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SUMMARY

Gata4, Hand2, Mef2c, and Thx5 (GHMT) can reprogram transduced fibroblasts into induced
pacemaker-like myocytes (iPMs), but the underlying mechanisms remain obscure. Here, we
explore the role of Hand2 in iPM formation by using a combination of transcriptome, genome, and
biochemical as-says. We found many shared transcriptional signatures between iPMs and the
endogenous sinoatrial node (SAN), yet key regulatory networks remain missing. We demonstrate
that Hand2 augments chromatin accessibility at loci involved in sarcomere organization, electrical
coupling, and membrane depolarization. Focusing on an established cardiac Hand?2 cistrome, we
observe selective reorganization of chromatin accessibility to promote pacemaker-specific gene
expression. Moreover, we identify a Hand2 cardiac subtype diversity (CSD) domain through
biochemical analysis of the N terminus. By integrating our RNA-seq and ATAC-seq datasets, we
highlight desmosome organization as a hallmark feature of iPM formation. Collectively, our
results illuminate Hand2-dependent mechanisms that may guide future efforts to rationally
improve iPM formation.
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Gatad, Hand2, Mef2c, and Thx5 can reprogram fibroblasts into cardiomyocyte-like cells,
including induced pacemakers (iPMs). Fernandez-Perez et al. show that Hand2 coordinates this
process by influencing chromatin accessibility and gene expression in fibroblasts undergoing iPM
lineage conversion. These insights could eventually inform the production of superior replacement

cells.

INTRODUCTION

A growing body of evidence has established that cell identity is not completely fixed (Smith
et al., 2016). After the identification of transcription factor (TF) cocktails capable of
generating specific cell types (leda et al., 2010; Takahashi and Yamanaka, 2006; Vierbuchen
et al., 2010), transcriptomic and epigenetic studies have elucidated key mechanisms by
which direct reprogramming is accomplished (Buganim et al., 2012; Liu et al., 2017;
Treutlein et al., 2016). Based on these insights, reprogramming cocktails have been
rationally improved in many instances to optimize formation of functional cell types
(Buganim et al., 2012; Liu et al., 2017; Wapinski et al., 2013, 2017). Intriguingly, there are
even select cases in which detailed mechanistic insights into a particular reprogramming
phenomenon have illuminated new developmental concepts (Mall et al., 2017; Pereira et al.,
2016). Although these lineage conversion paradigms suggest plasticity in cell identity, many
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reprogramming systems use mouse embryonic fibroblasts (MEFs), which are inherently
malleable.

Sinoatrial node (SAN) progenitors arise from the sinus horns to express Thx5 and Thx18
between E8.0 and E9.5 (Mommersteeg et al., 2007). Interestingly, these progenitors are
negative for Nkx2-5, which directly antagonizes the pacemaker gene program. During
subsequent SAN specification, which takes place between E9.5 and E18.5, Shox2, Thx3,
and Isl1 participate in downstream regulatory networks. Shox2 antagonizes Nkx2.5 and
activates Tbx3 and Isl1 (Espinoza-Lewis et al., 2009). Thx3 suppresses the gene expression
program of neighboring atrial cardiomyocytes to demarcate the SAN boundary (Hoogaars et
al., 2007). Finally, Isl1 directly activates the pacemaker gene program by cooperating with
Shox2 and Tbx3 (Liang et al., 2015). Our previous attempt to leverage this knowledge to
reprogram pacemaker cells was unsuccessful (Nam et al., 2014). One possible explanation
for this observation is that at least one pioneer TF is typically required to achieve somatic
cell lineage conversion (Morris, 2016), yet these four factors function near the bottom of the
pacemaker developmental hierarchy.

The combination of Gata4, Mef2c, and Thx5 converts fibroblasts into functionally induced
cardiomyocyte-like myocytes (iCLMs) (leda et al., 2010). Addition of auxiliary factors (e.g.,
Hand2, Aktl, and Znf281) or manipulation of microRNAs (miRNAS), signaling pathways,
culture conditions, or delivery strategies can further improve iCLM reprogramming (Abad et
al., 2017; Ifkovits et al., 2014; Jayawardena et al., 2012; Miyamoto et al., 2018; Mohamed et
al., 2017; Muraoka et al., 2014; Song et al., 2012; Yamakawa et al., 2015; Zhao et al., 2015;
Zhou et al., 2015, 2017). We previously showed that Gata4, Hand2, Mef2c, and Thx5
(GHMT) can generate a subset of induced pacemaker-like myocytes (iPM) based on gene
expression, flow cytometry, immunocytochemistry, morphological, and electrical
characteristics (Nam et al., 2014). Moreover, we found that iPMs do not pass through an
Nkx2.5* intermediate and exit the cell cycle rapidly, indicating that iPM formation is a direct
reprogramming event (Nam et al., 2014).

Hand1 and Hand2 belong to the basic helix-loop-helix (bHLH) family of TFs and have
essential roles during cardiac morphogenesis (George and Firulli, 2018; Wang and Baker,
2015). Hand2 is expressed in the embryonic right ventricle, whereas Hand1 is
complementarily expressed in the left ventricle (George and Firulli, 2018), thus explaining
the phenotypes of Hand1 and Hand2 knockout mice (Firulli et al., 1998; Srivastava et al.,
1997). Hand2 also has specific and important functions in the neural crest, epicardium, and
endocardium. However, a role for Hand2 in SAN specification has not been documented to
date. Thus, our prior observation that GHMT mediates iPM for-mation was surprising (Nam
et al., 2014), and the underlying mechanisms by which Hand?2 facilitates iPM
reprogramming remain unclear.

Here, we explored the role of Hand2 in iPM formation by using a combination of
transcriptome, genome, and biochemical as-says. We observed many shared transcriptional
signatures between iPMs and endogenous SAN tissue at various stages, although specific
key TF networks are missing. Focusing on the established Hand2 cardiac cistrome, we
observed selective reorganization of chromatin accessibility that promotes the activity of
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pacemaker-specific gene expression. We use fine-mapping of Hand2 protein domains to
establish a cardiac subtype diversity (CSD) domain within the N terminus. Finally, we
identify desmosome organization as a key feature of iPM formation by integrating the RNA
sequencing (RNA-seq) and assay for transposase-accessible chromatin using sequencing
(ATAC-seq) datasets. Collectively, our results illuminate mechanisms by which Hand2
facilitates iPM formation and paves the way for future rational improvement of pacemaker
formation.

RESULTS

Hand?2 Facilitates Activation of Cardiac Conduction Genes with Gata4, Mef2c, and Thx5

We first established an experimental system using Hcn4-GFP mice (Nam et al., 2014;
Vedantham et al., 2015) to test mechanistic details of iPM reprogramming and a parallel
pipeline for unbiased genome-wide analysis of iPMs at day 14 (Figure 1A). To confirm that
Hand2 is specifically required for iPM reprogramming, we conducted a series of
experiments in which a single factor was systematically omitted from GHMT. MEFs were
infected with specific TF combinations and assessed by flow cytometry on day 10 for Hcn4-
GFP and cardiac troponin T (cTnT) (Figure 1B). We observed that GHMT generated 4.85%
Hcn4-GFP*/cTnT™ cells, which was not observed for any other combination. Importantly,
our previous work indicates that double-positive Hcnd-GFP*/cTnT* cells, rather than single-
positive Hcn4-GFP~/cTnT* or Hen4-GFP*/cTnT™ cells, most accurately reflect functional
iPM formation (Nam et al., 2014).

Next, we used a more rigorous immunocytochemistry (ICC) assay to evaluate sarcomere
formation and subtype diversification (Fernandez-Perez and Munshi, 2017; Nam et al.,
2014). We previously confirmed the cell type identity of Hcn4-GFP*/sarco-mere* iPMs by
direct, intracellular recordings (Nam et al., 2014). Nevertheless, Hcn4 (and Hen4-GFP) can
label other cardiomyocytes of the conduction system, aside from pacemaker cells, as well as
certain non-myocytes, such as neurons, which do not express cardiac a-actinin or exhibit
organized sarcomeres. Consistent with previous studies (Nam et al., 2014; Song et al., 2012),
we found that Hand2 augments sarcomere formation and generation of all cardiac subtypes
when added to Gata4, Mef2c, and Thx5 (GMT) (Figure 1C). GHMT were all required for
iPM formation, whereas Gata4 and Hand2 appear to have somewhat redundant roles during
induced atrial myocyte (iAM) and induced ventricular myocyte (iVM) formation because
GMT and Hand2, Mef2c, and Thx5 (HMT) produced similar results in this reprogramming
assay. Using an mCherry-Hand2 fusion construct, we conducted parallel studies of GHMT
reprogramming that demonstrated that 80% of iCLMs and 100% of iPMs are Hand2*
(Figures S1A and S1B). Altogether, these results show that Hand2 is required for iPM
reprogramming in the context of GHMT.

