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92093, USA

Summary:

Transcriptional enhancers direct precise gene expression patterns during development and harbor 

the majority of variants associated with phenotypic diversity, evolutionary adaptations, and 

disease. Pinpointing which enhancer variants contribute to changes in gene expression and 

phenotypes is a major challenge. Here we find that suboptimal or low-affinity binding sites 

are necessary for precise gene expression during heart development. Single nucleotide variants 

can optimize the affinity of ETS binding sites, causing gain-of-function gene expression, cell 

migration defects, and phenotypes as severe as extra beating hearts in the marine chordate Ciona 
robusta. In human iPSC-derived cardiomyocytes, a single nucleotide variant within a human 
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GATA4 enhancer increases ETS binding affinity and causes gain-of-function enhancer activity. 

The prevalence of suboptimal-affinity sites within enhancers creates a vulnerability whereby 

affinity-optimizing SNVs can lead to gain-of-function gene expression, changes in cellular 

identity, and organismal-level phenotypes that could contribute to the evolution of novel traits 

or diseases.

In Brief:

Jindal et al. show that low-affinity ETS sites are critical for tissue-specific enhancer activity within 

the developing heart, and that single nucleotide variants can increase binding affinity, causing 

gain-of-function enhancer activity disrupting heart development. These findings have implications 

for understanding how enhancer variants alter phenotypes in health, evolution, and disease.

Graphical Abstract

Introduction

Enhancers are genomic elements that act as switches to control the location, level, and 

timing of gene expression to ensure the successful development and integrity of an 

organism1,2. Sequence changes within enhancers can lead to changes in gene expression, 

phenotypic diversity, novel traits, and disease3–5. Indeed, most disease-associated variants 

within the genome lie within enhancers6–8. Yet, pinpointing causal base-pair changes within 

enhancers is challenging as they are typically associated with many inert variants due to 
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linkage disequilibrium furthermore it is hard to functionally validate variants at scale in 

the relevant biological context9. Our inability to predict causal enhancer variants is stalling 

efforts to harness the full potential of genomic data to understand the genetic basis of 

health and disease. Here we use a mechanistic understanding of the regulatory principles 

governing enhancers to pinpoint causal enhancer variants that alter gene expression and 

heart development.

FGF (Fibroblast Growth Factor) signaling plays a critical and conserved role in heart 

development across bilaterians10,11. FGF signaling mediates changes in gene expression 

through binding of activated ETS transcription factors (TFs) to enhancers12. Loss and 

gain of FGF signaling pathway components cause heart defects in organisms as diverse 

as Drosophila and human13–15. For example, gain of FGF is implicated in cardiac 

hypertrophy16 while manipulation of ETS-1 in mice recapitulates some of the most common 

congenital heart defects in Jacobsen syndrome17. In Ciona, expression of a constitutively 

active form of ETS (ETS-VP16) in non-heart muscle cells leads to development of a multi-

chambered heart by recruitment of more cardiac progenitor cells to the ventral midline18.

Ciona robusta (Ciona) is a marine chordate and member of the urochordates, the sister group 

to vertebrates19. Like vertebrates, Ciona have a pumping heart within a pericardium, and 

early heart specification involves the TFs ETS and MesP20. Across bilaterians, migration of 

the heart cells to the ventral midline is dependent on FGF signaling. In Ciona, the Trunk 

Ventral Cells (TVCs) give rise to the heart and pharyngeal cells21,22. FGF signaling and 

MesP activate expression of FoxF in the TVCs, this triggers migration of the TVCs to 

the ventral midline. Ciona is experimentally tractable, allowing us to investigate enhancer 

activity in hundreds of developing embryos and easily visualize the migration of the TVCs 

to the ventral midline20. Thus, Ciona heart development and the FoxF enhancer provide an 

ideal system to investigate the relationship between enhancer sequence, tissue-specific gene 

expression and organismal-level phenotypes.

Developmental enhancers contain suboptimal-affinity sites (also referred to as submaximal 

and low-affinity sites), which ensure tissue-specific gene expression23–28. While the use 

of suboptimal-affinity binding sites to encode precise gene expression has been seen in 

a variety of contexts, it has not been explored within heart development. Additionally, 

in the previous studies, many nucleotide changes are made to the sequences to turn low-

affinity sites into high-affinity sites, but these large numbers of changes do not reflect the 

sequence changes naturally arising within genomic enhancers. Here we seek to determine 

if low-affinity binding sites are important in heart development, and if single nucleotide 

variants (SNVs) that increase binding affinity (affinity-optimizing SNVs) could cause gain-

of-function gene expression that contributes to phenotypic changes in heart development.

Results

The FoxF enhancer drives expression in TVCs and contains low-affinity ETS binding sites

FoxF is expressed within the TVCs and triggers migration of the TVCs to the ventral 

midline. A 295bp FoxF enhancer upstream of a minimal promoter (bpFog) driving 

expression of nuclear mCherry recapitulates this TVC specific expression pattern (Figures 
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1A,E,S1A)29,30. An E-box site, ATTA sites and three ETS sites are important for activity 

of the FoxF enhancer (Figure S1B)21,31. To identify additional ETS sites within the 

FoxF enhancer, we search for ETS cores (GGAW) within the enhancer and identify 

three additional putative ETS sites. We assign affinities of all six ETS sites from Protein 

Binding Microarray (PBM) data, which measures the interaction of ETS1 with all possible 

8-mers32,33. We use PBM data for mouse ETS1 as a proxy for Ciona ETS1 binding, as 

the DNA-binding domain and binding specificity of ETS1 is highly conserved25,34. We 

calculate the relative affinity as the ratio of each 8-mer’s fluorescence to the fluorescence of 

CCGGAAGT, the 8-mer with the highest affinity for ETS1 in Drosophila, Ciona, mouse, and 

human25,33,34. The putative ETS sites within the FoxF enhancer bind ETS with low relative 

affinities ranging from 0.09 to 0.24 (Figure S1C).

