was performed on a 20-bp sequence win-
dow around the 24 variants with allele-specific func-
tion.40 This analysis showed 6 SNPs to alter potential 
TF-binding sites (Table VI in the Data Supplement). One 
of these TF-binding site–altering variants is rs6495063. 
The minor allele of this variant (T; allele frequency, 22%) 
changes the DNA sequence to a greatly improved pre-
dicted recognition site for the TF ESRRB, potentially 
leading to stronger binding of the DNA.

We next asked which genes are most likely regulated 
by these REs. To this end, we searched a promoter capture 
Hi-C data set performed in iPSC-derived cardiomyocytes.21 
Promoter capture Hi-C,41,42 which is an adaptation of chro-
mosome conformation capture technique Hi-C,43 highly 
enriches for promoter sequence interactions. We interro-
gated our 24 functional AF variants for promoter interactions 
in this data set. A number of the variant-containing regions 
showed interaction with the promoter of one or several 
genes, giving an indication of the potential functional targets 
of the identified enhancers modified by these AF-associated 

Figure 5. Variant self-transcribing active regulatory region sequencing (STARR-seq) and luciferase assay identify variants 
causing regulatory element differential activity.
A, Overview of all 88 variants showing differential expression (expressed in percentage) of the major allele (MA) over the minor allele (Mi) in the 
variant STARR-seq assay. The 24 significantly different variants are indicated by green dots. Significance was assessed by Z test; P<0.05 was 
considered significant. B, Luciferase assay showing normalized measurements of the transcriptional activity conferred by the MA and Mi of atrial 
fibrillation (AF) variants. SNP indicates single-nucleotide polymorphism. *P<0.05 was considered significant (as assessed by 2-tailed Student t 
test), **P<0.01, ***P<0.001.
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variants (Table VII in the Data Supplement). For example, in 
the HCN4 locus, 2 variants (rs6495063 and rs6495062) 
showed allele-specific RE activity in the STARR-seq. 

Moreover, they are in contact with the promoter of NPTN, as 
determined by promoter capture Hi-C (Figure 6A), indicating 
this is a possible target gene of these REs.

Figure 6. Identification of enhancer region in the Hcn4 locus in mice.
A, HCN4 locus (GRCh37/hg19 assembly) showing the genes in the HCN4 topologically associating domain (TAD; shown by Hi-C data in the top track, 
Rao et al43a), atrial fibrillation (AF)–associated variants, and promoter capture Hi-C (PCHi-C) data (bottom track, Montefiori et al21). B, Zoom-in of the 
region surrounding HCN4 indicating the 22.4-kbp deletion of both the proximal and distal regulatory element (RE; DEL [deletion]-1) and the 12.9-kbp 
deletion of the proximal RE only (DEL2). Shown are the EMERGE output (RE prediction), called EMERGE peaks, self-transcribing active regulatory 
region (STARR) enhancers and repressors, STARR log2 fold change (L2FC) of RNA over DNA reads, STARR DNA sequencing (seq), and RNA-seq. C, 
RT-qPCR analysis of the effects of the AF-associated variants identified in the HCN4 (potassium/sodium hyperpolarization-activated cyclic nucleotide-
gated channel 4) locus on the transcription of potential target genes within the TAD of mouse Hcn4 (significance assessed by Mann-Whitney U test). 
D, RT-qPCR demonstrating that deletion of DEL1+/− alters the expression of all genes tested in the TAD of Hcn4 in sinoatrial node (SAN) tissue of 
adult mice (significance assessed by Mann-Whitney U test). NEO1 indicates Neogenin 1; and SNP, single-nucleotide polymorphism.
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In Vivo Analysis of STARR-seq Identified RE
For in vivo analysis, we selected a variant region with a 
strong STARR-seq signal overlapping an AF-associated 
variant for which no expression quantitative trait locus 
data are available. Using STARR-seq, we identified 2 
potential REs on chr15q24.1 with lead SNP rs7172038, 
upstream of HCN4 that contain AF-associated vari-
ants (P<10−8). To assess the function of these REs 
and their target genes in vivo, we made 2 deletions in 
the mouse genome using CRISPR/Cas9 (clustered 
regularly interspaced short palindromic repeats/clus-
tered regularly interspaced short palindromic repeat–
associated 9) technology (Figure 6B). We deleted both 
the proximal and distal RE together (DEL [deletion]-1; 
mm9 chr9:58,644,674-58,667,035) and the proximal RE 
alone (DEL2; mm9 chr9:58,654,166-58,667,035). Both 
deletions encompass the lead SNP rs7172038 and the 
proximal RE, while only the large deletion contains the 
distal RE identified with STARR-seq. Both the single and 
double RE deletion mutants were homozygous lethal 
around embryonic day 11.5. Functional RE-target pro-
moter interactions most frequently occur within the same 
topologically associating domain.44–46 Therefore, to deter-
mine which genes could be affected by the deletions, we 
screened expression of all genes within the topologically 
associating domain. The future thoracic region of the 
embryo containing the heart including inflow tract, which 
selectively expresses Hcn4 at this stage,47 was tested at 
embryonic day 9.5 for expression of Neo1, Hcn4, Nptn, 
and Loxl1 in DEL1−/− animals. We did not test C15orf60 
or C15orf59 because these genes are not expressed in 
heart tissue (human or mouse).37 Of these genes, only 
Hcn4 was significantly downregulated (73%) in homozy-
gotes (n=10) compared with wild-type littermates (n=8) 
as shown by Mann-Whitney U test (Figure 6C). As a con-
trol, the expression of the same genes was tested in the 
remaining tissue of the embryo, showing no significant 
differences as tested by Mann-Whitney U test (P>0.001) 
in expression between DEL1−/− and wild-type embryos 
(Figure VA in the Data Supplement).

