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SUMMARY

Ectopic expression of combinations of transcription factors (TF) can drive direct lineage
conversion, thereby reprogramming a somatic cell’s identity. To determine the molecular
mechanisms by which Gata4, Mef2c, and Thx5 (GMT) induce conversion from a cardiac
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fibroblast toward an induced cardiomyocyte, we performed comprehensive transcriptomic, DNA-
occupancy, and epigenomic interrogation throughout the reprogramming process. Integration of
these data sets identified new TFs involved in cardiac reprogramming and revealed context-
specific roles for GMT, including the ability of Mef2c¢ and Thx5 to independently promote
chromatin remodeling at previously inaccessible sites. We also find evidence for cooperative
facilitation and refinement of each TF’s binding profile in a combinatorial setting. A reporter assay
employing newly defined regulatory elements confirmed binding of a single TF can be sufficient
for activation, suggesting co-binding events do not necessarily reflect synergy. These results shed
light on fundamental mechanisms by which TFs direct lineage conversion.
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Srivastava and colleagues integrate multiple (epi)genomic assays to dissect the mechanisms by
which transcription factors function independently and combinatorially to initiate cell fate
transitions. Heterogeneous binding relationships between Gata4, Mef2c, and Tbx5 highlight the
context-specific mechanisms that dictate cardiac reprogramming.
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INTRODUCTION

Somatic cellular identity is established by complex gene regulatory networks during
embryonic development. Knowledge of these networks has been exploited to devise
combinations of transcription factors that facilitate direct reprogramming of somatic cells
from one lineage to another without progression through an intermediate pluripotent state
(Feng et al., 2008; leda et al., 2010; Rackham et al., 2016; Wernig et al., 2008). However,
the precise mechanisms by which various combinations lead to cellular specificity is only
beginning to be understood (Treutlein et al., 2016; Wapinski et al., 2017).

Direct reprogramming of cardiac fibroblasts to cardiomyocytes has been achieved in a
variety of ways, including ectopic expression of cardiac-enriched transcription factors (Fu et
al., 2013; leda et al., 2010; Nam et al., 2013; Qian et al., 2012; Song et al., 2012). Ectopic
expression of Gata4, Mef2c, and Thx5 (GMT) is sufficient to alter the fibroblast epigenome
and promote expression of genes associated with cardiomyocytes while simultaneously
repressing the fibroblast gene program (leda et al., 2010; Liu et al., 2017; Zhou et al., 2016).
Perturbation of epigenetic remodelers and ectopic expression of additional transcription
factors such as Hand2 and Myocd, or microRNAs, were found to influence reprogramming
as well, with addition of Hand2 resulting in a greater portion of pacemaker-like cells (Addis
et al., 2013; Christoforou et al., 2013; Jayawardena et al., 2015; Nam et al., 2014; Protze et
al., 2012; Zhou et al., 2016). Concomitant chemical inhibition of TGFp and Wnt signaling
resulted in improved reprogramming both 7n vitro and in vivo (Ifkovits et al., 2014;
Mohamed et al., 2017). Introduction of reprogramming factors directly into the heart after
damage by a gene therapy approach resulted in significantly improved cardiac function,
suggesting potential therapeutic benefits of /n vivo cardiac reprogramming for regenerative
medicine (Jayawardena et al., 2015; Qian et al., 2012; Song et al., 2012).

Cardiac reprogramming factors, like other reprogramming factors, are typically tissue-
enriched rather than tissue-specific, yet somehow still induce a unique fate switch. Gata4,
Mef2c, and Tbx5 each have essential functions in a wide range of tissues during embryonic
development, and their deletion individually leads to embryonic lethality and gross
malformation of various organ systems, including the developing cardiovascular system
(Bruneau et al., 2001; Lin et al., 1997; Molkentin et al., 1997). Gata4 interacts with Nkx2-5
and Thx5 to promote cardiovascular development, but it also cooperates with Foxa2 during
endoderm development to promote expression of a transcriptional network required for
foregut development (Holtzinger and Evans, 2005). Similarly, beyond cardiogenesis Thx5 is
also required for limb development (Agarwal et al., 2003; Ahn et al., 2002), while Mef2c is
also essential for neural development (Li et al., 2008; Shalizi et al., 2006). Thus,
transcription factor combinations such as GMT likely provide specificity to genome-wide
epigenomic remodeling, but how they achieve tissue-specific transcriptional regulation
remains unknown.

Gata4 is a zinc finger transcription factor capable of interacting with heterochromatin, but its
ability to interact with regions containing DNA methylation is limited (Cirillo et al., 2002;
Oda et al., 2013). Little is known regarding the ability of Tbhx5 and Mef2c to bind to
compact chromatin. One screen identified TBX5 as a factor capable of inducing DNA
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demethylation when expressed ectopically (Suzuki et al., 2017). While the function of
Mef2c in this regard remains unclear, a study of the closely related factor Mef2d in
photoreceptor cells found that it requires additional co-factors to access regions that do not
encode strong consensus Mef-response motifs (Andzelm et al., 2015). Which of these
factors, if any, functions to open closed chromatin in the context of direct reprogramming,
and whether they require combinatorial interaction to do so, remains unknown.

Here, we investigated the genome-wide consequences of Gata4, Mef2c, and Thx5
expression, alone and in combination, in cardiac fibroblasts as the cells underwent
reprogramming towards a cardiomyocyte-like state. By combining single cell RNA-
sequencing, ChlP-seq of GMT, and ATAC-seq analyses, we found that epigenomic and
transcriptional changes occurred rapidly within the first 24-48 hours of reprogramming.
Cells that adopted a trajectory toward the cardiac fate could largely be predicted by virtue of
early gene expression changes and reprogramming factor expression. A machine learning
model of gene expression changes as a function of transcription factor binding motifs in
dynamic open chromatin regions identified new candidate factors involved in
reprogramming. Although GMT are each capable of promoting chromatin remodeling when
expressed individually, we found that accessibility changes during direct reprogramming
were primarily associated with Mef2c and Thx5 binding only. Cooperative activity between
Gata4, Tbx5, and Mef2c was evident as combinatorial expression resulted in refinement and
facilitation of DNA binding by these factors compared to single factor expression, and
combinatorial binding correlated with opening of chromatin particularly at cardiac loci.

Cardiac Reprogramming Occurs Rapidly and at Variable Rates

To determine the discrete temporal transcriptional response to reprogramming with GMT in
the context of TGFP and Wnt inhibition, we performed single cell RNA-sequencing during
cardiac reprogramming of Thy1 positive (Thy1*) cells, largely representing fibroblasts,
isolated from neonatal mouse hearts that encode an a MHC-GFP reporter activated during
reprogramming (leda et al., 2010) (Figure 1A). We collected and analyzed 29,718 cells
representing five time points after transduction with retroviruses encoding Gata4, Mef2c,
and Thx5 (days -1, 1,2, 3, 7). We additionally collected cells sorted at day 14 using the
aforementioned reporter.

Transcript information from all samples was aggregated and 14 distinct transcriptional
signatures were identified (Figure 1B, Table S1) (Becht et al., 2018; Butler et al., 2018).
Excluding the clusters that exclusively represent day —1 (clusters 6 and 11), all clusters
included cells collected at each time point, highlighting the limited technical variability
between our timepoints and the heterogeneous response to GMT (Figure 1C, D).