Low-affinity ETS sites are necessary for tissue-specific expression

To determine if these six low-affinity ETS sites are necessary for expression within the 

TVCs, we ablate these ETS sites using point mutations that disrupt hydrogen bonding 

between the ETS TF and the binding site (GGAW to GCAW)35. Ablating all of the ETS sites 

in parallel leads to complete loss of enhancer activity (Figures 1B,E,S1C). To investigate 

the contribution of each ETS site to FoxF enhancer activity, we ablate individual ETS sites 

with point mutations (GGAW to GCAW) and test the effect of these changes in reporter 

assays by scoring mCherry expression levels in embryos. To the best of our knowledge, 

these ablations do not create or ablate motifs for TFs present within the TVCs (Table 

S1). Ablating individual sites in the enhancer leads to a significant reduction in enhancer 

activity for five ETS sites (Figures S1C,S2). The only site without a reduction in expression 

upon ablation is ETS6, which has the lowest affinity at 0.09. While loss of the ETS6 site 

doesn’t alter expression, we cannot rule out that this site is redundantly involved in enhancer 

activity36–38. These results demonstrate that five low-affinity ETS sites are necessary for 

FoxF enhancer activity in the TVCs and illustrate the functional role of low-affinity ETS 

sites within a developmental heart enhancer.

To determine if the ETS sites within the FoxF enhancer need to be low-affinity for tissue-

specific expression, we increase the affinity of the five ETS sites necessary for activity, 

keeping the GGAW core constant. Optimizing the affinity of all five ETS sites within 

the enhancer requires 16 nucleotide changes and leads to ectopic expression in tissues 

receiving FGF signaling, including the anterior tail muscle cells (ATMs), mesenchyme, 

nervous system, and notochord (Figure 1C,E). To demonstrate that it is the increase of ETS 

affinity driving the expression change, we made a FoxF enhancer with the 16 nucleotides 

that optimize ETS affinity in combination with mutations which ablate ETS binding (GGAW 

to GCAW) (FoxF all opt ablated). This enhancer has no activity (Figures 1D,E). Thus, low-

affinity sites are important for maintaining TVC-specific expression of the FoxF enhancer. 

Similar results have been seen upon optimizing the affinity of sites within neural and 

notochord enhancers, indicating that the role of low-affinity sites to encode tissue-specific 

expression is a general regulatory principle governing developmental enhancers25,26.
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Affinity-optimizing SNVs lead to loss of tissue-specific expression

To determine if any Single Nucleotide Variants (SNVs) could optimize ETS binding affinity 

and alter gene expression, we make every possible SNV in the flanking region of the ETS 

sites of the FoxF enhancer in silico and calculate the resulting affinity change. Within this 

manuscript, we use SNVs to denote single base-pair changes, regardless of whether they are 

synthetic or naturally found within Ciona or human populations. We find that SNVs in three 

of the five ETS sites cause a ≥3-fold increase in ETS affinity (Figure 2A).

The greatest affinity change occurs within the ETS1 site which has a starting affinity of 

0.12, a SNV increases affinity 8-fold creating an almost consensus site, with 0.97 affinity. 

We demonstrate the affinity change using electrophoretic mobility shift assay (EMSA) to 

detect differential binding of Ciona ETS1 to the WT and affinity-optimized ETS1 sequences 

(Figure S3). When we make this SNV within the FoxF enhancer (FoxF-ETS1-T-to-C), the 

enhancer drives ectopic mCherry expression in the ATMs and mesenchyme, both cell types 

which receive FGF signaling (Figures 2C,H).

We also find affinity-optimizing SNVs within the ETS3 and ETS4 sites. A SNV within the 

ETS3 site causes a 3-fold increase in affinity, from 0.11 to 0.34. This affinity-optimizing 

SNV drives ectopic expression in ATMs, mesenchyme, and neural tissues (Figures 2D,H). 

The affinity-optimizing SNV within the ETS4 site increases affinity from 0.17 to 0.52, this 

3-fold affinity increase causes ectopic expression in the ATMs and mesenchyme (Figures 

2E,H). These results suggest that affinity-optimizing SNVs are sufficient to cause loss of 

tissue-specific gene expression.

A FoxF enhancer containing all three affinity-optimizing SNVs (FoxF 3 SNVs) drives strong 

activity in tissues responding to FGF signaling, similar to the FoxF all opt enhancer and 

the effect of these three SNVs appears to be synergistic (Figures 2F,H). A FoxF enhancer 

with all three affinity-optimizing SNVs and ablated ETS cores (GGAW to GCAW) drives no 

expression, demonstrating that the effect of these SNVs is ETS-dependent (Figures 2G,H).

Affinity-optimizing SNVs cause migration defects and disrupt heart development

All three enhancers containing a single affinity-optimizing SNV show ectopic reporter 

expression in the ATMs (Figure 2). The ATMs and TVCs are related cell types that both 

receive FGF9 ligand; however, the TVCs contain higher levels of activated ETS due to 

FGF receptor enrichment39,40. The high levels of activated ETS within the TVCs causes 

TVC-specific expression of FoxF and migration of the TVCs to the ventral midline18. As 

the ATMs have low levels of activated ETS, they do not express FoxF and do not migrate 

(Figure 3A; Movie S1)18. Overexpression of constitutively active ETS or FoxF in the ATMs 

causes the ATMs to migrate with the TVCs18,21. We therefore hypothesize that the ectopic 

ATM expression driven by FoxF enhancers containing affinity-optimizing SNVs could cause 

migration of the ATMs to the ventral midline.

