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Abstract
Understanding how transcription factors (TFs) control gene expression programs is critical for
determining the genetic pathways responsible for development. Heart development is
particularly sensitive to precise control of gene programs as faulty regulation leads to
congenital heart defects (CHD), the leading cause of infant mortality. Although sets of TFs have
known roles in heart development, in most cases, we lack a fundamental understanding of how
these binding events regulate cell specification. To identify potential key regulatory TFs, we
used the Assay for Transposase-Accessible Chromatin (ATAC-seq) to map changes in chromatin
accessibility and integrated these data with maps of histone modification patterns and gene
expression across several stages of embryonic stem cell (ESC) differentiation toward
cardiomyocytes (CMs). Based on bioinformatic analysis of these data, we identified the TEA
domain family (TEAD) TF TEAD1 as a candidate regulator of enhancer activation during cardiaclineage commitment. We then used an inducible degron-tag strategy to conditionally deplete
TEAD1 and observed an abnormal beating phenotype in CMs. Further mechanistic studies
revealed that TEAD1 was necessary for the activity of a subset of cardiac enhancers putatively
linked to cell-cell contacts. These data have allowed us to characterize a potential link between
extracellular signaling and cardiac contraction and morphogenesis during development.
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Significance
Understanding the mechanisms that underpin the precise regulation of gene expression during
mammalian development remains a fundamental biological question. Proper control of
developmental programs in the heart is particularly evident during lineage commitment, when
complex gene expression patterns are exquisitely regulated during differentiation and
morphogenesis (O’Meara et al., 2015; Wamstad et al., 2012). Consequently, even subtle
perturbation of transcriptional networks leads to congenital heart defects (CHD) and some
forms of adult heart disease (Bruneau, 2008; McFadden and Olson, 2002). The genetic factors
that contribute to heart development have been studied in a range of organisms such as
zebrafish, fruit flies, mice, and humans (Bruneau, 2013; Olson, 2006); however, the majority of
genetic causes of CHD remain unknown (Blue et al., 2017). Decades of research have led to the
identification of integrated gene regulatory networks comprising a critical set of cardiac
transcription factors (TFs) that coordinate embryonic heart development (Akerberg et al., 2019;
Olson, 2006; Spitz and Furlong, 2012; Srivastava, 2006). Chromatin-remodeling and modifying
factors also have important roles in regulating cardiovascular development (Chang and
Bruneau, 2012). In fact, many mutations linked to CHD are found within genes encoding TFs
and chromatin regulators (Homsy et al., 2015; Jin et al., 2017; Zaidi et al., 2013). Together,
lineage-specific TFs and chromatin regulators coordinate the activation and repression of
complex transcriptional networks and emerging evidence indicates that selective binding of
these factors to enhancer elements is a key part of this process. Our prior work has shown that
the enhancer landscape is highly dynamic during heart development, and activation of these
non-coding DNA elements underlies the programmed shifts in cell identity that lead to a fully
formed and functional heart (Wamstad et al., 2012, 2014). The work in this thesis extends these
findings and focuses on identifying the key mechanisms by which specific TFs coordinate gene
expression programs through tissue-specific enhancer activation. Results from these studies
will contribute critical pieces of the puzzle for understanding the genes and processes that
orchestrate heart development and how faulty regulation can lead to CHD.
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Enhancers regulate tissue-specific gene expression patterns
Enhancers are cis-regulatory elements that can activate the expression of distal target genes.
These elements are bound by a constellation of lineage- and signal-dependent TFs that recruit
co-factors such as chromatin modifiers and remodelers, setting off a cascade of events that
culminates in the assembly of the transcriptional machinery at target promoters. The idea that
enhancer elements contribute to gene activation was first illustrated over thirty-five years ago
based on pioneering work using SV40 viral enhancers to drive transcription in vitro (Banerji et
al., 1981; Moreau et al., 1981). Enhancer trapping experiments in Drosophila, in which an
exogenous reporter is introduced into the genome via a transposable element, provided further
critical evidence that distal non-coding DNA sequences could function to mediate precise
spatial and temporal control of gene expression during metazoan development (O’Kane and
Gehring, 1987). Enhancers have subsequently been shown to function at variable distances and
independent of orientation from the genes they regulate to promote expression of reporter
genes both in vitro and in vivo (Atchison, 1988; Bulger and Groudine, 2011; Maston et al.,
2006). Given that enhancers generally lack a consensus DNA sequence, it had previously been
difficult to identify sets of enhancers for any given cell type.
Cell-type-specific TFs bind disproportionately within putative enhancer regions, suggesting that
the co-occupancy of different TFs offers the necessary versatility to direct cell-type-specific
gene expression. Consequently, the binding of clusters of these TFs has provided a means to
identify enhancer elements using high-throughput sequencing (Akerberg et al., 2019; Wamstad
et al., 2014). The observation that histone post-translation modifications, incorporation of
histone variants, and overall nucleosome positions differ at enhancers as compared to
promoters (Andersson and Sandelin, 2019) suggests that enhancers have evolved distinct
properties. Current models suggest that TF binding at enhancers transmits key signals to direct
the spatiotemporal activation of developmental gene programs in response to cellular cues.
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High-throughput analysis and prediction of enhancer elements
Technological advances have enabled genome-wide epigenetic profiling, providing global
methods for defining putative enhancer elements. High-throughput assays used to identify
potential enhancers rely on genome-wide measurements of epigenetic patterns that correlate
with bona fide active enhancer regions, in contrast to low-throughput methods (Gasperini et
al., 2020). The ability to globally identify putative enhancers has provided critical insights into
developmental gene regulation, but the limitations of these techniques should be taken into
account. Most hallmarks of enhancer activity are based on correlations, and experimental
validation of these regions in vivo remains a key issue in the field (Halfon, 2019); as such, new
methods that robustly identify bona fide enhancers are needed to reduce false positives. For
example, a recent study demonstrated that high-confidence enhancer predictions come from
combining relatively independent hallmarks of enhancer activity and function (Akerberg et al.,
2019). Thus, studies of enhancer-mediated gene expression should leverage multiple
techniques for enhancer identification to ensure that insights have the strongest empirical
basis.
Chromatin immunoprecipitation coupled with high-throughput sequencing (ChIP-seq) and
related techniques allow genome-wide profiling of post-translational histone modifications and
TF binding with the use of specific antibodies. Based on analysis of histone modification
patterns, several reports suggested that mono-methylation of histone H3 lysine 4 (H3K4me1)
marks a broad set of putative enhancers, whereas aceylation of histone H3 lysine 27 (H3K27ac)
is associated specifically active enhancers (Creyghton et al., 2010; Ernst et al., 2011; RadaIglesias et al., 2010). In the absence of active enhancer-associated marks H3K4me1 deposited
by the methyltransferases MLL3 and MLL4 (Herz et al., 2012) marks poised enhancers, defined
by the potential to become active in later developmental lineages. On the other hand, the
deposition of H3K27ac in distal regions, which is catalyzed by the histone acetyltransferase
(HAT) p300, strongly correlates with TF binding and transcriptional activation of target genes.
Notably, p300 appears to bind significantly fewer enhancers than those identified by H3K27ac,
perhaps suggesting that the modification represents a more stable mark of p300 activity.
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Putative enhancers identified by histone modification patterns are highly unique in each cell
type and neighbor genes with cell-type-specific functions (Barski et al., 2007; Bonn et al., 2012;
Ernst et al., 2011; Rada-Iglesias et al., 2012; Visel et al., 2009; Wamstad et al., 2012). With the
inclusion of genomic binding patterns of TFs and chromatin regulators as well as patterns of
accessible chromatin and distal transcription, hundreds of thousands of putative enhancers in
metazoans have been identified across different cell types and tissues in flies, mice, humans,
and other (Akerberg et al., 2019; Andersson et al., 2014; Birney et al., 2007; Consortium et al.,
2014; Dunham et al., 2012; Kharchenko et al., 2010; Kundaje et al., 2015; Shen et al., 2012;
Thurman et al., 2012; Visel et al., 2007). The ability to identify putative enhancers at global
scale has opened the door for understanding development, organismal complexity, and
evolution.
The application of various techniques using in vivo-derived heart samples has led to the
identification and validation of enhancers in heart development that regulate the expression of
important cardiac genes (Akerberg et al., 2019; Dickel et al., 2016; May et al., 2011); however,
these studies did not examine the dynamics of lineage commitment. To this end, our lab
adapted an in vitro cardiomyocyte (CM) differentiation system using mouse ESCs that
progresses through four stages (ESC, mesoderm (MES), cardiac progenitors (CP), and CM) by
adding growth factors and cytokines at defined time points (Figure 1A) (Wamstad et al., 2012).
We found that H3K4me1 and H3K27ac mark candidate poised and active enhancer regions
(Figure 1B), identifying over 80,000 putative enhancers across the developmental time course
(Figure 1C). Notably, putative active enhancers displayed very low overlap between closely
related cell types and were highly unique to each stage, illustrating the rapid transitions of
chromatin states in regulatory regions as cells differentiate. This study also predicted TFs that
orchestrate heart development by combining motif enrichment within active enhancers and
gene expression of the corresponding TF family members. Our work revealed enrichment of TFs
with known roles in heart development and also suggested unexpected linkages between TFs at
cardiac enhancers. For example, the motifs for MEIS1 and GATA4, two TFs not previously
known to act in concert during heart development, co-occur in many of the same enhancers
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(Figure 1D). In enhancer reporter assays, these factors worked together to increase gene
expression. Collectively, our study demonstrated the value of high-throughput enhancer
predictions for deriving insights into developmental gene control.

A

D

H3K4me1

enhancer

poised

enhancer

active

TF

H3K27ac

BESC

MES

CP

Flk1
Pdgrfα

Day 0

C

2

CM

Nkx2-5

4

enhancer

5.3

cTnT

10

GATA MEIS1

GATA

MEIS1

TF
Enh1

TF
Enh1

Enh 2

Target

Enh 2

over-represented p = 6E-04

10 bp

ESC MES

CP

CM

Myocd enhancer

2264 bp

Relative Luciferase Activity

81,497 enhancers

36bp
Dip Region
MEIS1 motif

***

40

Active
Poised

Target

under-represented p = 6E-04

GATA motif

***

35
30
25
***

20
15
10
5
0

Meis1a
Meis2d
Gata4

-

+

-

-

+

-

-

-

+

-

-

+

-

-

-

+

+

+

Figure 1: Enhancer Landscape Dynamics During CM Differentiation

A) Depiction of enhancer annotations based on histone modification patterns. Putative enhancers that are marked
with H3K4me1 only are annotated as poised, and enhancers marked with H3K27ac with or without H3K4me1
(indicated by the dotted line) are annotated as active.
B) Schematic of in vitro cardiomyocyte (CM) differentiation. Embryonic stem cells (ESC) progress to pre-cardiac
mesoderm (MES) in an embryoid body stage, and then differentiate to cardiac progenitors (CP) and
cardiomyocytes (CM) in a monolayer upon treatment with the cytokines and growth factors indicated at top in
blue. Factors used to assay the quality of differentiation are indicated in black.
C) Heatmap depicting dynamics of enhancer states during in vitro CM differentiation. Dark blue indicates active
enhancers, light blue indicates poised enhancers, and white indicates unmarked enhancers. Adapted from
Wamstad et al. (2012).
D) Identification of new TF partnership in CM differentiation. Dips (green dotted box) in H3K27ac signal represent
potential TF binding sites. These sequences were used as input for motif analysis. The GATA and MEIS motifs were
enriched within dips in the same enhancer more often than in separate enhancers, and a synthetic reporter assay
shows that these factors synergistically activate an enhancer. Adapted from Wamstad et al. (2012).
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Other studies have shown that the co-occupancy of cardiac TFs can be used to identify cardiacspecific enhancers (Akerberg et al., 2019; He et al., 2011; Junion et al., 2012). By performing
ChIP-seq in HL-1 murine CM cell lines engineered to overexpress biotinylated isoforms of the
key cardiac transcription factors GATA4, MEF2A, TBX5, and NKX2-5, and combining those data
with p300 ChIP-seq, investigators identified thousands of putative enhancers co-bound by
these factors. Importantly, roughly half of the putative enhancers tested drove cardiac-specific
expression of reporter constructs in mouse embryos (He et al., 2011). A follow-up to this study
used a similar approach to survey the binding of a wider set of cardiac TFs (adding TEAD1, SRF,
and MEF2C) in fetal and adult murine hearts (Akerberg et al., 2019). This work found that even
in the absence of H3K27ac, the binding of a large proportion of cardiac TFs could identify bona
fide enhancers.
Evidence for combinatorial interactions between TFs at cardiac enhancers has also been
demonstrated in Drosophila where the collective binding of five cardiac TFs was required for
full transcriptional activity of heart enhancers in vitro (Junion et al., 2012). The approach of
using genome-wide histone modification data to identify cardiac-specific enhancers, combined
with analysis of genomic sequences to uncover regulatory TF networks has also been used to
strong effect in Drosophila. Ahmad et al. analyzed data on verified enhancers from heart muscle
cells, non-muscle heart cells, and pre-cardiac mesoderm using a machine learning framework to
both predict other potential cell-type-specific enhancers and identify the particular motifs and
corresponding TFs important for these classifications (Ahmad et al., 2014). Another study used
a similar approach for enhancers active late in cardiogenesis (Seyres et al., 2016). Using solely a
computational approach, other work identified over 40,000 putative cardiac enhancers in the
human genome based on various sequence features including the co-occurrence of TF motifs
(Narlikar et al., 2010). Remarkably, 62% of the candidate enhancers tested (16/26) in that study
recapitulated cardiac gene expression in zebrafish reporter assays, indicating that motif
composition may also provide a robust method for predicting functional enhancers. Taken
together, these results show that a relatively small subset of TFs work together through their
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binding at enhancers to control tissue-specific gene expression. Despite this growing
knowledge, how TF partnerships at enhancers might determine specific aspects of heart
development is a major open question.
High-throughput sequencing has also facilitated the development of function-based screens for
identifying enhancer elements. STARR-seq (self-transcribing active regulatory region
sequencing) uses random genomic DNA fragments to identify genomic sequences with the
ability to activate gene expression in Drosophila (Arnold et al., 2013a; Yáñez-Cuna et al., 2014).
STARR-seq is an extension of the MPRA (massively parallel reporter assay), a protocol based on
saturation mutagenesis of specific enhancers in order to dissect function base-by-base
(Melnikov et al., 2012; Patwardhan et al., 2012). One caveat of these approaches is that by
removing sequences from their endogenous context, some information is lost about the precise
context in which these loci work to activate gene expression. Nevertheless, these techniques
offer direct assessment of the ability of candidate sequences to activate downstream
transcription in an unbiased manner. As a complement to these approaches, the emergence of
the CRISPR/Cas9 system has facilitated the testing of endogenous enhancers in a highthroughput manner (Klein et al., 2017). Various studies have combined scanning guide RNAs
across loci of interest with relevant functional readouts to assess the importance of specific
enhancer sequences in controlling target gene expression (Canver et al., 2015; Korkmaz et al.,
2016; Sanjana et al., 2016).
Systems such as CRISPR/Cas9 or the lower-throughput TALEN have recently been applied to
modulate the epigenetic state of enhancers. For example, the TALEN system was used to target
the histone demethylase LSD1 to silence specific enhancers (Mendenhall et al., 2013). Further
development of a catalytically inactive Cas9 (dCas9) (Qi et al., 2013) has allowed the targeting
of epigenetic effectors to test the functionality of specific enhancers. For example, one study
used dCas9 tethered to the repressive KRAB domain or to the p300 activator in order to target
enhancer elements surrounding either the HER2 or the beta-globin loci in human cells (Klann et
al., 2017). This study identified previously unknown enhancer regions, as well as showed that
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some of the enhancers have cell-type-specific activity, providing a high-throughput assessment
of enhancer activity in an endogenous context. This method of targeting epigenetic activators
to putative enhancers has also identified key regulatory regions by their ability to increase
target gene expression (Hilton et al., 2015; Simeonov et al., 2017). Many of these studies use
fluorescence-based reporter readouts, which are more generalizable for a broader range of
genes, but requires further genetic modification (Diao et al., 2016; Klann et al., 2017; Rajagopal
et al., 2016). Other studies in this vein have relied on readouts in proliferation (Fulco et al.,
2016), oncogene-induced senescence (Korkmaz et al., 2016), or resistance to a cancer
treatment (Sanjana et al., 2016) that are correlated with the expression of a target gene.
Recent studies have leveraged advances made in single-cell gene expression technology in
order to substantially increase the throughput of CRISPR-based enhancer perturbation screens.
Single-cell RNA-seq was used to assess enhancer perturbation (dCas9-KRAB repression) by
analysis of gene expression changes, showing that among a cell population, different enhancers
within a super-enhancer cluster (defined below) can contribute differently to gene expression
(Xie et al., 2017). Using an approach inspired by expression quantitative trait locus (eQTL)
studies, Gasperini et al. developed a method for measuring the impact of enhancer
perturbation on gene expression by lentiviral transduction of a gRNA library at relatively high
multiplicity-of-infection (MOI) into dCas9-KRAB-expressing cells (Gasperini et al., 2019). This
approach allowed high-throughput functional assessment of enhancer function by comparing
gene expression in cells with and without repression of the targeted enhancer.
The above approaches depend on measurable changes in gene expression. Moreover, using a
repressor such as KRAB or an activator like p300 relies on the underlying assumption is that
modifying the chromatin state of an enhancer will have direct consequences on its ability to
activate gene expression. Thus, these attempts to study enhancers in their endogenous
contexts may still be missing important insights. Despite these caveats, advancements in highthroughput sequencing and the ability to target specific enhancers by genomic and epigenomic
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perturbation have enabled the identification and functional characterization of putative
enhancers at scale.
Predicting enhancer target genes
The characterization of putative enhancers in multiple cell types has led to the development of
a range of techniques for the systematic identification of their target genes (Table 1). Advances
in techniques such as Hi-C, which measure spatial proximity between genomic sequences in a
multiplex fashion, have made it possible to characterize enhancer-target gene interactions
genome-wide (Dixon et al., 2015; Jin et al., 2013; Lieberman-Aiden et al., 2009). Hi-C has been a
valuable tool to study how enhancers direct developmental gene expression (Bonev et al.,
2017; Phanstiel et al., 2017). Because Hi-C captures many interactions beyond those between
enhancers and target genes, further developments have amplified the signal of interactions of
interest. HiChIP (coupling Hi-C with chromatin immunoprecipitation) with H3K27ac antibodies
can link active enhancers with the genes that they are putatively regulating (Mumbach et al.,
2017; Weintraub et al., 2017), as can ChIA-PET (Chromatin Interaction Analysis with Paired-EndTag sequencing) with RNA polymerase II (RNAPII) antibodies (Fullwood et al., 2009; Li et al.,
2012). Other modifications of the original Hi-C method limit interactions to promoters. Capture
Hi-C (also known as promoter capture Hi-C) as well as the similar HiCap use biotinylated nucleic
acid probes to select for interactions with promoter sequences, increasing the signal of
promoter-based interactions (Mifsud et al., 2015; Sahlén et al., 2015). Capture Hi-C has been
used to reveal enhancer dynamics during developmental progression (Freire-Pritchett et al.,
2017; Kragesteen et al., 2018; Rubin et al., 2017). This technique has also been invaluable for
linking single-nucleotide polymorphisms (SNPs) associated with cardiovascular disease with
potential disease genes by connecting enhancers containing these SNPs to target genes
(Montefiori et al., 2018).Collectively, These protocols have greatly increased our ability to
directly link enhancers to the genes they regulate, facilitating further mechanistic insights.
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direct
measurement

method

description

advantages

limitations

references

Hi-C

all-to-all proximity ligation with
paired-end sequencing

direct measurement of
long-range interactions

low resolution,
requires many reads

Liebeman-Aiden et al.
(2009)