To gain a more comprehensive understanding of the transcriptional changes that underlie
iPM reprogramming, we performed RNA-seq analysis on transduced MEFs on day 14. We
were particularly interested in the unique ability of Hand2 to generate iPMs with GMT, so
we profiled GFP™* cells after transduction of Hcn4-GFP MEFs with GMT or GHMT. In
contrast to prior studies, we note that our transcriptome profiling occurs later in the
reprogramming process, uses GFP-sorted cells, and directly compares GMT- and GHMT-
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transduced fibroblasts (leda et al., 2010; Song et al., 2012; Zhao et al., 2015). RNA-seq was
performed in duplicate with good overall concordance among samples (Figure S1C).
Unbiased analysis of the RNA-seq data revealed four major clusters (1-4) of gene
expression patterns (Figure 1D). Analysis of each cluster in aggregate allowed better
visualization of quantitative changes in gene expression among samples (Figure 1E).

Based on the coordinated changes in gene expression and the consistency of the data
(Figures 1E and S1D), we focused on clusters 1 (C1: GHMT > GMT/control) and 4 (C4:
control > GMT/GHMT) for gene ontology (GO) analysis. For GHMT > GMT/control (C1),
we observed enrichment for the expected categories “regulation of cardiac muscle
contraction” and “sarcomere organization” (Figure 1F). However, we also identified the GO
terms “regulation of heart rate” and “bundle of His cell-Purkinje myocyte adhesion involved
in cell communication,” suggesting activation of conduction system-specific genes (Figure
1F). For control > GMT/GHMT (C4), GMT and GHMT both suppressed genes involved in
the inflammatory response and immune signaling pathways (Figure 1F), which were further
repressed by the addition of Znf281 (Zhou et al., 2017).

Focusing on the GO term “sarcomere organization,” identified for GHMT > GMT/control
(C1), we observed a nearly uniform upregulation of the genes comprising that category
(Figures 1G and S1E). For the “regulation of heart rate” group, we also observed strong
upregulation of individual genes specifically in GHMT-transduced iPMs, although the entire
group was not uniformly activated, as seen for the “sarcomere organization” group (Figures
1G and S1E). Importantly, we note that reprogramming with Hand2 alone did not
significantly increase gene expression in either of these groups, suggesting that Hand2 is not
sufficient to activate pacemaker-and sarcomere-related genes. Taken together, these results
demonstrate that Hand2 uniquely promotes iPM formation with GMT by activating genes
necessary for myocyte contraction and cardiac conduction.

Comparative RNA-Seq Analysis Defines Shared Markers of iPMs and SAN

To independently evaluate the extent to which iPM transcriptional reprogramming resembles
endogenous pacemaker cells, we sought to compare our RNA-seq data with previous
datasets (Vedantham et al., 2015). In contrast to our RNA-seq data, which underwent
standard library preparation, the prior datasets required extensive library amplification
because of the limited amount of obtained tissue. Therefore, we were unable to make direct,
quantitative comparisons between the two datasets. Using an alternative analytical approach,
we qualitatively compared genes enriched in GHMT- versus GMT-transduced fibroblasts
with those enriched in endogenous Hcn4-GFP* SAN versus neighboring atrial tissue
obtained at E14.5, P4, and P14 (Figure 2A).

From individual pairwise comparisons, we observed 41, 36, and 30 overlapping genes
between iPMs and SAN at E14.5, P4, and P14, respectively, and enrichment of individual
genes was confirmed by gRT-PCR analysis (Figure 2B). Based on this qualitative
comparison, we conclude that iPMs share a modest degree of gene signatures with
endogenous SAN tissue across developmental time points. An integrated four-way
comparison identified a core set of 12 shared iPM-and SAN-specific marker genes (Figure
2C). Visualization of the core PM marker genes in our RNA-seq data revealed highly
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specific expression in GHMT-transduced, but not uninfected or GMT-transduced, fibroblasts
(Figures 2D and S1E).

A subset of PM marker genes was independently validated at the RNA level by gRT-PCR
analysis (Figure 2E). In total, we performed qRT-PCR validation on 7 of 12 pacemaker (PM)
genes, 6 of which were successfully confirmed. Of the 7 core PM genes that were tested,
gRT-PCR failed to robustly validate Thx3 enrichment in iPMs. However, we emphasize that
gRT-PCR validation was performed on unsorted cells, which may potentially dilute any
signals of enrichment. Additional validation for Thx3 at the protein level was obtained by
ICC on GHMT-transduced fibroblasts (see Figure 3F). Interestingly, parallel experiments
performed on GMT-reprogrammed iCLMs failed to stain for Thx3 (Figure S1F), suggesting
that iPMs are uniquely positive for Thx3 protein.

To investigate the Kinetics of pacemaker marker genes during iPM formation, we performed
time-course gRT-PCR on GMT-and GHMT-infected fibroblasts (Figure 2F). Interestingly,
we observed distinct gene expression dynamics for each pacemaker marker gene during iPM
formation. Collectively, these data support the idea that direct reprogramming is distinct
from developmental fate specification. In this regard, iPMs do not share gene expression
signatures with endogenous SAN tissue at any specific developmental time point but, rather,
seem to reflect a spectrum of developmental stages. Further evidence for that conclusion is
derived from the observation that the early SAN developmental transcription factors Thx3
and Thx18 are activated in iPMs but Shox2 and Isl1 are not (see Figure 3E). Our results also
identify a set of shared iPM and SAN markers that are activated with varying kinetics.

Hand2 Drives Chromatin Accessibility toward an Endogenous Pacemaker State

Although transcriptional signatures drive lineage specification, changes in chromatin
accessibility can illuminate mechanisms by which gene expression is modulated (Long et
al., 2016). Therefore, we used the assay for ATAC-seq to comprehensively profile chromatin
accessibility (Buenrostro et al., 2013; Corces et al., 2017). ATAC-seq libraries were
generated from GFP-sorted control, GMT-infected, and GHMT-infected fibroblasts. Sorted
endogenous PO Hcn4-GFP* pacemaker cells (PO PMs) were used to generate ATAC-seq
libraries for comparison. Replicate ATAC-seq libraries showed a high degree of
concordance, and the GMT and GHMT samples clustered together by similarity (Figure
S2A). Unsupervised clustering analysis of chromatin accessibility peaks identified five
unique clusters (1-5) representing distinct patterns of chromatin accessibility across control,
GMT, GHMT, and PO PM samples (Figures 3A and S2B).

For subsequent analyses, we focused on the behavior of chromatin accessibility peaks that
were divergent between the starting cell population (MEFs) and the target cell population
(PO PMs). Therefore, we explored clusters 3 (C3: control > GMT/GHMT/P0 PM) and 5 (C5:
PO PM > GHMT > GMT > control) in more detail. In aggregate, chromatin accessibility
diminished for control > GMT/GHMT/P0 PM (C3) and increased for PO PM > GHMT >
GMT > control (C5) when comparing GHMT to GMT (Figure S2B), suggesting that Hand2
promotes epigenome remodeling toward a more PM-like state. Interestingly, PO PM >
GHMT > GMT > control (C5) was relatively enriched for distal intergenic sites and depleted
of proximal elements compared with control > GMT/GHMT/P0 PM (C3) (Figure S2C).
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Next, we performed GO term analysis using the nearest annotated neighboring genes for
individual chromatin accessibility peaks (Figures 3B and S2D). We found that the terms
associated with control > GMT/GHMT/P0 PM (C3) chromatin included alternative fates
(“mesonephric epithelium development™), fibroblast characteristics (“positive regulation of
mesenchymal cell proliferation™), and signaling pathways (“platelet-derived growth factor
receptor signaling pathway”). In contrast, terms associated with PO PM > GHMT > GMT >
control (C5) chromatin were similar to GO terms for iPM gene expression signatures (Figure
1F) and included the terms “regulation of cell communication by electrical coupling,”
“regulation of sarcomere organization,” and “membrane depolarization during AV node cell
action potential.” Altogether, these results strongly suggest that iPM chromatin accessibility
mirrors observed changes in gene expression.