To test this hypothesis, we co-electroporate a Mesp-2kb>GFP reporter to mark both the 

TVCs and ATMs and a construct containing the FoxF 3kb regulatory element, including 

the endogenous promoter, driving FoxF mRNA (Figure S4A). We use the 3Kb regulatory 

element rather than a minimal enhancer to better recapitulate the regulatory region. When 
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the wild-type FoxF enhancer drives FoxF, we observe no migration of ATMs to the ventral 

midline (Figures 3A,C,S4; Movie S1) and juvenile Ciona have normal hearts (Figure 3E,G; 

Movie S2). When we electroporate the FoxF-ETS1-T-to-C enhancer driving FoxF, we see 

migration defects in 9.3% of embryos (Figures 3B,D,S4; Movie S1). The FoxF-ETS3-T-to-G 

enhancer driving FoxF causes migration defects in 9.9% of embryos, despite the fact this 

SNV only increases the affinity of the site to 0.34 (Figure S4). The FoxF-ETS4-T-to-C 

driving FoxF causes migration defects in 8.0% of embryos (Figure S4). Thus, SNVs that 

lead to ≥3-fold increase in affinity, even those that result in relatively low-affinity sites, 

have the potential to contribute to migration defects during heart development. The strong 

impact of the optimized ETS3 site on migration could be due to nearby E-box and ATTA 

sites21,31, suggesting that enhancer grammar41 may influence the functional consequences of 

affinity-optimizing SNVs within genomes.

To determine the impact of migration defects on heart development, we followed 52 FoxF-

ETS1-T-to-C embryos with migration defects from the larval to juvenile stages. Strikingly, 

79% of embryos with migration defects have abnormally developed hearts (Figures 3F,H). 

Phenotypes range from enlarged hearts to two distinct beating hearts within the same 

pericardium (Movie S2). As the Ciona age, hearts from animals with the FoxF-ETS1-T-to-C 

SNV could not pump blood and these animals did not survive beyond twelve days post 

metamorphosis.

Low-affinity ETS sites are prevalent in putative developmental heart enhancers across 
chordates and these enhancers are vulnerable to affinity-optimizing SNVs.

The role of FGF signaling in specification and migration of heart cells is conserved from 

flies to vertebrates10,11. To determine if low-affinity sites are common within developmental 

heart enhancers, we used epigenomic datasets to define putative developmental heart 

enhancers (DHEs) in both Ciona and human. Using ATAC-seq data42 for Ciona heart 

cells at 6.5hr post fertilization, a time at which TVCs receive FGF signaling, we identify 

15,174 putative Ciona DHEs. Using ATAC-seq and ChIP-seq for p300 and H3K27Ac from 

primary fetal human hearts and iPSC-derived embryonic-like cardiomyocytes at time points 

when FGF signaling is important for heart development, we find 252,931 putative human 

DHEs43–46. In both Ciona and human DHEs, the median affinity of putative ETS sites is 

0.12, suggesting that low-affinity sites are prevalent within chordate putative DHEs. Within 

6,618 (44%) of Ciona DHEs and 154,685 (61%) of human putative DHEs, a SNV can 

increase the affinity of ETS sites by ≥3-fold with the average affinity after optimization 

being 0.52 (Figure 4A). Thus, DHEs are vulnerable to affinity-optimizing SNVs, some of 

which may lead to GOF gene activity and changes in cellular identity.

Human and mouse Gata4 heart enhancers contain low-affinity ETS sites

GATA4 is a key TF within the developing heart. One of the human DHEs is the ortholog 

of the mouse enhancer for Gata4 (Figure 4B). The mouse Gata4 G9 enhancer is ETS-

dependent and drives expression in the endocardial and myocardial heart layers35. Ablating 

four ETS sites within the mouse Gata4 G9 enhancer leads to loss of expression, suggesting 

that these sites are functional and required for enhancer activity35. However, the affinity 

of these ETS sites has not been studied. We assign the affinity of all ETS sites within the 
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Gata4 G9 enhancer using mouse ETS1 PBM data. All of the ETS sites within the mouse 

Gata4 G9 enhancer have affinities ranging from 0.09 and 0.12. The four sites previously 

shown to contribute to enhancer activity and bind ETS-1 have affinities of 0.11, 0.12, 0.10, 

and 0.12, respectively. These findings demonstrate that low-affinity ETS sites are necessary 

for heart-specific expression. The human GATA4 G9 enhancer contains low-affinity binding 

sites that are almost identical to those within the mouse Gata4 G9 enhancer. A reporter 

construct containing the human GATA4 G9 enhancer, basal SCP promoter and reporter 

(GFP and barcode) drives expression in human iPSC-derived fetal-like cardiomyocytes, 

which are the primary cell type found within the myocardial layers of the heart (Figure 4C).

Affinity-optimizing SNVs within the human GATA4 G9 enhancer cause gain-of-function 
expression in human iPSC-derived cardiomyocytes

To determine if optimizing the affinity of the ETS sites within the GATA4 G9 enhancer 

leads to GOF expression, in this case an increase in expression within cardiomyocytes, 

we conducted a reporter assay in human iPSC-CMs to compare the expression of the 

reference human GATA4 G9 enhancer (Hs GATA4) to the same enhancer with a single (Hs 

GATA4 SNVOpt) or four affinity-optimizing mutations (Hs GATA4 4Opt)47,48. Increasing 

the affinity of a single ETS site from 0.11 to 0.73 (Hs GATA4 SNVopt) leads to a significant 

increase in expression. Increasing the affinity of four ETS sites (Hs GATA4 4opt) leads to 

an even larger increase in expression (Figure 4C). Thus, in the human GATA4 G9 heart 

enhancer, affinity-optimizing variants drive gain-of-function gene expression, consistent 

with our findings in Ciona.

Discussion

Low-affinity ETS sites are a prevalent feature of developmental heart enhancers

Our genome-wide analysis finds low-affinity sites are a common feature of developmental 

heart enhancers across Ciona, mouse and human. Ablation of low-affinity sites both within 

the Ciona FoxF enhancer and mouse Gata4 enhancer cause a significant reduction in 

enhancer activity, demonstrating that these low-affinity sites are functional. Low-affinity 

sites are also important within enhancers activated by other TFs downstream of signaling 

pathways and pleiotropic factors23,25,49–51. Our findings highlight the importance and 

vastly underappreciated contribution of very low-affinity binding sites to regulation of gene 

expression and the advantages of scoring the affinity of sites.