To understand the biological significance of the 6 main groups of cells identified through
hierarchical clustering of our populations, we identified representative gene signatures for
each cluster (Figure 1E). 7,395 genes were differentially expressed (p < 0.01, average log
fold change > 0.3) across the time course (Table S1). Three populations represented non-
fibroblast cell types present in the starting population: epicardium-derived (clusters 11 and
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12, Lrrn4and Mgp), endocardium (cluster 13, Emcnand Egfl7), and macrophages (clusters
8and 9, Lyz2and SppI) (Figure 1D-E, S1B) (Cavallero et al., 2015; Xiao et al., 2018).
Notably, the expression of genes such as Lrrm4and Emcn exclusively within endocardium
and epicardium cells throughout our time course contradicts a previous report that suggested
these genes are expressed at early stages in reprogramming cells but are subsequently
repressed by GMT expression (Figure 1C-D) (Liu et al., 2017). Instead, our analysis
suggests these distinct cell types persist in the population in low numbers and likely were
not detected in the previous study due to a limitation in the number of cells captured.

Four signatures putatively represented various stages or outcomes of cardiac
reprogramming. The initial stages (early iCMs) were identified by activation of genes such
as NMid2and Tnnt2and incomplete repression of fibroblast-associated genes such as Lmcdl
and Prgs2 (clusters 0 and 5; Figure 1E, S1B). This signature was present within 48 hours of
GMT transduction, in agreement with previous reports (Liu et al., 2017; Sauls et al., 2018).
The late stages (late iCMs) were marked by expression of cardiomyocyte-related genes such
as Tnni3and Myl7, and downregulation of the fibroblast genes such as Pfgs2 (cluster 2;
Figure 1E). Unexpectedly, this cluster contained cells collected from days 3 (5% of day 3
cells) and 7 (26% of day 7 cells), as well as reporter-positive cells collected on day 14
(“+14r”; Figure 1C-D), suggesting a reprogrammed state can be acquired rapidly.

The two additional signatures appear to contain alternative reprogramming outcomes. The
first exhibits expression of various genes associated with the cell cycle such as CdkZ and
Ccenbl (clusters 4 and 10; Figure 1E). The second activates genes that become more robustly
expressed in cluster 7, such as Mmp3and Figf (Figure 1E, S1B). Cluster 7 is similar to
clusters 11 and 12, which are found in the starting population, suggesting cluster 7
represents cells that do not acquire a cardiac fate nor enter the cell cycle (Figure 1D-E).
Gene ontology (GO) analysis of genes activated in cluster 7 (compared to cluster 11, n=488
genes, average log fold change > 0.3, p < 1e-10) revealed biological processes associated
with vasculature and blood vessel development (p = 1.76e-13 and 5.32e-13, respectively).
These cells uniquely activate genes associated with vascular developmental processes such
as Epasl, Figf, and Sox9 (Figure 1E, Table S1) (Achen et al., 1998; Lincoln et al., 2007;
Tian et al., 1997). They also continue to express genes associated with the starting fibroblast
state, such as Dcnand 7bx20 (Table S1).

To better understand the associations between identified clusters and establish a
transcriptional trajectory of the reprogramming process, we next ordered clusters in
pseudotime using Monocle (Cao et al., 2019). Clusters containing fibroblasts (cluster 6) and
non-fibroblast cell types identified in the starting population (clusters 8, 9, 11, 12, and 13)
were eliminated as they do not reflect the outcome of reprogramming. This analysis revealed
a tree structure with distinct branches indicating three possible outcomes that originate from
Slc1aé6 positive cells (Figure 1F): one characterized by progressive activation of Mmp3,
another by activation of cardiac genes such as 7nni3, and the third by markers of cell cycle
progression (e.g. Ccnbl) (Figure 1G). The inhibitory effect imposed by proliferation during
cardiac reprogramming is consistent with the prior observation that continued proliferation
prevents fibroblast reprogramming to a pluripotent state (Xu et al., 2013). Collectively, these
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data suggest that a reprogramming trajectory can be acquired within 48 hours of GMT
transduction but that reprogramming progresses at variable rates in individual cells.

Reprogramming Trajectory is Entered Quickly and Driven by GMT Transduction

To understand how ectopic GMT expression may dictate the observed transcriptional
trajectories, we assayed expression of Gata4, Mef2c, or Thx5 in each cell by generating 5’
single cell RNA-sequencing data for 2,593 cells collected on day 1 of reprogramming. This
approach circumvented the limitation of our initial analysis where the individual ectopic
retroviral plasmids could not be distinguished because they each encode the same 3’
polyadenylation sequence. After eliminating the myeloid lineage, we identified 12 clusters
within this population, confirming the prompt rate in which cells alter their transcriptional
landscape in our system (Figure 2A). A pseudotime analysis again identified three main
branches in the main trajectory as well as a separate group of clusters (clusters 6, 7, 11, and
12) that were unlinked from the main trajectory (Figure 2B).

The three branches identified in the main trajectory represent gene signatures analogous to
those presented in Figure 1 based on a differential expression analysis: cells that are
reprogramming (A, 33%), those that are likely proliferating (B, 22%) and fibroblast-like
cells (C, 29%) (Figure 2C, Table S2). Evaluation of GMT expression revealed their
collective expression in branch A (Figure 2D), which contains cells that have activated
markers of a cardiomyocyte fate (e.g. Pdlim3and Smpx; Figure 2C-E) and downregulated
genes associated with a fibroblast identity (e.g. Postnand Tbx20; Figure 2C, Table S2).
Gata4is expressed in cardiac fibroblasts and is therefore detected throughout the population;
however, it is increased 1.6-fold in cluster 1 (branch A) compared to cluster 2 (branch C).
GMT is also expressed in cluster 10, which lies within branch B and expresses Smpx and
Pdlim3 at increased levels, suggesting expression of GMT can initiate reprogramming even
if the cells enter a proliferative state (Figure 2C-D). While this type of reprogramming may
not produce more advanced iCMs, it suggests proliferation does not prevent the initial stages
of reprogramming (Liu et al., 2017). In contrast to branches A and B, the fibroblast-like cells
that populate branch C exhibited only baseline levels of all three factors (Figure 2D). This
analysis indicates that branch C represents fibroblasts that do not express ectopic GMT,
rather than representing a newly acquired state driven by transduction with one or two
factors. Therefore, unlike observations made during direct neural reprogramming, we do not
detect the emergence of an alternative cell type in our experiments (Treutlein et al., 2016).

GMT expression was also detected within the unlinked trajectory in clusters 6 and 11
(Figure 2D). These clusters contain epicardial cells expressing Dax4, Lrrn4, and Msin
(Figure 2C, S2A, Table S2). Cluster 6 additionally upregulated early markers of the iCM
trajectory such as Pdlim3and Smpx, suggesting that, although unlinked from the main
trajectory, this cell type may be capable of acquiring a cardiomyocyte-like gene expression
signature upon transduction with GMT (Figure 2C, Table S2). A cell cycle-related
phenomenon was observed in the epicardial cells similar to what we observed in branch B,
as epicardial cells in cluster 11 entered the cell cycle and activated expression of Pdlim3and
Smpx (Figure 2C, S2B, Table S2).
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To identify variables that may dictate progress in the reprogramming trajectory, we next
compared the gene expression profiles of clusters 1 and 4 as they represent early, yet distinct
iCM reprogramming states. Examination of GMT expression levels found a statistically
significant difference in Gata4 (p-value = 9.58e-45) and 7bx5 (p-value = 2.08e-15) between
clusters 1 and 4, but not Mef2c (Figure 2E, S2B). Cluster 1 exhibited stronger upregulation
of early markers of reprogramming (e.g. Cad24a, Smpx, and Tnnt2) and downregulation of
fibroblast-associated genes (e.g. Postn, Sapr, and Thx20) (Figure 2G, Table S2). Therefore,
while robust expression of Mef2c is required, this variation suggests lower levels of Gata4
and/or Thx5 may limit the rate of reprogramming but nonetheless allow initiation of the
process. While cluster 8 is most similar to clusters 1 and 4, it has not robustly activated
markers of reprogramming but it has downregulated markers of the starting fibroblasts
(Figure 2C, E-G). There was a significant difference in Mef2c expression between clusters 4
and 8 (p-value = 1.17e-08; Figure 2E), further supporting the necessity of robust expression
of this gene.