Capture Hi-C

Hi-C (6-cutter) with promoter capture
using biotinylated RNA probes

selects for promoter-linked
interactions

limited to interactions
involving probed regions

Mifsud et al. (2015)

HiCap

Hi-C (4-cutter) with promoter capture
using biotinylated RNA probes

higher resolution than CHi-C
due to shorter fragments

harder to capture
longer-range contacts

Sahlén et al. (2015)

ChIA-PET

ChIP followed by proximity ligation
and paired-end sequencing

enrichment of meaningful
interactions

high number of
cells needed

Fullwood et al. (2009),
Li et al. (2012)

limited by available
antibodies

Mumbach et al. (2016)

HiChIP

Hi-C with antibodies to capture
lower cell number and higher
contacts containing protein of interest
resolution than ChIA-PET

correlationbased

measure correlation between
enhancer activity and
promoter activity/gene expression
across multiple cell types

captures multiple
enhancers/gene,
high resolution,
quantitative measure

data availability,
poor predictive ability,
doesn’t consider
cooperativity

Corradin et al. (2013),
Shen et al. (2012),
Thurman et al. (2012),
Yao et al. (2015)

machine
learning

link enhancers and promoters
through patterns of sequence
features/epigenetics based on
true positives and negatives

high resolution,
determines matches in an
unbiased manner, can make
predictions in other cell types

depends on quality
of true positive and
negative matches, data
availability

Hafez et al. (2017),
He et al. (2014),
Whalen et al. (2016)

regressionbased

determines contribution of each
enhancer’s activity to expression of
target genes

scorebased

assigns a single score to each
enhancer-gene linkage

computational

combinatorial assessment, computationally intensive
quantifies most important
for large numbers of
enhancers, can be combined
enhancers,
with other approaches
data availability
relative ease of computation,
quantifies enhancer-promoter
linkages, can be tuned
transparently

arbitrary weights
assigned to different
data, data availability

Hait et al. (2018),
Cao et al. (2017),
Roy et al. (2015)
Fishlevich et al. (2017),
Naville et al. (2015),
Zhu et al. (2016)

Table 1: Methods for Identifying Enhancer Target Genes
Although these methods are currently considered gold standard approaches, these techniques
remain technically challenging and the output data are often difficult to compare across
multiple cell types. To complement these efforts, computational approaches have evolved in
parallel to identify enhancer-gene linkages (Hariprakash and Ferrari, 2019; Lim et al., 2018). The
simplest algorithms identify correlations between levels of enhancer activity and promoter or
gene activity across cell types (Corradin et al., 2013; Shen et al., 2012; Thurman et al., 2012; Yao
et al., 2015). These methods require consistent datasets from many cell types to be effective,
and are thus susceptible to bias based on the available genomic data. However, they do allow a
quantitative measure of enhancer-gene association and can identify interactions over relatively
short genomic distances that many direct measurement techniques cannot detect.
More sophisticated approaches utilize machine learning with a training set of validated true
positives and negatives (Hafez et al., 2017; He et al., 2014; Whalen et al., 2016). These
algorithms allow for enhancer predictions in other cell types, but the need for reliable
information on true positive and negative linkages between enhancers and target genes still
limits these predictions. Regression-based approaches are designed to measure the
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contribution of the activity of each enhancer to the expression of putative target genes,
allowing identification of the most important enhancers to each gene (Hait et al., 2018) and can
be combined with other approaches (Cao et al., 2017; Roy et al., 2015). Regression-based
analyses also require a limit on the number of enhancers surveyed per gene due to
computational complexity, which may bias the identification of relevant linkages. Finally,
broader approaches assign a score to each pairwise enhancer-gene interaction based on a
range of relevant characteristics like co-expression of bound TFs and target genes, genomic
distance, similarity in chromatin state, and/or evolutionary conservation (Fishilevich et al.,
2017; Naville et al., 2015; Zhu et al., 2016). Although the assessment of these scores is only
limited by having the necessary data in the cell type of interest, the integration of disparate
datasets requires careful scaling and assumptions about the importance of particular
information. These algorithms provide a means to integrate the massive genomic data now
available to make testable predictions about the relationship between cis-regulatory elements
and gene networks. Overall, experimental and computational advances in genome-wide
approaches have led to important insights into enhancer biology, which can be leveraged to
understand dynamic cellular processes such as development.
Enhancers control gene expression through a variety of mechanisms
The precise activation of cell-type-specific gene programs involves enhancer and promoter loci
brought into spatial proximity (Bulger and Groudine, 2010; Wamstad et al., 2014). Enhancers
can directly regulate genes as far as 1 Mb away (Lettice et al., 2003), suggesting an active
process for enhancer selection. Many factors have been implicated in the formation and
maintenance of these long-range interactions. As discussed above, epigenetic events such as
the deposition of specific histone modifications, increased chromatin accessibility, and the
binding of cell-type-specific TFs all strongly correlate with enhancer activation. How these
events are coordinated with activation of target gene expression still requires further study.
Since enhancer target genes are often expressed in a cell-type-specific manner, particularly
during development, understanding the mechanisms that drive long-range interactions
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between enhancers and their targets are key to understanding gene regulation. To this end,
different models have been proposed to explain the nature of enhancer-promoter interactions
during development (Figure 2). In the “permissive” model, enhancer-promoter interactions are
established prior to gene activation earlier in development, allowing cell-type-specific TFs to
rapidly activate gene expression in response to developmental cues (Laat and Duboule, 2013).
In contrast, the “instructive” model posits that enhancer-promoter interactions are formed de
novo as differentiation progresses, depending on the binding of lineage-specific TFs that
promote loop formation by recruitment of co-activators and the transcriptional machinery (Laat
and Duboule, 2013). The development of techniques for assaying long-range genome
interactions has begun to shed light on regulation of these dynamics. From the initial
development of Chromosome Conformation Capture (3C) that allowed detection of long-range
interactions between pairs of genomic loci (Dekker et al., 2002), to recent advancements like
5C, Hi-C, and Capture Hi-C (discussed above) that allow more comprehensive genome-wide
assessment of long-range interactions (Schmitt et al., 2016), we are now in a position to
investigate the relative contribution of these models to the spatiotemporal regulation of
developmental gene expression.
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Figure 2: Models of the Establishment of Enhancer-Promoter Interactions

In the permissive model, enhancer-promoter interactions are established prior to gene activation, whereas the
instructive model posits that loop formation is a driver of gene activation. Enhancers are marked prior to activation
by the poised enhancer mark H3K4me1 (gold), and then marked by the active enhancer mark H3K27ac (purple).
Gene activation is indicated by the arrow at the TSS.
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Hi-C experiments have provided further insights into the nature of long-range enhancer
interactions across a range of cell types (Bonev et al., 2017; Dixon et al., 2012, 2015; Jin et al.,
2013; Lieberman-Aiden et al., 2009; Rao et al., 2014). These studies revealed that much of the
topological structure of the genome is invariant between different cell types, particularly at the
scale of topologically associating domains (TADs) (also known as contact domains). However,
detailed studies of genome topology during development have shown that some of these TADs
change to facilitate lineage-specific gene regulation (Bonev et al., 2017; Rao et al., 2014). TADs
substantially constrain enhancer-promoter interactions and multiple studies have shown that
the vast majority of enhancer-promoter interactions occur within TAD boundaries (Bonev et al.,
2017; Dixon et al., 2012). TAD boundaries are maintained through the binding of CTCF and
cohesin as well as specific histone modifications and mark insulated neighborhoods that limit
enhancer-gene contacts (see below) (Dixon et al., 2015; Dowen et al., 2014; Rao et al., 2017).
TADs have also been shown to localize to particular nuclear compartments, commonly denoted
by the letters A and B, where A is the “active” compartment associated with transcriptional
activity and accessible chromatin, whereas B is associated with inactivity and repressed
chromatin (Dixon et al., 2012; Lieberman-Aiden et al., 2009). Higher-resolution studies have
revealed further sub-compartments within these classifications that coincide with replication
timing and histone modification patterns (Rao et al., 2014).
Within TADs, poised enhancers can also interact with target genes, suggesting that additional
factors or events are needed to activate gene expression (Jin et al., 2013). Hi-C-based studies on
enhancer-promoter interaction dynamics suggest that in aggregate, enhancer-promoter
interactions in a developmental context follow an “instructive” model whereas new enhancermediated gene induction in response to stimuli (such as a specific signaling pathway) relies on
preformed contacts (a “permissive” framework) (Bonev et al., 2017; Jin et al., 2013; Phanstiel et
al., 2017; Rao et al., 2014). Further support for these results was found in 5C (Chromosome
Conformation Capture Carbon Copy) experiments performed on mouse ESCs and neural
precursor cells (NPCs) (Phillips-Cremins et al., 2013). Importantly, some interactions identified
in ESCs were lost concomitant with changes in enhancer histone marks and target gene
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expression upon transition to NPCs. Notably, enhancers that produce transcripts (discussed
further below) were more likely to participate in cell type-specific interactions. Further studies
to test these models are needed particularly in combination with single-cell approaches to
delineate clear interaction patterns.
The role of histone modifications in regulating enhancer activity is also relatively poorly
understood, but these marks likely recruit important chromatin remodelers and co-activators or
co-repressors. For example, H3K4me1 appears to recruit an ATP-dependent chromatin
remodeler complex (BAF, the mammalian homolog of SWI/SNF) to enhancer loci (Local et al.,
2017). Interestingly, the catalytic activity of the histone methyltransferases that deposit
H3K4me1 is dispensable for recruitment of RNAPII to enhancers and subsequent gene
expression, but the proteins themselves are required (Dorighi et al., 2017). On the other hand,
both p300 and related complexes that catalyze H3K27ac, the histone modification most
strongly correlated with active enhancers, and the mark itself have roles in activating gene
expression. H3K27ac appears to directly antagonize the activity of Polycomb Repressive
Complex 2 (PRC2) in Drosophila (Tie et al., 2009) and chemically inhibition of p300 drastically
reduces H3K27ac levels at enhancers and putative target gene expression without substantially
changing p300 binding (Raisner et al., 2018). It should also be noted that p300 can acetylate
many other proteins besides histones with roles in transcriptional regulation (Dancy and Cole,
2014). Further studies are needed to understand the exact contribution of chromatin
modifications as cause or consequence of enhancer activation.
Additional studies have recently connected control of cell-type-specific gene expression
through RNA polymerase II (RNAPII) pausing, a rate-limiting event in transcription. In
metazoans, RNAPII initiates at transcription start sites and then often pauses after transcribing
only a few bases, a process that requires negative elongation factor (NELF) and DRB-sensitivityinducing factor (DSIF) (Adelman and Lis, 2012). Productive transcriptional elongation occurs by
phosphorylation of the DSIF-NELF complex, as well as phosphorylation of RNAPII’s C-terminal
domain by PTEF-b. Emerging evidence links enhancer activation with RNAPII pause-release
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(Chen et al., 2017; Galli et al., 2015; Henriques et al., 2018; Liu et al., 2017b; Schaukowitch et
al., 2014). In Drosophila, genes with paused RNAPII are enriched for developmental functions in
the developing embryo (Zeitlinger et al., 2007), although in mammalian cells, these promoters
are enriched for genes that are responsive to stimuli (Min et al., 2011). Notably, the
establishment of enhancer-promoter loops early in development, prior to enhancer activation
and gene expression, is associated with paused RNAPII in Drosophila (Ghavi-Helm et al., 2014).
Thus, the regulation of promoter-proximal pausing may be a key aspect of precise enhancer
control of gene expression, particularly during development when genes must be activated in a
coordinated manner.
Active enhancers produce non-coding transcripts that function in gene regulation
Growing evidence suggests that non-coding transcripts originating from enhancers, called
enhancer RNAs (eRNAs), are critical to the function of some enhancers (Arnold et al., 2019; Li et
al., 2016). Enhancer transcription is highly correlated with other markers of enhancer activity
like H3K27ac and H3K4me1 (Andersson et al., 2014; Zhu et al., 2013) and TF binding (Azofeifa et
al., 2018) suggesting that these transcripts might be an indicator of enhancer activity. It should
be noted that the exact nature and functional role of eRNAs is a matter of some debate. Many
studies characterize eRNAs as short, non-polyadenylated transcripts that are relatively unstable
are transcribed bidirectionally (Andersson et al., 2014). However, single-cell transcriptomics
have recently shed some light on this phenomenon; a version of CAGE (cap analysis gene
expression) in single cells revealed that enhancers that appeared to be bidirectionally
transcribed in bulk are actually unidirectionally transcribed from either strand in individual cells
(Kouno et al., 2019). There are also eRNAs that more closely resemble long non-coding RNAs
(lncRNAs), a broad class of non-coding transcripts with roles in gene regulation (Hsieh et al.,
2014; Kowalczyk et al., 2012; Orom et al., 2010) including one characterized as contributing to
cardiac hypertrophy (Mirtschink et al., 2019). In most cases, enhancer transcription is thought
to regulate gene expression in cis; however, evidence also supports a role for eRNAs acting in
trans, independently of the DNA template they are produced from (Alvarez-Dominguez et al.,
2017; Zhao et al., 2016). Given the traditional understanding of enhancers as cis-regulatory
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elements, these “eRNAs” should perhaps be classified as non-coding RNAs produced from
regions that don’t bear the marks of typical promoters, distinct from transcripts produced from
enhancers. Together, these results suggest that some “enhancers” function as lncRNA
templates, rather than more directly activating transcription via the mechanisms described
above.
Enhancer transcription can be stimulated in response to the binding of signal-dependent TFs in
order to facilitate enhancer-mediated gene activation (Figure 3) (Hsieh et al., 2014; Li et al.,
2013). For example, eRNAs may serve as scaffolding for the assembly of TFs, Mediator, and
cohesin, and other cofactors to activate target genes (Aguilo et al., 2016; Lai et al., 2013;
Pezone et al., 2019; Sigova et al., 2015; Tan et al., 2019; Zhao et al., 2019) and might also
contribute to the formation of enhancer-promoter loops (Hah et al., 2013; Kim et al., 2018b;
Melo et al., 2013). This process of eRNA-mediated induction of enhancer looping and activation
of target genes appears to depend in some cases on the Integrator complex, a protein complex
involved in small RNA processing (Baillat et al., 2005; Lai et al., 2015). In some contexts, this
complex is required for eRNA termination by RNAPII, a role it also performs at some paused
promoters (Barbieri et al., 2018; Elrod et al., 2019). Moreover, eRNAs could play roles in RNAPII
promoter-pause release by serving as a decoy for the NELF complex and/or activating the
elongation factor PTEF-b (Schaukowitch et al., 2014; Shii et al., 2017; Zhao et al., 2016). This
latter role remains speculative since the short RNA produced is not likely sufficient to interact
with NELF.
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Figure 3: Enhancer RNAs Perform Many Functions Related to Gene Activation

Enhancer RNAs (eRNAs) are involved in many functions related to enhancer-mediated activation of gene
expression. eRNAs stimulate the action of chromatin modifiers that deposit enhancer-associated histone marks
(top), serve as scaffolding for the assembly of Mediator and cohesin to form enhancer-promoter loops (bottom
left), and promote promoter pause-release by sequestering NELF and/or activating PTEF-b.

Reports also suggest that eRNAs modulate the local epigenetic landscape. One study found that
blocking eRNA elongation reduced the deposition of H3K4me1 and H3K4me2 at putative
enhancer regions during macrophage stimulation and that this effect phenocopied knockdown
of the associated methyltransferases (Kaikkonen et al., 2013), although knockdown of other
eRNAs had no effect on H3K4me1 levels (Pnueli et al., 2015). Given recent reports discussed
above (Dorighi et al., 2017; Local et al., 2017), eRNAs in this context might influence
downstream gene expression by recruiting other factors or by modulating the chromatin state
of their corresponding enhancers. There are several examples of eRNA knockdown reducing
H3K27ac signals at the corresponding enhancer (Bose et al., 2017; Liang et al., 2016; Pnueli et
al., 2015). eRNAs have also been found to bind p300 and directly stimulate deposition of
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H3K27ac at specific regions (Bose et al., 2017) or recruit chromatin remodelers like CHD1
(Pnueli et al., 2015). The bromodomain-containing protein BRD4 is strongly associated with
enhancer activity through binding to acetylated histones (Lovén et al., 2013; Zhang et al., 2012),
as it promotes elongation of protein-coding and enhancer transcripts (Kanno et al., 2014).
Notably, BRD4 is highly enriched at active enhancers and specifically at super-enhancer clusters
that produce eRNAs and have high levels of H3K27ac (Lovén et al., 2013). eRNAs have also been
shown to recruit AGO1, a protein more commonly linked with modulating gene expression
through small RNA-mediated interference, to help increase the level of long-range interactions
within topological domains (TADs) and thus increase downstream gene expression (Shuaib et
al., 2019). These data suggest that eRNA production might be part of a positive feedback loop
that promotes the interaction of key factors to facilitate downstream gene activation. The fact
that eRNAs appear to be involved in many of the phenomena linked to enhancer activity
strongly suggests that enhancer transcription is central to enhancer-mediated gene regulation.
Future studies will be required to resolve whether enhancer transcription is a cause or effect of
activation.
Super-enhancers represent a distinct class of enhancers
Recent work has identified clusters of putative enhancers termed “super-enhancers” (SEs), as
large genomic domains consisting of many enhancer elements in proximity to one another
(Wang et al., 2019). SEs are recognized by high levels of H3K27ac and the binding of cell-typespecific TFs and/or the Mediator complex (Hnisz et al., 2013; Lovén et al., 2013; Whyte et al.,
2013). SEs also tend to reside nearby or overlapping the TSSs of cell-type-specific TFs that bind
to the enhancers themselves, forming auto-regulatory positive feedback loops with these key
cell-identity regulators (Hnisz et al., 2013; Saint-André et al., 2016). These clusters are distinct
from “stretch enhancers”, which are enhancer domains defined primarily by their large size
rather than their high total signal of active enhancer hallmarks (Parker et al., 2013). Superenhancers have been identified in a wide array of mammalian cell types (Jiang et al., 2018; Khan
and Zhang, 2015) and are highly specific to cell identity (Wang et al., 2019); even macrophages
in different tissue environments show substantial divergence in active super-enhancers
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(Gosselin et al., 2014). The idea that super-enhancers represent a distinct paradigm in
enhancer-mediated gene regulation remains controversial with some researchers positing that
these observations may simply be the strongest examples of active enhancers (Dukler et al.,
2016; Halfon, 2019; Hay et al., 2016; Shin et al., 2016). Large enhancer clusters also resemble
locus control regions identified decades ago (Levings and Bungert, 2002), and advances in highthroughput sequencing have perhaps simply allowed identification of similar regions genomewide.
However, recent insights seem to demonstrate that SEs indeed have distinct functions
compared to typical enhancers. SEs tend to lie in self-contained “insulated neighborhoods”,
genomic regions enclosed by CTCF and cohesin, along with the cell-identity genes they regulate
more often than typical enhancers (Dowen et al., 2014; Hnisz et al., 2016). This suggests that
SEs are organized to robustly activate specific target genes while avoiding inappropriate
activation of other genes. Moreover, the high concentration of TFs and transcriptional coactivators at super-enhancer loci appears to create “membraneless organelles” where robust,
high levels of transcription can be maintained in “condensates” that promote robust gene
expression (Hnisz et al., 2017; Petrovic et al., 2019; Sabari et al., 2018). Condensates appear to
require proteins with intrinsically disordered regions (IDRs) which are commonly found in the
activation domains of TFs (Nair et al., 2019; Staby et al., 2017) and co-activators like MED1 (a
Mediator subunit) and BRD4 (a bromodomain-containing protein known to associate with
enhancers) that associate with each other to produce phase-separated regions of high
transcriptional activity (Sabari et al., 2018). These results suggest that super-enhancers utilize a
distinct regulatory paradigm for controlling cell-type-specific gene expression in a robust
manner.
Chromatin accessibility marks regions dynamically occupied by transcription factors
DNA accessibility plays a crucial role in the ability of TFs and the transcriptional machinery to
recognize sequence features at promoter and enhancer regions. The vast majority of DNA is
encompassed within nucleosomes, octamers of histones wrapped by about 147 base-pairs of
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DNA (McGinty and Tan, 2014). Nucleosome dynamics can be influenced by particular posttranslational histone modifications (also discussed above), the exchange of canonical histones
with histone variants, or by ATP-dependent chromatin remodelers. There is an inverse
correlation between nucleosome occupancy and nucleosome turnover at cis-regulatory
elements with the most accessible regions also having the highest turnover (Klemm et al.,
2019).
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Figure 4: Dynamic Chromatin Accessibility Marks Regions of Lineage-Specific TF Binding

Lineage-specific TFs bind at enhancers (left) which have more dynamic changes in accessibility during development
than at promoters (left). Motifs corresponding to these TFs are unavailable for binding due to being packed tightly
around nucleosomes (top).