Affinity-optimizing SNVs cause gain-of-function enhancer activity, which can contribute to 
phenotypes

In Ciona, affinity-optimizing SNVs lead to loss of tissue-specific expression and migration 

defects that alter heart development, in the most extreme cases we see two beating hearts. 

We propose that ETS affinity-optimizing SNVs likely contribute to congenital heart disease 

and cardiac traits. The ubiquitous role of FGF in other developmental programs52,53 

and cancer54 indicates that ETS affinity-optimizing SNVs are likely involved in other 

enhanceropathies. Searching for affinity increases as a method to filter for causal enhancer 

variants is not common, yet from our work and a few other studies it appears this could be 

a powerful approach. To our knowledge, only three studies search for an affinity increase 
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and measure the impact on gene expression, yet do not analyze phenotype55–57. In a handful 

of examples, causal enhancer variants have been functionally validated via reporter assays. 

After the validation of the impact of these variants on gene expression, these sequence 

changes have been identified as increasing affinity. Although using affinity to filter for 

causal variants is in its infancy, this approach appears to generalize beyond ETS as these 

other aforementioned studies have found sequence changes that increase affinity in TFs as 

diverse as Wnt effectors and Hox members that can alter gene expression and are associated 

with phenotypes58–61.

Affinity-optimizing SNVs may contribute to evolution of novel traits

There is a fine line between creation of novel phenotypes that are beneficial or detrimental5. 

The Ciona heart, like all invertebrate chordates, is single-chambered, while all extant 

vertebrates have at least two chambers. The evolution of a dual-chambered heart in 

vertebrates is thought to involve recruitment of additional precursor cells to the ventral 

midline18. Our study indicates that mutations within enhancers that increase binding affinity 

for ETS result in more cells migrating to the ventral midline and creation of another 

compartment within the pericardium. Although the animals in our study with two hearts did 

not survive, it is possible that some animals with multi-chambered hearts could survive and 

have a selective advantage. More generally, affinity-optimizing SNVs could contribute to the 

evolution of traits by affecting gene expression patterns and cell behavior.

Violations in regulatory principles governing enhancers can pinpoint causal enhancer 
variants

How enhancer variants contribute to phenotypes is a pressing challenge we need to solve if 

we want to causally link genomic variation to phenotypic diversity in health and disease. To 

date, only a handful of enhancer variants have been functionally validated as altering gene 

expression and phenotype. Yet thousands of non-coding variants are associated with changes 

in gene expression and phenotypic variation. We cannot possibly test all non-coding variants 

in the relevant cell types and time points to pinpoint causal enhancer variants. Finding rules 

that generalize across different enhancers relies on understanding the regulatory principles 

that govern enhancer function. One such regulatory principle is the use of low-affinity 

binding sites to encode tissue-specific expression and levels of expression. Here we show 

that SNVs that violate this regulatory principle can cause gain-of-function gene expression 

and organismal-level phenotypic changes. Identification of other regulatory principles 

and subsequently variants that violate these principles could provide further mechanistic 

approaches to pinpoint causal enhancer variants at scale.

Limitations of the Study

While many studies use position weight matrices (PWM) to find matches to binding sites, 

here we use PBM data, an in vitro measurement of relative binding affinity that allows us 

to give a relative affinity score to every 8mer sequence. In vitro PBM measurements do 

not consider chromatin structure, protein-protein interactions, cooperative binding between 

multiple sites and phase separation. While this is a limitation, it also has some advantages as 

it enables us to have a fixed measurement of relative binding affinity that can be used across 

genomes, cell types and species to annotate putative binding sites. As illustrated in our 
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study, this approach can predict binding and the impact of SNVs in different cell types and 

organisms (e.g FoxF Ciona TVC enhancer and human GATA4 cardiomyocyte enhancer). As 

such, it is a score that can be used to analyze genomic sequences and predict the impact of 

enhancer SNVs without the need to measure specific binding affinity of every site at every 

time point and cell type of an organism.

Our studies take advantage of disparate biological systems Ciona and human 

cardiomyocytes to detect gain-of-function gene expression. In Ciona, we are able to assay 

expression in all cells of the embryo, but it is difficult to quantify expression levels within 

these cell types. While in human cells we see that the affinity-optimizing SNV increase 

levels of expression, however, we cannot assay the impact of this SNV on specificity of gene 

expression within the entire human heart. Together, these complementary assays illustrate 

that affinity-optimizing SNVs can increase the levels of expression within the endogenous 

location and also lead to expression in other cell types, both types of GOF expression could 

contribute to phenotypes.

Another limitation relates to how we study the role of enhancer variants on cell behavior. 

We characterize Ciona heart phenotypes by electroporation of a plasmid carrying a large 3kb 

regulatory region driving FoxF cDNA into fertilized eggs. While the WT 3kb region driving 

FoxF mRNA does not alter migration, the same regulatory element with only a single SNV 

leads to migration defects. Indeed, we see consistent results for three different SNVs tested 

in this way. Ideally, we would show that a SNV within the endogenous locus has the same 

effect. However, targeted genome editing with HDR, or base editing is not possible within 

Ciona. Once these techniques are established, testing the impact of the FoxF SNVs within 

the genome will be important. While we have not tested the FoxF SNVs in the endogenous 

locus, we have done similar studies in mice and find that affinity-optimizing SNVs within 

the endogenous locus in mice lead to GOF expression and phenotypes62.

STAR Methods

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Emma Farley (efarley@ucsd.edu).

Materials availability—Plasmids generated in this study will be made available from lead 

contact upon request.

Data and code availability

• Sequencing data have been deposited at SRA and are publicly available as of the 

date of publication. Accession numbers are listed in the key resources table.

• Microscopy and scoring data reported in this paper will be shared by the lead 

contact upon request.