Changes in chromatin accessibility are typically orchestrated by coactivators, corepressors,
and chromatin remodelers that are recruited to genomic DNA by sequence-specific TFs
(Long et al., 2016). Therefore, we searched control > GMT/GHMT/PO PM (C3) and PO PM
> GHMT > GMT > control (C5) chromatin accessibility peaks for recurrent motifs that bind
known TFs (Figures 3C and S2E). For control > GMT/GHMT/PO PM (C3) peaks, we
observed a preponderance of binding motifs for the basic leucine zipper domain (bZIP) class
of TFs, including Atf3, Fral, and AP-1 (Fos/Jun). bZIP TFs have important roles in
fibroblast gene expression, and their binding motifs are overrepresented in closing chromatin
during iPS reprogramming (Li et al., 2017). In contrast, we identified Mef2c, Gata4, and
Thx5 motifs in PO PM > GHMT > GMT > control (C5) chromatin, which would be expected
for fibroblasts transduced with GHMT. Surprisingly, the Hand2 consensus motif was not
detected in that analysis (see Figure 4 and Discussion). Intriguingly, however, our analysis
did identify motifs for TEAD4 and Meis1, both of which have been implicated in heart
development (Chen et al., 1994; Stankunas et al., 2008).

The close alignment of the GO terms and motifs enriched in iPMs and endogenous
pacemaker cells was particularly impressive for the PO PM > GHMT > GMT > control (C5)
cluster. However, we wondered whether that was driven by the comparison with target cells
or whether iPMs genuinely resembled endogenous pacemaker cells. To distinguish between
those two possibilities, we reanalyzed the control, GMT, and GHMT datasets without the PO
PM samples (Figure S3). Unsupervised hierarchical clustering identified 5 clusters (Figures
S3A and S3B). For cluster 3 (GHMT > GMT > control), which resembled cluster 5 (P0 PM
> GHMT > GMT > control) in Figure 3, we identified GO terms related to cardiac
conduction, such as “regulation of heart rate,” “regulation of heart rate by cardiac
conduction,” and “cardiac conduction,” which were among the most enriched terms (Figure
S3C). Furthermore, the list of motifs discovered in cluster 3 (GHMT > GMT > control) was
highly concordant with the motifs identified for cluster 5 (PO PM > GHMT > GMT >
control) in Figure 3 (Figure S3D). Taken together, these observations strongly suggest that
the alignment between iPM and PO PM chromatin accessibility is not merely an artifact of
our analytical method.

Given that specific binding motifs emerged from our ATAC-seq data, we next wished to
evaluate whether the cognate TFs were expressed and/or enriched in GHMT-transduced
iPMs. Therefore, we interrogated our companion RNA-seq datasets for TFs whose motifs
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were enriched in PO PM > GHMT > GMT > control (C5) or control > GMT/GHMT/P0 PM
(C3) chromatin (Figures 3D and S4A). For the motifs identified in control > GMT/
GHMT/P0O PM (C3) chromatin, we observed that bZIP TFs were not specifically enriched or
depleted in iPMs, whereas Teadl, Tead2, and Tead4 showed increased expression in GHMT-
transduced fibroblasts compared with controls. For motifs obtained from PO PM > GHMT >
GMT > control (C5) chromatin, we reassuringly found increased expression of Gata4,
Mef2c, Thx5, and Hand?2 in iPMs, whereas expression of Meis1/2 was less consistent.
Collectively, these results demonstrate that global chromatin accessibility in GHMT-
transduced iPMs moves toward a PM-like state. However, it remains unclear whether iPM
reprogramming recapitulates key aspects of PM development.

Based on established gene regulatory networks that drive developmental specification of
pacemaker cells (van Eif et al., 2018), we were particularly interested in assessing whether
these networks were redeployed during iPM reprogramming (Figures 3E and S4A).
Interestingly, we observed that Thx3 and Thx18 were upregulated in iPMs but Shox2 and
Isl1 were not (Figures 3E and S4A). Expression of Notchl and 1d2, which regulate distinct
aspects of cardiac conduction system development (van Eif et al., 2018), was not increased
in iPMs, and expression of Nkx2.5, a negative regulator of pacemaker specification, was
diminished (Figures 3E and S4A).

Expression levels for Thx3, Thx18, Shox2, and Isl1 were independently confirmed by gqRT-
PCR on separate samples (Figures 2E and S4B). Furthermore, protein levels of endogenous
Thx3 and Shox2 in iPMs were confirmed by ICC (Figure 3F), which was consistent with the
RNA-seq and gRT-PCR results. Interestingly, we found little correlation between chromatin
accessibility and gene expression for the PM regulatory TFs (Figure 3G). For example,
chromatin was relatively accessible for all loci in fibroblasts and changed minimally in
iPMs, but only Thx3 and Thx18 expression was detectable in iPMs (Figures 3E and 3G).
Together, these observations suggest that substantial chromatin reorganization at
developmentally important loci is not required for transcriptional activation during iPM
reprogramming.

Analysis of the iPM ATAC-seq and RNA-seq datasets thus far demonstrated the following:
(1) Shox2 and Isl1 are inactive members of the developmental pacemaker gene regulatory
network, (2) opening loci are enriched for Meis1 and GMT motifs, and (3) closing loci are
enriched for bZIP motifs. Based on these findings, we hypothesized that the addition of TFs
from each of these categories would perturb iPM reprogramming either positively (Meisl/
Isl1/Shox?2) or negatively (bZIP). To test those possibilities, we performed iPM
reprogramming with GMT and GHMT with or without single candidate factors.

When Tbx3 or Thx18 were added to GMT or GHMT, we observed no detectable increase in
either sarcomere* iCLMs or iPMs (Figure S4C), which is consistent with the fact that
GHMT already activates endogenous Thx3 and Tbx18. In contrast, Isl1 and Shox2 each had
interesting effects on cardiac reprogramming. Isl1 substituted for Hand2 to drive both
sarcomere* iCLMs and iPMs, whereas Isl1 added to GHMT further improved both iCLM
and iPM reprogramming (Figure 3H). Shox2 had more subtle effects. When Shox2 was
added in place of Hand2, overall sarcomere* iCLM production was unaffected, but the
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resulting iCLMs were skewed toward iPMs (Figure 3H). In contrast, both iCLM and iPM
generation were reduced when Shox2 was added to GHMT (Figure 3H). The addition of
Meis1 or Atf3 to GHMT did not affect sarcomere* iCLMs, but we observed a shift from
iVMs to iAMs for Meisl and suppression of iPMs by Atf3 (Figure S4C). We note that
addition of Atf3 or Meis1 uniquely generated mixed iCLMs (Hcn4-GFP*/Myl2*), which we
have not previously observed (Figure S4D). Interestingly, Meis1 plus GMT generated a
small percentage of iPMs (Figure S4B). Taken together, our data demonstrate coordinated
chromatin accessibility changes in GHMT-transduced iPMs toward an endogenous
pacemaker-like state. Focusing on established PM gene regulatory networks, our results
identify Isl1 and Shox2 addition as potential routes for rational improvement of iPM
formation by GHMT.

Identification of Hand2-Dependent iPM cis-Regulatory Elements

Given that iPM reprogramming is dependent upon Hand2, we sought to determine how
chromatin accessibility changes relative to established Hand2 genomic-binding sites. To
address that question, we took advantage of a previously generated Hand2 ChlP-seq dataset
derived from mouse embryonic heart (Laurent et al., 2017). Importantly, de novo motif
discovery on that Hand2 ChlP-seq dataset showed that the consensus CATCTG Hand2
binding site was among the most common E-box motifs (Dai and Cserjesi, 2002; Laurent et
al., 2017). We intersected that dataset (n = 12,101 peaks) with open iPM ATAC-seq peaks (n
= 33,032 peaks) to identify a set of 1,684 Hand2 genomic binding sites that are accessible in
iPMs (Figure 4A). Using that defined set of known Hand2 bindings sites, which we refer to
as the iPM Hand2 cistrome, unbiased clustering was performed across all samples, including
fibroblasts infected with Hand2 alone (Figure 4A). Interestingly, that analysis separated the
iPM Handz2 cistrome into 4 distinct clusters. Clusters 1, 3, and 4 were accessible in both
iPMs and PO PMs, whereas cluster 2 had limited accessibility in PO PMs.

We mapped the genomic location of individual clusters to gain a better appreciation for
unique features of each group (Figure S5A). This analysis revealed that most of the Hand2
binding sites occurred at distal intergenic or intronic regulatory elements. Nevertheless, there
were subtle differences among each cluster of Hand2 binding sites. For example, cluster 3
had a higher proportion of promoter-proximal Hand2 binding sites, whereas cluster 2 tended
to have binding sites in the first intron (Figure S5A). GO terms for each iPM Hand2
cistrome cluster returned revealing gene categories (Figures 4B and S5B). The closing
Hand2 genomic binding sites in cluster 2 (C2: control/Hand2 > GMT/GHMT > PO PM)
associated with generic terms related to developmental morphogenesis and actin filaments
(Figure 4B). In contrast, the opening Hand2 genomic binding sites in cluster 3 (C3: PO PM/
GHMT > control/Hand2) returned terms related to the cardiac conduction system, including
“cell-cell signaling involved in CCS” and “bundle of His development” (Figure 4B).