DNA accessibility correlates with TF binding at these regions, and thus measuring changes in
open chromatin can reveal the dynamics of TF occupancy at enhancers (Figure 4). Although
nucleosomes are generally thought to act as a barrier to DNA binding, some TFs prefer to bind
nucleosomal DNA. For example, pioneer factors can bind nucleosomal DNA to promote
accessible chromatin, sometimes in the absence of ATP-dependent chromatin remodelers
(Cirillo et al., 2002; Iwafuchi-Doi, 2018; Mayran and Drouin, 2018). These TFs are discussed in
more detail below, but pioneer factors appear necessary to open tissue-specific enhancer
regions to allow the binding of other TFs during development or reprogramming.
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Altering the composition of nucleosomes by exchanging canonical histones for non-allelic
variants is also an important mechanism for regulating chromatin accessibility. Histone variants
are distributed to specific loci throughout the genome by ATP-dependent chromatin
remodeling complexes and variant- and context-specific chaperones (Talbert and Henikoff,
2016). For example, histone variant H3.3 is deposited by either the chaperones ATRX/DAXX or
HIRA (Goldberg et al., 2010). HIRA partners with a single-stranded DNA binding protein involved
in DNA replication, RPA, to deposit it at enhancers (Zhang et al., 2017). Studies designed to
measure histone dynamics in real time showed that H3.3 turnover is highest at enhancer
regions and in super-enhancer clusters (Deaton et al., 2016; Kraushaar et al., 2013).
Nucleosomes containing both H3.3 and the histone variant H2A.Z are enriched at cis-regulatory
elements, including cell-type-specific enhancer regions (Jin et al., 2009). These less-stable
nucleosomes can then be evicted by TFs like the retinoic acid receptor to facilitate enhancer
activation via binding of other factors. With regards to H2A.Z alone, there is conflicting
evidence on its role at enhancers. Contrasting studies performed in the context of estrogen
receptor-mediated gene activation suggested that H2A.Z exchange by TIP48 is required for
activation of the cyclin D1 gene, but also that at some enhancers H2A.Z is required for enhancer
transcription and the recruitment of cohesin (Brunelle et al., 2015; Dalvai et al., 2013). These
seemingly disparate results may simply reflect different functional roles of H2A.Z during
development (Subramanian et al., 2015). Thus, the deposition of histone variants at specific
enhancers can help create a chromatin landscape conducive to gene activation.
Initial studies used DNaseI, an enzyme capable of cleaving DNA in regions of open chromatin,
combined with high-throughput sequencing (DNase-seq) to identify regions of accessible DNA
on a genome-wide level (Boyle et al., 2008). DNaseI-hypersensitive sites (DHSs) were first
identified in Drosophila at heat-shock gene promoters, correlating with transcription (Elgin,
1981; Wu et al., 1979b, 1979a). These sites have now been shown to discretely mark TF binding
at regulatory elements such as enhancers, silencers, boundary elements and promoters, among
others, in a wide array of mammalian cells (Stergachis et al., 2013; Thurman et al., 2012).
Among the 49 cell types assayed in one survey, approximately 160,000 DHSs were discovered
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per cell type and these DHS signatures could be used to predict the developmental identity of a
specific cell (Stergachis et al., 2013). For example, three stages of in vitro cardiac differentiation
surveyed showed that the broad pattern of DHS sites in ESCs gradually transitioned to a
restricted set specific to differentiated CMs, consistent with the idea that DNA accessibility
marks cell-type-specific regulatory regions.
Despite the power of DNase-seq in identifying sites of regulatory activity, this approach is
limited by experimental constraints such as the requirement of relatively large cell numbers.
The Assay for Transposase-Accessible Chromatin (ATAC-seq) uses a modified Tn5 transposase
that loads sequence adaptors in regions of accessible chromatin, which has made it possible to
survey a much wider array of cell types, particularly those for which collecting large cell
numbers is prohibitive (Buenrostro et al., 2013). Comparisons between ATAC-seq and DNaseseq demonstrate a high degree of overlap between accessible chromatin regions identified in
the two methods (Buenrostro et al., 2015a; Corces et al., 2017). ATAC-seq has been adapted
and combined with expression analysis to learn about gene regulatory networks involved at
different stages of cardiac lineage commitment using an hiPSC model (Liu et al., 2017a). This
protocol was used to similar effect in CPs in zebrafish to identify enriched TFs involved in
cardiogenesis, and these data were extrapolated to identify conserved enhancers in human
heart development (Yuan et al., 2018). The ability to measure accessibility at near-base-pair
resolution can also be used to identify TF binding events (Bentsen et al., 2020; Gusmao et al.,
2014; Pique-Regi et al., 2010; Sherwood et al., 2014), potentially allowing high-throughput
assessments of TF binding across the genome in an unbiased manner.
Recent improvements to the ATAC-seq protocol now allow assessment of open chromatin in
single cells (Buenrostro et al., 2015b; Cusanovich et al., 2015). This technique, in combination
with single-cell epigenomic and transcriptomic techniques, has greatly enhanced our ability to
precisely characterize the regulatory complexity of cell identity. For example, a study
performed on murine CPs showed that the gene expression of separate populations of
progenitors is regulated in overlapping but distinct ways (Jia et al., 2018). These technologies
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can also be applied to understand the drivers of disease states. For example, ATAC-seq and
gene expression data were combined to characterize the different cell stages of the
hematopoietic hierarchy and found that putative enhancer regions delineate lineage
progression (Corces et al., 2016). Using this insight, the authors then probed the accessible
chromatin landscape of cells from distinct stages of acute myeloid leukemia (AML). From these
data, disease states could be assigned to a particular hematopoietic developmental stage,
demonstrating how AML co-opts of normal developmental processes. Characteristic TFs of
these developmental stages could then be linked to oncogenic states. Together, these studies
demonstrate that measuring dynamic chromatin accessibility can uncover the TFs and TF
linkages that mediate gene regulation in development and disease.
Transcription factors regulate gene expression
Transcription factors (TFs) are a class of DNA binding proteins that regulate gene expression in
all cells, from prokaryotes to eukaryotes (Jacob and Monod, 1961). These proteins often bind
DNA directly to sequence-specific motifs, and in eukaryotes they can help recruit the
transcriptional machinery including RNAPII to specific regulatory elements including enhancers
and promoters, although some TFs act to repress gene expression. In fact, in some cases, the
same TF can act as either an activator or a repressor depending on the cell type (Ernst et al.,
2016). TFs are typically characterized by one of a diverse set of DNA binding domains. A recent
attempt to curate a comprehensive list of every TF in the human genome found only a small
fraction with no known DNA binding domain (Lambert et al., 2018). Of this set, about threequarters had a known binding motif, mostly identified by high-throughput in vitro experiments
like SELEX (systematic evolution of ligands through exponential enrichment). Such experiments,
in which TFs are added to a pool of random DNA sequences that go through multiple rounds of
selection, remain the gold standard method for characterizing TF binding motifs (Jolma et al.,
2013). Motifs are often described by position weight matrices (PWMs), in which each position
has preference scores for each of the four nucleotides (Stormo and Zhao, 2010). The concept of
a sequence logo, first conceived to represent consensus sequences identified through genome
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alignments, has been repurposed to allow graphical representation of PWMs (Schneider and
Stephens, 1990).
PWM-based motifs do not capture all aspects of TF binding, although for most TFs their
predictions perform fairly well (Inukai et al., 2017; Slattery et al., 2014; Weirauch et al., 2013).
Most motifs span six to ten base-pairs, which means they occur by chance in the genome much
more often than actual TF binding sites suggesting that other factors also contribute to binding
affinity. The local chromatin environment and DNA methylation also have an impact on TF
binding, as discussed above. At the sequence level, models that take into account dependencies
between bases, even non-adjacent ones, can improve binding predictions (Zhao et al., 2012).
Given the disparity in the structure of TF DNA binding domains, the shape of the DNA molecule
might also have substantial impact on sequence recognition. TF binding models that take shape
into account along with sequence are generally slightly better at predicting binding than
sequence alone (Zhou et al., 2015b). Studies have also shown that protein-protein interactions,
either with other TFs or cofactors, can alter TF binding specificity (Garton et al., 2015; Reiter et
al., 2017; Slattery et al., 2011). Recent analysis of SNPs in TF genes also showed that even small
changes could significantly alter DNA binding specificity and potentially contribute to
phenotypic variation between individuals (Barrera et al., 2016; Deplancke et al., 2016). Thus, TF
binding is highly complex and involves factors beyond recognition of the primary DNA
sequence. Further biophysical and biochemical studies along with computational advances will
be needed to fully explain in vivo TF binding specificity.
Enhancer sequences are known to harbor many motifs associated with lineage-specific TFs.
Multiple models of how TF binding sites are organized at enhancers have been proposed (Long
et al., 2016). The “enhanceosome” model, based on early work with the interferon-beta
enhancer, suggests that different TFs bind cooperatively at enhancers in precise positions
relative to one another to regulate gene expression (Thanos and Maniatis, 1995) (Figure 5A). In
this paradigm, the tightly defined assembly of a specific set of TFs at a particular enhancer
element is required for downstream gene expression in response to viral infection, and thus
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their specific binding contexts are tightly constrained. In contrast, the “billboard” model
suggests more flexibility, in which enhancers are bound by multiple TFs but not cooperatively
(Flores and Ovcharenko, 2018) (Figure 5B). An extreme version of this paradigm would suggest
that TFs bind at enhancers more or less independently from one another, implying that TF
binding is additive in nature, rather than synergistic and cooperative. In actuality, aspects of
both of these models may be involved in enhancer regulation. For example, Junion et al. (also
discussed above) found that in Drosophila heart a TF “collective” of five TFs together regulated
the activity of a defined set of cardiac enhancers, but considerable flexibility in motif syntax
existed among these sequences (Junion et al., 2012).
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Figure 5: Models of TF Binding at Enhancers
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A) Enhanceosome model in which different TFs (indicated by different colors) are fixed in binding position and
orientation by the positions of the motifs in the enhancer sequence (arrows).
B) Billboard model, in which a common set of TFs required for activity are not fixed in binding position and
orientation relative to one another. Figure partially adapted from Long et al. (2016)

Evidence supports many different mechanisms of TF cooperativity at enhancers. For example,
some TFs must cooperate with each other to precisely control spatiotemporal gene expression,
like Bicoid in the Drosophila embryo (Lebrecht et al., 2005). This cooperativity produces a
switch-like behavior, allowing precise patterning as genes are either on or off in a non-linear
fashion based on the protein concentration in each nucleus. This behavior is obviously
dependent on direct heterotypic or homotypic protein-protein interactions (Jolma et al., 2015;
Kerppola and Curran, 1991). Indirect protein-protein interactions can also promote TF
cooperativity. For example, a co-factor such as Mediator or p300 that is commonly bound by
many classes of TFs and have been shown to facilitate synergistic gene activation (Merika et al.,
1998; Spitz and Furlong, 2012). TFs might also assist one another in keeping binding sites
available for binding, either by outcompeting nucleosomes, promoting stable chromatin
remodeling (pioneer factors), or by modulating DNA shape. Notably, these indirect mechanisms
of cooperativity may have less spatial constraints than direct interactions, allowing cooperative
binding without requiring tight control of binding site syntax.
As such, recent studies suggest that groupings of relatively low-affinity TF binding sites with
loosely-constrained spacing actually allow more cell-type-specific control of gene expression
(Farley et al., 2015, 2016; Rickels and Shilatifard, 2018). Low-affinity binding sites also allow
control of gene activation by titration of the local TF concentration (Kribelbauer et al., 2019). A
comprehensive comparison between active enhancers in a range of tissues in mice and humans
showed that the cell-type-specificity of TF binding sites, rather than the specific arrangements
of such sites, is most important to enhancer activity, such that loss and gain of particular TF
binding sites with different cell-type-specificity could confer different activity profiles (Flores
and Ovcharenko, 2018). In fact, the TF binding site composition of promoters is substantially
different, featuring more sites overall, a much wider range of TFs, and more overlap between
them, leading to far less cell-type-specificity (Mattioli et al., 2019). These observations suggest
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the overall composition and density of binding sites at enhancers is constrained in order to
ensure context-specific activity.
TF binding at enhancers can have various consequences on the local genomic environment to
promote or inhibit gene expression. For example, TFs can influence chromatin accessibility,
directly or indirectly. As discussed above, pioneer factors can displace nucleosomes to facilitate
the recruitment of other TFs or co-factors that chemically modify histones and/or DNA
(Benveniste et al., 2014). For example, DNA methylation, catalyzed by a class of DNA
methyltransferases that add a methyl group to cytosines in a CpG dinucleotide context in
mammals (Smith and Meissner, 2013), can positively or negatively affect the ability of TFs to
recognize and bind their motifs (Maurano et al., 2015; Rishi et al., 2010; Wang et al., 2012). TFs
can affect DNA methylation states and thus the ability of other factors to bind by blocking the
activity of DNA methyltransferases (Brandeis et al., 1994; Macleod et al., 1994), through the
direct recruitment of these same methyltransferases (Quenneville et al., 2011), and/or
recruitment of demethylases (Fujiki et al., 2013). TFs can also recruit chromatin modifiers to
silence genes (Arnold et al., 2013b; Ecco et al., 2016) or activate them (Mansour et al., 2014), as
discused above. On a broader scale, TFs can also modulate genome topology. Beyond the wellknown role of CTCF in establishing and maintaining TAD boundaries as well as other genome
loops (Ong and Corces, 2014), studies in ESCs have demonstrated that key pluripotency TFs
help spatially organize the genome to facilitate the expression of pluripotency genes (Stevens et
al., 2017; Wit et al., 2013). Recent work also indicated a role for the TF YY1 in directly linking
enhancers and promoters (Weintraub et al., 2017). Collectively, these data demonstrate that
TFs use a variety of mechanisms to facilitate proper gene regulation.
Many TFs activate transcription as a direct response to signaling inputs, resulting in some cases
in translocation of a factor from the cytoplasm to the nucleus where it can bind cis-regulatory
elements. Prime examples include of beta-catenin which can bind DNA elements in response to
Wnt signaling (Cong et al., 2003), translocation of the estrogen receptor to specific binding sites
after ligand binding (Björnström and Sjöberg, 2005), and nuclear localization of the co-

34

activators YAP and TAZ (discussed below) in response to Hippo signaling. Curiously, in most
cases these TF binding events are unable to activate gene expression on their own; this
“activator insufficiency” adds further complexity to the picture of developmental gene
regulation (Barolo and Posakony, 2002). This scenario allows a particular signaling pathway to
activate lineage-specific gene expression in an array of different contexts, partnering with
different co-factors and TFs that are stimulated by other signaling pathways, while preventing
ectopic activation of genes related to different lineages. These complex gene regulatory
networks have to be considered when attempting to study mechanisms of TF action during
development – the perturbation of a signaling pathway or its downstream effectors may have
fairly complex and non-linear impacts on the genes that they regulate. Multiplex and single-cell
technologies along with the associated computational and bioinformatic advancements are
necessary to develop a full understanding of the networks of TF action during development
(Wilkinson et al., 2017).
Pioneer factors and master regulators are transcription factors that underpin cell identity
As discussed above, pioneer factors are TFs that establish accessible chromatin at cis-regulatory
elements. Bioinformatic analyses have revealed that motifs corresponding to pioneer factors
are overrepresented in enhancer regions (Vandel et al., 2019). Notably, many TFs known to be
critical to maintaining stem cell pluripotency have pioneer activity, binding to closed chromatin
to help open enhancer regions that are critical to establishing and maintaining the pluripotent
stem cell state (Adachi et al., 2018; Friman et al., 2019; Koche et al., 2011; Soufi et al., 2012).
These pluripotency-promoting TFs may also help to preserve relative accessibility at enhancers
that could be active in downstream developmental lineages (Kim et al., 2018a), suggesting a
broader regulatory paradigm in which TFs with pioneer activity act at different stages of
development to potentiate enhancer activation (Cernilogar et al., 2019). These data also
suggest that pioneer factors play a critical role in development to control cell-type-specific gene
expression.
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Figure 6: Pioneer Factors Potentiate Enhancer Activation

Cell type-specific transcriptional activation is largely mediated by the binding of TFs to enhancer elements. A
pioneer TF (P-TF) binds and initiates chromatin opening to prime the area for future activation (top). Open
chromatin allows for the subsequent exchange of the P-TF for other master TFs (bottom). TFs concomitantly
recruit chromatin modifiers and other factors that lead to enhancer activation and subsequent gene expression.