• All original code has been deposited at GitHub and is publicly available as of the 

date of publication. DOI is listed in the key resources table.
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• Bed files of putative Ciona developmental heart enhancers and putative human 

developmental heart enhancers have been deposited at GitHub and DOI is listed 

in the key resources table

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Tunicates—Adult C. intestinalis type A aka Ciona robusta (obtained from M-Rep) were 

maintained under constant illumination in seawater (obtained from Reliant Aquariums) at 

18°C. Ciona filter feed on material in seawater and we do not add any food for the week 

we keep them for. Ciona are hermaphroditic, therefore there is only one possible sex for 

individuals. Age or developmental stage of the embryos studied are indicated in the main 

text.

iPSC-derived cardiomyocytes—iPSC-CMs from line UDID_109 and from line 

UDID_139 47 were thawed and seeded onto gelatin-coated 48-well plates at a density of 

1.3 × 105/cm2. UDID_109 cell line is from an Asian male and UDID_139 cell line is from 

an Asian female. Cells were cultured using previously described culture conditions63.

METHOD DETAILS

Mutagenesis and cloning—The FoxF enhancer construct was a gift from the Levine 

and Christiaen labs. The construct consists of the following elements in order: AscI, 

FoxF enhancer, XbaI, bpfog promoter, NotI, H2B-mCherry, EcoRI. Point mutations were 

introduced into the construct using mutagenesis with partially overlapping primers with 

3’-overhangs. To clone the construct with all 6 ETS sites ablated from GGAW to GCAW, 

we ordered the FoxF enhancer synthesized from IDT. For experiments using the 3kb 

FoxF enhancer and FoxF cDNA, the 3kb FoxF regulatory region was amplified from the 

genome and cloned into our electroporation vector, the FoxF cDNA was also cloned into 

this vector The FoxF cDNA sequence can be found in Aniseed with the Gene Model ID 

KH2012:KH.C3.170. The GATA4 G9 reporter plasmid for testing in iPSC-CMs consists 

of the following elements in order: GATA4 fragment, supercore promoter, unc76-EGFP, 

30-nucleotide barcode and polyA.

Electroporation—Constructs to be compared to each other are midiprepped in the same 

batch using the NucleoBond Xtra Midi kit (Macherey-Nagel). For each construct, 70 μg 

of DNA in 100 μL is added to 400 μL of 0.96 M D-mannitol. Dechorionation, in vitro 
fertilization and electroporation were performed as described previously 64. Typically for 

each electroporation, eggs and sperm were collected from 6 adults. Embryos were fixed at 

the appropriate developmental stage for 15 minutes in 3.7% formaldehyde. The tissue was 

then cleared in a series of washes of 0.3% Triton-X in PBS and then of 0.01% Triton-X in 

PBS. Samples were mounted in Prolong Gold. Differential interference contrast microscopy 

was used to obtain transmitted light micrographs with an Olympus FV3000, using the 40X 

objective. The same microscope was used to obtain all fluorescent images. Three biological 

replicates were analyzed for each construct unless otherwise noted.
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Counting embryos—In Ciona, as there are defined cell lineages, we can determine cell 

identity based on visually inspecting the nuclear signal and the region of the embryo in 

which the signal occurs. Strong, moderate, and weak expression levels through the eyepiece 

were determined as strong being visible at 25x of light source, moderate being visible at 

50x of light source, and weak being visible at 100x of light source. Fifty embryos were 

counted for each biological replicate, unless otherwise noted. For each experiment, slides 

were counted blind.

Acquisition of Images—For enhancers being compared, images were taken from 

electroporations performed on the same day using identical settings. For representative 

images, embryos were chosen that represented the average from counting data. 

Representative embryos on the slide were chosen and imaged prior to unblinding the slides. 

Two exposure times were taken for each construct. In each figure, the same exposure 

time for each image is shown to allow direct comparison, which occasionally leads to 

overexposed images being used for stronger constructs (e.g., Fig 1C).

Electrophoretic mobility shift assay—EMSAs were performed using the LightShift™ 

Chemiluminescent EMSA Kit (ThermoFisher Scientific) with biotinylated and non-

biotinylated double-stranded oligonucleotides corresponding to the ETS1 region of the FoxF 

enhancer and mutations that alter affinity to 0.97 and 1.00. Oligonucleotides were annealed 

according to the advanced protocol at this link (https://tools.thermofisher.com/content/sfs/

brochures/TR0045-Anneal-oligos.pdf). Ciona ETS1 DBD protein was synthesized using the 

TNT Quick Coupled Transcription/Translation System (Promega) from the pTNT plasmid 

containing Ciona ETS1 DBD. Ciona ETS1 DBD was synthesized with flanking XhoI 

and NotI sites using Twist Bioscience and cloned into the pTNT-B18R vector (Addgene 

#58978). The Ciona ETS1 DBD sequence was determined as the sequence of Ciona ETS1 

that aligns to Mouse ETS1 DBD65,66. The binding reaction was carried out in a 20 μL 

volume containing 2 μL of 10X Binding Buffer (100 mM Tris, 500 mM KCl, 10 mM 

DTT; pH 7.5), 50 ng Poly(dI:dC), 4 μL of protein extract and 20 femtomol biotin-labeled 

probe. For competition experiments, a 200-fold molar excess of unlabeled probe was added. 

Binding reactions were pre-incubated for 10 minutes before adding the biotin-labeled probe. 

Binding reactions were then incubated at room temperature for 20 min and loaded onto a 

DNA retardation gel (6%). After sample electrophoresis with 0.5X TBE on ice and transfer 

to a 0.45-μm BiodyneTM B Nylon membrane (ThermoFisher Scientific) in the cold room, 

DNA was crosslinked for 15 minutes using 312 nm light, and the membrane was put 

between blank sheets of paper overnight. The next day, the biotinylated probes were detected 

using the Chemiluminescent Nucleic Acid Detection Module (ThermoFisher Scientific). 

Images of the resulting membrane were acquired using a Chemidoc MP imaging system 

(Bio-Rad).