Next, we searched for recurrent TF co-binding motifs in each cluster of Hand2 genomic
binding sites (Figure S5C). As expected, motifs for GATA, MEF2, and T-box families of
TFs were prevalent in the opening clusters (1, 3, and 4), whereas bZIP and TEAD motifs
were identified in the closing cluster 2 (Figure S5C). Because Gata4, Hand2, Mef2c, and
Thx5 are known to function cooperatively (Dai and Cserjesi, 2002; Garg et al., 2003; Morin
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et al., 2000; Zang et al., 2004), we identified genomic locations for GATA, MEF2, and T-box
family binding motifs to assess potential co-occupancy of GHMT across the iPM Hand2
cistrome (Figure 4C). Interestingly, we found a large number of potential Hand2-Gata4-
Mef2c (H-G-M), Hand2-Mef2c-Thx5 (H-M-T), and Hand2-Gata4-Thx5 (H-G-T) composite
binding sites dispersed across the iPM Hand2 cistrome. Given the flexibility of the E-box
motif (CANNTG), we also tested the hypothesis that subtle alterations in the Hand2 binding
motif may account for the distinct chromatin accessibility profiles of clusters 1-4. However,
we found no evidence that specific E boxes segregated with a particular cluster (Figure
S5D). Taken together, these observations suggest that GHMTSs cooperate to activate the iPM
Hand2 cistrome.

The Hand2 N Terminus Harbors a CSD Domain

To explore the biochemical mechanisms by which Hand2 regulates iPM formation, we
performed an extensive structure-function analysis. To address whether Hand2 functions as
an activator or repressor during cardiac reprogramming, we created Hand2-VP16 and
Hand2-EnR fusion proteins and tested their ability to support cardiac reprogramming with
GMT (Figures S6A and S6B). We found that Hand2-VP16 slightly improved and Hand2-
EnR strongly repressed cardiac reprogramming, suggesting that Hand2 functions as an
activator in this context. Using a previously established dimerization-defective Hand?2
mutant (Hand2F119F) (McFadden et al., 2002), we also demonstrated that Hand2
dimerization is required for optimal cardiac reprogramming (Figure S6C). Taken together,
these data show that Hand2 functions as a dimeric transcriptional activator during cardiac
reprogramming.

The Hand?2 protein sequence can be partitioned into unstructured N- and C-termini and a
central bHLH domain, which regulates DNA binding, dimerization, and protein-protein
interactions (Conway et al., 2010). To analyze the function of each domain, we performed
cardiac reprogramming experiments in which fibroblasts were infected with GMT plus
Hand2 or one of the variants shown in Figure 5A. Based on the presumption that Hand2
DNA-binding is required for efficient cardiac reprogramming, we were encouraged to find
that transduction of the Hand2EPE mutant, which cannot bind DNA (McFadden et al., 2002),
led to reduced iPM formation (Figure 5B). Interestingly, neither the N-terminal nor C-
terminal deletion Hand2 mutants could support optimal cardiac reprogramming with GMT,
suggesting that each domain is functionally required.

Because Hand1 and Hand2 exhibit complementary expression patterns and a high degree of
amino acid conservation (Figure 5C), they may function similarly within distinct anatomical
compartments. However, gene replacement studies and /n vitro binding-site selection assays
favor the notion that each is functionally distinct (Dai and Cserjesi, 2002; Firulli et al., 2010;
Hollenberg et al., 1995). To test these alternatives in the context of cardiac reprogramming,
we compared the outcome of infecting fibroblasts with GMT + Hand2 versus GMT +
Handl. Interestingly, we found that Hand1 could not support optimal cardiac
reprogramming as compared with Hand2 (Figure 5C). Thus, we conclude that Hand2
uniquely augments cardiac reprogramming in the context of GMT.
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Although each domain of Hand2 appears to be functionally important, we chose to focus on
the N terminus for four reasons. First, the N- and C-termini remain functionally
underexplored. Second, amino acid conservation between Hand1 and Hand?2 is lowest for
the N terminus (Figure 5C), implying that differences in that region are likely to account for
functional disparities between the two proteins. Third, a parallel experiment in which a
VP16 activation domain was fused to Hand2D1-90 failed to restore cardiac reprogramming
efficiency in combination with GMT (data not shown), suggesting that the N terminus
contains more than just the previously established transactivation domain (Dai and Cserjesi,
2002). Fourth, the Hand2 N terminus harbors three predicted low-complexity regions,
including a stretch of poly-alanines (Figure 5D), which have been implicated in several
human diseases associated with TF gene mutations (Albrecht and Mundlos, 2005).

To rigorously evaluate the function of the Hand2 N terminus, we constructed a series of N-
terminal deletion mutants (Figure 5E) and subjected them to several quality-control
measures. ICC of infected MEFs confirmed nuclear localization of all Hand2 constructs
(Figure S6D). Western blotting demonstrated production of full-length Hand2 proteins
(Figure S6E). Transient transfection assays with an alpha myosin heavy chain (aMHC)
reporter construct and Hand2 mutant VP16 fusions suggested intact DNA binding ability
(Figure S6F). Finally, co-immunoprecipitation assays confirmed that Hand2 mutants
retained the ability to interact with known binding partners (Figure S6G). Taken together,
these results demonstrate that Hand2 N-terminal mutants maintain proper nuclear
localization, protein expression, DNA binding, and protein-protein interactions.

Using the collection of Hand2 N-terminal mutants, we systematically tested their ability to
mediate cardiac reprogramming of MEFs along with GMT (Figure 5F). These studies led to
two interesting observations. First, we found that truncation to aa 75 had no major effect on
overall cardiac reprogramming because the number of sarcomere™ cells remained unaffected
(Figure 5F). Consistent with the presence of the previously described transactivation domain
between aa 50 and 90, however, we observed that cardiac reprogramming diminished
substantially when the Hand2A1-90 mutant was used (Figure 5F). Second, we noted
profound changes in the proportion of iPMs generated by specific Hand2 N-terminal
deletion mutants. In particular, Hand2 mutants in which the transactivation domain remained
intact, yet any portion of the poly-alanine stretch was compromised (e.g., Hand2A1-25,
Hand2A1-32, and Hand2A1-50), led to dramatically increased production of iPMs at the
expense of iIAMs and iVMs (Figure 5F). The iPMs generated by the poly-alanine mutant
Hand2 constructs appeared morphologically indistinguishable from those generated by
GHMT (Figure S6H). Based on these experiments, we conclude that the Hand2 N terminus
harbors both a transactivation domain and a CSD domain.

Integrated Analysis Uncovers Desmosome Gene Activation in iPMs

Encouraged by the insights provided by our RNA-seq and ATAC-seq data analysis, we
sought to identify potential milestones on the path toward generating pacemaker cells.
Therefore, we performed integrated analysis of the differences between GHMT- and GMT-
transduced fibroblasts to illuminate Hand2-dependent gene regulatory networks that reflect
acquisition of a PM-like transcriptional state. To accomplish that objective, we
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simultaneously compared ATAC-seq and RNA-seq datasets derived from GHMT- and GMT-
infected fibroblasts. We plotted RNA-seq and ATAC-seq peaks as a fold change between the
GHMT and GMT samples. In this manner, peaks that appear in the right upper quadrant
represent genes whose loci become more accessible and whose expression increases.
Likewise, peaks in the left lower quadrant represent genes whose loci become less accessible
and whose expression decreases. Confirming the overall feasibility of this approach, we
found that genes comprising the “sarcomeric organization” GO term (Figure 1G) and
pacemaker marker genes (Figure 2D) tended to appear in the right upper quadrant (Figure
S7A).

Focusing on genes in the right upper quadrant, we identified a group of desmosomal genes
(Figure 6A). We observed concerted upregulation of the desmosomal gene battery
specifically in iPMs (Figures 6B and S7B). Desmosomes are cellular structures that allow
tight connections between cells and consist of several individual protein components (Figure
6C). Desmosomes are critical for intercellular communication, and human mutations in
desmosomal genes can cause familial arrhythmia syndromes (Corrado et al., 2017).
Furthermore, mouse knockout studies have clearly demonstrated that the desmosomal
protein desmoplakin is required for normal sinus node function (Mezzano et al., 2016).

Consistent with the integrated analysis, we observed that chromatin accessibility at the Dspl
locus increased substantially between GMT and GHMT samples, whereas accessibility at
the Pkp2 locus increased less dramatically (Figure 6D). Interestingly, we note that multiple
Hand2 ChIP-seq peaks underlie regions of increased chromatin accessibility, suggesting that
Hand2 is a primary driver of that process. To confirm the RNA-seq data, we performed gRT-
PCR analysis on a separate set of reprogrammed fibroblasts (Figure 6E). As expected, we
found increased expression of desmosomal components Dsp, Pkp2, Dsc2, Jup, and Dsg2 in
GHMT- versus GMT-infected fibroblasts. Moreover, we observed that endogenous Pkp2 was
expressed at the protein level in GHMT-infected, but not GMT-infected, iCLMs (Figure 6F).