Chromatin Remodeling Occurs within 72 Hours of GMT Expression

To identify the dynamics in chromatin accessibility underlying the aforementioned
transcriptional changes, we performed ATAC-seq on aMHC-GFP* cells collected at five
time points during reprogramming (days 2, 3, 7, 14, and 21), and compared regions of
accessible chromatin to those detected in the starting fibroblast population. This analysis
identified 100,691 total dynamic regions, which included a rapid gain of accessibility by day
2 of reprogramming at the early reprogramming marker gene S/c6a6 and cardiac 7/nt2 loci
(Figure 3A, S3A-B, Table S3). Principal component analysis of the genome-wide chromatin
accessibility data showed extensive chromatin remodeling by day 2, in agreement with the
transcriptional dynamics presented in Figure 1 (Figure S3C).

To uncover factors that direct the most robust changes in chromatin accessibility, we
performed hierarchical clustering on the 10,000 most differentially accessible regions
identified during our time course and found eight primary patterns (Figure 3B).
Approximately half of the most dynamic regions (n=4,480) identified in our time course lost
accessibility during transdifferentiation, while the other half gained accessibility (n=5,520).
Regardless of chromatin remodeling dynamics, the vast majority of changes occurred distal
from transcriptional start sites, with dynamic regions underrepresented in promoter proximal
regions (p = 2.2e-16; Figure S3D). The majority of regions that lost accessibility exhibited
this change within 3 days of GMT induction (clusters A1-4; Figure 3B, C). Motif
enrichment analysis identified the TEAD family as most associated with loss of chromatin
accessibility (Figure 3D, Table S3), specifically motifs for TEA transcription factors 7ead1
and Tead4, which are both expressed throughout reprogramming (Table S4, Figure S3E).

In contrast to the similar dynamics observed in clusters that exhibited the strongest loss of
accessibility, there were multiple distinct patterns associated with gain of accessibility.
Cluster A5 demonstrated a gain in chromatin accessibility by day 2, but then exhibited a
return towards the fibroblast accessibility state at later time points, suggesting that accessible
chromatin at those sites was not stabilized (n=385; Figure 3B, C). This cluster showed
limited enrichment of transcription factor sequence motifs, which may have prevented stable
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GMT binding similar to findings reported for Mef2c, Gata4, and FOXA2 where a lack of
motif leads to transient sampling rather than stable binding (Figure 3D, Table S3) (Andzelm
et al., 2015; Donaghey et al., 2018). Cluster A6 demonstrated an initial trend similar to
cluster A5; however, the extent of accessibility loss at later time points was reduced
(n=1,352; Figure 3B-C). Clusters A7 and A8 represent the majority of regions associated
with a gain in accessibility, and the maximum gain in these regions was observed after day 3
(n=2,471 and n=1,212, respectively; Figure 3B-C). Regions in these clusters maintained
higher levels of accessibility over the time course, compared to clusters A5 and A6, and also
contained significant enrichment of multiple motif families (Figure 3D, Table S3). Thus,
regions that transition from closed to open during cardiac reprogramming have a number of
distinct patterns over time, including several that are only transiently open, and each is
associated with different sequence motifs.

To assess the potential functional roles of each cluster, we annotated regions exhibiting
changes in chromatin accessibility using GREAT (Figure 3E) (McLean et al., 2010).
Regions that exhibited loss of accessibility were associated with the inflammatory response
(cluster A2) and monocytes (cluster A3), supporting a previous report that demonstrates
reprogramming is promoted by repression of inflammatory signaling pathways (Zhou et al.,
2017). Clusters A7 and A8, which gain and maintain accessibility, were associated with
cardiovascular terms such as cardiac and striated muscle development. Regions that did not
maintain accessibility in cluster A5 were also associated with cardiac function (Figure 3E).
It remains possible that while Thx5 may transiently sample those sites during
reprogramming, it requires developmentally regulated binding partners such as Eomes, or
others, to initiate and/or stabilize the interactions with DNA that are not robustly detected in
our system (McLane et al., 2013).

Computational Modeling Reveals Additional Factors Involved in Cardiac Reprogramming

In an effort to discern additional transcription factors that direct the initial stages of
reprogramming, we devised a multivariate machine learning approach to predict which
transcription factor sequence motifs are most associated with transcriptional changes that
occur during the first 2 days of reprogramming (Figure 4A). We found a stronger correlation
between sequence motif content of dynamic chromatin regions 2-500kb from the TSS
(Pearson correlation = 0.37 between observed versus predicted fold-change, p-value < 0.05,
t-test for correlation coefficient) as compared to within 2kb of the TSS (Pearson correlation
=0.22, p-value < 0.05, t-test for correlation coefficient), supporting a previous report that
suggested chromatin dynamics proximal to the TSS were poor predictors of gene expression
dynamics (Pliner et al., 2018). This model predicted 48 motifs significantly associated with
transcriptional changes that occur during the fibroblast to day 2 time frame (Figure 4B). A
lower correlation was detected when incorporating only the motifs of GMT that are within
accessible chromatin at day 2 (correlation = 0.19), suggesting additional transcription factors
are indeed involved in early transcriptional dynamics associated with reprogramming.

We ranked the identified motifs based on a net importance score (Figure 4B). A positive net
importance score suggests an increase in transcription while a negative score suggests a
repressive influence; a score close to zero indicates a mixed influence. This analysis found
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that the Tbx5 motif (T-box) was most associated with gene expression changes (Figure 4B).
Notably, while Mef2 motifs (MADS) were also among the top ranked set of putative early
regulators, Gata motifs were absent from this list, suggesting that Tbx5 and Mef2c are more
influential than Gata4 in regulating gene expression changes during the early stages of
reprogramming. The lack of Gata4 motif detection in this prediction combined with ATAC-
sequencing results suggests that its link to gene expression changes is weak. Motifs for
Smads2/3/4 were also predicted to influence gene expression, supported by previous work
that showed TGFp inhibition positively influences reprogramming outcome (Ifkovits et al.,
2014; Mohamed et al., 2017).

To reveal if the identified transcription factors target similar or distinct gene sets, we next
performed hierarchical clustering to discover groups of motifs with similar relationships to
gene expression changes (Figure 4C). Motifs clustered into two groups, one of which
contained many motifs associated with cardiomyocyte development such as Mef2 and Thx
family motifs, as well as Sox, Fox, and SMAD motifs (Figure 4C, lower). The Thx5 motif
was most closely linked to changes at regions that also encode Tgifl motifs, a TGFp-
induced transcriptional homeodomain-containing repressor (Figure 4C, bold) (Wotton et al.,
1999). However, dynamics associated with the Mef2 motifs were not closely linked to any
other matifs, suggesting Mef2c may function independently in the reprogramming context
(Figure 4C, bold). Next we used a linear model to determine motif pairs whose influence on
gene expression could not be explained by either of the motifs alone. Ranking transcription
factor motifs by the total number of predicted interactions revealed strong enrichment for the
motifs Tcfcp2l1, Sox4, and Hifla, providing evidence that their role in reprogramming
involves cooperative interactions with additional factors (Figure 4D, Table S5). These results
further support a model in which multiple transcription factors jointly regulate gene
expression dynamics during reprogramming.