The expression of the same genes was tested in 
microdissected sinoatrial node regions comparing adult 
DEL1+/− (n=9) with wild-type (n=3) animals. In the 
DEL1+/− sinoatrial node region, Hcn4 was downregu-
lated as shown by Mann-Whitney U test (Figure 6D). 
Furthermore, in DEL1+/−, expression of Neo1 was 
decreased and Loxl1 increased (Figure 6D). In contrast, 
in DEL2+/−, expression of Neo1 was slightly increased 
and of Loxl1 slightly decreased (Figure VB in the Data 
Supplement). Collectively, these data indicate that within 
the topologically associating domain, Hcn4 is the major 
target gene regulated by the proximal REs and that the 
region uniquely deleted in DEL1 additionally influences 
the regulation of Neo1 and Loxl1 (Figure 6).

Mice heterozygous for DEL1 presented with frequent 
sinus pauses (Figure 7A and 7B) similar to previous 
reports of conditional Hcn4 knockouts,48–50 with increased 
heart rate variability (Figure 7C), as well as fragmented 
QRS (Figure 7D and 7E; Figure VIA and VIB), and rare 
ectopic atrial activations. Male (n=7) and female (n=6) 
mice were used, both showing normal data distribution 
and no significant differences between the sexes as 
determined by 2-tailed t test. Additionally, we observed 
a modest increase in PR interval duration, whereas other 
ECG parameters remained unchanged (Figure 7F). To 
assay sinoatrial and atrioventricular node function, we 
performed transesophageal burst pacing and found that 
heterozygous mice showed a significantly longer cSNRT 
(corrected sinus node recovery time) at 100 and 120 ms 
pacing frequencies (Figure 7G), whereas atrioventricular 
node function remained unaffected (Figure 7H). More-
over, 2 of 14 heterozygous mice presented with over 1 
second cumulative AF upon rapid atrial pacing stimuli 
(Figure 7I; Figure VIC and VID). These data reveal the 
critical role of a STARR-seq–identified RE for mouse 
development, Hcn4 expression, and electrophysiology.

DISCUSSION
GWAS have identified a large number of variants (SNPs) 
associated with AF in over 100 loci.11 Identification of 
the functional variants among these AF-associated 
SNPs has lagged, because the identification of biologi-
cally relevant REs and the impact of a variant on their 
function and on target gene regulation has remained 
technically challenging. Here, using STARR-seq and a 
recently generated line of differentiation-competent 
myocytes, we identified >400 potential REs in 12 AF-
associated loci. Subsequently, we identified 24 variant 
REs with allele-specific regulatory activity using an 
adapted STARR-seq approach.