Detailed studies have revealed a few potential mechanisms as well as common structural
features used by pioneer factors to establish and maintain chromatin accessibility at enhancers
(Garcia et al., 2019; Mivelaz et al., 2019). For example, the DNA binding domain of FoxA family
members resembles the nucleosome-binding domain of linker histones, which may allow these
factors to bind directly to nucleosomes (Clark et al., 1993; Iwafuchi-Doi et al., 2016). Other
pioneer factors appear to bind partial binding sites that are revealed during the natural
“breathing” that occurs with nucleosome-bound DNA (Huertas et al., 2020; Soufi et al., 2015).
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Many pioneer TFs have been shown to directly interact with ATP-dependent chromatin
remodelers to subsequently modulate the chromatin environment (King and Klose, 2017;
Takaku et al., 2016; Vierbuchen et al., 2017; Wang et al., 2014). Pioneer factors also recruit
chromatin modifiers that deposit enhancer-associated histone marks including p300 (Fuglerud
et al., 2018) and the MLL complex (Jozwik et al., 2016; McKinnell et al., 2007) as well as induce
the loss of DNA methylation (Sardina et al., 2018; Serandour et al., 2011; Vanzan et al., 2020;
Zhang et al., 2016). Collectively, these actions can facilitate the binding of non-pioneer TFs to
enhancers and thus act as catalysts for downstream gene expression.
The ability of pioneer factors to bind inaccessible chromatin across the genome allows lineagespecific TFs that may lack this ability to cooperate with pioneers to stabilize their binding at
specific cis-regulatory regions, and thus facilitates further opening to the binding of other
factors (Donaghey et al., 2018; Mayran et al., 2019). A recent study in liver development
suggested that even transient binding events contribute to the gradual opening of regulatory
regions, which primes them for full activation when signaled to do so (Karagianni et al., 2020).
TFs that are necessary for the activation of a lineage-specific gene expression program have
also been classified as “master regulators”. This term was first coined to refer to a gene that
stands at the top of a regulatory hierarchy (Ohno, 1979), and over the years has become
associated with TFs that are required for the establishment of specific lineages. Because of this,
the use of this term has exploded in recent years, as it turns out that the expression of most TFs
is restricted to a small subset of lineages (Chan and Kyba, 2013; Lambert et al., 2018). However,
since many of these lineages are downstream from others, it may be hard to argue that the TFs
important to the establishment of these identities are truly at the top of a regulatory hierarchy.
Recent advances in cellular reprogramming have been instrumental in defining true “master
regulators”: TFs that are necessary and sufficient to catalyze a permanent change in cell
identity. The discovery that MyoD can induce muscle cell fate in fibroblasts and other nonmuscle cells and later work showing that expression of the OSKM TFs (OCT4, SOX2, KLF4, and
MYC) in fibroblasts is sufficient to induce a reversion to the pluripotent stem cell state indicate
that these factors function at the top of TF regulatory hierarchies (Takahashi and Yamanaka,
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2006; Tapscott et al., 1988). Notably, whereas pluripotency TFs do appear to have pioneer
activity on their own as described above, MyoD needs to partner with another TF that is already
bound to target sites (Berkes et al., 2004). These insights suggest that pioneer and master
regulatory TFs represent overlapping but distinct roles in gene regulation. In some lineages, a
master regulator or a set of master regulators is required to establish and maintain cell identity,
whereas pioneer factors may also be required to establish a developmental lineage by marking
enhancers for activation, but they may not necessarily be linchpins that drive changes in cell
identity on their own.
Despite studies on pioneer factors in developmental contexts, identification of pioneer factors
in the cardiac lineage have remained elusive. As discussed above, TFs such as GATA4 and
MEF2C catalyze cardiac reprogramming (Ieda et al., 2010), but an ability of MEF2C to bind
nucleosome-bound DNA has not been demonstrated. GATA4 appears to have pioneer-like
activity in other systems (Bossard and Zaret, 1998; Cirillo et al., 2002), and it can induce
progression from mesoderm towards the cardiac lineage when co-expressed with a chromatin
remodeler (Takeuchi and Bruneau, 2009). Recent studies have suggested that the TF ISL1, a
marker of the second heart field (SHF), acts a pioneer factor (Gao et al., 2019). Although both
pioneer factors and master regulators clearly play important roles in establishing and
maintaining cell fate, further studies that identify pioneer-like factors in the cardiac lineage are
key to enhancing our understanding of the control of gene expression during heart
development and disease.
Transcriptional regulation of heart development
The heart is the first functional organ during mammalian embryogenesis. After gastrulation, the
cells that become the heart are derived largely from the lateral plate mesoderm (Buckingham
et al., 2005). These mesodermal cells are specified by inductive signals from the endoderm (Arai
et al., 1997). Lineage progression leads to formation of cardiac mesoderm, marked by the
expression of the master regulatory TF Mesp1 (Bondue et al., 2008; Saga et al., 1999) and then
cells further specialize into cardiac progenitors that differentiate into a diverse array of cardiac
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cell types (Figure 7). This entire process relies on the transmission of complex extracellular
signaling cues into specific transcriptional outcomes whereby TFs act as the receiver and sender
of these signals (Noseda et al., 2011).
Almost all cells comprising the heart are derived from two pools of cardiac progenitors known
as heart fields (Meilhac and Buckingham, 2018; Meilhac et al., 2004; Später et al., 2014). The
cells in the first heart field (FHF) progress to a cardiomyocyte cell fate earlier than those in the
second (SHF). At this stage, these pools of progenitors can be distinguished by the expression of
key markers – the FHF progenitors are distinguished by Hcn4 expression (Liang et al., 2013;
Später et al., 2013), whereas the SHF progenitors are marked by expression of Isl1 (Bu et al.,
2009; Moretti et al., 2006). These cells undergo a series of migrations and morphological
changes to form an early heart tube, after which looping occurs, followed by growth and
morphological changes that eventually form the multi-chambered, fully developed heart
(Buckingham et al., 2005). Lineage tracing experiments have demonstrated that FHF
progenitors differentiate primarily into CMs of the left ventricle and the atria (Liang et al., 2013;
Später et al., 2013), whereas SHF progenitors primarily contribute to the right ventricle and the
atria (Bu et al., 2009; Moretti et al., 2006; Später et al., 2013). Both of these progenitor pools
also contribute to CMs that form the cardiac conduction system (Mikawa and Hurtado, 2007;
Mohan et al., 2018). Canonical Wnt signaling promotes formation of cardiac mesoderm in part
through induction of SOX17 (Liu et al., 2007), after which Wnt signaling represses cardiac cell
fate (Naito et al., 2006; Ueno et al., 2007). After this key decision point, non-canonical WNT,
BMP, and FGF signaling promotes differentiation of FHF progenitors, whereas canonical WNT,
sonic hedgehog, and FGF signaling promotes proliferation of SHF progenitors, after which noncanonical WNT and BMP signaling promotes their further differentiation (Galdos et al., 2017).
Thus, proper induction of developmental gene expression programs requires the precise crosstalk between signaling pathways and specific TFs during the induction of cardiac cell types that
form the three-dimensional structure of the heart.
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Figure 7: Signaling Inputs Drive the Progression of Cardiac Muscle Lineage Commitment

Depiction of lineage commitment of the myocardium. Pluripotent ESCs progress through mesoderm on to cardiac
mesoderm, and then to two pools (heart fields) of cardiac progenitors, which contribute to the specified
populations of cardiomyocytes in the adult heart (as well as cells in other heart tissues not shown). Signaling
pathways that drive progression or expansion of particular populations shown in light blue, and marker genes of
each population shown in red.

CMs undergo a maturation process that continues from mid-fetal development to well past
birth. Maturation involves substantial morphological, metabolic, and electrophysiological
changes in response to the increased load required for CMs to pump blood throughout the
body (Karbassi et al., 2020). Although stem-cell-based approaches provide investigators with an
in vitro model for studying cardiac differentiation, CMs differentiated from pluripotent stem
cells in culture do not appear to reach full maturation even after extended culture (Uosaki et
al., 2015). Thus, continued studies into the mechanisms of cardiac maturation will be critical to
improve methods for in vitro cell culture.
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Other cell types perform important roles in the development and function of the myocardium.
These tissues include the endocardium, a layer of endothelial cells that lines the inside of the
heart muscle; the epicardium, a thin outer layer of epithelial cells that encompasses the
myocardium, and the pericardium, a sac that surrounds the whole heart. The endocardium and
the myocardium arise from a common pool of progenitors originating from pre-cardiac
mesoderm (Devine et al., 2014; Misfeldt et al., 2009; Tam et al., 1997), although it appears that
FHF progenitors have mutually exclusive potential fates (endocardium or myocardium),
whereas SHF progenitors retain multipotency (Lescroart et al., 2014). The endocardial cells
contribute to many key tissues in the adult heart (Nakano et al., 2016; Zhang et al., 2018).
During heart morphogenesis, some endocardial cells, responding to signals from the
myocardium (Zhang et al., 2018), undergo endothelial-to-mesenchymal transition (EndoMT)
and migrate through the cardiac jelly (a layer of extracellular matrix between the endocardium
and the myocardium) to form endocardial cushions which will eventually fuse and reshape
themselves into the heart valves (Lange et al., 2004). Once the developing heart grows to a size
that requires vasculature to supply oxygen and nutrients, endocardial cells from the sinus
venosus begin to form coronary vasculature in an initial wave of migration into the
myocardium, although there are later waves to form vessels in the ventricular septum and the
inner myocardial walls that are derived from the ventricular endocardium (Zhang et al., 2018).
There are also pericytes, mesenchymal cells that line microvascular blood vessels, and smooth
muscle cells, which line larger arteries and veins and can be derived from the epicardium and
the endocardium (via EndoMT) (Chen et al., 2016). In addition, cells from the epicardium
undergo epithelial-to-mesenchymal transition (EMT) and give rise to most of the fibroblasts in
the heart (Ivey and Tallquist, 2016; Wessels et al., 2012). Epicardially-derived cells also
contribute to smooth muscle and mesenchymal tissue in heart valves (Lie-Venema et al., 2007;
Wessels et al., 2012). These tissues, in addition to forming vital support structures, supply
important paracrine signaling cues that promote proper myocardial development and
proliferation (Buikema et al., 2013; Kerkela et al., 2008; Li et al., 2011; Später et al., 2014). Of
note, recent single-cell transcriptomic studies have confirmed many of these insights into the
lineages that form the tissues of the heart (particularly the myocardium), while also uncovering
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new linkages between specific tissues and transcriptional regulators (Lescroart et al., 2018;
Soysa et al., 2019).
The complexity of this process necessitates precise control of gene expression in time and
space as faulty regulation can have deleterious developmental consequences. Congenital heart
disease (CHD) is the most common birth defect, manifesting in almost 3% of births worldwide
(Gelb and Chung, 2014). Despite this high incidence, the mechanisms leading to CHD are rather
poorly understood, although there is a significant link to mutations in cardiac TFs (Bruneau,
2013; Jin et al., 2017; Prendiville et al., 2014). Studies suggest that de novo mutations also play
a significant role (Homsy et al., 2015; Øyen et al., 2009; Sifrim et al., 2016; Zaidi et al., 2013).
Notably, these de novo mutations appear enriched for genes encoding chromatin regulators as
well as TFs, underscoring the importance of gene regulation to proper heart development. In
addition, CHDs can often occur in the context of broader genetic syndromes like Down
syndrome suggesting that additional complex mechanisms of genetic regulation underlie a large
proportion of cases of CHD (Richards and Garg, 2010; Sifrim et al., 2016). Thus, a clear
understanding of the molecular mediators driving cardiac-specific gene expression including
cell-type-specific TFs will be required to improve diagnostic and therapeutic strategies.
Genetic studies in mouse and zebrafish have provided important information regarding the key
TFs that direct heart development. For example, NKX2-5 and TBX5 both have roles controlling
cardiac gene expression through physical interactions at enhancers in CMs (Hiroi et al., 2001;
Lints et al., 1993; Lyons et al., 1995). Single- and double-knockouts of these TFs showed that
they can function independently to regulate some genes and synergistically to regulate the
expression of others, and that these patterns can differ based on developmental stage (CP or
CM) (Luna-Zurita et al., 2016). This study revealed that at some binding sites, these TFs are
dependent on binding of the other factor, mutually dependent, independent, or require the
binding of other factors altogether. These data suggest a great deal of complexity in the
regulation of cardiac gene expression.
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We now also know that many of the essential TFs involved in heart development control key
cardiac-specific genes through their binding at enhancers (Akerberg et al., 2019; Luna-Zurita et
al., 2016). In fact, there is strong evidence from human genetic studies suggesting that
enhancers control the expression of key genes during heart development and that subtle
changes in enhancer sequences can disrupt these expression patterns. For example, Holt-Oram
syndrome, a genetic disease characterized by cardiac septation defects and skeletal
malformations (Holt and Oram, 1960), has been linked to mutations in the gene encoding TBX5
(Basson et al., 1997). Remarkably, a single base-pair mutation in a cardiac-specific enhancer
abrogated TBX5 expression in a patient with Holt-Oram syndrome (Smemo et al., 2012). More
broadly, genome-wide association studies (GWASs) demonstrate that many cardiac trait-linked
single-nucleotide polymorphisms (SNPs) reside in non-coding regions that overlap enhancers
(Holm et al., 2010; Pfeufer et al., 2010; Postma et al., 2016; Tayal et al., 2017; Wang et al.,
2016). For example, GWAS SNPs associated with QT interval length, a measure of myocardial
repolarization, are highly enriched in cardiac-specific enhancers active in the left ventricle
(Wang et al., 2016). Thus, heart development clearly requires tight spatiotemporal coordination
of gene expression in response to signals, and enhancers are key to that process through
translating TF binding into transcriptional outputs.
Biochemical and mechanical cues target TEAD TFs to drive gene expression
The Hippo signaling cascade was first characterized in Drosophila melanogaster (Wu et al.,
2003). The kinase Hpo (MST1/2 in mammals) phosphorylates and activates the kinase Wts
(LATS1/2 in mammals) with the help of the scaffolding protein Sav (SAV1 in mammals) (Avruch
et al., 2012) (Figure 5). This study and others determined that the Hpo kinase cascade acted to
negatively regulate proliferation through attenuating the expression of cell cycle and apoptosisrelated genes (Tapon et al., 2002; Wu et al., 2003). Further work identified Yorkie (Yki), the
Drosophila homolog of the mammalian YAP and its paralog TAZ (Huang et al., 2005) as the
terminal target of this kinase cascade. When Hippo signaling is active, phosphorylation of Yki
prevents its nuclear localization partially through the action of 14-3-3 proteins (in mammals,
14-3-3s) and thus, prevents it from activating the expression of proliferation genes (Dong et al.,
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2007; Ren et al., 2009; Zhao et al., 2007). When Hippo signaling is off, Yki can translocate to the
nucleus to interact with the TF Scalloped (Sd) (TEAD1-4 in mammals, discussed below) to
promote proliferation (Goulev et al., 2008). In mammals, inhibition of Hippo signaling leads to
nuclear import of YAP and binding to TEAD TFs to regulate cell growth (Ota and Sasaki, 2008).
Hippo signaling has been linked to control of organ size and various other developmental roles,
such as in the liver and the intestine, and its misregulation is associated with a variety of
cancers (Fu et al., 2017; Harvey et al., 2013; Mo et al., 2014; Pan, 2007; Yu et al., 2015). More
recently, Hippo signaling has been linked to heart development and maintenance of
homeostasis in adult hearts (Zhou et al., 2015a).

Figure 8: Hippo Signaling Translates Diverse Cues into Activation of Gene Programs

MST1/2, with the assistance of the scaffolding protein MOB1A/B, phosphorylates LATS1/2. LATS1/2, with the
assistance of the scaffolding protein SAV1, phosphorylates the transcriptional co-activator YAP and/or TAZ. These
phosphorylated proteins are then targeted for degradation by SFN (14-3-3s), although nuclear exclusion is also
independent of SFN-mediated degradation. Angiomotin family proteins (AMOT) also can activate LATS1/2
phosphorylation of YAP/TAZ, as well as sequester YAP it at the membrane in response to cell-cell contact.
Mechanotransduction can also influence YAP/TAZ subcellular localization in response to specific cues.
Unphosphorylated, YAP and TAZ can enter the nucleus and activate TEAD target genes.
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Specific ablation of various components of the Hippo signaling cascade including Salv, Mst1/2,
and Lats2 results in perinatal lethality in mice with enlarged hearts and a higher number of CMs
compared to wild-type mice (Heallen et al., 2011). Notably, this phenotype was partially
rescued by reducing the levels of beta-catenin (the downstream effector of canonical WNT
signaling) since YAP and TEAD appear to form a complex with beta-catenin at the promoters of
some proliferation-associated genes. YAP mutants that prevent its phosphorylation in CMs also
led to excess CM proliferation and enlarged hearts, whereas YAP knockouts caused the
opposite phenotype (Gise et al., 2012; Xin et al., 2011). Thus, precise regulation of Hippo
signaling is critical to proper heart development, converging with TEAD TFs to drive changes in
gene expression.
Consistent with this idea, a study in zebrafish showed expression of dominant-negative forms of
Yap and Taz/Wwtr1 unable to interact with Tead factors blocked CPs from properly migrating to
the midline, although these cells maintained the ability to differentiate into CMs (Miesfeld and
Link, 2014). More recent work in zebrafish showed that wwtr1 knockouts also have defects in
cardiac trabeculation as a result of disordered cortical actin structure and irregular cell-cell
junctions (Lai et al., 2018), a defect that mirrors the mouse phenotype of Tead1 loss (Chen et
al., 1994). However, Taz knockout mice have broad defects outside the cardiovascular system
(Hossain et al., 2007; Makita et al., 2008). Outside of the myocardium, Lats1 and Lats2 deletion
in the epicardium leads to defects in coronary vasculature and differentiation into cardiac
fibroblasts (Xiao et al., 2018). These examples suggest a link between cardiac morphogenesis
and gene expression regulated by Hippo signaling through TEAD factors. Nevertheless, TEAD
TFs have not been well studied in heart. YAP and TAZ have also been linked to CHD due to their
ability to act as transcriptional co-activators with the cardiac TF TBX5 (Murakami et al., 2005).
YAP and TAZ can also act as co-activators with a wide array of other TFs, some of which also
have roles in cardiac development (Wang et al., 2018).
The activity of YAP can also be regulated in ways independent of the canonical Hippo cascade
but connected to mechanical stimuli from the cellular environment. For example, the
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angiomotin (AMOT) family of proteins can regulate cell growth and motility by activation of
LATS1/2 independently of MST1/2 through co-localization at tight junctions (Paramasivam et
al., 2011). Given the importance of cell-cell contacts for cardiac contraction, it is perhaps
unsurprising that this non-canonical Hippo pathway regulates CMs. In cardiac progenitors,
mechanical sensing of stiffness of the extracellular matrix appears to drive cell fate decisions
between CMs and endothelial cells, and also controls the nuclear entry of YAP/TAZ. Silencing
YAP abrogates this lineage decision suggesting that mechanosensing-driven nuclear entry of
YAP/TAZ is key to cardiac lineage commitment (Mosqueira et al., 2014). The proto-cadherin
FAT4 appears to be required in CMs to sequester the angiomotin protein AMOTL1, which
associates with YAP1 at cell-cell junctions. In the absence of FAT4, AMOTL1 and YAP1 enter the
nucleus and promote proliferation (Ragni et al., 2017). Merlin, a member of the protein 4.1
superfamily that links the actin cytoskeleton to the plasma membrane, is activated in
arrhythmogenic cardiomyopathy, causing activation of the Hippo kinase cascade and reduced
expression for TEAD targets (Chen et al., 2014; Zhang et al., 2010). Recent work in non-cardiac
cell models adds further support for the idea that the subcellular localization of YAP and its
association with TEAD TFs can be influenced by mechanotransduction (Chang et al., 2018; Ege
et al., 2018; Elosegui-Artola et al., 2017). Given the prominent role that actomyosin structures
play in the force-generating function of cardiac muscle cells, such insights suggest that TEAD TF
activity might be specifically controlled by interactions between CMs and the extracellular
matrix or in response to stress. Thus, mechanical cues are important for proper development
and functioning of the heart muscle and that this information may be translated into
transcriptional regulation at least in part by influencing localization of YAP and its ability to bind
TEAD to activate gene programs.
Hippo signaling also has important roles in postnatal homeostasis of the heart. The adult
human heart has a relatively low capacity to generate new CMs as a result of the limited
postnatal proliferative capacity of CMs (Senyo et al., 2013). Postnatal cardiomyocyte-specific
deletion of Hippo cascade components (Salv and Lats1/2) restored the proliferative capacity of
cardiomyocytes in murine hearts (Heallen et al., 2013). In fact, a micro-RNA (miRNA)-based for
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stimulation of proliferation in iPSC-derived cardiomyocytes recovered many miRNAs that
repress Hippo cascade components (Diez-Cuñado et al., 2018). Conversely, Mst1 has been
shown to promote cardiomyocyte apoptosis when activated by oxidative stress (Del Re et al.,
2014). Remarkably, CM-specific deletion of Salv after myocardial infarction-induced ischemic
heart failure allowed renewal of cardiomyocytes and restoration of heart function (Leach et al.,
2017). However, long-term Hippo inhibition through CM-specific Salv knockdown led to
eventual diminution of cardiac function under transverse aortic constriction, despite the
appearance of some hallmarks of regenerative activity (decreased cell death and cell cycle reentry) (Ikeda et al., 2019). Taken together, these results suggest that blocking Hippo signaling
might allow adult cardiomyocytes to revert to a less mature state to allow cell cycle re-entry,
but that its re-activation is also likely necessary for maturation into a fully functional heart.
TEAD TFs have roles in cell growth and cardiomyocyte development
Extracellular signaling drives developmental gene expression by targeting TFs especially at
enhancers (Noseda et al., 2011). As discussed above, the Hippo kinase cascade is thought to
modulate the subcellular localization of the transcriptional co-activators YAP1 and its homologs
as well as its paralog TAZ to bind to TEAD TFs in the nucleus (Goulev et al., 2008; Ota and
Sasaki, 2008). The TEAD family consists of four members, TEAD1-4. TEAD1 (also known as TEF-1
for transcriptional enhancer factor 1), the archetypal family member, was identified as a celltype-specific factor that bound to the SV40 viral enhancer (Davidson et al., 1988; Xiao et al.,
1987). TEAD1 was subsequently characterized as a TF linked to enhancer-mediated gene
regulation, yet it lacked proper activation domain, explaining its need for co-activators like
YAP/TAZ (Xiao et al., 1991). TEAD1 binds to a canonical motif through a highly conserved DNA
binding domain known as the TEA domain (Bürglin, 1991). The identification of this domain has
allowed the identification of other TEAD family members in mammals.
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gene