To leverage the predictions made by the TF interaction model, we next examined the effect
of shRNA-induced knockdown of selected factors on reprogramming efficiency at day 2. Of
the 18 genes tested, 5 exhibited a statistically significant reduction in reprogramming
efficiency (Sp1, Foxol, Tcfp2/1, Tgifl, and Foxol) while 3 improved reprogramming
(Hifla, Prdml, and Smad3) (Figure 4E). Future studies of the remaining candidates may
reveal additional factors that can enhance or serve as barriers of cardiac reprogramming, and
their mechanisms of action.

Mef2c and Thx5 Binding Is Associated with Changes in Chromatin Accessibility

Given that GMT drive cardiac reprogramming, we next performed ChiP-seq at day 2 of
reprogramming to assess Gata4, Mef2c, and Thx5 occupancy to dissect direct versus indirect
consequences of their binding to DNA when introduced in combination. Unlike the ATAC-
seq presented in Figure 3, this experiment was performed in immortalized neonatal cardiac
fibroblasts to obtain sufficient numbers of cells (Figure S4A); therefore, we created a new,
matched ATAC-seq dataset for integration with the ChlP-seq data. This analysis identified
5,100, 6,904, or 5,307 peaks for Gatad, Mef2c, or Thx5, respectively (Figure 5A-B, S4B).
The majority of Gata4 and Mef2c peaks were located further than 2 kilobases (kb) from the
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nearest transcription start site (TSS), while 45% of Thx5 peaks were within 2kb of a TSS
(Figure S4C).

To reveal relationships between reprogramming factor binding and chromatin accessibility,
we performed hierarchical clustering on the merged region set (n=14,138) bound by Gata4,
Mef2c, and/or Thx5 during reprogramming, including changes in chromatin accessibility,
and identified eight primary patterns (Figure 5B, S4B). The regions in two groups (clusters
B1 and B3, n=2,630) were generally bound by all three factors. However, these clusters
exhibited disparate chromatin dynamics. Cluster B1 contained regions that were accessible
in the starting population, and their accessibility increased slightly by day 2 (Figure 5B). In
contrast, regions within cluster B3 were inaccessible in the starting fibroblasts, and their
accessibility increased (6.33-fold mean increase by day 2) (Figure 5B).

Two clusters contain regions bound by Mef2c alone (clusters B2 and B4; n=1,968 and
n=2,240, respectively), each displaying opposing trends in chromatin accessibility (Figure
5B). While regions in cluster B2 lost accessibility on average, regions in cluster 4
experienced a 2.55-fold mean increase (Table S6). While the trend identified in cluster B4
suggests the machinery Mef2c requires to promote chromatin remodeling is active during
reprogramming, we did not observe significant chromatin remodeling at regions bound by
Thx5 alone (cluster B7, n=2,370) nor Gata4 alone (cluster B5, n=1,419) (Figure 5B).
Cluster B7 exhibited little change in accessibility during reprogramming (0.64-fold mean
change), while regions bound by Gata4 and Tbx5 together (cluster B6; n=2,129), exhibited a
3.84-fold mean increase in accessibility, suggesting synergistic binding of Gata4 and Thx5
has a positive impact on chromatin remodeling at those regions (Figure 5B).

We next identified potential non-GMT cofactors within these regions by searching for
known motifs enriched within ChlP-seq peaks and summarized them based on TF family
(Figure 5C, Table S5). As expected, top-ranked motifs correspond to families of
reprogramming transcription factors; however, additional motif families were also
significantly enriched, including those that bind bZip, Homeobox, and Forkhead proteins
(Figure 5C, Table S5). These families include transcription factors such as Atf1/2/3/7, Fosl2,
Jun, and Bach2 (bZip); Tgif1/2 and Meisl (H-box); and Foxm1 (Forkhead), all of which are
expressed during reprogramming (Figure S3E). This result suggests that combinatorial
binding at dynamic chromatin is important beyond GMT.

Finally, we analyzed the binding of Gata4, Mef2c, and Thx5 at regions that exhibited the
most dynamic chromatin accessibility changes during reprogramming (regions from Figure
5B-C). We detected no enrichment of GMT binding at day 2 in regions that lose accessibility
during reprogramming (clusters A1-4), while we detected statistically significant enrichment
of GMT binding at day 2 in almost all regions that gained accessibility during
reprogramming (clusters A6, A7, and A8; Figure 5D). Cluster A5 is the only ATAC-seq
cluster that gained accessibility at day 2 of reprogramming without significant enrichment of
binding by reprogramming factors, providing a potential explanation for why this cluster
exhibits only a transient accessibility gain (Figure 5D, 3B-C). Taken together, these data
suggest that chromatin accessibility dynamics directed by binding of GMT are context-
specific.
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Transcription Factor DNA Occupancy Defines Chromatin Accessibility Trends

To understand how GMT binding, individually and in combination, is related to changes in
chromatin accessibility, we next performed ChiP-seq and ATAC-seq at day 2 on
immortalized neonatal cardiac fibroblasts with single factors (SF) as well as pairs of factors
ectopically expressed (double factor, DF) (Figure 6A). Overall, each individual factor’s
binding pattern differed from that detected during reprogramming with all factors (AF)
(Figure 6B). A large shift occurred for Gata4, whose binding became more similar to that of
Thx5 during AF reprogramming, supporting a previously reported cooperative binding
relationship between these two transcription factors in developing mouse and human
cardiomyocytes (Ang et al., 2016; Luna-Zurita et al., 2016; Maitra et al., 2009). Mef2c
exhibited a decidedly distinct binding pattern compared to Thx5 and Gata4, but its binding
was altered by the addition of Gata4 and Thx5 (Figure 6B).

Hierarchical clustering of the merged region set when AF or an SF were detected, together
with changes in chromatin accessibility, resulted in 8 distinct clusters (Figure 6C). Most
clusters were driven by binding of a single factor (Figure 6C). Clusters C2 and C4-C6
represent clusters bound in single factor conditions that are refined by the addition of all
factors (Figure 6C, S5A). Binding of a single factor in C2 and C5 was associated with a
concomitant increase in chromatin accessibility. The single binding events refined by the
addition of the other reprogramming factors coincide with overrepresentation of the single
factor’s sequence motif (Figure S5B, Table S6). Regions in C5 exhibited an increase in
chromatin accessibility only when Gata4 was present alone, which may suggest these
regions act as regulatory elements in cell types for which Gata4 is involved but Thx5 and
Mef2c are not, such as at the TSS of the endothelial gene Lecam?2 (Figure S5A). Similarly,
Mef2c was sufficient to induce an increase in chromatin accessibility in a subset of regions
within C2 that was abrogated by the addition of Gata4 and Thx5 (mean fold changes,
M=1.75, MG=1.24, MT=1.12, AF=0.84) (Figure 6C, Table S7).

Mef2c and Thx5 SF binding events were also associated with a loss of chromatin
accessibility (C4 and C6), suggesting their ability to interact with DNA and alter chromatin
accessibility is context-dependent. C8 confirms the divergent response to Thx5 binding as a
subset of these regions were also bound by Gata4, and were associated with minimal
changes in chromatin accessibility (Figure 6C). We did not identify a cluster in which Gata4
was independently capable of stably increasing chromatin accessibility, suggesting its
function in the reprogramming context is downstream of epigenomic remodeling.