High-throughput reporter assays have associated 
candidate REs with unique barcodes, such as in mas-
sively parallel reporter assays,51–53 or with the candi-
date REs themselves, such as in STARR-seq assays.54 
STARR-seq enables the use of discrete regions of 
larger stretches of genomic material in contrast to 
massively parallel reporter assays in which oligodeoxy-
ribonucleotides are synthesized, restricting the length 
of the fragments that can be analyzed.55 A drawback 
of both techniques is the use of episomal plasmid 
DNA elements to investigate the functionality of REs. 
Sequences with putative elements may be activated 
when tested episomally, but this does not represent the 
normal in vivo situation where the REs are subjected to 
chromatin packaging.56 It is likely that the occurrence of 
the observed Irf recognition sites in the enriched motifs 
of the STARR-seq is caused by the transfection of this 
episomal plasmid DNA, which causes the induction of 
the innate immune response in the iAM-1 cells, also 
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observed by others.57,58 To discriminate between bona 
fide functional REs and those that display activity only in 
reporter plasmids, we used EMERGE.38 In this recently 
developed software package, existing (epi)genomic 
data sets are integrated and weighed, allowing us to 

evaluate candidate REs in the proper tissue-specific 
epigenomic context. Using available chromatin con-
formation data of differentiated cardiomyocytes,21 the 
possible target genes of these REs were mapped. To 
identify its target genes and their physiological function, 

Figure 7. Hcn4 regulatory element (RE) DEL (deletion)-1+/− mice present with heart rhythm abnormalities.
A and B, Representative 3-lead surface ECG traces of (A) WT and (B) DEL1+/− mice showing sinus pauzes after respiration (arrow). C, 
Representative Pointcaré plot of WT (DEL+/+) and DEL1+/− individuals showing increased heart rate variability (HRV). D, Sample single ECG 
trace of a DEL1+/+ (left) and (E) DEL1+/− (right) depicting a fragmented QRS (black arrowhead) and ectopic atrial activation (red arrowhead). 
F, Summary of surface ECG parameters. G, Plots of corrected sinus node recovery time (cSNRT) at 120 and 100 ms pacing as an indication 
of sinus node (SN) function. H, Plots of Wenckebach cycle length (WCL) and atrial-ventricular (AV) refractory times as an indication of 
atrioventricular node (AVN) function. I, Plot depicting cumulative time spent in atrial fibrillation (AF) after burst pacing per mouse. F–H, Exact P 
values are reported and calculated by 2-tailed Student t test. *P<0.05 was considered significant, **P<0.01.
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we deleted the orthologue of an RE close to HCN4 from 
the mouse genome, which led to selective loss of Hcn4 
expression in heterozygous mice, embryonic lethality of 
homozygous mutants, and arrhythmia in heterozygous 
mutant mice.

In our experience, the use of an appropriate cell line 
is crucial to find biologically meaningful results using 
STARR-seq. Others have used S2, ovarian somatic 
cells, and HeLa cells for STARR-seq assays,19,59 but we 
used iAM-1 cells for identifying AF-associated REs as 
these conditionally immortalized atrial myocytes closely 
resemble primary atrial myocytes in both structure and 
function following their cardiomyogenic differentiation. 
This makes them highly suitable for our purpose, that is, 
the identification of atrial cardiomyocyte-specific variant 
enhancers.20 However, the use of this specialized cell 
line also limits the analysis to cardiomyocytes, excluding 
any potentially relevant variant RE activity found in other 
cell types in the heart such as fibroblasts and endothelial 
cells. Another consideration is the relative (im)maturity 
of the currently available in vitro atrial cardiomyocyte 
models.60,61 Neither pluripotent stem cell–derived atrial 
cardiomyocytes nor permanently immortalized atrial car-
diomyocytes possess functional and structural character-
istics similar to those of the primary cells from which they 
were derived. Extensive transcriptional, immunocytologi-
cal, and electrophysiological analyses showed that the 
iAM-1 cell line used in this study outperforms all other 
cardiomyocyte lines including the often used HL-1 cell 
line in terms of cardiomyogenic differentiation ability.20 
Moreover, optical voltage mapping experiments of con-
fluent iAM-1 monolayers revealed that the cells reach 
their maximum level of cardiomyogenic differentiation 
after 9 days (of culture in the absence of doxycycline). 
RT-qPCR analysis of the samples collected at differen-
tiation day 0, 9, and 12 showed that all tested cardiomyo-
cyte maturation markers increased significantly from day 
0 to 9 of iAM-1 differentiation, but no significant addi-
tional increase was observed between days 9 and 12 
of cardiomyogenic differentiation (Figure I in the Data 
Supplement).