To evaluate desmosome gene-expression dynamics, we performed gRT-PCR on GHMT-
infected fibroblasts at various time points after transduction (Figure 6G). Although all tested
genes increased expression after GHMT transduction, each desmosomal component
exhibited unique expression dynamics and maximal levels. A recent study suggested that
Pkp2 can modulate gene expression (Cerrone et al., 2017), so we tested that possibility in
the context of iPM reprogramming (Figure S7C). However, we found no evidence that Pkp2
could either substitute for Hand2 or augment GHMT to improve iPM formation. Taken
together, these results identify a Hand2-dependent desmosome gene battery that undergoes
coordinated chromatin reorganization and gene activation during iPM reprogramming.

DISCUSSION

In this study, we conducted a detailed genomic and biochemical analysis of the mechanisms
by which Hand2, in cooperation with Gata4, Mef2c, and Thx5, coordinates iPM formation.
Hand2 or- chestrates the activation of a panel of endogenous pacemaker marker genes that
span embryonic and postnatal SAN development. Interestingly, we found that Shox2 and
Isl1, which participate in the developmental pacemaker gene regulatory network, are not
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activated in iPMs, and they can augment iPM formation to some extent when added
exogenously. Furthermore, we demonstrated that Hand2 cistrome accessibility undergoes
coordinated changes to open loci of cardiac conduction genes, including Hcn4. Through
structure-function analysis of Hand2, we discovered a CSD domain residing within the
unstructured N terminus. Finally, we found that a battery of desmosomal genes is
specifically activated in the presence of Hand2 via concerted chromatin reorganization
(Figure 7).

To gain a sense for the degree of similarity observed between iPMs and SAN (Figure 2), we
note that, in the original comparison of SAN and right atrial (RA) RNA-seq datasets
(Vedantham et al., 2015), there were 142, 166, and 128 overlapping genes between the SAN-
enriched gene list for E14.5 versus P4, P4 versus P14, and E14.5 versus P14, respectively.
Thus, we consider the degree of overlap between iPMs and SAN tissue (Figure 2B) to be at
least moderate. Furthermore, the degree of observed overlap likely represents an
underestimate for the following three reasons. First, the RNA amplification required for the
SAN-enriched dataset (Vedantham et al., 2015) would lead to overrepresentation of certain
genes and skewing of the comparison with the iPM dataset, which was generated without
amplification. Second, the SAN-enriched RNA-seq dataset was generated by laser capture,
such that both cardiomyocytes (CMs) and non-CM (as well as some Hcn4-GFP™) tissue may
have been obtained, thus leading to a more heterogeneous sample composition and a dilution
of the similarity with our iPM dataset. Third, iPMs are engineered cells that approach a
transcriptional signature of SAN tissue, yet they remain short of the target population.

Because Isl1 is known to regulate pacemaker formation (Liang et al., 2015), we were
surprised that Isl1 transcripts were not increased in GHMT-reprogrammed cells (Figure 3E).
We surmised that the Isl1 transcriptional network failed to be engaged by GHMT, which
motivated our decision to test it as a candidate reprogramming factor. Consistent with that
hypothesis, we found that addition of Isl1 to GHMT improved iPM reprogramming, but Isl1
could also partially substitute for Hand2 (Figure 3H). Interestingly, the Isl1 motif did appear
in the hypergeometric optimization of motif enrichment (HOMER) analysis of cluster 5
(Table S3), but it was only enriched 1.1-fold above background, so we did not consider that
level of enrichment meaningful. To reconcile these observations, we posit that Hand2 and
Isl1 activate a set of common transcriptional targets requiring each TF alone and a separate
set of targets requiring both. Presumably, the latter category of target genes involves
cooperative binding of a Hand2-1sl1 complex. This proposed mechanistic model is
consistent with either direct or indirect gene regulation, and distinguishing between those
possibilities represents an important area of future investigation.

Surprisingly, the consensus Hand2 motif (CATCTG) did not emerge from our HOMER
analysis of the iPM ATAC-seq data (Figure 3C). However, careful review of the raw analysis
(Table S3) reveals motifs for other bHLH family members in clusters 3-5 using less-
stringent criteria for motif discovery. Overall, none of the identified bHLH motifs enrich
substantially above background, suggesting that Hand2 does not bind to a strong E-box
consensus sequence during iPM reprogramming. Furthermore, a strong E-box motif did not
emerge from our analysis of iPM ATAC-seq peaks that overlap with known Hand?2 binding
sites as determined by ChlP-seq (Figures S5C and S5D). We think that context-dependent
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alterations in Hand2 DNA binding affinity help to explain these seemingly contradictory
observations.

The original Hand2 consensus motif derived from /n vitro-binding site-selection assays is
CATCTG(G) with very little flexibility (Dai and Cserjesi, 2002). Interestingly, the derived
Hand2 consensus based on the embryonic limb Hand2 ChIP-seq dataset is CRTCTG(G)
with “A” being the preferred nucleotide at the “R” position (Osterwalder et al., 2014). This
consensus is almost identical to the one identified /in vitro, suggesting that Hand2 by itself is
capable of binding to these motifs in the limb. In contrast, the Hand2 consensus based on the
embryonic heart Hand2 chromatin immunoprecipitation sequencing (ChlP-seq) dataset is
CAKCTG(B) (Laurent et al., 2017). Here, the “K” and “B” positions are evenly divided
among all nucleotide possibilities and are not strongly specified overall, suggesting that the
consensus is much more flexible in the heart. We believe that this reflects different binding
modes in limb versus heart and iPMs, which require cooperative binding of Hand2 with
GMT. Consistent with that idea, a Hand2 DNA-binding-deficient mutant can rescue heart,
but not limb, development (Liu et al., 2009), although we note that this mutant cannot
completely rescue efficient iPM formation (Figure 5B).

Given that Hand2 coordinates activation of cardiac conduction genes, we hypothesize that
Hand2 may also regulate developmental pacemaker specification. Two observations provide
intriguing support for this idea. First, Hand2 is uniqgue among GHMT to activate pacemaker
genes. Second, several known cardiac genomic Hand2 binding sites coincide with chromatin
peaks specifically opened when Hand2 functions with GMT. Why has a potential role for
Hand2 in pacemaker specification remained obscure? Because Hand2 knockout mice are
embryonically lethal (Srivastava et al., 1997), pacemaker phenotypes would have been
difficult to detect. However, re-examination of the Hand2 knockout phenotype should
resolve this question, and the tools now exist to delete Hand2 in pacemaker cells. We
speculate that Hand2 functions to establish the competence of pacemaker progenitor cells to
undergo subsequent lineage specification.

Cardiac reprogramming provides a unique opportunity to perform structure-function
analysis and to uncover important mechanistic insights, some of which may also apply to
development. We found that the Hand2 N terminus harbors a protein domain that ensures
cardiac subtype diversification during cardiac reprogramming by GHMT. We envision two
general models for how the CSD domain functions. First, the CSD domain regulates the
binding specificity of Hand2 to promote cardiac subtype-specific gene expression signatures.
Second, the CSD domain mediates key protein-protein interactions that are required for
subtype diversification. To address the first possibility, we performed ATAC-seq using
Hand2D1-32 with GMT and found no significant differences in chromatin accessibility
between full-length and mutant Hand2 (data not shown). Thus, we currently favor the
second model. We also found that Hand2 coordinates desmosome gene activation in iPMs.
Interestingly, desmosomes are important for coordinating the assembly and function of gap
junction proteins, which are essential for intercellular electrical communication (Corrado et
al., 2017). Whether the insights gleaned from our studies have developmental importance
remains an important question that now appears testable in parallel experimental systems for
developmental and reprogramming cell-type specification.
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STARXMETHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Nikhil Munshi (nikhil.munshi@utsouthwestern.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal experiments described in this study were conducted under the oversight of the
University of Texas Southwestern Institutional Animal Care and Use Committee. Hcn4-GFP
reporter mice were generated by bacterial artificial chromosome (BAC) transgenesis using a
~237 kb BAC clone (RP23-281H22) that includes the Hcn4 gene and nearby regulatory
regions as previously described (Gong et al., 2003). Equal ratios of male and female mice
were harvested at E12.5 for this study.