We noted unique trends in clusters C3 and C7. They are dominated by regions that exhibit
binding of all three factors in the AF reprogramming condition, but limited binding in the SF
conditions (Figure 6C). While Mef2c binding was sufficient to promote a 3.09-fold increase
in chromatin accessibility in cluster C3, Thx5 comparably directed a 3.08-fold increase in
cluster C7, representing the greatest average increases in chromatin accessibility among
regions included in this analysis (Figure 6C, Table S7). This suggests that chromatin
changes induced by Mef2c and Thx5 create a chromatin landscape amenable to the binding
of the additional reprogramming factors, adding another layer of regulatory complexity.
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We next ascertained the relationship between these clusters and the transcriptional signatures
identified by single cell RNA-sequencing (Figure 1). To that end, we defined genes that
represent early iCMs, late iCMs and untransduced fibroblasts (p < 0.0001; Table S1) and
calculated the distance from the TSS to the closest dynamic region. Regions whose
chromatin dynamics were largely associated with Mef2c binding (clusters C2 and C3) were
significantly associated with genes marking “Early iCM” populations (p < 0.001; Figure 6D,
left). Clusters C3 and C7 were associated with “Late iCM” genes and an increase in
occupancy by all three reprogramming factors during reprogramming (p < 1e-10; Figure 6D,
middle). This association between C3 and C7 with gene expression suggests that the “Late
iCM” trajectory results from cooperative binding by all three reprogramming factors while
Mef2c is associated with the initial gene expression changes that define early iCMs.

To identify chromatin dynamics associated with untransduced cells that do not reprogram,
we next evaluated the distance between observed chromatin dynamics and genes that
represent this trajectory. Indeed, we found that regions in cluster C5 that were bound by
Gata4 only in the Gata4 SF condition were significantly closer to genes that represent the
untransduced fibroblasts (p < 0.001; Figure 6D, right). The lack of chromatin accessibility
changes in the DF conditions in C5 indicate that neither Mef2c (MG) nor Thx5 (GT) bind to
or prevent Gata4 from binding to or altering chromatin accessibility at these regions,
supporting our conclusion that these cells represent an untransduced population that
expresses and is regulated by endogenous levels of Gata4 (Figure 6A, C). Cumulatively,
these data reveal the complexity of the mechanisms through which transcription factors
influence each other, both enabling and refining one another’s ability to bind DNA and
affect accessibility changes.

Individual Factors Activate Transcription of Reprogramming Genes

To understand the extent to which GMT synergy leads to gene expression changes during
reprogramming, we next identified genomic regions bound by GMT that are proximal to
differentially expressed genes. Lab3and Pirfrepresent two genes whose expression
increases in early iCMs by day 1 compared to the starting population and are bound by
reprogramming factors; Pirfis bound by Mef2c and Tbx5 in the AF context, while Lab3is
bound by all three reprogramming factors in the AF context (Figure 7A, B). We predicted
putative enhancer elements that may be responsive to GMT guided by the ChiP-seq and
ATAC-seq data and designed reporter constructs with these regions to identify which
factor(s) are sufficient to induce gene expression. Neonatal cardiac fibroblasts were
concurrently transduced with these reporters as well as GMT, and reporter expression was
assessed using FACS.

Despite evidence of binding by multiple factors at these sites during reprogramming, ectopic
expression of a single factor was sufficient to induce reporter gene expression from both of
these constructs. Mef2c, but neither Gata4 nor Thx5, was sufficient to induce robust Lab3
driven reporter expression, consistent with Mef2c’s binding to the endogenous Lab3locus
independently, with subsequent binding of Thx5 and Gata4 (Figure 7B, C). Conversely,
while both Mef2c and Thx5 were independently capable of binding to the endogenous Ptrf
locus, only Thx5 was sufficient to activate expression of the Ptrf-driven reporter when
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introduced alone (Figure 7B, D). While Mef2c had no discernable effect on reporter
expression, the addition of Gata4 limited the ability of Thx5 to induce reporter expression
resulting in a mean decrease of 61% (uncorrected p-value = 0.006), demonstrating an
example of the coregulatory refinement suggested by ChIP- and ATAC-seq data (Figure 5).
Although both the Lab3and Ptrfgenes are expressed in early iCMs, our results demonstrate
that the role of each reprogramming factor is not limited to synergistic activation, but rather
differs between these two loci, indicating context-specific effects in regulatory element
usage for each transcription factor.

DISCUSSION

Here, we interrogated the transcriptional and epigenomic dynamics underlying direct cardiac
reprogramming in an /n vitro mouse cardiac fibroblast system, revealing numerous insights
into the mechanisms associated with the cell fate transition from a fibroblast toward a
cardiomyocyte. Epigenomic and transcriptional changes occurred broadly within the first 72
hours, and cells destined to reprogram could largely be predicted by virtue of early gene
expression dynamics and reprogramming factor expression. Single cell assays addressed
longstanding questions regarding heterogeneity and response to combinations of
reprogramming factors, clarifying existing interpretation of bulk transcriptome data sets. A
machine learning approach revealed clusters of co-located transcription factor motifs within
dynamically changing chromatin regions associated with coordinate gene expression
changes, pointing to additional factors that may promote or inhibit reprogramming.
Integration of GMT DNA occupancy with genome-wide chromatin accessibility and single
cell RNA-sequencing in the setting of individual or combinations of transcription factors
revealed an interdependency of their binding patterns and suggests possible mechanisms
through which they facilitate successful reprogramming.

Despite similarities to rapid transcriptional and chromatin remodeling seen in other systems,
our results highlight differences between direct cardiac reprogramming and other
reprogramming types. For example, during the transition from fibroblast to neuron induced
using a combination of Ascll, Brn2, and Mytl (Treutlein et al., 2016), an alternative fate
characteristic of skeletal muscle was observed. In contrast, for cells that were successfully
transduced with GMT, no major alternative fates, compared to starting cell types, were
observed. Alternatives may be limited in the cardiac setting, because, as we show here, GMT
binding is refined when they are expressed combinatorially, perhaps focusing binding events
on cardiac loci. By contrast, Ascl1’s binding is not altered by the addition of other neural
reprogramming factors such as Brn2 and Mytl1, suggesting its binding is unrestrained and
may occur at regulatory elements employed in the development of multiple cell types
(Wapinski et al., 2013).

While reports of direct reprogramming were first documented many years ago, the tools
available to dissect the precise molecular mechanism of reprogramming were limited.
Advances in single cell RNA-sequencing have created avenues to identify the path a single
cell can take to its endpoint, and identify the molecular determinants of these trajectories
(Cacchiarelli et al., 2018; Schiebinger et al., 2019). Simultaneous advances in machine
learning have improved the information gleaned from single cell RNA-sequencing data, as
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well as the ability to correlate changes between gene expression and chromatin remodeling
(Cao et al., 2018; Deng et al., 2019; Eraslan et al., 2019; Lopez et al., 2018; Way and
Greene, 2018; Welch et al., 2017). The observation that the vast majority of fibroblasts that
expressed GMT proceeded into the induced cardiomyocyte trajectory suggests a higher
efficiency among GMT-expressing cells than previously recognized and suggests that
reprogramming efficiency might be improved by increasing the proportion of fibroblasts in
which all three factors are ectopically expressed. Furthermore, our analysis suggests that
other cell types, such as epicardial cells, have the potential to be partially reprogrammed,
although they remain dissimilar to fibroblast-derived induced cardiomyocytes.

In conclusion, we have developed a comprehensive genomic assessment of transcription
factor binding, chromatin state, and transcriptional changes, that reveals the molecular
complexity involved in direct cardiac reprogramming. Mechanistic insights provided by
integration of multiple datasets have started to reveal how lineage-enriched transcription
factors can induce cell fate transitions in a combinatorial fashion, thereby achieving
specificity of gene regulation.