KO phenotype

reference(s)

Tead1

embryonic lethality (E11-12)
due to heart and brain defects

Chen et al. (1994),
Sawada et al. (2008)

Tead2

some prenatal lethality due to
neural tube closure defects

Kaneko et al. (2007)

Tead3

viable with skeletal and
metabolic defects

Dickinson et al. (2016)

Tead4

pre-implantation lethality due to
failure to form blastocoel

Nishioka et al. (2008)

Table 2: Knockout Mouse Phenotypes of TEAD Family Members
TEAD TFs have been linked to control of gene expression in a variety of contexts from
development (Dickinson et al., 2016; Kaneko et al., 2007; Milewski et al., 2004; Nishioka et al.,
2008; Sawada et al., 2008; Yagi et al., 2007) to cancer (Pobbati and Hong, 2014). As shown in
Table 2, TEAD factors play crucial roles in mammalian embryonic development, with TEAD1
most strongly implicated in heart development. Other TEAD family members also appear to
have specific roles in controlling cardiac-specific gene expression. TEAD3 (also known as DTEF1) was shown to regulate cTnT through binding at its promoter in chick embryonic cardiac
development as well as to interact with MEF2 TFs (Azakie et al., 2005). TEAD3, TEAD4, and
TEAD1 can also interact with the cardiac muscle TF MEF2C to differentially modulate the
expression of MEF2-dependent genes (Maeda et al., 2002a). These studies suggest that TEAD
factors play an underappreciated role in regulating heart development through the control of
cardiac-specific genes, and that these family members may perform distinct roles depending on
cellular context.
TEAD TFs are also notably connected to extracellular signaling in CMs independently of Hippo
signaling. Tead1, along with C/EBPb, is downregulated by p38 MAPK signaling in
cardiomyocytes preventing activation of certain target genes (Ambrosino et al., 2006; Ben-Levy
et al., 1998). Notably, a1-adrenergic signaling, which stimulates cardiac hypertrophy and can
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reactivate the fetal cardiomyocyte gene expression program (Simpson, 1983; Waspe et al.,
1990) activates Tead3 and Tead4, but not Tead1 (Maeda et al., 2002b; Stewart et al., 1998). In
addition, chelation of nuclear calcium ions appears to increase Tead transcriptional activity
(Thompson et al., 2003),although these experiments were not performed in CMs, calcium
signaling has a major role in controlling gene expression and function in cardiac muscle.
Of the TEAD family members, TEAD1 is most strongly linked to cardiac-specific gene regulation
during development. Tead1-knockout mice die during embryonic development between E11
and E12 showing cardiac underdevelopment (Chen et al., 1994), however, the exact phenotype
and its causes are still unclear. In other KO studies of Tead1 and Tead2, mice showed broad
defects in proliferation and a failure to fuse heart tubes (Sawada et al., 2008). However, these
studies were limited by conventional knockout strategies rather than conditional loss of TEAD1
during different stages of heart development. More recent work has also shed some light on
TEAD1’s potential role in heart development. He et al. identified the TEAD motif as highly
enriched in cardiac enhancers in HL-1 cells and confirmed TEAD1 binding by ChIP-qPCR to
selected enhancers (He et al., 2011). In follow-up work, TEAD1 was shown to bind to an array of
cardiac-specific enhancers along with a set of other cardiac TFs. The authors indirectly
leveraged gene expression data in Tead1-KO CMs to suggest that this TF plays a role in cardiac
muscle contractility and structure (Akerberg et al., 2019). Thus, this study was unable to
examine the direct consequences of TEAD1 binding on enhancer activity during cardiac lineage
commitment. This thesis identified a direct role for TEAD1 in the dynamic establishment of
enhancer states during cardiac lineage commitment, as I will describe in Chapter 2. Together,
prior studies combined with our current work has revealed novel insights into enhancer
regulation during cardiac lineage commitment and demonstrates an unbiased approach to
uncover master TFs that govern this process.
Conclusion
Enhancers are non-coding DNA elements that control cell-type-specific gene expression
programs during development. These cis-regulatory elements facilitate the translation of
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cellular signals into specific transcriptional outcomes through the binding of TFs. Thus, the
binding of specific sets of TFs at enhancers can lead to the selective activation of target genes in
a cell type- and context-dependent manner. Advances in sequencing technologies and
computational approaches have allowed the identification of a large number of putative
enhancers, enabling a better understanding of how specific TFs regulate development and how
faulty regulation can lead to disease. Despite the wealth of available data, there are important
caveats to consider when extrapolating these studies to a broad understanding of enhancer
regulation. Single-cell technologies will be instrumental in defining the key mechanisms that
lead to enhancer activation, changes in chromatin structure and DNA topology, and ultimately
gene activation. Thus, additional insights from systematic studies will allow us to fully
understand the complexity of developmental gene regulation and will open new avenues for
identifying the genetic culprits that underpin developmental disorders such as congenital heart
defects.
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Summary
Heart development requires precise control of gene programs as faulty regulation leads to
congenital heart defects (CHD) and eventually heart failure, the leading cause of infant
mortality and deaths worldwide, respectively. Although transcription factors (TFs) are known to
control development by binding to regulatory elments such as enhancers, in most cases, we
lack a fundamental understanding of how these factors coordinate regulate cell identity and
function. To identify potential key regulatory TFs of heart development, we use the Assay for
Transposase-Accessible Chromatin (ATAC-seq) to map changes in chromatin accessibility across
the genome through several stages of embryonic stem cell (ESC) differentiation towards
cardiomyocytes (CMs). We integrated these data with motif analysis, histone modification
patterns, and gene expression to systematically identify driver TFs during cardiac lineage
commitment. We found that TEA domain family member 1 (TEAD1) was highly enriched in CMspecific open chromatin in enhancers. Using an inducible degron construct, we show that
TEAD1 loss led to abnormal beating phenotype, suggesting a key role in this process. Further
mechanistic studies showed that TEAD1 is necessary to maintain open chromatin and active
enhancer histone marks at a subset of enhancers that appear to regulate genes with roles in
forming cell-cell contacts, distinct from gene expression programs regulated by other cardiac
TFs. Together, these data demonstrate an integrated approach for identifying key regulators of
lineage commitment and how TFs regulate distinct gene expression programs to ensure robust
control of development.
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INTRODUCTION
Transcription factors (TFs) translate signaling cues into defined transcriptional outcomes by
binding to specific genomic sites and by recruiting regulatory complexes including chromatin
modifiers and the transcriptional machinery (Purvis and Lahav, 2013; Reiter et al., 2017; Voss
and Hager, 2013). Remarkably, although about 2,000 TFs are encoded in the mammalian
genome, only a relatively small subset are thought to be critical regulators of tissue-specific
gene expression and cell identity (Gerstein et al., 2012; Lambert et al., 2018; Neph et al., 2012;
Sonawane et al., 2017; Spitz and Furlong, 2012). To date, lineage-specific TFs have been
characterized in individual cell types, however, the dynamics of TF action during lineage
commitment have been understudied. Thus, systematic and unbiased approaches to identify TF
dynamics and novel linkages between TFs and their roles in developmental gene expression
during cardiac lineage commitment are a critical next step for improving our understanding of
development and the etiology of developmental disorders.
Heart development requires precise regulation of gene expression programs and faulty
regulation leads to congenital heart defects (CHD) (Bruneau, 2013; Gelb and Chung, 2014).
Although several cardiac TFs and chromatin regulators have been genetically linked to CHD
(Homsy et al., 2015; Jin et al., 2017; Prendiville et al., 2014; Zaidi et al., 2013), how these factors
control tissue-specific gene expression programs is not well-understood. In fact, most of the
genetic causes of CHD remain unknown (Blue et al., 2017). Combined with the surprising
complexity of the TF regulatory networks underpinning heart development (Akerberg et al.,
2019; Luna-Zurita et al., 2016; Paige et al., 2012; Wamstad et al., 2012), these data suggest that
many factors important for proper cardiac development have yet to be identified.
TFs often bind to cis-regulatory elements such as enhancers to activate the expression of
specific genes by catalyzing the assembly of the transcriptional machinery at target promoters
through looping mechanisms (Furlong and Levine, 2018). Enhancers have been identified
genome-wide by the enrichment of specific chromatin marks such as the acetylation of lysine
27 of histone H3 (H3K27ac) and by the binding of clusters of lineage-specific TFs within non-
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coding genomic regions including in heart (Akerberg et al., 2019; Creyghton et al., 2010; Gotea
et al., 2010; Rada-Iglesias et al., 2012; Wamstad et al., 2012). Tens of thousands of enhancers
have been characterized in individual cell types; however, knowledge of TFs that occupy these
elements has been limited by candidate approaches such as ChIP-seq with antibodies to specific
TFs or TFs tagged with epitope tags. Recent advances in mapping accessible chromatin using
DNase- or ATAC-seq combined with bioinformatic methods provide an unbiased approach to
identify candidate TFs that bind dynamically to the genome during developmental transitions
(Buenrostro et al., 2013; Natarajan et al., 2012; Thurman et al., 2012). Importantly, genomewide association studies (GWAS) show that common variants associated with specific cardiac
traits can disrupt TF binding (Wang et al., 2016), such as in the case of the CHD Holt-Oram
syndrome (Postma et al., 2016; Smemo et al., 2012). Thus, dissecting the TFs that regulate
enhancer activity during cardiac fate transitions is crucial for developing a deeper
understanding of the genetics of heart development and the processes that contribute to
cardiac diseases.
Here, we measured chromatin accessibility genome-wide using ATAC-seq in a dynamic ESCbased model of cardiac lineage commitment (Wamstad et al., 2012). By combining these data
with chromatin marks and transcriptional profiling, we find that the motif most closely
matching the TEA domain (TEAD) family of TFs is enriched in a distinct subset of stage-specific
enhancers in cardiac progenitors and cardiomyocytes. Further analysis suggested that TEAD1 is
critical for cardiac lineage commitment based on its enrichment within super-enhancer clusters
and its cardiac-specific expression. By generating an inducible degron-tagged version of TEAD1,
we showed that its loss leads to an abnormal beating phenotype. Notably, TEAD1-depleted CMs
showed decreased H3K27ac and a concomitant loss of chromatin accessibility at TEAD1-bound
enhancers in proximity to genes involved in cell-cell contacts. Together, our study demonstrates
an integrated approach for determining distinct roles of TFs during cardiac lineage commitment
and identify TEAD1 as a potential regulator of intercellular junctions during heart development.
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RESULTS
Dynamic chromatin accessibility marks enhancers in cardiac lineage commitment
To identify TFs in an unbiased manner that regulate cardiac-specific gene expression programs,
we analyzed chromatin accessibility genome-wide during cardiomyocyte (CM) differentiation
using the Assay for Transposase-Accessible Chromatin (ATAC-seq) protocol (Buenrostro et al.,
2013, 2015). Chromatin and DNA accessibility often coincides with the binding of regulatory
factors at discrete genomic loci (Buenrostro et al., 2013; Felsenfeld et al., 1996; Natarajan et al.,
2012; Stergachis et al., 2013). Using an ESC-based differentiation strategy, we performed ATACseq during a continuous differentiation timecourse: ESCs (day 0), pre-cardiac mesoderm (MES;
day 4), cardiac progenitors (CP; day 5.3) and CMs (day 10) (Wamstad et al., 2012) (Figure 1A).
This differentiation protocol produces a highly enriched CM population, as well as defined
intermediates representing progressive differentiation stages (Experimental Procedures). By
deep sequencing of ATAC-seq libraries from multiple replicates at each stage of differentiation,
we identified 171,542 unique open chromatin regions (Figure 1B and Table 1).
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Figure 1: Dynamics of Chromatin Accessibility During Cardiomyocyte Differentiation

A) Schematic of in vitro cardiomyocyte (CM) differentiation. Embryonic stem cells (ESC) progress to pre-cardiac
mesoderm (MES) in an embryoid body stage, and then differentiate to cardiac progenitors (CP) and
cardiomyocytes (CM) in a monolayer upon treatment with the cytokines and growth factors indicated at top in
blue. Key cell identity TFs expressed at each stage are indicated in red below the diagram. Factors used to assay
the quality of differentiation are indicated in black.
B) Heatmap representing all open chromatin peaks across CM differentiation. Dark blue indicates an open peak in
that stage, whereas light blue indicates a closed peak in that stage.
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Table 1: Summary of ATAC-seq Data

0.45 0.38 0.34 0.36 0.35 0.36 0.66 0.68 0.67 0.70 0.67 0.68 0.69 0.67 0.72 0.70 0.70 0.78 0.84 0.88 0.90 1.00

CP rep 5

0.44 0.38 0.34 0.35 0.35 0.35 0.65 0.67 0.66 0.68 0.66 0.67 0.67 0.66 0.70 0.68 0.68 0.77 0.83 0.87 1.00 0.90

CP rep 4

0.37 0.30 0.26 0.28 0.27 0.28 0.60 0.60 0.64 0.68 0.66 0.73 0.74 0.66 0.75 0.73 0.72 0.80 0.93 1.00 0.87 0.88

CP rep 3

0.37 0.30 0.27 0.28 0.27 0.28 0.57 0.58 0.61 0.66 0.64 0.71 0.72 0.65 0.72 0.71 0.70 0.74 1.00 0.93 0.83 0.84

CP rep 2

0.38 0.32 0.30 0.31 0.30 0.31 0.63 0.63 0.70 0.67 0.65 0.68 0.69 0.67 0.75 0.73 0.74 1.00 0.74 0.80 0.77 0.78

CP rep 1

0.25 0.18 0.17 0.18 0.15 0.16 0.48 0.50 0.50 0.54 0.52 0.82 0.86 0.86 0.93 0.96 1.00 0.74 0.70 0.72 0.68 0.70

CM rep 6

0.25 0.17 0.16 0.18 0.15 0.15 0.48 0.50 0.50 0.54 0.52 0.83 0.86 0.86 0.93 1.00 0.96 0.73 0.71 0.73 0.68 0.70

CM rep 5

0.29 0.21 0.19 0.20 0.18 0.19 0.50 0.52 0.50 0.55 0.54 0.85 0.88 0.84 1.00 0.93 0.93 0.75 0.72 0.75 0.70 0.72

CM rep 4

0.31 0.24 0.23 0.24 0.21 0.22 0.52 0.54 0.51 0.55 0.53 0.75 0.77 1.00 0.84 0.86 0.86 0.67 0.65 0.66 0.66 0.67

CM rep 1

0.30 0.22 0.19 0.21 0.19 0.20 0.47 0.49 0.47 0.53 0.52 0.86 1.00 0.77 0.88 0.86 0.86 0.69 0.72 0.74 0.67 0.69

CM rep 3

0.32 0.24 0.21 0.22 0.21 0.22 0.48 0.49 0.47 0.53 0.51 1.00 0.86 0.75 0.85 0.83 0.82 0.68 0.71 0.73 0.67 0.68

CM rep 2

0.40 0.35 0.31 0.32 0.33 0.33 0.87 0.85 0.89 0.94 1.00 0.51 0.52 0.53 0.54 0.52 0.52 0.65 0.64 0.66 0.66 0.67

MES rep 3

0.39 0.34 0.30 0.31 0.31 0.32 0.86 0.84 0.89 1.00 0.94 0.53 0.53 0.55 0.55 0.54 0.54 0.67 0.66 0.68 0.68 0.70

MES rep 2

0.38 0.34 0.31 0.33 0.32 0.32 0.86 0.84 1.00 0.89 0.89 0.47 0.47 0.51 0.50 0.50 0.50 0.70 0.61 0.64 0.66 0.67

MES rep 1

0.53 0.48 0.43 0.44 0.46 0.46 0.90 1.00 0.84 0.84 0.85 0.49 0.49 0.54 0.52 0.50 0.50 0.63 0.58 0.60 0.67 0.68

MES rep 5

0.50 0.45 0.41 0.42 0.43 0.44 1.00 0.90 0.86 0.86 0.87 0.48 0.47 0.52 0.50 0.48 0.48 0.63 0.57 0.60 0.65 0.66

MES rep 4

0.94 0.93 0.91 0.93 0.98 1.00 0.44 0.46 0.32 0.32 0.33 0.22 0.20 0.22 0.19 0.15 0.16 0.31 0.28 0.28 0.35 0.36

ESC rep 4

0.94 0.93 0.91 0.93 1.00 0.98 0.43 0.46 0.32 0.31 0.33 0.21 0.19 0.21 0.18 0.15 0.15 0.30 0.27 0.27 0.35 0.35

ESC rep 3

0.91 0.89 0.91 1.00 0.93 0.93 0.42 0.44 0.33 0.31 0.32 0.22 0.21 0.24 0.20 0.18 0.18 0.31 0.28 0.28 0.35 0.36

ESC rep 5

0.89 0.87 1.00 0.91 0.91 0.91 0.41 0.43 0.31 0.30 0.31 0.21 0.19 0.23 0.19 0.16 0.17 0.30 0.27 0.26 0.34 0.34

ESC rep 6

0.92 1.00 0.87 0.89 0.93 0.93 0.45 0.48 0.34 0.34 0.35 0.24 0.22 0.24 0.21 0.17 0.18 0.32 0.30 0.30 0.38 0.38

ESC rep 1

1.00 0.92 0.89 0.91 0.94 0.94 0.50 0.53 0.38 0.39 0.40 0.32 0.30 0.31 0.29 0.25 0.25 0.38 0.37 0.37 0.44 0.45

ESC rep 2

0.0
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0.4

0.6

0.8
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Figure 2: Correlation Between ATAC-seq Replicates

Heatmap and clustergram of correlations of ATAC-seq replicates across all open chromatin regions. Correlations
are expressed in terms of Spearman’s rho using the deepTools package (Ramírez et al., 2016).