Counting Larvae for Migration Defects—Embryos were transferred from gelatin-

coated electroporation plates to 15cm uncoated plastic plates filled with filtered seawater 

at 7 hpf. All well-developed larvae on the plate were counted from 16–20 hpf and scored 

for presence or absence of normal ATM development. All larvae with migration defects were 

marked for heart morphology analysis in the juvenile stage. For each replicate, 10–20 larva 
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with normal ATM development were selected for heart morphology analysis in the juvenile 

stage.

Juvenile Heart Morphology Analysis and Imaging—Juvenile hearts were analyzed 

for morphological defects starting at 48hrs after metamorphosis. Hearts with abnormal 

structure or function were scored as “deformed.” Images and video of hearts were taken 

on an Axiozoom microscope with a mounted iPhone 7. Video editing was done in Adobe 

Premiere Pro. Heartbeat animations were made in Adobe Animate.

TVC Migration Time-lapse Imaging—Embryos were electroporated with MesP 

2kb>GFP as previously described and checked for GFP fluorescence at 6 hpf. Well-

developed embryos with strong GFP expression were transferred to a glass-bottom 

microscopy plate in seawater. Z-stacks were taken of each embryo every 30 minutes for 8 

hours with an Olympus FV3000 microscope with a 20x objective lens. Resulting time-lapses 

were analyzed in Fiji. A max projection was taken of the GFP channel and merged with the 

DIC. Time-lapses were cropped and rotated in Adobe Photoshop.

Scoring Relative Affinities—Relative affinities were calculated using high-throughput 

binding datasets 67 (thebrain.bwh.harvard.edu/uniprobe/index.php). They were calculated 

using median signal intensities of mouse ETS1 universal protein binding microarray data 

from the UniProbe database 33. It has previously been shown that the binding specificity of 

ETS1 across 600 million years from flies to humans is conserved and thus the use of mouse 

ETS1 to calculate ETS affinity is a valid approach 34. The relative affinity represents the 

ratio of the median signal intensity of the native 8-mer motif to the optimal 8-mer motif for 

ETS.

Computational Search for Motifs Altered by each SNV—For each SNV, a 30 

base-pair region centered on the ETS site was put into JASPAR and scanned for all 1205 

vertebrate profiles with 80% cutoff. Then, the same 30 base-pair region centered on the ETS 

site with the SNV was put into JASPAR 68 and scanned for all 1205 vertebrate profiles 

with 80% cutoff. The list of sites destroyed and created by the SNV were found, we further 

filtered this list to focus on individual transcription factor sites with mutations that affect 

nucleotides critical for transcription factor binding. Of the ETS-family JASPAR profiles, 

we used MA0098.1.ETS1. For the GGAW to GCAW ablations, no TFBS for repressors 

expressed in the TVCs (ANISEED database) were created and no TFBS for activators 

expressed in the TVCs (ANISEED database) were destroyed. For the SNV opt mutations, 

no TFBS for repressors expressed in the ATMs (ANISEED database) were destroyed and no 

TFBS for activators expressed in the ATMs (ANISEED database) were created.

ATAC-seq Data Analysis

Alignment of ATAC-seq reads.: ATAC-seq alignment was performed following the 

methods in 42. Raw reads from 6 hours post fertilization (hpf) (GEO accession GSE126691, 

LacZ_6hpf_1–3, LacZ_10hpf_1–4) were first preprocessed by FastQC (version 0.11.2, 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Adaptors were trimmed using 

Trim Galore (version 0.4.4, http://www.bioinformatics.babraham.ac.uk/projects/trim_galore) 
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and trimmed reads were aligned to the Ciona robusta genome 69 using Bowtie2 (version 

2.3.2, 70) with the parameters –very-sensitive -p 16 -X 1000. Reads with mapping 

quality score > 30 were kept for downstream analysis using SAMtools (version 1.2, 71). 

Mitochondrial reads were removed using bash command egrep -v. Following examination 

of read quality of the 6hpf data, replicate 2 was removed. Read pileup (BAM) files for 

replicates 1 and 3 at 6hpf were merged using the SAMtools merge function and peaks were 

called using MACS2 (version 2.7.9) 72 (--nomodel --bdg --g 99000000 -f BAMPE -q 0.01). 

To correct for nonspecific sequencing biases, we subtracted gDNA from these libraries 73.

Calculating top ATAC peaks.: To find the highest confidence peaks in our dataset, we 

calculated the area under the curve (AUC) as the sum of the read depth at each position in 

the peak. Bedtools genomecov (-bga) and intersect functions were used to calculate the read 

depth at every genomic position within all the called peaks 74. Peaks with AUCs in the top 

90% were kept and the rest were discarded.

Downloading putative enhancers.: Human fetal heart putative enhancers were identified 

from epigenomic datasets from the key resource table. Any coordinates for hg18 or hg19 

were lifted over to hg38 using pyliftover 0.4 (https://pypi.org/project/pyliftover).

Identifying affinity optimizing SNVs in putative developmental heart enhancers.: We 

first determined the distribution of ETS affinities in putative developmental heart enhancers. 

We collected affinities for all ETS sites defined as NNGGAWNN. Once all of the ETS 

binding site affinities were determined, we then performed all possible point mutations 

to each binding site and plotted those which resulted in ≥3-fold change. We reported 

the number of putative heart enhancers which contained ≥1 ETS which could be affinity-

optimized ≥3 fold by a SNV.

Library Construction—A library containing Hs GATA4, Hs GATA4 SNVopt and Hs 

GATA4 4opt enhancers upstream of the supercore promoter, GFP and barcode, was 

constructed as previously described in 75.

iPSC-CM transfection and collection—iPSC-CMs from line UDID_109 and from line 

UDID_13947 were thawed and seeded onto gelatin-coated 48-well plates at a density of 

1.3 × 105/cm2. The iPSC-CMs were transfected with 325nM/well of plasmid containing 

the enhancer library driving GFP using ViaFect™ Transfection Reagent (Promega) at a 6:1 

ratio in a medium containing 10% FBS and 5uM (Y27632) ROCK Inhibitor (Sigma). 16hrs 

post transfection and every other day, medium was changed. Cells were then collected 96hrs 

post transfection and stored in TriZol reagent frozen at −80°C. Library transfection was 

performed in duplicate for line 109 and triplicate for line 139.