STAR METHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Deepak Srivastava (dsrivastava@gladstone.ucsf.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All animal work in this study was done in accordance with local institutional
policies. Breeding age « MHC-GFP CD8 transgenic mice were used to generate all cells
used in this study (Subramaniam et al., 1991). No influence on sex was observed.

Cell Lines and Culture—Direct cardiac reprogramming was performed on primary
neonatal mouse cardiac fibroblasts as previously described (leda et al., 2010; Qian et al.,
2013). Briefly, tissue explants from a MHC-GFP* neonatal mouse hearts (p0-p3) were
minced and cultured on gelatin-coated plates in fibroblast explant media at 37°C for ~10
days, allo wing expansion of fibroblast population prior to selection of GFP~/Thy1* cells by
FACS. After sorting, primary fibroblasts were plated at a density of 500k-700k per 10cm
dish with gelatin coating.

Experiments presented in Figures 4D-E, 5, 6, and 7B-D were performed using an
immortalized neonatal cardiac fibroblast cell line expressing cre-excisable large T antigen,
made from a MHC-GFP* mice. Fibroblasts were passaged the day prior to infection, and
plated at a density of 500k per 10cm dish with gelatin coating.

Method Details

Medias—Fibroblast explant media: 20% fetal bovine serum, 1x penicillin-streptomycin, in
IMDM Cardiomyocyte media: 10% M199, 10% FBS, 1% NEAA, 1% sodium pyruvate, 1x
penicillin-streptomycin, in DMEM with Glutamax and sodium pyruvate
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PlatE/293T media: 1% NEAA, 10% FBS, in DMEM with Glutamax
FACS buffer: 1% FBS, 0.5mM EDTA, 10mM HEPES, in Ca/Mg2+ free PBS

Single cell RNA-sequencing resuspension buffer: 1% BSA, in Ca/Mg2+ free PBS

Reprogramming Timeline—Day -12 (+/- 3 days): Neonatal cardiac tissue harvested
and maintained in fibroblast explant media.

Day -2: Thyl*/a MHC-GFP~ cells were isolated by FACS or immortalized fibroblasts were
passaged.

Day —1: Fibroblasts were infected with freshly prepared pMXs-Gata4, pMXs-Mef2c, and/or
pMXs-Thx5 (GMT) retroviruses or pMXs-dsRed retrovirus.

Day 0: Fibroblast explant media was replaced with cardiomyocyte media containing
sbh431542 (2.6uM).

Day +1: Xav939 (5uM) was added to cells without changing media.

Indicated time points: FACS-sorted or unsorted cells were collected at time points following
reprogramming initiation. We completed at least three biological replicates per condition.
[See methods paper for detailed protocol (Qian et al., 2013).]

Viral Production—All retroviruses were freshly prepared. Prior to transfection with pMXs
viral plasmids, platE cells were maintained under selection in 10cm dishes containing 10mL
of platE/293T media with 2ul of 10 mg/mL puromycin and 10ul of 50 mg/mL blasticidin.
The day before transfection, platE ~4.5 million platE were plated per 10cm dish without
gelatin coating in platE/293T media without antibiotics.

Lentiviruses were freshly prepared and packaged with psPAX2 and pMD2.G (gifts from
Didier Trono; Addgene #12260 and #12259.) Lentiviral ShRNA constructs targeting
candidate TFs were obtained from Sigma (Table S5). Scrambled shRNA control lentiviral
construct was a gift from David Sabatini (Addgene #1864 (Sarbassov, 2005); Table S5). The
day before transfection, ~600k 293T were plated per 3.5cm well (1 well of a 6-well plate)
without gelatin coating in platE/293T media without antibiotics. Lentiviral constructs were
transfected along with packaging vectors psPAX2 and pMD2.G at a ratio of 3:3:1 (2.5ug
lentiviral plasmid + 2.5ug psPAX2 + 0.83ug pMD2.G).

Fugene HD was used for all transfections, at a ratio of 3.5:1 for Fugene:total plasmid DNA.
Viral supernatant for retroviruses and lentiviruses was collected 48 hours post-transfection
and used to infect cardiac fibroblasts with the addition of 0.6ug/mL polybrene.

Fluorescence Activated Cell Sorting (FACS)—Adherent cells were washed with
PBS, digested in 1x TryplE for 20 minutes, then quenched with fibroblast explant media.
Cells in suspension were filtered through a 70uM filter and pelleted. Pelleted cells were
stained for 1 hour with Thy1-APC antibody, washed once with PBS, and resuspended in
FACS buffer. APC*/GFP~ cells were isolated by FACS and plated onto gelatin-coated plates
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(day —2) prior to infection the following day (day —1), and cell harvest at time points
indicated. For sorted samples used in bulk assays, and all single cell RNA-equencing
samples regardless of fluorescent selection, adherent cells were washed with PBS, digested
in 1x TryplE for 20 minutes, then quenched with cardiomyocyte media. Cells in suspension
were filtered through a 70uM filter, pelleted, and resuspended for FACS.

Cloning—~Putative regulatory sequences for reporters used in Figure 7 were inserted into
pGK:HygroR-CMV:mKate2-B_UTR (a gift from Tyler Jacks; Addgene #68480), in place of
CMV after excision with Afel and Avrll (NEB). Plasmids generated in this study have been
deposited to Addgene (pGK-Ldb3-mKate2, #128766; pGK-Ptrf-mKate2, #128765).

Single Cell RNA-sequencing Library Generation—All cells undergoing single cell
RNA-sequencing went through FACS, however “unsorted” samples were gated for single
cells only while “sorted” samples were gated based on both singularity and fluorescence.
Cells were filtered using a 70uM filter, resuspended in 1% BSA in PBS, and counted
immediately prior to library preparation. Single-cell RNA-seq libraries were prepared using
the Chromium Single Cell 3" (v2) and 5’ (v1) Reagent Kits (PN-120236, PN-120237,
PN-120262, PN-1000006). Libraries were constructed using 10X Genomics guidelines. All
libraries were pooled and sequenced using the HiSeq 4000 to a read depth of at least 30,000
reads per cell.

Bulk RNA-Sequencing—All cells undergoing bulk RNA-sequencing went through FACS
to select either aMHC-GFP* iCMs or dsRed™ fibroblast controls. Following sorting, cells
were immediately pelleted, resuspended in 200uL Qiazol, and placed at —20 degrees Celsius
for at least 24 hours prior to isolation of total RNA using the miRNeasy Micro Kit (Qiagen).
Bulk RNA-sequencing libraries were prepared with the Ovation RNA-seq System v2 kit
(NUGEN). RNA-seq libraries were assessed by Bioanalyzer and quantified by gPCR
(KAPA). Samples were sequenced at 100PE on the lllumina HiSeq 2500 at the Harvard FAS
core.