Replicates showed high concordance across open regions at each time point (Figure 2). We
found the highest number of overall ATAC-seq peaks (97,244) as well as the highest number of
cell-type-specific peaks (49,065) in ESCs, consistent with observations that pluripotent cells
contain a more permissive chromatin landscape compared to differentiated cells (Efroni et al.,
2008; Grigoryev et al., 2006; Meshorer et al., 2006; Stergachis et al., 2013).
Because changes in chromatin accessibility during CM differentiation are expected to reveal
binding of developmentally linked TFs in an unbiased manner, we further analyzed open
chromatin regions. Using our previous chromatin data sets in CM differentiation (Wamstad et
al., 2012), we classified chromatin states across the genome using ChromHMM (Ernst et al.,
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2011). This algorithm uses multiple inputs that include histone modifications and RNA
polymerase II (RNAPII) occupancy allowing for refined predictions about chromatin states
across the genome (Figure 3A). Using the genomic annotations from ChromHMM, we observed
that the majority of open chromatin peaks across CM differentiation overlapped with either
active promoters or enhancers (poised or active) (Figure 3B). Further analysis revealed that
stage-specific ATAC-seq peaks are substantially enriched for active or poised enhancers,
whereas static peaks (found in all 4 stages) are largely enriched at active promoters. We also
observed a dramatic increase in stage-specific active enhancer peaks compared to earlier
stages, consistent with the committed state of these cells. These data support the idea that
most promoters retain a nucleosome-depleted region throughout development (static open
chromatin), whereas tissue-specific enhancers show dramatic differences in chromatin
accessibility concomitant with TF occupancy (Thurman et al., 2012). Taken together, these
analyses indicate the high quality of our data and suggest that using chromatin dynamics can
identify unique sets of TFs controlling developmental gene expression programs.
Our ChromHMM annotations distinguish between two types of “enhancer” states – the
“active/strong enhancer” state which displays a higher enrichment of H3K27ac, H3K4me1 as
well as Serine 5-phosphorylated RNA polymerase II (RNAPSer5) compared to “poised/weak
enhancers” enriched mainly for H3K4me1 alone. RNAPSer5 is a marker of transcriptional
initiation and active transcription has been associated with higher enhancer activity (Zhu et al.,
2013). Importantly, active enhancers classified by ChromHMM have been empirically shown
using reporter assays to have cell-type-specific activity as compared to active enhancers in
other cell types or poised enhancers in the same cell type (Ernst et al., 2011). As such, we
identified 190,955 putative active enhancers across all four stages of CM differentiation (Figure
4). As expected, the genes in proximity to cell-type-specific enhancers are related to their cell
identity. Thus, these putative regulatory elements likely represent regions bound by lineagespecific TFs to regulate cell-type-specific gene expression.
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Figure 3: Identification of Chromatin States in CM Differentiation

A) Chromatin state classification using ChromHMM (Ernst et al., 2011). ChIP-seq data for histone modifications
(H3K27me1, H3K4me1, H3K27ac, H3K4me3, and H3K36me3) and transcribing RNA polymerase (RNAPSer5) taken
from Wamstad et al. (2012). Numbers correspond to the frequency of observation of the modification by
percentage. Classifications on the right chosen based on previous associations of chromatin states with histone
modifications.
B) Pie charts showing distribution of chromatin states in all ATAC-seq peaks by stage and selected subsets.
Percentages for poised/weak enhancers, active/strong enhancers, and active promoters are shown.
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190,955 active enhancers

ESC

MES

CP

CM

static 9,564 (5.0%)

ESC-specific 44,721
(23.4%)

MES-specific 13,258
(6.9%)
CP-specific 21,521
(11.3%)
CM-specific 45,017
(23.6%)

GO Biological Process term
regulation of phagocytosis
positive regulation of phagocytosis
regulation of membrane permeability
regulation of mitochondrial membrane permeability
regulation of stem cell population maintenance

FDR
4.00E-45
6.69E-38
1.42E-35
4.71E-31
1.77E-30

epithelial to mesenchymal transition
mesoderm morphogenesis
mesenchyme morphogenesis
mesoderm formation
positive regulation of mesenchymal cell proliferation

3.58E-34
6.74E-33
2.16E-27
4.35E-27
3.73E-25

regulation of stem cell differentiation
somatic stem cell population maintenance
epithelial to mesenchymal transition
regulation of heart morphogenesis
positive regulation of stem cell differentiation

9.20E-42
1.60E-39
8.68E-37
4.13E-32
2.99E-26

cell-substrate adhesion
regulation of multicellular organism growth
regulation of generation of precursor metabolites and energy
myofibril assembly
regulation of potassium ion transmembrane transporter activity

1.90E-114
5.28E-74
5.05E-61
1.50E-51
1.47E-50

Figure 4: Active Enhancers Mark Sites of Cell-Type-Specific Gene Regulation

Heatmap of active enhancers in CM differentiation annotated by ChromHMM. Gene Ontology enrichment for
biological process categories of genes in proximity to stage-specific enhancers is shown using GREAT (McLean et
al., 2010). Top five terms for each stage are reported with binomial FDR.

TEAD family motifs are enriched at dynamic open chromatin regions within active enhancers
Studies suggest that clusters of cardiac TF binding sites in fetal and adult hearts can identify
bona fide enhancers in the absence of active enhancer histone marks; however, the presence of
both TF binding sites and active enhancer marks is a more reliable prognostic of enhancer
activity in vivo (Akerberg et al., 2019). Given that lineage TFs bind densely to tissue-specific
enhancers, we next determined TF motif enrichment within stage-specific open chromatin in
active enhancers using the motif-enrichment algorithm in the HOMER suite (Heinz et al., 2010)
(Figure 5A). Motifs associated with Oct, Klf, Sox, Nanog, and Esrrb TFs were highly enriched in
ESCs, consistent with their roles as master regulators of pluripotency and somatic cell
reprogramming (Adachi et al., 2018; Boyer et al., 2005; Festuccia et al., 2017; Takahashi and
Yamanaka, 2006). In MES, our analysis identified a motif matching the T-box family of factors,
which includes EOMES, a factor crucial for mesendoderm specification (Costello et al., 2011).
We also identified motifs associated with Gata, Lhx, and Zic TFs, factors with known roles in
mesendoderm-specific gene regulation (Costello et al., 2015; Peterkin, 2003; Winata et al.,
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2013). An unspecified basic helix-loop-helix (bHLH) motif was found to be enriched in the MESspecific enhancer open chromatin. Although we could not determine which factor matched this
motif, bHLH TFs are broadly implicated in regulating signal-dependent gene expression (Gyoja,
2017). As expected, a Gata motif was also highly enriched in both CP and CM-specific open
chromatin, consistent with roles for this TF family in heart development (Afouda et al., 2008;
Luna-Zurita et al., 2016; Wamstad et al., 2012). The enrichment of the Fox (Forkhead) motif in
CP-specific open chromatin agrees with the known role of Forkhead factors in CP specification
(Ahmad et al., 2015; Kang et al., 2009). In addition, the motif for the Mef2 TF family, master
regulators of skeletal and cardiac muscle gene expression (Chambers et al., 1994; Edmondson
et al., 1994; Potthoff and Olson, 2007), is most enriched in CM-specific open chromatin. We
also identified a match for a known motif for the transcription factor MEIS1 which also closely
matches a motif that has been shown to be bound by the cardiac TF TBX5 in CMs (Luna-Zurita
et al., 2016).
In addition to these well-studied cardiac TFs, we identified the Tead and AP-1 motifs enriched in
CP- and CM-specific open chromatin. The fact that these motifs for these TF families along with
the Gata motif, are enriched in CP- and CM-specific enhancer open chromatin suggests that
these factors may be driving distinct cardiac gene expression programs. Linkages between TEAD
factors and the AP-1 family have been demonstrated in other studies (Vierbuchen et al., 2017;
Zanconato et al., 2015), although neither of these TFs nor their potential partnership has been
well-characterized in cardiac development. Thus, our data demonstrate the ability of this
approach to uncover key regulatory TFs and TF linkages without a priori knowledge of their
functions.
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Figure 5: Identification of Candidate Master Transcription Factors

A) Enriched motifs in stage-specific open chromatin within active enhancers, identified using HOMER (Heinz et al.,
2010). Motif, closest matching TF or TF family, and p-value are listed at each stage with top 5 significant motifs.
B) Plots showing enhancers ranked in ascending order by H3K27ac signal generated using the ROSE algorithm
(Lovén et al., 2013; Whyte et al., 2013). Super-enhancers are to the right of the dotted line. Displayed are superenhancers overlapping or proximal to a TSS corresponding to a stage-specific TF in each stage matching the motif
predictions identified in (A) as indicated by red dots.
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We next sought to prioritize potential regulators of cardiac lineage commitment. Superenhancers are cis-regulatory elements that consist of large enhancer clusters that often overlap
or are in close proximity to genes encoding “master regulator” TFs central to cell identity (Hnisz
et al., 2013; Whyte et al., 2013). To this end, we mapped super-enhancers in all 4 stages by
using the ROSE algorithm (Lovén et al., 2013; Whyte et al., 2013) and determined the closest
transcription start site (TSS) (Figure 5B). Consistent with the idea that master TFs auto-regulate
their own expression, we found that a prominent super-enhancer overlaps the Tead1 TSS in
both CP and CM, suggesting that TEAD1 has crucial roles in regulating cardiac cell identity
(Figure 5B, lower panels). Prior studies reported that specific Tead factors can regulate CMspecific genes in vivo (Azakie et al., 2005; Chen et al., 2004b, 2004a; Maeda et al., 2002),
although Tead1 is the only family member for which knockouts show a cardiac phenotype
(Chen et al., 1994; Kaneko et al., 2007; Nishioka et al., 2008; Sawada et al., 2008). Tead1knockout mice are embryonic lethal between E11 and E12 and show cardiovascular defects
(Chen et al., 1994). Moreover, TEAD1 co-occupies putative enhancers in fetal and adult mouse
hearts and appears to bind in combination with six other cardiac TFs (GATA4, MEF2A, MEF2C,
NKX2-5, SRF, and TBX5), although its role in regulating cardiac lineage commitment was not
examined (Akerberg et al., 2019). Consistent with a potential role in cardiac lineage
commitment, we found that Tead1 expression is highest in CP and CM stages at both the
transcript and the protein level compared to other family members (Figure 6A-B). Together,
these data suggest that Tead1 occupies an important position in the TF hierarchy that regulates
heart development.

B

A
ESC
Tead1

MES

CP

CM

MES

CP

CM

TEAD1

Tead2

Lamin B

Tead3
Tead4

ESC

cyto nuc cyto nuc cyto nuc cyto nuc

min

max

GAPDH

Figure 6: TEAD1 is Expressed Specifically in Cardiac-Specific Cell Types

A) Heatmap showing TEAD TF RNA-seq expression data across CM differentiation (Wamstad et al., 2012).
Expression is row-normalized, meaning that each gene’s expression is scaled by the maximum value across CM
differentiation.
B) Immunoblot of TEAD1 across CM differentiation. Lamin B (nuclear) and GAPDH (cytoplasmic) are included as
loading controls.
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TEAD1 is necessary to maintain normal beating patterns in CMs
The role of TEAD1 during heart development is poorly understood relative to other cardiac TFs.
Thus, we generated a homozygous ESC line that harbors a modified FKBP12 domain
(FKBP12F36V) and a double hemagglutinin tag (2xHA) at the 3’ end of the endogenous Tead1
gene to study its role in our system (Figure 7A, B). Importantly, fusion with the FKBP12F36V
domain allows for rapid (within 4 hours; data not shown) and near complete TEAD1 depletion
upon the addition of the small molecule dTAG-13 (dTAG) (Nabet et al., 2018; Weintraub et al.,
2017) (Figure 7C).
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Figure 7: dTAG System Allows Rapid Depletion of TEAD1

A) Schematic showing CRISPR-mediated insertion of FKBP12F36V domain, and primers used for PCR genotyping
(purple arrows). Guide RNA sites are indicated with orange bars. At right, gel electrophoresis of a genotyping PCR
is shown.
B) CM differentiation schematic showing addition of dTAG on top and immunoblot of TEAD1 using an anti-HA
antibody with 100nM dTAG treatment at CP and CM timepoints compared to controls. Histone H3 is included as a
loading control.
C) Immunoblot showing TEAD1-HA degradation after 6 hours in mESCs using anti-HA antibody after addition of
varying concentrations of dTAG. Histone H3 included as a loading control.
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To test the function of TEAD1 during CM differentiation, we added 100 nM dTAG to MES stage
cultures (day 4), a time point prior to its increased expression based on our RNA-seq and
immunoblot data (Figure 6). We observed substantial depletion of Tead1 in CPs and complete
loss in CMs by HA immunoblot compared to untreated controls (Figure 7B). Surprisingly, we did
not observe significant changes in the proportion of Nkx2.5- or cTnT-expressing cells by FACS in
dTAG-treated cells, general markers of CP and CM states, relative to untreated controls (Figure
8A). Upon closer examination, however, TEAD1-depleted CMs consistently demonstrated an
irregular beating pattern (Figure 8B and see linked videos). This observation suggested that
TEAD1 loss affects CM function rather than lineage commitment per se, a surprising result given
the specific enrichment of Tead motifs in CM-specific open chromatin in enhancers.

Figure 8: TEAD1 Depletion Leads to an Abnormal Beating Phenotype

A) Plots showing the distribution of Nkx2-5+ (CP) and cTnT+ (CM) cells in untreated (DMSO) controls compared to
dTAG-treated cells. DMSO-treated cells are in red and dTAG-treated in blue.
B) Representative images of videos of untreated (DMSO) and dTAG-treated CMs taken on day 10 of the CM
differentiation timecourse. Videos from three biological replicates can be found at
https://www.dropbox.com/sh/fvgtwrpnrf323om/AADUmPvFXIKGH_colkBd7C6Ha?dl=0: 1-4 from replicate 1, 5-6
from replicate 2, and 7 from replicate 3.
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TEAD1 binds to active cardiomyocyte enhancers
We next asked if TEAD1 directly contributes to enhancer activation during CM differentiation.
To this end, we analyzed available ChIP-seq data in fetal and adult mouse heart samples from
mice expressing biotinylated TFs including GATA4, NKX2-5, MEF2A, MEF2C, SRF, TBX5, and
TEAD1 (Akerberg et al., 2019). We first compared ATAC-seq data from fetal (E12.5) and adult
heart (P56) samples (Quaife-Ryan et al., 2017) to our in vitro differentiated CM data. We found
high concordance between the accessible chromatin landscape in fetal heart and in vitro
differentiated CMs (r = 0.8) relative to adult heart (r = 0.69) (Figure 9A-C). Notably, CMs
differentiated from pluripotent stem cells are highly similar in gene expression to CMs in early
to mid-embryonic hearts (Uosaki et al., 2015). Moreover, comparisons of H3K27ac signal also
showed high concordance between in vitro-differentiated CMs and fetal hearts (r = 0.7) as
compared to adult hearts (r = 0.58) (Nord et al., 2013) (Figure 9D-F). These data suggest that
the binding of cell-type-specific TFs in fetal heart is likely representative of that in our in vitrodifferentiated CMs and consistent with the notion that in vitro-derived cell types are less
mature.
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Figure 9: Accessible Chromatin and Active Enhancer Landscapes in Fetal Heart Correlate with
In Vitro-Differentiated CMs

Scatterplots comparing ATAC-seq experiments from fetal ventricle (E12.5) (A) and adult heart (P56) (B) with in
vitro-differentiated CMs, as well as to each other (C), across the union of ATAC-seq peaks found in all 4 stages of in
vitro CM differentiation. The same analysis for H3K27ac signal, across the union of active enhancers, is shown in
(D), (E), (F). The Spearman correlation coefficient (r) is reported at the top of each plot.
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We next analyzed the 45,807 TEAD1 binding sites identified in the ventricles of fetal hearts
(Akerberg et al., 2019), a region known to mostly consist of CMs (Figure 10A). The binding
density at these sites correlated strongly with histone modifications associated with enhancer
activity such as H3K27ac and H3K4me1 as well as chromatin accessibility as measured by ATACseq in in vitro CMs; these correlations are also found with fetal ventricular H3K27ac and ATACseq data (data not shown). In fact, the majority of TEAD1 binding sites from fetal heart (54.9%)
are found within putative CM enhancers (Figure 10B). Moreover, nearly all of the 1,258 superenhancers identified by H3K27ac signal in the in vitro-derived CMs had at least one TEAD1
binding site with a substantial number containing multiple binding sites (Figure 10C). These
data are consistent with our analysis showing that Tead motifs are highly enriched in CMenhancer open chromatin (Figure 5A) and strongly suggest that TEAD1 has critical functions in
cardiac lineage commitment. Thus, we next analyzed the putative target genes nearest to
TEAD1-bound active enhancers, and found enrichment for Gene Ontology terms related to
vascular development, cell-cell junctions, and actin cytoskeletal structure using GREAT (McLean
et al., 2010) (Figure 10D). These categories are consistent with the abnormal beating
phenotype observed upon dTAG treatment, suggesting that TEAD1 binds to CM enhancers and
regulates genes with roles in cell-cell contacts and cardiac contraction.
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Figure 10: TEAD1 Binds a Subset of Active Enhancers in CMs

A) Heatmap of TEAD1 peaks in fetal ventricles compared to CM H3K27ac and H3K4me1 from our earlier study
(Wamstad et al., 2012), and ATAC-seq from this study. Heatmap is sorted by TEAD1 binding intensity.
B) Pie chart showing chromatin states of TEAD1 binding sites in CM.
C) Histogram showing frequency of TEAD1 binding sites within super-enhancers.
D) Gene Ontology enrichment for biological process and cellular component categories of genes in proximity to
TEAD1-bound enhancers is shown using GREAT (McLean et al., 2010). Top 10 terms are reported with binomial
FDR.

TEAD1 regulates enhancer activity during cardiac lineage commitment
If TEAD1 acts as a key regulator, we expected that its depletion during CM differentiation also
lead to a decrease in chromatin accessibility at TEAD1 enhancer binding sites. To test this idea,
we performed ATAC-seq in dTAG-treated and untreated CMs. ChIP-seq experiments using an
anti-HA antibody showed a dramatic loss of TEAD1 at binding sites upon dTAG treatment in the
TEAD1-FKBP line (Figure 11).
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Figure 11: TEAD1 is Depleted Genome-Wide by dTAG Treatment

Heatmap showing TEAD1 depletion at binding sites by treatment with 100 nM dTAG as depicted in Figure 7B. Left
to right, TEAD1 ChIP-seq data from fetal ventricles (Akerberg et al., 2019), TEAD1-HA ChIP-seq data from in vitrodifferentiated TEAD1-FKBP CMs treated with DMSO (vehicle), and TEAD1-HA ChIP-seq from in vitro-differentiated
TEAD1-FKBP CMs treated with dTAG. Heatmap intensity scale is shown below each panel.

We found a substantial and significant decrease in open chromatin at TEAD1 binding sites
within active enhancers in dTAG-treated cells compared to untreated cells by ATAC-seq (Figure
12B). Analysis of DMSO-treated controls showed high concordance with our initial ATAC-seq
data obtained from parental ESC lines, indicating that DMSO treatment or targeting of these
cells does not affect our results (Figure 12A). We next identified ATAC-seq peaks that showed
the most significant decrease in chromatin accessibility upon dTAG treatment. Using a Poisson
distribution-based approach (Heinz et al., 2010), we identified 2,902 open chromatin peaks ins
active enhancers that showed at least a one-third decrease in accessibility and were statistically
significant (p-value < 1E-4) (Figure 12C). Over two-thirds of these regions (1,973; 68.0%) were
directly bound by TEAD1 based on fetal ventricle ChIP-seq, suggesting that a substantial
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proportion are directly affected by loss of TEAD1 binding. Motif enrichment analysis showed
that motifs corresponding to other cardiac TFs were most enriched in these regions (Figure
12D), suggesting that TEAD1 binding is necessary for the cooperative binding of other factors.