METHOD DETAILS

Isolation of mouse embryonic fibroblasts (MEFs)—Hcn4-GFP E12.5 reporter
mouse embryos were harvested and removed of the head and internal organs. The remaining
tissue was finely minced and digested in 1 mL of 0.25% trypsin-EDTA per embryo for 15
min in a 37°C water bath. Cells were resuspended in 2 mL per embryo of fibroblast medium
(DMEM/Hi glucose supplemented with 10% FBS and 1% [v/v] penicillin/streptomycin) and
plated on a 15-cm dish. In 24 h, cells were harvested and stored for future use. All animal
experiments described in this study were conducted under the oversight of the University of
Texas Southwestern Institutional Animal Care and Use Committee.

DNA Constructs—The GFP-Hand2 fusion expression constructs were created by Phusion
High-Fidelity PCR amplification of the appropriate fragment using primers containing
BamHlI, Clal, and Sall linkers. Digested fragments were cloned into pBabe vector. For
Hand2 domains, and N terminus variants, the desired fragments were amplified using
primers that contained the desired truncation size. All constructs were confirmed via
sequencing, expression via western blotting, and localization via immunofluorescence.

Generation of retroviruses, viral infection, and cardiac reprogramming—Two
micrograms of retroviral plasmid DNA mix expressing mouse Gata4, Mef2c, Thx5, Hand2,
or Hand2 variants, were transfected using FUGENE 6 into Platinum E cells plated on 6-well
plate at a density of 1 x 10° cell per well 24h post-plating (Song et al., 2012). In parallel,
Hcn4-GFP MEFs were seeded into culture dishes or plates that were precoated with
SureCoat (Cellutron) for 2 h at a density of 6 x 104 per square centimeter. 24 h post-
transfection, viral supernatant was collected and filtered through a 0.45 pm cellulose filter.
The viral medium was mixed with hexadimethrine bromide (polybrene) at a final
concentration of 8 ug/mL and added to the culture plate with MEFs. Platinum E cells were
replenished with growth medium. 24 h later, MEFs were infected with a second round of
viral supernatant, and Platinum E cells were properly discarded. 48 h post-infection, the
medium was replaced with induction medium composed of DMEM/199 (4:1), 10% FBS,
5% HI Horse serum. 1% penicillin/streptomycin, 1% non-essential amino acids, 1%
essential amino acids, 1% B27, 1% insulin-selenium-transferrin, 1% vitamin mixture, 1%
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sodium pyruvate (Invitrogen). The medium was replaced every 2-3 days until the end of the
experiment.

Immunocytochemistry—Cells were washed two times with PBS and fixed with 4%
paraformaldehyde for 15 min and permeabilized with 0.1% Triton X-100 at room
temperature. Samples were blocked with universal blocking buffer (BioGenex) for 10 mins
at RT and then incubated with primary antibodies against a-actinin (Sigma), GFP
(Invitrogen), Nppa (Abgent), or MyI2 (ProteinTech) diluted in 0.5X universal blocking
buffer overnight at 4°C. The next day, samples were washed three times with 0.1% Triton
X-100, and incubated with goat anti-mouse Alexa Fluor 555 (Invitrogen), goat anti-chicken
Alexa Fluor 488 (Invitrogen), and donkey anti-rabbit Alexa Fluor 647 (Invitrogen) for 1 h at
room temperature. Cells were washed three times with 0.1% Triton X-100, and mounted
with ProLong Glass antifade mountant with NucBlue (Invitrogen). Images where capture
with either a Zeiss LSM700 or Nikon A1R+ confocal microscope.

We previously identified a set of minimal immunostaining markers that distinguish
endogenous atrial, ventricular, and pacemaker myocytes. This analysis demonstrated that
endogenous pacemaker cells are sarcomere*/Hcn4-GFP*/Nppa~/Myl2~. We have also shown
that this combination of immunostaining and morphological criteria prospectively identifies
reprogrammed iPMs as confirmed by patch clamp recordings (Nam et al., 2014). Thus, we
feel confident that our parsimonious choice of markers accurately identifies functional
pacemaker cells.

Real-time gPCR—Total RNA was extracted using RNeasy Mini kit (QIAGEN) according
to manufacturer’s instructions. One microgram of RNA was reverse-transcribed using
SuperScript I (Invitrogen). AzuraQuant (Azura Genomics) RT-gPCR was performed in
triplicate using an ABI PRISM real-time PCR machine (Applied Biosystems) and analyzed
with SDS2.45 Software (Applied Biosystems). mRNA levels were normalized to Gapdh.
Primer sequences can be found in Table S6.

Western blotting and co-immunoprecipitation—Platinum-E cells were transiently
transfected with myc-epitope or GFP fusion Hand2, or Hand2 variants. 24 and 48 h post-
transfection, 10T1/2 cells were infected with viral supernatant as previously described. 48 h
post-infection 10T1/2 were collected and protein lysate prepared using three freeze-thaw
cycles in RIPA buffer (50 mM HEPES-KOH, Ph 7.5, 1 mM EDTA, pH 8.0, 1%[v/v] NP-40
Igepal CA-630, 0.7% Sodium deoxycholate, 0.5M Lithium Chloride, 1X protein inhibitor).
Cell debris was cleared by centrifugation at 2000x g for 5 min at 4°C. Supernatant was
collected and used for downstream applications. Twenty micrograms of total protein lysate
(as determined by Bradford assay) were resolved by SDS/PAGE, transferred to PDVF
membrane (BioRad), probe with mouse anti-myc (Thermo Fisher Scientific), or rabbit anti-
GFP (Invitrogen), and detected with HRP-conjugated anti-mouse/rabbit. Membranes were
incubated with Clarity MAX western ECL blotting substrates (BioRAD) according to
manufactures instruction and developed using Li-Cor’s Odyssey Fc imaging system. For Co-
IP experiments, PE cells were co-transfected with HA-Tbx5 and GFP-Hand2 variants for
48hrs. Cell lysates were incubated overnight with 1 mg of rabbit polyclonal anti-GFP
(Thermo Fisher Scientific) with end-over-end rotation at 4°C. The cell lysates were pulled
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down using magnetic Protein G Dynabeads (Invitrogen), and then the GFP-Hand2 complex
was eluted with 100 mM Glycine, pH 2, for 10 min at 55°C. Solution was neutralized with
10 mL of 1M Tris, pH 8.0. Eluted and input samples were analyzed by SDS-PAGE western
blot using a mouse anti-HA or a rabbit anti-GFP polyclonal antibody.

Flow cytometry—For isolation of GFP-Hand2*Hcn4-GFP* populations after 14 days of
reprogramming, cells were trypsinized and washed twice with FACS buffer (PBS,
0.5%BSA, 0.1% NaNs3), resuspended at 1 x 108 cells per mL in FACS buffer and filtered
with a 100 um cell strainer. Cells were sorted using a FACSAria 2 (BD Biosciences). For
ATAC-seq samples, 12.5k GFP-Hand2*Hcn4-GFP™ cells were isolated per biological
replicates, and ~40k cells for RNA samples. Separate plates were considered as biological
samples and were not pooled.

RNA-seq library preparation and sequencing—RNA-seq was performed in
biological duplicates. For RNA-seq, total RNA was extracted from sorted GFP-
Hand2*Hcn4-GFP* cells using the RNeasy Mini kit (QIAGEN). 100 ng of total RNA was
used for the RNA-seq. Library preparation was performed using TruSeq Stranded mRNA
with Ribo-Zero human/mouse/rat assay (Illumina) following the manufacture’s protocol.
Optimal library size was confirmed using Agilent 2200 TapeStation using D1000 screen
tape. Samples were then paired-end sequenced using an Illumina HiSeq 500 High Output
(400M) at the University of Texas Southwestern Microarray Core Facility.

RNA-seq analysis—Raw FASTQ files were analyzed using FastQC v0.11.2 (Andrews,
2010) and FastQ Screen v0.4.4 (Wingett, 2011), and reads were quality-trimmed using fastg-
mcf. (ea-utils/1.1.2-806) (Aronesty, 2013). The trimmed reads were mapped to the hg19
assembly of the human genome (the University of California, Santa Cruz, version from
igenomes) using Tophat (Kim et al., 2013). Duplicated reads were marked using Picard tools
(v1.127; https://broadinstitute.github.io/picard/), the RNA counts generated from
FeatureCounts (Liao et al., 2014) were TMM normalized (Robinson and Oshlack, 2010),
and differential expression analysis was performed using edgeR (Robinson et al., 2010). For
differential expression analysis, statistical cutoffs of FDR < 0.05 and log2CPM = 0 and were
used to identify statistically significant and possibly biologically relevant differentially
regulated genes. Mouse sinoatrial node transcriptome raw data was downloaded from https://
www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE65658 (P4, E14, E14.5 for SAN and RA
samples) and counting and normalization was done as above. Genes common to each cluster
from the RNASEQ heat- map and also significantly differentially expressed between SAN
versus RA for E14.5, E14 and P4 datasets were plotted in venn charts generated using
Intervene (Khan and Mathelier, 2017).