ATAC-sequencing Library Preparation—We prepared iCM, single-factor, and
fibroblast samples for ATAC-seq as previously described (Buenrostro et al., 2013). Aliquots
of 10,000-50,000 cells were spun down (310 RCF for 3 minutes) and washed with 200 pL
of chilled PBS. Samples were lysed with 200 uL of chilled lysis buffer (20 mM Tris-HCI
(pH 8.0), 85 mM KCI, 0.5% NP-40) and spun down at 500 RCF for 5 minutes. Nuclear
pellets were transposed with 25 pL of Tagment DNA Buffer, 2.5 pL of Tagment DNA
Enzyme (Nextera Sample Prep Kit from Illumina, cat #FC-121-1030), and 22.5 uL of
nuclease-free H20. The samples were incubated at 37°C for 30 minutes and stored at
—20°C. Transposed samples were purified using the QIAGEN MinElute Reaction Cleanup
Kit (cat #28204). Samples were amplified using 25 pL of NEBNext High Fidelity 2x PCR
Master Mix, 1.25 UM Nextera custom primer, 1.25 pM Nextera custom primers with unique
barcodes, and nuclease-free H20. We amplified samples using the following PCR
conditions: 72°C for 5 minutes; 98°C for 30 seconds; and cycled at 98°C for 10 seconds,
63°C for 30 seconds and 72°C for 1 minute. Half of each sample was amplified for 12
cycles, MinElute purified and assessed by bioanalyzer for library quality. Samples
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concentration was quantified by Qbit before pooling. Samples shown in Figure 3 were
sequenced at 100PE on the Illumina HiSeq 2500 at either the Harvard FAS core or the UCSF
CAT core. ATAC-seq samples shown in Figure 6 were sequenced at 100PE on the Illumina
HiSeq 4000 at the UCSF CAT core.

ChlIP-Seq Protocol and Library Generation—Cells (107 per ChIP) were crosslinked
in 1% formaldehyde in suspension at room temperature for 10 minutes with gentle rotation.
Crosslinking was quenched by addition of glycine (final 125 mM), followed by incubation at
room temperature for 5 minutes with gentle rotation. Cell pellets were incubated in cell lysis
buffer (20 mM Tris-HCI, pH 8, 85 mM KCI, 0.5% NP-40, protease inhibitors) for 10
minutes on a rotator at 4°C. Nuc lei were isolated by centrifugation (2,500 x g, 5 minutes,
4°C), resuspended in nuclear lysis buffer (50 mM Tris-HCI, pH 8, 10 mM EDTA, pH 8, 1%
SDS, protease inhibitors) and incubated on a rotator for 30 minutes at 4°C. Chromatin was
sheared using a Covaris S2 sonicator for 15 minutes (60-second cycles, 5% duty cycle, 200
cycles/burst, intensity = 5) until DNA was in the 200-700 base-pair range. Chromatin was
diluted five-fold in ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA,
16.7 mM Tris-HCI, pH 8, 167 mM NacCl, protease inhibitors) and incubated with antibody (2
mg/million cells) at 4°C overnight under rotation. Antibodies used are Santa Cruz, Gata4,
sc-1237x; Cell Signal Tech, Mef2c 5030; Santa Cruz, Thx5 (C-20) sc-17866x. Antibody-
protein complexes were immunoprecipitated using Pierce Protein A/G magnetic beads at
4°C for 2 hours under rotation. Beads were washed five times (2-minute washes under
rotation) with cold RIPA buffer (50 mM HEPES- KOH, pH 7.5, 500 mM LiCl, 1 mM
EDTA, 1% NP-40, 0.7% Na-deoxycholate), followed by one wash in cold final wash buffer
(1XTE, 50 mM NacCl). Immunoprecipitated chromatin was eluted at 65°C with agitation for
30 minutes in elution buffer (50 mM Tris-HCI pH 8.0, 10 mM EDTA, 1% SDS). High-salt
buffer (250 mM Tris-HCI, pH 7.5, 32.5 mM EDTA, pH 8, 1.25M NaCl) and Proteinase K
were added and crosslinks were reversed overnight at 65°C. Samples were treated with
RNase A, and DNA was purified with Agencourt AMPure XP beads (Beckman Coulter cat
#A63881). Fragmented ChIP and input DNA was end-repaired, 5 phosphorylated and dA-
tailed with NEBNext Ultra I1 DNA Library Prep Kit for Illumina (NEB E7645). Samples
were ligated to adaptor oligos for multiplex sequencing (NEB E7335), PCR amplified, and
sequenced on an Illumina NextSeq 500 at the Gladstone Institutes.

Quantification and Statistical Analysis

Single Cell RNA-Sequencing Analysis—The 10X Genomics Cell Ranger pipeline was
used to demultiplex raw data, align reads, count transcripts and aggregate multiple samples
and timepoints. The R packages Seurat v2.3 and Monocle v3 were used for all downstream
analyses (Butler et al., 2018; Cao et al., 2019). Cells that met unique molecular index (UMI)
and gene thresholds were included in subsequent analyses. Clustering was performed using
the top principal components and visualized using UMAP (Mclnnes et al., 2018).
Differential expression between the clusters was calculated using the negative binomial test
implemented in Seurat (Figures 1 and 2) and Moran’s | test implemented in Monocle
(Figure 2) (Butler et al., 2018; Cao et al., 2019).
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Bulk RNA-Sequencing Analysis—Trimming of reads in raw fastq files for known
adapters and low-quality regions of reads was performed using Fastq-mcf (https://
github.com/ExpressionAnalysis/ea-utils). Sequence quality control was assessed using the
program FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and RSeQC
(Wang et al., 2012). Alignment of the reads to the reference mm9 genome was performed
using STAR 2.5.2a. Reads were assigned to genes and summarized as gene-level counts
using "featureCounts" (Liao et al., 2014), part of the Subread suite (http://
subread.sourceforge.net/), with Ensembl gene annotations, in GTF format. The association
of the expression of genes with the day of reprogramming was estimated using a linear
model in edgeR with statistical significance determined using a likelihood ratio test. The
expression of 8,327 genes were significantly associated with the day of reprogramming
using an FDR < 0.05 threshold.

ATAC-Sequencing Analysis—Alignment to the mm9 reference genome was performed
using Bowtie 2.2.4 (Langmead and Salzberg, 2012) with options: -X 600 --no-mixed --no-
discordant. Duplicate reads were removed using Picard MarkDuplicates (http://
broadinstitute.github.io/picard). Peaks were called using macs2 callpeak with options: -p 0.1
--nomodel --shift 100 --extsize 200 -B --SPMR --call-summits. Peaks concordant between at
least two of three replicates were considered for further analysis. Clustering was performed
using the bioconductor package HOPACH and visualized using pheatmap in R (Laan et al.,
2003). Regions of open chromatin are determined by first estimating counts in each of the
replicates for each of the time-points across a merged set of 307,204 peaks called by
MACS?2 (Zhang et al., 2008), then normalizing the counts for differences in sequencing
depths and estimating the association with time using the likelihood ratio tests based on
negative binomial generalized log-linear model in bioconductor package edgeR (Robinson
and Oshlack, 2010; Robinson et al., 2010). At an FDR of 5%, 100,691 regions were
significantly associated with time. Of these, we selected the 10,000 most significantly
dynamic regions for downstream analysis. We associated biological processes to these
regions using GREAT (McLean et al., 2010). Motif enrichment analysis was performed
using HOMER (Heinz et al., 2010).