Comparing RNA with DNA reads, we not only identi-
fied enhancers in the iAM-1 cell line using STARR-seq 
but also observed regions with transcription-lowering 
activity, potentially reflecting repressors. It is known that 
the STARR-seq vector as it was originally published19 
contains an SCP1 promoter that has a high basal activ-
ity and an origin of replication that could act as a con-
flicting core promoter, and that could potentially lead to 
elevated background activity in STARR-seq assays.24,62,63 
In this case, the basal activity combined with the tissue 
specificity appears to enable the identification of regions 
with decreased (repressive) transcriptional activity. The 
observed enrichment of cardiac TF-binding sites in these 
repressing regions strongly suggests that they represent 

bona fide cardiomyocyte-relevant REs. Thus, STARR-
seq may be used for repressor identification, in line with 
observations of others.25

The observed difference in activity between STARR-
seq–identified variant AF-associated SNPs was sig-
nificant but modest, which may, in part, be due to the 
strong core promoter in the pSTARR vector and the 
position of the RE, downstream of the promoter, which 
blunt measured differences in enhancer activity24 (our 
observations). Nevertheless, the observed small differ-
ence in activity of such variant REs is in line with the 
estimated small effect size of risk variants on the expres-
sion of nearby genes.64 How this relatively mild change 
in enhancer activity due to single-nucleotide changes 
leads to AF is not well established. There are an esti-
mated 10× more REs compared with genes, implying 
that a gene could be regulated by multiple REs.65 Indeed, 
it has been shown that multiple enhancers are needed 
for the correct dynamic expression of certain genes 
throughout development.66–68 This use of multiple RE or 
combinatorial RE interactions involving both repressors 
and enhancers could be mechanisms at play in the loci in 
this study, and it is possible that the activity of individual 
REs is influenced by such interactions in vivo, resulting 
in an overestimation of RE activity. However, the tools to 
investigate such interactions are currently lacking. On the 
other hand, some RE activity could also be missed in our 
assay, as multiple affected REs may synergistically lead to 
small but significant changes in expression of their target 
gene(s). Such a mechanism was proven to increase the 
risk of the complex disease Hirschsprung69 and is likely 
to play a role in AF risk as well. Furthermore, the small 
effects seen in transfection-based assays may underes-
timate the effect size of the variant on RE function in 
vivo. REs usually function in the context of local genome 
structure, chromosome conformation, and epigenetic 
state. A change in TF binding (altered affinity, different 
TF) may strongly impact on endogenous transcriptional 
regulatory complexes while the consequences for arti-
ficial, episome-driven transcription as with pSTARR-seq 
human are small.

Variant RE-target gene identification requires func-
tional assays in addition to contact maps. We identify 2 
variants with allele-specific regulatory activity and here 
show an example of determining the functional targets. 
Deletion of the 2 REs identified by STARR-seq homolo-
gous to the human region upstream of Hcn4 in the mouse 
in vivo led to homozygous lethality at embryonic day 11.5 
and severely diminished Hcn4 expression in heterozy-
gous animals, showing that the deleted region(s) have 
indispensable developmental function. Hcn4 expression 
is essential for proper generation of pacemaker poten-
tials in the developing sinoatrial node, and global and 
cardiomyocyte-specific Hcn4 depletion leads to embry-
onic lethality before embryonic day 11.5.48–50,70 We see 
increased heart rate variability, sinus node dysfunction, 
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and AF inducibility in heterozygous mice, similar to obser-
vations in familial HCN4 mutations in human that cause 
both bradycardia and AF.71,72 Moreover, studies suggest 
that bradycardia could be hidden by a reflex sinus tachy-
cardia,71,73 and that slow heart rate is a substrate for AF 
through the increased likelihood of atrial ectopy,74,75 and 
thus causes increased risk of AF.76

Although we here identify gene targets of REs in vivo, 
we are currently still unable to address the function of 
SNPs since the effect sizes of disease-associated vari-
ants are expected to be small in most cases, which may 
not be detected in dedicated mouse models, render-
ing their generation and analysis laborious and risky. To 
evaluate such an effect, multiple—unknown—synergistic 
SNPs are likely needed in parallel. Moreover, the con-
servation of human REs in the mouse is only moderate,77 
rendering testing in human cells necessary. However, as 
of yet, it is technically not feasible to pick up small effects 
on gene expression in differentiated human stem cells, 
the only tool available to date, because of the variation in 
phenotype of differentiated cell types derived from differ-
ent modified stem cell clones.
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