Pathway and network analysis were conducted using the Database for Annotation,
Visualization, and Integrated Discovery (DAVIDv.6.8) (Huang et al., 2009) software. The
threshold was set as modified Fisher Exact P value (EASE score) % 0.05. Differentially
expressed gene heatmaps were clustered by hierarchical clustering using R (http://www.R-
project.org) and generated using the heatmap.2 function within the gplots package (Warnes
et al., 2016) and ComplexHeatmap package (Gu et al., 2016).
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Gene ontology terms were generated using the web-based PANTHER Gene Ontology (GO)
tool using nearest neighbor gene for common peaks within replicates. GO clusters and mini
RNA-seq heatmaps were generated using the ggplot2 R package (https://
ggplot2.tidyverse.org/).

ATAC-seq library preparation and sequencing—ATAC-seq was performed in
biological duplicates. To profile low amounts of open chromatin in our samples we used a
modified ATAC-seq protocol previously published (Corces et al., 2017). In brief, 12.5k GFP-
Hand2*Hcn4-GFP* cells were sorted and pelleted by centrifugation at 500 x gat 4°C for 10
min. Cells were resuspended in 50 pL of cold RBS (10 mM Tris-HCI pH 7.4, 10 mM NacCl,
3 mM MgCl, in Ho0) with 0.1%NP40, 0.1%Tween-20, and 0.01% Digitonin, and incubated
on ice for 3 min. The isolated nuclei was washed one time with 1mL of cold RSB containing
0.1% Tween-20 but not NP40 or Digitonin. Nuclei were pelleted by centrifugation at 500x g
at 4°C for 10 min before the supernatant was carefully discarded. The isolated nuclei was
resuspended in 50 mL of transposition mixture (1xTD Buffer, 100nM Tn5, PBS, 0.01%
Digitonin, 0.1% Tween-20, H20) and incubated at 37°C for 30 min in a thermomixer at 1000
RPM mixing. The DNA was cleaned with Zymo DNA clean and concentrator-5 (Zymo
Research), and eluted in 20 mL of Elution buffer. Illumina adaptor Indexes were added to
the libraries using KAPA HiFi enzyme with manufacture’s PCR conditions (Kapa
Biosystems) and pre-amplified for 5 cycles. One mL of this reaction was run on the Kapa
library quantification kit (Kapa Biosystems) to estimate leftover cycles for a final
concentration of 20 nM per library. Amplified DNA was cleanup twice using AMPure XP
Beads (Beckman Coulter); the first using a 0.5X volume to remove large DNA fragments (>
1kb), and the second with 1.2X to clean up the remaining small fragments. The final clean
fragments were resuspended in 20 mL of Elution buffer. DNA was quantify using a Qubit
fluorometer (life technologies), and library sizes were determined with a TapeStation
(Agilent Technologies). Sequencing was performed using the Illumina HiSeq 500 High
Output (400M) to obtain an average of 50 million paired-end 75bp reads per sample.

ATAC-seq analysis—Raw FASTQ files were analyzed using FastQC v0.11.5 (Andrews,
2010) and FastQ Screen v0.11.4 (Wingett, 2011), and reads were quality-trimmed using
fastg-mcf. (ea-utils/1.1.2-806) (Aronesty, 2013). The trimmed reads were mapped to the
mmZ10 assembly of the mouse genome (the University of California, Santa Cruz, version
from igenomes) with bowtie2 (version 2.3.3.1) (Langmead and Salzberg, 2012). The
duplicates were marked using picard-tools (v2.2.1) and blacklist regions were removed using
bedtools (v2.7.1). TN5 shifting of bam files was performed using the open-source Perl script
“ATAC_BAM_shiftrt_gappedAlign.pl” (Ahmed and Ucar, 2017). The ATAC-Seq peaks
were called using MACS2 (version 2.1.0.20160309) (Zhang et al., 2008), with a g-value
threshold of 0.05 and using the random background. Differential binding analysis was
performed using the DiffBind package (Stark and Brown, 2011).

Furthermore, the fragments were divided as nucleosome free (sub-nucleosomal, < 100 bp)
and as nucleosome occupied or bound (> 100 bp). Overlapping peaks from replicates were
merged using bedtools (v2.7.1) merge to yield a peak set for each sample. We used bedtools
(v2.7.1) intersect to get common regions between peak files of replicates of the same
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experimental group and subsequently filtered for all peaks which were consistently and
significantly different (FDR < 0.05) between at least two conditions. The annotation of
peaks, genome-wide distribution of ATAC-Seq regions on promoters, exons, introns, and
intergenic regions in each of the samples was done using ChiPseeker (Yu et al., 2015).

For ATAC-seq in model organisms, the peak file (NAME_peaks.narrowPeak) can be
uploaded directly to the UCSC genome browser for generating the browser tracks and
ENCODE peaks were added by configuring the UCSC Genome Browser Track to import
public track hubs, in this case ENCODE ChlP-Seq dataset from mouse limb https://
www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE55707 (GSM1447340 — (ChlPseq),
GSM1447341- (Input)) and also mouse heart https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE73368. The mm9 genome based wig files were converted to mm10 genome
bigwig files using CrossMap. For genome browser tracks bigWig files were hosted in
Cyverse{Merchant, 2016 #600}. Web-based PANTHER Gene Ontology (GO) tool was used
for generating GO terms for nearest neighbor genes for peaks that were common to 2
replicates of each ATAC-seq sample. We generated Pearson correlation graphs as well as
RPKM normalized bigwig files (hamCoverage module), PCA plots, heatmaps and profile
plots for the ATAC-Seq using deepTools2 (Ramirez et al., 2016). For ATAC-seq profile
plots, ATAC-seq counts were first normalized by RPKM and then z-scores were calculated
on a per-peak basis across samples. RPKM in this case is Reads per Kilobase per Million
mapped reads.

The method mentioned in Laurent et al. (2017) for motif analysis was followed in the
ATAC-seq dataset. De-novo and known motif over-representation analysis in the selected
merged peaksets was done using the findMotifsGenome.pl script in the HOMER collection
(Heinz et al., 2010). Raw HOMER known motif lists for Figures 3A and S3A are provided
in Tables S3 and S4, respectively. A fixed length of 7 nucleotides was used for de-novo
motif finding in £ 150 bp region around the summit of each peak. We used FIMO (Grant et
al., 2011) from the MEME suite to confirm the discovery of de-novo motifs. The top 5 over-
represented motifs with all possible alternative sequences were used to scan the region for
high-affinity matches with p value threshold of 1le-4.

ChlP-seq and ATAC-seq integration analysis—1684 regions from merged ATAC-seq
data (for the figure (ATACSEQ final heatmap) that overlapped with ChlP-seq Peaks from
Laurent et al. (2017) were found using bedtools (v2.7.1) intersect.

De-novo motif finding was performed in these regions as above and FIMO was used to scan
motifs for GATA factors 1, 2, 3, 4 and 6; TBX factors 2, 3 and 5 as well as MEF2 factors A,
C and D. Hierarchically clustered heatmaps representing the patterns of these TF motifs as
also all possible E-box motif (CANNTG) combinations against the ChlP-seq and ATAC-seq
integrated regions was plotted using the ComplexHeatmap package (Gu et al., 2016).

RNA-seq and ATAC-seq integration analysis—Fold changes (log to the base 2) of
significant differentially expressed genes (FDR < 0.05) were calculated for RNASEQ and
corresponding ATACSEQ peaks annotated closest to the TSS of these genes by ChiPseeker
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for GHMT versus GMT conditions. A scatterplot was generated using this dataset with base
R (http://www.R-project.org).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are represented as mean + SD and have at least n = 3 per group (refer to figure
legend to detailed information). P values were calculated with either unpaired t test or one-
way ANOVA except where noted in the Figure Legend. Statistical analysis were run using
GraphPad Prism 7.04 software package. P <0.05 was considered significant in all cases. P
values are depicted using the GP style with one to four asterisks (< 0.05, < 0.01, < 0.001, <
0.0001). Raw Pearson correlation values for Figures S1C and S2A are provided in Table S1.
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The accession number for the ATAC-seq, and RNA-seq data in this paper is GEO:
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Highlights
Hand2 orchestrates reprogramming of fibroblasts toward pacemaker cell fate

Induced pacemaker (iPM) gene expression resembles endogenous sinoatrial
node tissue

Hand2 reorganizes chromatin accessibility toward a pacemaker-like state

The Hand2 N terminus diversifies cardiomyocyte subtype formation
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Figure 1. Hand2 Facilitates Transcriptional Reprogramming of Induced Pacemaker (iPM) Cells
(A) Experimental scheme for iPM reprogramming, which was analyzed in three independent

workflows. Specific figure panels corresponding to each workflow are indicated to the right.
(B) MEFs were transduced with GHMT or each three-factor combination followed by flow
cytometry analysis at day 10.