Figure 12: Chromatin Accessibility Decreases at TEAD1-Bound Enhancers

A) Correlation scatterplot of ATAC-seq data between vehicle-treated (DMSO) CMs and untreated CMs, across all
ATAC-seq peaks as in Figure 9A-C. The Spearman correlation coefficient (r) is reported at the top of the plot.
B) Left, heatmap and profile showing decrease in ATAC-seq signal at TEAD1 binding sites in active enhancers. Fetal
ventricle TEAD1 binding data is shown on left with ATAC-seq performed on DMSO-treated (middle) and dTAGtreated (right) in vitro-differentiated CMs. At right, boxplot showing the change in distribution of mean ATAC-seq
signal at TEAD1 binding sites in active enhancers between DMSO-treated and dTAG-treated cells. Significance was
determined by Mann-Whitney U test.
C) Volcano plot of ATAC-seq signal changes under dTAG treatment at open chromatin peaks within enhancers.
Horizontal axis is the log2 fold difference between dTAG-treated cells and DMSO-treated cells, and the vertical axis
is the negative log10 p-value calculated based on a Poisson distribution (Heinz et al., 2010). Dotted lines mark the
significance cutoffs – 1.5-fold difference and 1E-4 p-value, and significantly decreased peaks are marked in red.
D) Left, enriched motifs in open chromatin regions that showed reduced accessibility upon dTAG treatment
identified using HOMER (Heinz et al., 2010). Motif, closest matching TF or TF family, and p-value are listed with top
six significant motifs. Right, Gene Ontology enrichment for biological process and cellular component categories of
genes in proximity to those regions is shown, using GREAT (McLean et al., 2010). Top five terms are reported for
each along with their binomial FDR.
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Figure 13: TEAD1 Depletion Leads to Loss of Active Enhancer Marks
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A) Left, heatmap and profile showing decrease in H3K27ac at TEAD1-bound active enhancers, centered on the
middle of the enhancer region annotated by ChromHMM. Fetal ventricle TEAD1 binding data is on the left with
H3K27ac ChIP-seq performed on DMSO-treated and dTAG-treated in vitro-differentiated CMs in the middle and on
the right. Right, boxplot showing the change in distribution of mean H3K27ac signal at TEAD1-bound active
enhancers between DMSO-treated and dTAG-treated cells, with the results of a Mann-Whitney U test reported on
the plot.
B) Correlation scatterplot of H3K27ac ChIP-seq data between vehicle-treated (DMSO) CMs and untreated CMs
(Wamstad et al., 2012), across all active enhancers as in Figure 9D-F. The Spearman correlation coefficient (r) is
reported at the top of the plot.
C) Volcano plot of H3K27ac signal changes under dTAG treatment at H3K27ac peaks within active enhancers, as
calculated by DiffBind (Ross-Innes et al., 2012). Horizontal axis is the fold difference between dTAG-treated and
DMSO-treated cells, while the vertical axis is the negative log10 FDR for each peak. Dotted lines mark significance
cut-offs – any decrease between DMSO and dTAG with a 10% FDR. Significantly decreased peaks are marked in
red.
D) Gene Ontology enrichment for biological process and cellular component categories of genes in proximity to
significantly deactivated regions in response to TEAD1 depletion denoted in (C) using GREAT (McLean et al., 2010).
The top 10 significant terms are reported for biological process and all are reported for cellular component along
with binomial FDR.
E) Top, Pie-chart indicating what percentage of significantly decreased H3K27ac enhancer regions are bound by
TEAD1. P-value for a hypergeometric test comparing this overlap to all CM H3K27ac enhancers is reported.
Histogram of distinct cardiac TFs binding significantly deactivated regions in response to TEAD1 depletion. TFs
surveyed were TEAD1, GATA4, HAND2, TBX5, MEF2A, and MEF2C, using fetal ventricle and fetal heart data
(Akerberg et al., 2019; Laurent et al., 2017).

Our data suggest that TEAD1 binding is necessary for the activation of a subset of enhancers
during cardiac lineage commitment. To further test this idea, we performed ChIP-seq for
H3K27ac in dTAG-treated and untreated CMs. As expected, we observed a global decrease in
H3K27ac signal at TEAD1-bound active enhancers (Figure 13A). DMSO-treated controls in our
transgenic Tead1-FKBP line were highly concordant with our previous H3K27ac ChIP-seq
experiments in CMs derived from the parental cell line (Figure 13B) (Wamstad et al., 2012). By
analyzing H3K27ac signal changes between dTAG- and DMSO-treated CMs using DiffBind (RossInnes et al., 2012), we found 410 H3K27ac peaks that showed a significant decrease in H3K27ac
signal in active CM enhancers (Figure 13C). Interestingly, we did not find a direct correlation
between the magnitude of fold-change differences between DMSO-treated and dTAG-treated
cells in H3K27ac signal and ATAC-seq signal, even when examining the same set of genomic
regions (data not shown). This observation may be partially explained by the slightly different
approaches used to calculate fold-change, but it may also be an indication that changes in
chromatin accessibility may represent an immediate and local effect of loss of TF binding,
whereas resetting histone modification patterns represents a late event in the process.
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Gene Ontology enrichment analysis of enhancers showing significant decreases upon TEAD1
loss using GREAT showed proximity to genes linked to developmental morphogenesis and cellcell junctions, specifically adherens junctions and anchoring junctions, which include
desmosomes (Figure 13D). These junctions are two components of the intercalated disc
structure that connects mature CMs in a syncytium to allow contraction in a concerted manner
to pump blood throughout the body (Vermij et al., 2017). In immature, embryonic CMs such as
those produced by in vitro CM differentiation, the well-organized, polarized intercalated disc
structure has not yet formed, but adjacent cells are still connected by adherens junctions and
desmosomes (Scuderi and Butcher, 2017). Disruption of these junctions by loss of TEAD1 could
have substantial phenotypic consequences and could explain the abnormal beating phenotype
observed in our analysis.
If TEAD1 binding is important for enhancer activation during cardiac lineage commitment, we
expect to observe a significant association between TEAD1 binding and significantly deactivated
enhancers upon TEAD1 loss. About half of the enhancer H3K27ac regions that significantly
decreased in signal upon dTAG treatment were bound by TEAD1 (194/410; 47.3%) (Figure 13E).
This overlap was highly statistically significant when compared to all H3K27ac enhancer regions
(p=3.86E-35). Nonetheless, the fact that a little over half of these regions were not bound by
TEAD1 suggests that loss of this factor might have more indirect effects on cardiac gene
regulatory networks, perhaps by reducing the expression of other TFs. As described above,
TEAD1 appears to bind to the vast majority of CM super-enhancers (Figure 10C), suggesting
that loss of this factor might affect the regulation of other cardiac TFs activated by superenhancers.
The fact that regions of open chromatin regions that showed less accessibility upon dTAG
treatment were enriched for the motifs of other cardiac TFs suggested that TEAD1 functions
with other factors to regulate tissue-specific enhancers and gene expression programs (Figure
12D). Leveraging available binding data of cardiac TFs matching those motifs (GATA4, HAND2,
TBX5, MEF2A, and MEF2C) in fetal heart (Akerberg et al., 2019; Laurent et al., 2017), we found
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that many of the differential enhancers identified in our study also show binding by multiple
cardiac TFs in addition to TEAD1 (Figure 13E). We observed several H3K27ac peaks within
enhancers bound by multiple different cardiac TFs that show substantial decreases in H3K27ac
signal upon dTAG treatment, suggesting that TEAD1 binding might be critical to maintaining the
overall activity of these regions. Gene expression profiling will be necessary to establish a direct
link between TEAD1-mediated enhancer activity and chromatin accessibility and cardiac gene
regulation. For example, a CM super-enhancer close to the Gata4 TSS is co-occupied by TEAD1,
MEF2A, MEF2C, TBX5, GATA4, and HAND2, and this region shows decreased H3K27ac and open
chromatin upon dTAG treatment (Figure 14). The fact that TEAD1 depletion appears to have
such a major effect on super-enhancer putatively linked to a key cardiac TF provides further
evidence that TEAD1 is an integral part of the cardiac regulatory network. Taken together, our
work provides substantial evidence that TEAD1 acts as a key cardiac TF by promoting the
activation of cardiac muscle enhancers and suggests that TEAD1 controls a distinct gene
expression program necessary for intercellular junctions and contraction in CMs.

Figure 14: A Gata4-Linked Super Enhancer is Disrupted by TEAD1 Depletion

Tracks showing the Gata4 locus from ESC to CM. Tracks for ATAC-seq (green) are from this study; H3K27ac (purple)
from ESC to CP, and RNA-seq (black) from ESC to CM is taken from our prior CM differentiation study (Wamstad et
al., 2012). For CM, ATAC-seq and H3K27ac are shown with DMSO or with dTAG treatment, as indicated. For TF
binding, fetal ventricle TEAD1 (navy blue) is shown as a track, while called peaks are shown for GATA4 (red),
HAND2 (orange), TBX5 (maroon), MEF2A (pink), MEF2C (light pink) (Akerberg et al., 2019; Laurent et al., 2017).
Regions shaded in gray were called as super-enhancers by ROSE (Hnisz et al., 2013; Whyte et al., 2013). Regions
boxed in purple were significantly reduced in H3K27ac signal as called by DiffBind (Ross-Innes et al., 2012).
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DISCUSSION
We applied a systematic approach to identifying key TFs and novel linkages that regulate heart
development. Our work demonstrated that the accessible chromatin landscape is highly
dynamic at putative enhancers during cardiomyocyte differentiation. Through analysis of
dynamic accessible chromatin in enhancers, we identified many candidate TFs that may play
regulatory roles during CM differentiation. In particular, we highlight roles for the TEAD1 in
controlling cardiac-specific gene expression. By combining high-throughput analysis of histone
modifications and open chromatin genome-wide with protein suppression, our data suggest
that TEAD1 acts to regulate tissue-specific gene expression programs distinct from other cardiac
TFs. The observed phenotype of asynchronous beating suggests that TEAD1 is involved in
regulating the establishment and maintenance of cell-cell connections. This idea is consistent
with our finding that enhancers that showed the largest change in open chromatin and active
enhancer marks upon TEAD1 depletion were in proximity to genes that code for proteins in
adherens junctions and desmosomes. Further analysis on gene expression controlled by TEAD1
and the distribution of cell-cell junctions will be needed to more completely assess the role of
TEAD1 in this process.
This study provides mechanistic evidence on how TFs regulate enhancer chromatin states. The
fact that depletion of TEAD1 led to a significant decrease in H3K27ac at regions where many
other cardiac TFs are bound suggests that at least in some cases, lineage-specific TFs are
cooperative in establishing and maintaining enhancer activity. As discussed in Chapter 1,
evidence suggests TFs bind at enhancers with relatively loose spatial constraints, but multiple
TFs must be bound in order to control cell-type-specific activity. The data generated in this
study can be leveraged to begin to address this model in context of cardiac lineage
commitment. One possibility is that TEAD1 is required to establish a local chromatin
environment conducive to the binding of other factors. Alternatively, TEAD1 may interact with
other TFs in order to recruit them to specific loci. Evidence for the latter model would come
from both a fixed binding syntax with other factors as suggested in recent studies (Akerberg et
al., 2019), as well as more detailed biochemical and biophysical studies.
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Figure 15: TEAD1 Regulates a Cardiac Gene Expression Program in Response to Stimuli
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Proposed model for TEAD1-mediated gene regulation during cardiac lineage commitment. The transcriptional coactivators YAP and/or TAZ work with TEAD1 in response to mechanical cues to activate genes relating to cell-cell
junctions and morphogenesis, processes that can feed back into mechanical signaling. TEAD1 may also regulate the
expression of other cardiac TFs in an integrated gene network.

As for the former, it must be noted that TEAD1 is also a well-known downstream effector of
extracellular signaling pathways. As discussed in Chapter 1, the Hippo kinase cascade,
implicated in control of cell proliferation and organ size, regulates the nuclear entry of the coactivator YAP1 and its paralog TAZ which partner with TEAD1 to activate gene expression (Ota
and Sasaki, 2008). Notably, YAP1’s subcellular localization can also be regulated by mechanical
cues (Chang et al., 2018; Ege et al., 2018; Elosegui-Artola et al., 2017; Mosqueira et al., 2014;
Ragni et al., 2017). Studies in zebrafish provide evidence that disruption of the function of these
co-activators affects morphogenesis and cell junctions, consistent with the enhancers disrupted
by TEAD1 loss in our study. Expression of dominant-negative forms of Yap and Taz/Wwtr1 that
couldn’t interact with Tead factors blocked CPs from properly migrating to the midline,
although these cells appeared to still differentiate into CMs (Miesfeld and Link, 2014).
Taz/Wwtr1 knockouts in zebrafish have defects in cardiac trabeculation, a necessary process to
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supply oxygen and nutrients to the developing heart, as a result of disordered cortical actin
structure and irregular cell-cell junctions (Lai et al., 2018). Taken together, these data suggest a
feedback mechanism in which mechanical cues related to the cellular environment promote
YAP and/or TAZ nuclear entry and the activation of TEAD1-dependent gene expression
programs relating to mechanical cell-cell junctions, promoting further morphogenesis in the
developing heart (Figure 15). Empirical evidence for this mechanism could come from
differentiating CMs in vitro on substrates of varying stiffness and observing the effect on
YAP/TAZ nuclear entry and TEAD1-mediated enhancer activation, as well as blocking the LINC
(Linker of Nucleoskeleton and Cytoskeleton) complex from transducing cytoskeletal signals to
the nuclear envelope through dominant-negative protein expression (Elosegui-Artola et al.,
2017) or disrupting the actin cytoskeleton through chemical inhibition.
Finally, understanding the interplay between extracellular signaling and chromatin states has
major ramifications for understanding of how most TFs mediate gene regulation during cardiac
development. As discussed above, the genetic causes of many forms of CHD remain unknown
(Blue et al., 2017). Given the potential importance of TEAD1 in controlling transcriptional
responses to mechanical forces as discussed above, variants linked to weakness in heart
contraction or sudden cardiac death by GWAS could be intersected with TEAD1-bound
enhancers, potentially providing more insight into cardiovascular disease etiology. Disruption of
these enhancers, whether by loss of TEAD1 binding or through inhibiting the activity of
chromatin modifiers may link enhancer-mediated gene regulation to fruitful therapeutic
strategies. Overall, these insights will help us develop a deeper understanding of how lineagespecific TFs translate a variety of extracellular and intracellular stimuli into specific
transcriptional outcomes during development.
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MATERIALS AND METHODS
Cardiomyocyte differentiation
In vitro cardiomyocyte (CM) differentiation was performed as previously described, with some
modification (Wamstad et al., 2012). Briefly, mouse embryonic stem cells (E14 Tg Nkx2-5EmGFP) (Hsiao et al., 2008) cultured on feeders using standard technique were isolated and
cultured at 100,000 cells/ml in suspension into embryoid bodies (EBs) in serum-free defined
(SFD) media (3 parts Iscove’s Modified Dulbecco’s Medium (Millipore-Sigma #I3390), 1 part
Ham’s F-12 (Corning #10-080-CV), 0.05% BSA (Sigma-Aldrich #A1595), 1.5 mM L-glutamine
(Gibco #25030081), 0.5X B-27 supplement without Vitamin A (Gibco #12587010), and 0.5X N-2
supplement (Gibco #17502048)) supplemented with 0.05 mg/ml ascorbic acid (Sigma-Aldrich
#A4544) and 4.53x10-4 M monothioglycerol (Sigma-Aldrich #M6145). EBs were broken up by
trypsinization at 48 hours and re-plated at the same density for an additional 40 hours, with
supplementation of 5 ng/ml VEGF (R&D Systems #293-VE), 8 ng/ml activin A (R&D Systems
#338-AC), and 0.1 ng/ml BMP-4 (R&D Systems #314-BP) in addition to ascorbic acid and
monothioglycerol as before, after which pre-cardiac mesoderm (MES) was collected. EBs were
then broken up by trypsinization and plated in a monolayer on tissue culture-treated,
gelatinized plates at 450,000 cells/cm2 in StemPro-34 (Gibco #10639011) supplemented with 5
ng/mL VEGF, 10 ng/mL human FGF basic (R&D Systems #233-FB), 25 ng/mL FGF-10 (R&D
Systems #345-FG), and 0.1 mg/ml ascorbic acid. Cardiac progenitor (CP) cells were collected 32
hours after plating. Media was then changed twice a day for the next two days, and once a day
subsequently, until collection of CMs 10 days after the start. To suppress growth of noncardiomyocyte cells, cytokine and growth factor supplementation was stopped at the end of
day 6 of the differentiation protocol.
Success of differentiation was evaluated by staining for particular markers at each stage,
looking for purity thresholds by FACS analysis. At the MES stage, double-staining was
performed for Flk-1/Kdr (anti-mouse FLK-1, APC-conjugated, BD Biosciences #560070, 1:50
dilution) and Pdgfr-a (anti-mouse CD140a, PE-conjugated, Thermo Fisher #12-1401-81, 1:100
dilution), with a typical successful differentiation containing at least 50% double-positive cells.
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At the CP stage, FACS analysis for GFP was performed, with a typical successful differentiation
containing at least 60% GFP-positive cells. At the CM stage, staining for cTnT (primary: anticardiac troponin T, Abcam #ab8295, 1:200; secondary: rabbit anti-mouse IgG, Alexa Fluor 647conjugated, Invitrogen #A21239, 1:100) was performed, with a typical successful differentiation
containing at least 70% positive cells. FACS analysis was performed on a BD LSR II HTS analyzer.
ATAC-seq
The initial set of ATAC-seq experiments were performed according to a protocol based on the
original ATAC-seq protocol (Buenrostro et al., 2015). These samples were sequenced by pairedend with 40bp reads on an Illumina HiSeq 2000.
The latter set of ATAC-seq experiments were performed according to a protocol based on the
OmniATAC protocol (Corces et al., 2017). Briefly, cells were trypsinized from culture and
washed twice in cold PBS, then 100,000 cells were resuspended in 100 ul cold lysis buffer
(10mM Tris-HCl, pH 7.5, 10mM NaCl, 3mM MgCl2, 0.1% NP-40, 0.1% Tween-20, 0.01%
digitonin). Cells were then incubated on ice for 3 minutes, then 1 ml of cold wash buffer (10mM
Tris-HCl, pH 7.5, 10mM NaCl, 3mM MgCl2, 0.1% Tween-20) was added. Cells were then
centrifuged at 4°C for 10 minutes at 500 x g, and the supernatant was carefully discarded. Next,
cells were thoroughly resuspended by pipetting in 50 ul transposition reaction mix (1x Tagment
DNA Buffer (Illumina #15027866), 0.33X PBS, 0.1% Tween-20, 0.01% digitonin, 5ul Tagment
DNA Enzyme 1 (Illumina #20034197)). Reactions were incubated at 37°C with shaking at 300
rpm for 30 minutes, then DNA was immediately isolated using the Qiagen MinElute Reaction
Cleanup Kit (Qiagen #28204) and eluted in 10 ul of the elution buffer. Libraries were prepared
as previously described (Buenrostro et al., 2015), with the exception of the qPCR side reaction
to determine optimal final amplification, which uses 0.83 uM of each primer (Ad1_noMX and
the Ad2.* indexing primer) and 1X SYBR Green (Thermo Fisher #S7563), and the final
purification and size selection, which was performed using Agencourt AMPure XP beads
(Beckman Coulter #A63880). Library quality control was performed prior to sequencing on an
Advanced Analytical Fragment Analyzer, and concentration was determined by qPCR on a
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LightCycler 480 (Roche). These samples were sequenced by paired-end with 75bp reads on an
Illumina NextSeq 500.
ATAC-seq data processing
ATAC-seq experiments were processed through the use of the ENCODE DCC ATAC-seq
processing pipeline (Dunham et al., 2012), available at https://github.com/ENCODE-DCC/atacseq-pipeline, starting with BAM files aligned to the NCBI Build 37 (mm9) reference genome
using the Burrows-Wheeler aligner (Li and Durbin, 2009). High-confidence peaks were called
using the irreproducible discovery rate (IDR) method, with a cutoff of 0.05, in each stage.
Overlapping peaks were then collapsed and merged using the mergeBed function in the
BEDtools suite (Quinlan and Hall, 2010). Peak summits were identified on peaks present in each
stage using the MACS2 refinepeak subcommand (Zhang et al., 2008). ATAC-seq data from fetal
ventricles from Akerberg et al. (2019) and adult ventrical apices from Quaife-Ryan et al. (2017)
were run through the pipeline for display purposes and correlation calculations; these data are
available at the Gene Expression Omnibus (GEO) under accession numbers GSE124008 and
GSE95764, respectively.
ATAC-seq analysis
Correlations between replicates were calculated over the union set of ATAC-seq peaks across all
four stages of in vitro CM differentiation, using Spearman’s rho with the plotCorrelation
program in the deepTools suite on the input BAM files (Ramírez et al., 2016). All other
correlations were also performed using deepTools on bigWig files produced by the processing
pipeline, over an appropriate set of regions as specified.
Identification of differentially enriched open chromatin regions was performed using the
getDifferentialPeaks function from the HOMER suite (Heinz et al., 2010). ATAC-seq peaks open
in CM that intersect with active enhancers were used as the input regions, with the fold-change
cut-off of 1.5 (-F 1.5) between DMSO-treated and dTAG-treated CMs. All other parameters
were kept at default settings.
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Boxplots were generated using the mean ATAC-seq signal over each TEAD1 peak in an active
enhancer, with the output from the multiBigwigSummary function of the deepTools suite.
Identification of putative cis-regulatory elements
Enhancers were annotated using the ChromHMM algorithm (Ernst et al., 2011). Briefly, ChIPseq data from all 4 stages (ESC, MES, CP, and CM) for the histone modifications H3K27me3,
H3K4me1, H3K27ac, H3K4me3, as well as RNA polymerase II, phosphorylated at serine 5
(RNAPSer5), and pooled whole cell extracts as inputs (Wamstad et al., 2012) with default
parameters, except for the number of states. We tested a range of states, choosing 11 as it
provided optimal discrimination between promoter states and enhancer states. Chromatin
states were then annotated based on enrichment for characteristic marks, using some guidance
from the original ChromHMM study (Ernst et al., 2011).
Super-enhancers were called using the ROSE algorithm (Lovén et al., 2013; Whyte et al., 2013).
H3K27ac peaks were called in all four stages of CM differentiation using the ENCODE DCC ChIPseq pipeline with an IDR cutoff of 0.05, using our previously-generated H3K27ac ChIP-seq data
(Wamstad et al., 2012). These peaks were then used as input into the stitching algorithm, with
default parameters (2.5 kb TSS exclusion distance, 12.5 kb stitching distance).
Identification of enriched transcription factor motifs
The findMotifsGenome command, from the HOMER suite (Heinz et al., 2010) was used to
identify enriched TF motifs, with using the repeat-masked version of the mm9 genome (-mask)
and a 500bp region around peak summits (-size 500). All other parameters were used as default
settings. De novo motifs are reported, along with their best match from JASPAR according to
HOMER’s alignments, prioritizing strong matches with the core of the motif and stage-specific
TF gene expression as appropriate.
Generation of transgenic ESC lines
Mouse embryonic stem cells (E14 Tg Nkx2-5-EmGFP) (Hsiao et al., 2008) cultured on feeders
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using standard technique, were transfected using Lipofectamine 3000 (Thermo Fisher
#L3000001), in the absence of feeders. Transfection reactions used 5 ug of material, with a 1:1
ratio between donor plasmid and guide/Cas9-GFP plasmid (pX458), prepared for each specific
guide according to instructions (found at https://www.addgene.org/crispr/zhang/) using
oligonucleotides indicated below (Ran et al., 2013). 24 hours after transfection, cells were bulk
sorted by FACS for GFP expression and plated on feeders. Once these cells expanded
sufficiently, after 4-5 days, they were sorted into single cells by the included fluorescent
marker. Single colonies were then expanded and genotyed for proper insertion by PCR and
sequence verified.
Conditional suppression of TEAD1 protein levels
100 nM of dTAG-13 (Tocris Biosciences #6605) was added to the cell culture media. An
equivalent amount of DMSO was added to control samples. Depletion of TEAD1 was measured
by Western blot with antibodies to HA (Cell Signaling #3724S) on nuclear lysates isolated by
standard procedure (Wysocka et al., 2001).
Chromatin immunoprecipitation
ChIP was performed in about 10 million cells per replicate, as previously described (Mylonas
and Tessarz, 2018), using either an anti-HA antibody (Cell Signaling #3724) or an anti-H3K27ac
antibody (Abcam #ab4729). Briefly, cells were cross-linked with 1% formaldehyde for 10
minutes followed by 5 minutes quenching with 125 mM glycine. After washing with PBS buffer,
the cells were collected and lysed in cell lysis buffer (5 mM Tris pH 8.0, 85 mM KCl, and 0.5%
NP-40) with x1 Halt Protease Inhibitor cocktail (ThermoFisher 87786) and 1mM PMSF (Sigma
10837091001). Pellets were spun for 5 minutes at 6000 rpm at 4°C. Nuclei were lysed in nuclei
lysis buffer (1% SDS, 10 mM EDTA, and 50 mM Tris–HCl) and samples were sonicated for 12 min
on a Covaris Sonicator. The samples were centrifuged for 20 minutes at 13,000 rpm at 4°C and
the supernatant was diluted in IP buffer (0.01% SDS, 1.1% Triton-X-100, 1.2 mM EDTA, 16.7 mM
Tris-HCl, and 167 mM NaCl), and the appropriate antibody (10 μg) was added and incubated
overnight at 4°C with rotation. Two biological replicates were prepared for each condition using
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independent cell cultures and chromatin precipitations. The next day, 50 μl Protein G
Dynabeads (Life Technologies #10009D) were added for 1 hour at room temperature with
rotation. Beads were washed once for 1 min with rotation with each of the following buffers:
Low salt buffer (0.1% SDS, 1% Triton-X-100, 2mM EDTA, 20mM Tris pH 8.0, 150mM NaCl), High
salt buffer (0.1% SDS, 1% Triton-X-100, 2mM EDTA, 20mM Tris pH 8.0, 500mM NaCl), LiCl buffer
(0.25M LiCL, 1% NP-40, 1% deoxycholate, 10mM Tris pH 8.0, 1mM EDTA), and TE buffer (50mM
Tris pH 8.0, 10mM EDTA). DNA was eluted off the beads by rotation at room temperature for 30
min in 200 μL elution buffer (1% SDS, 0.1M NaHCO3). Cross-links were reversed at 65°C for 4h.
RNA was degraded by the addition of 3 μL of 33 mg/mL RNase A (Sigma, R4642) and incubation
at 37°C for 2 hours. Protein was degraded by the addition of 5 μL of 20 mg/mL proteinase
K (Invitrogen #25530049) and incubation at 50°C for 1 hour. A phenol:chloroform:isoamyl
alcohol extraction was performed followed by an ethanol precipitation. The DNA was then
resuspended in 20 μL water and used for either qPCR or sequencing.
For ChIP-seq experiments, purified 10-20 ng of ChIP DNA was used to prepare Illumina
multiplexed sequencing libraries. Libraries for Illumina sequencing were prepared following the
NEBNext DNA Library Prep Master Mix kit (NEB E6040). Amplified libraries were size-selected
using a 2% agarose gel to extract fragments between 200 and 600 bp.
ChIP-seq data processing
ChIP-seq experiments were processed through the use of the ENCODE DCC ChIP-seq processing
pipeline, available at https://github.com/ENCODE-DCC/chip-seq-pipeline2. Inputs to the
pipeline were BAM files aligned to the NCBI Build 37 (mm9) reference genome, using the
Burrows-Wheeler aligner (Li and Durbin, 2009). High-confidence peaks were called using
overlaps between replicates for histone experiments. Data from Wamstad et al. (2012) used in
this study is available at https://b2b.hci.utah.edu/gnomex/ using a guest login, or at GEO under
the accession number GSE47949. For the binding of cardiac TFs except HAND2, peak summits
from Akerberg et al. (2019) were used, and raw sequencing data (available under the accession
number GSE124008 from GEO) was run through the pipeline for display purposes. For HAND2
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binding, raw sequencing data from Laurent et al. (2017) (available from GEO at accession
number GSE73368) was run through the pipeline and peaks were called using the IDR approach
described for ATAC-seq peaks above.
ChIP-seq analysis
Identification of differentially enriched H3K27ac regions was performed using the DiffBind R
package (Ross-Innes et al., 2012). Input regions surveyed were peaks from prior CM H3K27ac
ChIP-seq experiments (Wamstad et al., 2012) that overlap with ChromHMM-annotated active
enhancers. Differential counts were determined using the edgeR-based method included in the
package, and significantly changed regions were called based on a 10% FDR.
Boxplots were generated using the mean H3K27ac signal over each active enhancer bound by
TEAD1, with the output from the multiBigwigSummary function of the deepTools suite.
Antibodies
Antibody
Mouse anti-histone H3
Goat anti-Lamin B
Rabbit anti-HA
Rabbit anti-H3K27ac
Mouse anti-TEAD1
Mouse anti-cTnT
Rabbit anti-GAPDH