RNA extraction, cDNA synthesis, DNA extraction, barcode extraction, 
sequencing—Total RNA was extracted using TriZol extraction and treated to remove 

contaminating DNA (TURBO DNA-free DNase digestion kit, Ambion). Subsequent mRNA 

was isolated (Dynabeads mRNA Isolation kit, Invitrogen) and was used for cDNA 

synthesis (Transcriptor High Fidelity cDNA Synthesis kit, Sigma-Aldrich). Subsequent 
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DNA extraction, barcode extraction, and sequencing was performed as previously described 
75.

Enhancer to Barcode Assignment, Dictionary Analysis, and SEL-Seq Data 
Analysis—Assignment of barcodes to enhancers, dictionary setup and SEL-Seq data 

analysis was performed as previously described75, with the only difference being that 

assignment of barcodes to enhancers was done using PacBio sequencing. Active enhancers 

will transcribe the mRNA barcode, thus the mRNA barcodes were measured to calculate 

enhancer activity. The library was transfected into human iPSC-CMs, samples were 

collected 96 hours after transfection, and we isolated barcode mRNA and DNA. To 

normalize the enhancer activity to differences in the amount of plasmid, we calculated 

log2(mRNA RPM / DNA RPM). This was done in 6 biological replicates across 2 cell lines, 

with an average Pearson correlation coefficient between replicates of 0.86.

QUANTIFICATION AND STATISTICAL ANALYSIS

For comparisons of counting data, the chi-squared test was used in Excel with the 

CHISQ.TEST function. For the post hoc test to avoid false positives, Bonferroni correction 

was used to adjust thresholds for significance. With N comparisons, the Bonferroni-

adjusted P value needed for significance is 0.05/N. Enhancer activity scores in Figure 

4 were statistically analyzed using a standard two-sided T-test with Benjamini-Hochberg 

adjustment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Low-affinity binding sites are prevalent within developmental heart enhancers

Single nucleotide variants that increase ETS affinity drive excess enhancer activity

Affinity-optimizing enhancer variants disrupt heart development.
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Figure 1. Low-affinity ETS sites are necessary for tissue-specific expression.
A. The FoxF enhancer drives expression in the TVCs, marked by asterisks. B. An enhancer 

with all six ETS sites ablated (by changing each site from GGAW to GCAW) drives no 

enhancer activity. C. Optimizing the affinity of all ETS sites leads to ectopic expression in 

ATMs, mesenchyme, nervous system, and notochord. D. Ablating the ETS sites within the 

context of the FoxF all opt (FoxF all opt ablated) drives no enhancer activity. E. Embryo 

scoring for above constructs (3 replicates, n ≥ 32 embryos per replicate). P-values are 

obtained using Chi-square test comparing each condition to WT with Bonferroni correction: 
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** P<0.0017, * P<0.017, N.S. not significant. Schematics show electroporated enhancers, 

values are affinities, dots show nucleotide changes. ETS6 is not shown in the schematic as 

ablation of this site did not impact expression (see Figure S1). Scale bars, 50 μm. Data in 

stacked bar chart are represented as the mean. See also Figures S1,S2 and Tables S1,S2.
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Figure 2. Affinity-optimizing SNVs lead to loss of tissue-specific expression.
A. Affinity fold change for SNVs within functional ETS sites of the FoxF enhancer. 

B. The WT FoxF enhancer drives expression in the TVCs. C. The FoxF-ETS1-T-to-C 

enhancer drives expression in the TVCs, ATMs, and mesenchyme. D. The FoxF-ETS3-T-to-

G enhancer drives expression in the TVCs, ATMs, mesenchyme, and neural tissues. E. The 

FoxF-ETS4-T-to-C enhancer drives expression in the TVCs and ATMs. F. Optimizing the 

affinity of three ETS sites with SNVs leads to ectopic expression in ATMs, endoderm, 

mesenchyme, nervous system, and notochord. G. Ablating the ETS sites (GGAW to GCAW) 
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within the context of the 3 SNVs no longer drives ectopic expression, only very weak TVC 

enhancer activity. H. Embryo scoring for above constructs (3 replicates, n ≥ 17 embryos 

per replicate). P-values are obtained by using Chi-square test comparing each condition to 

WT with Bonferroni correction: ** P < 0.001, * P <0.01, N.S. not significant. Asterisks 

mark TVCs and arrows mark ATMs. Schematics show electroporated enhancers, values are 

affinities, dots mark SNVs. Scale bars, 50 μm. Data in stacked bar chart are represented as 

the mean. See also Figures S2,S3 and Tables S1,S2.
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Figure 3. Affinity-optimizing SNVs cause migration defects and disrupt heart development.
A. Schematic showing a tailbud wild-type embryo, the concentration of activated ETS in 

the TVCs and ATMs and the role of FoxF in migration of the TVCs to the ventral midline. 

The TVCs have high levels of activated ETS while the ATMs have lower levels of activated 

ETS. FoxF enhancer drives expression of FoxF in the TVCs, causing them to migrate. B. 
Schematic showing a tailbud embryo containing the FoxF-ETS1-T-to-C enhancer driving 

FoxF. TVC cells have high levels of activated ETS, while ATMs have low levels of activated 

ETS. Embryos with the FoxF-ETS1-T-to-C enhancer drive expression of FoxF in the TVCs 
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and ATMs causing the ATMs to express FoxF and migrate with the TVCs. C. Embryo 

with WT FoxF enhancer driving FoxF, co-electroporated with a MesP enhancer driving 

GFP marking the ATMs and TVCs at 16 hpf. D. Embryo with FoxF-ETS1-T-to-C enhancer 

driving FoxF, co-electroporated with a MesP enhancer driving GFP in the TVCs and ATMs 

at 16 hpf; all cells migrate to the ventral midline. Black cells in C and D are the otolith 

and ocellus. E. Juvenile with WT FoxF enhancer driving FoxF with heart colored in blue; 

normal heart morphology is seen. F. Juvenile with FoxF-ETS1-T-to-C enhancer driving 

FoxF has two hearts with main heart colored in pink, auxiliary heart colored in orange; 

abnormal heart morphology is seen in 79% (41/52) of embryos with migration defects. 