(C) Same experimental setup as in (B) but assayed by ICC and manual counting (means +
SD, n = 6) at day 14. All samples were compared with GMT to determine statistical
significance.

(D) RNA-seq analysis was performed on control, GMT-infected, and GHMT-infected MEFs.
Unsupervised hierarchical clustering of these genes highlights four distinct clusters (1-4).
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(E) Gene expression for each cluster in (D) is shown for individual samples. p values for 1-
way ANOVA testing across samples are shown within individual boxplots. Statistical testing
for pairwise comparisons within a given cluster was performed by Tukey’s honestly
significant difference (HSD) test between groups. All comparisons were significant, except
for GHMT versus GMT in clusters 2 and 4. All numerical values for Tukey’s HSD testing
are provided in Table S2.

(F) Gene ontology (GO) analysis for clusters 1 and 4.

(G) Gene-level view of RNA-seq data comprising “regulation of heart rate” and “sarcomere
organization” GO terms across samples.

Statistical significance indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. Non-significant comparisons indicated either by “ns” or no asterisk.
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Figure 2. Core Endogenous Pacemaker Marker Genes Are Enriched in iPMs
(A) Analytical strategy for comparing iPM-specific genes with sinoatrial node (SAN)-

specific genes in (B) and (C). Gene sets enriched in SAN compared with RA at14.5, P4, and
P14 (red, green, or dark blue outline with yellow interior) were obtained from Vedantham et
al. (2015). Gene sets enriched in GHMT- versus GMT- reprogrammed cells (light blue
outline with yellow interior) were obtained from this study. Then, pairwise comparisons for
overlapping genes at individual developmental time points were done in (B), whereas a four-
way comparison for overlapping genes among all gene sets was performed in (C).

(B) Top: Venn diagrams demonstrating numbers of shared genes between iPMs and each
developmental time point. Bottom: gRT-PCR for individual candidate genes in each group is
shown.
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(C) Four-way Venn diagram shows a core set of 12 pacemaker marker genes (dark red).

(D) RNA-seq data for pacemaker marker genes across reprogrammed MEF samples.

(E) gRT-PCR validation of a subset of pacemaker marker genes with micro-dissected mouse
SAN tissue as a positive control.

(F) gRT-PCR time course of GMT- and GHMT-transduced MEFs.
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Figure 3. Hand2 Reorganizes Chromatin Accessibility toward a Pacemaker-like State
(A) ATAC-seq was performed on control, GMT-infected, and GHMT-infected MEFs, and PO

Hcn4-GFP* endogenous pacemaker (PO PM) cells were profiled for comparison.
Unsupervised hierarchical clustering separated chromatin peaks into five clusters (1-5).
(B) Gene ontology (GO) term analysis of clusters 3 and 5.

(C) Known transcription factor motifs identified for clusters 3 and 5.
(D) RNA-seq enrichment of candidate transcription factors (TFs) for clusters 3 and 5.

(E) Cartoon diagram of the developmental pacemaker gene regulatory network (right) and
associated RNA-seq data (left).
(F) Immunocytochemistry (ICC) on GHMT-reprogrammed cells for Thx3 (top) and Shox2

(bottom). Scale bar, 20

mm.
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Figure 4. Modulation of Hand2 Cistrome Accessibility Contributes to iPM Reprogramming
(A) Cardiac Hand2 ChlP-seq and iPM ATAC-seq peaks were intersected to establish a set of

1,684 iPM Hand2 cistrome peaks, which clustered into four groups (1-4).

(B) Gene ontology (GO) term analysis for clusters 2 and 3.

(C) Distribution of GMT binding motifs at 1,684 Hand2 genomic binding sites accessible in
iPMs. Putative composite sites are boxed and labeled as follows: H-G-M, Hand2-Gata4-
Mef2c; H-M-T, Hand2-Mef2c-Tbx5; H-G-T, Hand2-Gata4-Tbx5.

(G) Genome browser tracks for the Isl1, Shox2, Thx3, and Thx18 loci with associated
ATAC-seq and RNA-seq tracks. Cardiac Hand2 ChlIP-seq and E10.5 heart H3K27Ac ChIP-
seq peaks are shown as a reference.

(H) Cardiac reprogramming of MEFs was assessed for sarcomere formation (left) and
subtype specification (right) in the presence of the indicated PM gene regulatory TFs (means
+ SD, n = 6). All samples were compared with GMT (left of dashed line) or GHMT (right of
dashed line) to determine statistical significance. Additional pairwise comparisons are
shown with horizontal lines at the top of each graph.

Statistical significance indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. Non-significant comparisons indicated either by “ns” or no asterisk.
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Figure 5. The Hand2 N Terminus Encodes a Cardiac Subtype Diversification (CSD) Domain
(A) Schematic for the Hand2 mutants used in (B). Unstructured N and C termini are shown

in blue and orange, respectively, whereas the known transactivation domain (TAD) is shown
in black. Beta helix-loop-helix (bHLH) domain is shown in gray, and mutations in DNA-
contacting basic residues in the RRR109-111EDE construct are depicted as red asterisks.
(B) Cardiac reprogramming with GMT alone or with the indicated Hand2 mutants was
assessed for sarcomere organization (left) and subtype diversification (right) (means + SD, n
= 8). All samples were compared with GMT to determine statistical significance.

(C) Cardiac reprogramming was conducted with GMT plus Hand2 or Hand1, and iCLMs
were assessed for sarcomere organization (left) and subtype diversity (right). The degree of
primary amino acid conservation between Hand2 and Hand1 for each protein domain is
indicated at the top (means * SD, n = 6). All samples were compared with GMT to
determine statistical significance.

(D) Cartoon diagram of Hand?2 predicted secondary structure with low-complexity regions
(LCRs) highlighted in green and bHLH region in blue cylinders and red line (top). The
primary sequence of the N terminus is shown below with the indicated LCRs.

(E) Schematic for the Hand2 N-terminal mutants used for reprogramming in (F).

(F) Cardiac reprogramming was performed with GMT alone or combined with the indicated
Hand2 N-terminal mutants. iCLMs were assessed for sarcomere organization (left) and
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subtype diversity (right) (means £ SD, n = 6). All samples were compared with GMT to
determine statistical significance.

Statistical significance indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. Non-significant comparisons indicated either by “ns” or no asterisk.
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Figure 6. Hand2 Coordinates Activation of the Desmosome Machinery
(A) Integrated analysis of RNA-seq (x axis) and ATAC-seq (y axis) data between GHMT-

and GMT-transduced MEFs. Open and closed circles denote open and closed chromatin,
whereas upward and downward pointing arrows indicate increased and decreased gene
expression. Gene loci are labeled with colored symbols and corresponding gene names.
(B) RNA-seq heatmap for genes that comprise the desmosome machinery in control, GMT-
infected, and GHMT-infected MEFs.

(C) Cartoon diagram of the desmosome complex.

(D) Genome browser tracks for Dsp and Pkp2 loci with corresponding ATAC-seq tracks
derived from control, GMT, GHMT, and PO PM samples. Hand2 and E10.5 heart H3K27
ChlP-seq peaks are provided as a reference.

(E) gRT-PCR confirmation that desmosome genes are enriched in iPMs.

(F) ICC validation of Pkp2 protein expression in GHMT, but not GMT, transduced MEFs.
Scale bar, 20 mm.

(G) Kinetics of desmosome gene expression during iPM formation demonstrated by qRT-
PCR analysis.
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Figure 7. Model for Hand2-Dependent Mechanisms That Regulate iPM Formation by GHMT
On the right, the pathway from cardiac progenitor cell to Tbx18*/IsI1*/Nkx2-5" right sinus

horn progenitor to endogenous pacemaker cell is shown. Previous work has established that
Isl1, Shox2, Thx3, and Thx18 have instructive roles during developmental pacemaker
formation. Cardiac progenitor cells can alternatively give rise to atrial myocytes (AM) and
ventricular myocytes (VM) as depicted by orange and blue arrows, respectively. On the left
is a proposed pathway for iPM reprogramming by GHMT. GMT alone is capable of
converting fibroblasts into iIAMs and iVMs (gray arrows), whereas GHMT augments iAM
and iVM production and uniquely promotes iPM formation (purple arrow). In this study, we
show that Hand2 partially activates the developmental pacemaker gene regulatory network
via Tbx3 and Thx8 (purple-green shading). However, Isl1 and Shox2 remain inactive after
GHMT infection of fibroblasts (green shading), and exogenous Isl1 and Shox2 can each
promote iPM formation. Hand2 also coordinates activation of various core pacemaker
marker genes, such as Hcn4 (purple-green shading), and we uncovered an iPM desmosome
gene battery (purple shading).
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