Company
Abcam
Santa Cruz
Biotechnology
Cell Signaling
Abcam
BD Biosciences
Abcam
Santa Cruz
Biotechnology

Identifier
ab1791
sc-6217
3724S
ab4729
610922
ab8295
sc-25778

Oligonucleotides
Identification

Sequence

TEAD1 sg1 F
TEAD1 sg1 R
TEAD1 sg2 F
TEAD1 sg2 R
TEAD1 sg3 F

CACCGatctctctatataaataacc
AAACggttatttatatagagagatC
CACCGcatatctacaggcttgtga
AAACtcacaagcctgtagatatgC
CACCGccttcacaagcctgtagata
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TEAD1 sg3 R
TEAD1 sg4 F
TEAD1 sg4 R

AAACtatctacaggcttgtgaaggC
CACCgagcacagcaccatatctac
AAACgtagatatggtgctgtgctc

TEAD1-FKBP genotype primer F

AATGTGGCACAGATTGACCA

TEAD1-FKBP genotype primer R

ATTCACCTTCCCCAAGGAAT
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Summary and Future Directions
This thesis focused on determining the mechanisms by which molecular mediators regulate
enhancer activation and tissue-specific gene expression patterns cardiac lineage commitment.
Although the work presented in this thesis focuses on cardiac development, these insights are
generalizable to a wide variety of developmental systems. Chapter 1 details the current
understanding of transcriptional regulation of developmental gene expression, centered on
enhancer-mediated gene expression and cardiac lineage commitment. Further discussion on
the concept of transcription factors serving as mediators of extracellular signaling cues by
binding at cis-regulatory elements was presented with an emphasis on the Hippo-TEAD axis in
heart development. The experimental work in Chapter 2 leveraged many of the concepts and
technological advances described in the introductory chapter. We developed an integrated
system for the unbiased identification of novel regulators of cardiac cell fate. By measuring
chromatin accessibility and histone modification patterns in a dynamic model of cardiac lineage
commitment, we identified TEAD1 as a critical regulator of a selected set of enhancers that
appear to target genes with roles in cell-cell contacts and cardiac contraction, a role not
previously assigned to this TF.
The data presented here represent substantial insights into the mechanisms of cardiac-specific
gene regulation. In Chapter 2, we first demonstrated that dynamic chromatin accessibility
within enhancers can be used to identify candidate TFs that regulate lineage-specific enhancer
activation. We then employed a targeted perturbation strategy, exploiting new developments
in protein engineering (Nabet et al., 2018), to directly test TEAD1’s role at enhancers. Our
ability to deplete TEAD1 during cell fate transitions from cardiac progenitors (CPs) to CMs
allowed us to specifically test its direct role in a temporal manner. Although depletion of TEAD1
as cells transition to CP and CM did not affect differentiation per se, we showed that the
resulting CMs displayed an abnormal beating phenotype. Notably, TEAD1 depletion significantly
decreased the levels of chromatin accessibility and active histone modifications at a subset of
enhancers, most of which were bound by TEAD1. Upon further analysis, we posited that this set
of enhancers targets genes with roles in the formation and maintenance of cell-cell junctions as
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well as interactions with the actin cytoskeleton, consistent with our phenotypic observations.
Ongoing efforts aim to connect changes in gene expression to the loss of TEAD1 binding at
enhancers. Moreover, we expect that by conducting phenotypic rescue experiments with
candidate TEAD1 target genes, we will develop a more complete model of TEAD1-mediated
gene regulation during cardiac lineage commitment. Nevertheless, these studies represent a
substantial advance in our understanding of the key TFs that drive context-specific cardiac
lineage commitment.
Enhancers as integrators of signaling cues
Extracellular and intracellular signaling cues are transmitted into transcriptional outcomes by TF
binding at enhancers. These responses are particularly important during development as the
inputs of multiple signaling pathways must be integrated in individual cells to drive proper cell
fate decisions. Heart development is a powerful example of this process; as discussed in
Chapter 1, the activity of multiple signaling pathways is required to drive the differentiation of
cells into the different tissues that make up the adult heart (Noseda et al., 2011). The example
of canonical Wnt signaling, which switches from promoting cardiac cell fates through induction
of a specific TF after a discrete timepoint during development (Liu et al., 2007; Naito et al.,
2006; Ueno et al., 2007), illustrates the complexity and precision required for proper heart
development. This paradigm is also illustrated by the action of the Hippo signaling pathway,
which influences organ size and cell proliferation through the transcriptional co-activators YAP
and TAZ that bind to TEAD TFs at target loci in the nucleus (Ota and Sasaki, 2008). Recent
studies have revealed that YAP and TAZ drive transcriptional responses to
mechanotransduction through TEAD1 (Azzolin et al., 2014; Chang et al., 2018; Ege et al., 2018;
Paramasivam et al., 2011; Ragni et al., 2017; Totaro et al., 2017), so it will be important to
dissect the set of target genes downstream of Hippo signaling and mechanotransduction.
Although at the writing of this thesis, we were unable to deconvolve the contribution of each of
these pathways to TEAD1-mediated regulation of enhancer activity, our data suggest that this
latter pathway may be highly relevant for later stages of cardiac development, given that we
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did not observe significant changes in cell proliferation upon TEAD1 depletion (data not shown).
Moreover, genes in proximity to enhancers most affected by TEAD1 depletion have roles in
mechanical cell-cell junctions and the actin cytoskeleton, suggesting that cross-talk with
mechanotransduction might be a key part of TEAD1’s regulation of the developing heart.
Although it is widely accepted that enhancer elements play vital roles in regulating
spatiotemporal gene expression patterns in a context-dependent manner through the binding
of sets of TFs in response to signaling cues, understanding how specific upstream signaling
pathways target TFs to a selected set of enhancers remains an important, unresolved question.
Connecting transcription factor action at enhancers to developmental gene expression
Developmental enhancers are critical nodes in a broader regulatory network that must function
properly in time and space, responding to all manner of conflicting stimuli to control the
expression of cell-type-specific genes. It is thought that the sets of TFs bound at enhancers are
critical for mediating this specificity, but we know very little about how TFs interact to govern
binding at some sites and not at others, even when the same primary sequence motif is
present. As discussed in Chapter 1, chromatin accessibility is a major determinant of whether
TFs are able to bind at regulatory elements, thus serving as an indicator of TF occupancy. With
our growing knowledge of TF-mediated enhancer regulation, the focus on the complexity of TF
binding has deepened, identifying important determinants beyond primary sequence such as
the shape of the DNA and the presence of co-factors. For example, the TEAD family contains
multiple members which are thought to bind the same motif, as do many TF families with roles
in heart development, such as MEF2 and GATA. Notably, this multiplicity seems to be a feature
of higher metazoans as both MEF2 and TEAD TFs have only one identified homolog in
Drosophila (Bour et al., 1995; Wu et al., 2008). It remains an open question how and why these
different TFs that bind the same or similar primary sequences discriminate their sites of
regulatory action when expressed in the same cell type. Further biochemical and biophysical
studies coupled with bioinformatic methods to identify candidate TF partners to characterize
these partnerships that drive specific gene expression programs are needed to get to the heart
of this question.
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The role of particular co-factors in controlling tissue-specific gene regulation must also be
explored. Throughout this thesis, for simplicity’s sake YAP1 and its paralog TAZ (encoded by the
gene Wwtr1) have mostly been considered together with regards to their potential partnership
with TEAD1 during cardiac lineage commitment. However, Yap1- and Wwtr1-null mice have
distinct phenotypes (Hossain et al., 2007; Makita et al., 2008; Morin-Kensicki et al., 2005)
suggesting that these co-activators are regulating distinct gene expression programs.
Assessments of genome-wide binding, as well as targeted perturbation such as the strategy
used in this study, can help determine their individual roles in transmitting signaling cues into
transcriptional outcomes and whether these co-activators also have TEAD-independent
functions.
Linking enhancer elements to target genes adds another layer of complexity to that has yet to
be resolved in the field. Technologies designed to measured enhancer-gene linkages, whether
through spatial proximity-based approaches like Hi-C or through CRISPR-based perturbation
strategies, have consistently shown that lineage-specific genes are regulated by multiple
enhancers (Fulco et al., 2016; Jin et al., 2013; Klann et al., 2017). These studies also show that at
least for the specific genes tested, disrupting any one enhancer of a set does not completely
abrogate the expression of a gene and the contributions of each enhancer vary in a contextdependent manner. TFs are known to show cooperativity at enhancers, and it follows from
those examples that enhancer elements themselves may cooperate to regulate the expression
of particular genes. For example, super-enhancer clusters might represent a distinct regulatory
paradigm for cell-type-specific gene expression through a force-multiplying effect of having
many TFs and transcriptional co-activators present at one location in in the genome. Given that
these clusters appear to regulate essential cell-identity TFs, reinforcing the expression of these
genes through positive feedback auto-regulatory loops can ensure robust maintenance of
expression. More sophisticated analyses, in which multiple factors are manipulated at once, will
be needed to determine the order of events and most critical factors for gene activation in each
cell type.
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The recent development of prime editing, which allows high-efficiency and low-error rate
genome editing (Anzalone et al., 2019), may allow more detailed studies aimed at dissecting the
contribution of specific motifs and motif syntax at enhancers. Recent developments in singlecell approaches that can measure changes in chromatin states and gene expression will also be
crucial to these explorations. The ability to combine these genome-wide approaches should
also be instrumental in dissecting how variants identified in GWA studies affect gene expression
and ultimately phenotypic variation. The majority of single nucleotide polymorphisms (SNPs)
identified in GWA studies are in non-coding regions (Nishizaki and Boyle, 2017). Although many
of these variants alter TF binding through mutations in a motif (Kasowski et al., 2010), a large
proportion do not, while still impacting TF binding (Deplancke et al., 2016), indicating that
further studies are needed. In particular, understanding how TFs regulate specific genes during
development and disease and connecting this knowledge with information on genetic variation
may elucidate additional genetic culprits behind CHD and other developmental disorders.
In vitro differentiation as a model for in vivo development
In vitro ESC-based differentiation systems, such as the CM differentiation used in this thesis,
can be very helpful in dissecting temporal events that would otherwise be difficult to resolve in
vivo. However, the fact that the heart and most organs must undergo substantial threedimensional morphological changes during development that cannot be observed in a standard
cell culture model presents challenges in extrapolating results to in vivo events. Nevertheless, in
vitro studies can help identify molecular mechanisms and prioritize factors with potential roles
in development and disease that can be tested in vivo. As discussed in Chapter 1, many of the
genes currently linked to CHDs are TFs or chromatin modifiers (Homsy et al., 2015; Jin et al.,
2017; Zaidi et al., 2013), although most of the genetic causes of CHD remain unknown (Blue et
al., 2017). Thus, establishing the blueprint detailing the regulatory networks that connect
specific TFs to genes and tissues within the heart is critical for interpreting data from genomewide approaches as well as the potential of genetic variants as culprits of CHD. Single-cell
studies will prove very useful in this regard and will allow in vivo analyses at a scale that was not
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previously possible. In support of this idea, the ability to collect cells at discrete time points
within the developing mouse heart enabled the reconstruction of key developmental events
from gene expression data in a native context (Soysa et al., 2019). We expect that the studies
and approaches discussed here, when combined with human genetic data from GWA studies
linked to a variety of traits and diseases, will deepen our understanding of human
development, the etiology of disease, and evolution.
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