Hearts were false-colored digitally. G. Schematic of juvenile Ciona with normal heart 

morphology. H. Schematic of juvenile Ciona with auxiliary heart. Scale bars, 50 μm. See 

also Figure S4 and Movies S1,S2.
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Figure 4. Low-affinity ETS binding sites are prevalent within developmental heart enhancers 
and affinity-optimizing SNVs lead to gain-of-function expression in human iPSC-CMs.
A. Violin plots in light blue of ETS site affinities within Ciona and human putative 

DHEs. 44% of Ciona DHEs and 61% of human DHEs contain an ETS site in which a 

SNV can increase ETS affinity ≥3-fold. Dark blue violin plots show distributions of the 

affinity-optimizing SNVs. B. Schematics of human and mouse Gata4 enhancers show high 

conservation of low-affinity ETS sites. Sites with underlined affinities mark functionally 

validated ETS sites in mouse35. GATA4 G9 enhancer SNVopt harbors a SNV that increases 

relative affinity from 0.11 to 0.73. GATA4 G9 enhancer 4opt has four ETS sites with 

increased affinity. C. Hs GATA4, Hs GATA4 SNVopt and Hs GATA4 4opt enhancer activity 

as measured by reporter assay in human iPSC-CMs. Data are represented as mean ± SEM. * 

p<1e-5. See also Table S2.
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Key resource table

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

mouse ETS1 universal PBM data Wei et al.33 thebrain.bwh.harvard.edu/uniprobe/index.php

Ciona robusta genome Satou et al.69 N/A

LacZ_6hpf_1–3 Racioppi et al.42 GEO: GSE126691

Human reference genome NCBI build 38, GRCh38 Genome Reference 
Consortium

http://www.ncbi.nlm.nih.gov/projects/genome/
assembly/grc/human

Human fetal heart putative enhancers predicted from 
H3K27ac ChIP and ATAC-seq

Richter et al.43 Supplementary Table 11 in source

iPSC-cardiomyocyte putative enhancers predicted from 
ATAC- seq and H3K27ac ChIP

Benaglio et al.44 GEO: GSE133833

Human fetal heart putative enhancers predicted from 
p300/CBP

May et al.45 GEO: GSE32587

Sequencing data for MPRA This paper SRA: PRJNA999706

Experimental Models: Organisms/Strains

Ciona intestinalis type A (Ciona robusta) M-REP N/A

iPSC-CMs Frazer Lab UDID_10948

iPSC-CMs Frazer Lab UDID_13948

Oligonucleotides

Oligonucleotides for mutagenesis, see Table S2 This paper N/A

Recombinant DNA

Plasmid: foxf295-bpfog>H2B-mCherry Levine & Christiaen Labs N/A

Plasmid: foxf295-ets1mut-bpfog>H2B-mCherry This paper N/A

Plasmid: foxf295-ets2mut-bpfog>H2B-mCherry This paper N/A

Plasmid: foxf295-ets3mut-bpfog>H2B-mCherry This paper N/A

Plasmid: foxf295-ets4mut-bpfog>H2B-mCherry This paper N/A

Plasmid: foxf295-ets5mut-bpfog>H2B-mCherry This paper N/A

Plasmid: foxf295-ets6mut-bpfog>H2B-mCherry This paper N/A

Plasmid: foxf295-ets1optT2C-bpfog>H2B-mCherry This paper N/A

Plasmid: foxf295-ets3optT2G-bpfog>H2B-mCherry This paper N/A

Plasmid: foxf295-ets4optT2C-bpfog>H2B-mCherry This paper N/A

Plasmid: foxf295-ets134opt-bpfog>H2B-mCherry This paper N/A

Plasmid: foxf295-ets134optAbl-bpfog>H2B-mCherry This paper N/A

Plasmid: foxf295-ets12345opt-bpfog>H2B-mCherry This paper N/A

Plasmid: foxf295-ets12345optAbl-bpfog>H2B-
mCherry

This paper N/A

Plasmid: foxf295-ets123456mut-bpfog>H2B-mCherry This paper N/A

Plasmid: foxf3kb>foxfcDNA This paper N/A

Plasmid: foxf3kb-ets1OptT2C>foxfcDNA This paper N/A

Plasmid: foxf3kb-ets3OptT2G>foxfcDNA This paper N/A

Plasmid: foxf3kb-ets4OptT2C>foxfcDNA This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: gata4-g9-scp>unc76-GFP This paper N/A

Plasmid: gata4-g9-SNVopt-scp>unc76-GFP This paper N/A

Plasmid: gata4-g9–4opt-scp>unc76-GFP This paper N/A

Plasmid: pTNT-ciETS1 This paper N/A

Software and Algorithms

ImageJ Schneider et al.76 https://imagej.nih.gov/ij/

FastQC (version 0.11.2) N/A http://www.bioinformatics.babraham.ac.uk/projects/
fastqc

Trim Galore (version 0.4.4) N/A http://www.bioinformatics.babraham.ac.uk/projects/
trim_galore

Bowtie2 (version 2.3.2) Langmead et al.70 http://bowtie-bio.sourceforge.net/bowtie2/index.shtml

Samtools (version 1.2) Li et al.71 https://samtools.sourceforge.net

MACS2 (version 2.7.9) Zhang et al.72 N/A

BEDTools Quinlan et al.74 N/A

pyliftover 0.4 N/A https://pypi.org/project/pyliftover

Adobe Premiere Pro Adobe N/A

Adobe Animate Adobe N/A

Code to generate Fig 2A, 4A, 4C and putative Ciona 
developmental heart enhancers and putative human 
developmental heart enhancers

This paper https://doi.org/10.5281/zenodo.8215976
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