ChlIP-Sequencing Analysis—Trimming of known adapters and low-quality regions of
reads was performed using Fastg-mcf (http://code.google.com/p/ea-utils). Sequence quality
control was assessed using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/
fastgce/) and RSeQC (Wang et al., 2012). Alignment to the mm9 reference genome was
performed using Bowtie 2.2.4 (Langmead and Salzberg, 2012). Peaks were called using
GEM (Guo et al., 2012; Langmead and Salzberg, 2012). Read counts per peak were
generated with featureCounts (Liao et al., 2014) and normalized to account for differences in
sequencing depth between samples using upper quartile normalization separately for the
ChIP and input samples of each of the three transcription factors. Regions bound by each
transcription factor in the Single Factor (SF) and/or All Factor (AF) setting were determined
using empirical Bayes F-tests for a quasi-likelihood negative binomial generalized log-linear
model of the count data as implemented in edgeR. Specifically, we tested for a significant
(i.e. non-zero at FDR < 5%) log2 fold-increase in normalized peak signal for ChIP versus
the corresponding input sample in at least one of the SF and AF setting, adjusting for sample
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identifier to account for the inclusion of technical replicates for some Gata4 AF ChIP
samples. These log2 fold-changes were clustered using HOPACH with the following
settings: clusters="best", initord="clust". Region intersections were found using BEDTools
(Quinlan and Hall, 2010). Motif enrichment analysis was performed with HOMER (Heinz et
al., 2010). Known motifs and sequence logos were generated from de novo motifs matched
to the JASPAR CORE non-redundant vertebrate database (Heinz et al., 2010; Mathelier et
al., 2015) using Tomtom from the MEME suite (Bailey et al., 2009). Significant differences
in peak distances from gene groups was determined by the Wilcoxon-Mann-Whitney rank
sum test.

Summary of Machine Learning Model—We implemented a biophysically inspired
machine-learning model to explain how rates of gene expression change between two time
points and differ across genes as a function of changes in transcription factor binding motifs
in open chromatin near each gene’s transcription start site (TSS). Due to chromatin opening/
closing during differentiation, a gene can have different binding motifs in nearby open
chromatin between two time points. To learn how these chromatin accessibility dynamics
relate to the temporal regulation of cardiomyocyte differentiation, we focused on associating
binding motif content to the rate of gene expression change between each pair of time points
(i.e., gene expression slope), rather than gene expression level per se.

To accomplish this modeling task, we first needed to encode how chromatin accessibility
dynamics change the transcription factor motif content nearby each gene whose expression
is associated with the day of reprogramming using the bulk RNA-seq data. For every time-
point, we counted the number of times each transcription factor motif occurs within 2kb of
each gene’s TSS and down-weighted these counts by their distances from the TSS. Then, for
every pair of time points and every gene, we ranked transcription factors by how much their
weighted motif occurrences changed nearby that gene, with the lowest rank encoding the
greatest loss of motifs and the highest rank encoding the greatest gain of matifs. For a
second version of the model, we repeated this procedure using all motifs between 2kb and
500kb from the TSS.

Next we associated gains and losses of accessible transcription factor motifs with gene
expression dynamics, by employing targeted maximum likelihood estimation (tmle)
methodology (Laan et al., 2006). This approach allows us to combine the effects of binding
motif gain and loss into a single association, while leveraging a theoretically optimal, data-
adaptive model selection procedure called the SuperLearner (Laan et al., 2006, 2007) to
determine which transcription factors are important for the rate of gene expression change.
Specifically, for a given pair of time points and for each transcription factor, we estimated
the “gain” effect as the average gene expression slope for genes in the top 10% of positive
weighted motif changes for that transcription factor minus the average slope for genes in the
bottom 25% of absolute weighted motif changes. Similarly, we estimated the transcription
factor’s “loss” effect as the average gene expression slope for genes in the bottom 10% of
negative weighted motifs changes for that transcription factor minus the average slope for
genes in the bottom 25% of absolute weighted motif changes. These two estimates account
for potential confounding due to all other transcription factors (i.e., there are “marginal”
associations estimated from a model including all transcription factors). Finally, we
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estimated a transcription factor’s net importance score (see below) for a pair of time points
as the difference between its gain and loss effects.

We used random forests and generalized linear models as the underlying machine learning
algorithms for SuperLearner. The fitted model was validated using a ten-fold crossvalidation
framework where the estimation of the differences in the rates of changes gene expression is
viewed as a prediction problem that is solved using random forests (Breiman, 2001) with the
Pearson correlation between the observed and predicted differences as the performance
metric. These methods are described in greater detail below.

Notation for Machine Learning Model—Let 7;denote the # time-point, t€
{0,1,2,3,4,5}, where gene expression and chromatin state are assayed (7p= 0 (Fibroblast
stage before the GMT vectors are added), 7;=2 (day 2), 7»,=3 (day 3), 73=7 (week 1), 74
=14 (week 2) and 75=21 (week 3)).

Let X;;denote the /ogZ mean (across the 3 replicates) normalized (over all replicates over
time) expression of gene 7at time £ Let M denote the number of genes (this corresponds to
the set of genes whose mean expression is associated with time or the day of
reprogramming). Let Y;;denote the rate of change of the logarithm of the mean of
expression of gene 7at time ¢

Y, =0 fort=0 Q

t,i
(Xt,i_Xt—l,i)

=—————fort>0
T, =T,_p

Let AY;;denote the difference between the rates of change of the /og2 expression of gene /
at time fand at time #-1.

AY, =Y, ,=Y,_;1>0 (2

1,1 1,1 t

We assume that the changes in rate of change of the expression of gene 7between time fand
time -1 can be explained by some subset of N sequence motifs. Each sequence motif is

associated with a transcription factor. Let Am{ ; denote the change in the strength of

association of motif /, j€ {1,2,---,N} with gene /between time tand time #-Z resulting from
the differential opening and closing of chromatin.

A common model of gene expression regulation across all genes between times #-Z and ¢
(denoted by Fp is assumed.
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1 2
1,0 Amt’ P’

- AmYy ()

t,i

AY, ;= F(Am

The functional form of F;is non-parametrically identified using a supervised learning
approach (see next sections).

Biophysical Motivation for Modeling Approach—The above gene regulation model
has a biophysical motivation. The rate of change of the log of the expression of a given gene
at a given time is the difference between the rate at which it is transcribed and the rate at
which the corresponding mRNA decays. The rate of transcription of this gene is assumed to
be a (unknown) function of the strengths of association of transcription factors/proteins with
this gene at this time-point. The rate of decay of the log of the expression of the gene is a
fixed constant (independent of time) if one assumes a first-order rate of decay for the
corresponding mRNA. Therefore the differences in the rate of change of the log of the
expression of gene at the two time points should be a function of the difference in the
strengths of association of the transcription factors between these time points. From a
biophysics perspective, regulation depends on strength and counts of binding motifs,
transcription factor concentrations, protein interactions, epigenetics, and other parameters.
Since we do not have data on each of these parameters, we focus on the number of
transcription factor motifs in open chromatin nearby the regulated gene (details below). Note
the analysis assumes the same model, F;(Equation 3), for all genes. This is a simplification
necessitated by a grossly smaller number of samples (order 1) versus the number of possible
interacting motifs/transcription factors (order 100) and will result in the identification of
modes of regulation that are apparent across a relatively large proportion of genes while
potentially missing modes that operate on small subsets of genes. On the other hand this
simplification has the advantage of not directly requiring the concentrations of the regulating
transcription factors corresponding to over-represented sequence motifs.

Transcription Factors for Machine Learning—The list of transcription factors to use
for the model between consecutive time points are identified using the open chromatin
regions for each replicate ATAC-seq sample at these time points (see ATAC-sequencing
Analysis section for peak calling). The findMotifsGenome.p/function (using the options —
size given and hypergeometric enrichment scoring) in Homer (Heinz et al., 2010) is used to
identify motifs enriched (p-value < 1e-1000) at time ¢ using the open chromatin regions at
time t as foreground and the open chromatin regions at time #-Z as background. Similarly,
this function is used to identify motifs enriched at time -7 using the open chromatin regions
at time, tas background. The list of transcription factors used in the analysis at time #is the
union of the motifs from the two above enrichment analyses.

Motif Strength with Gene for Machine Learning—The location of each of the above
identified motifs in the open chromatin regions at each time-point is obtained using the —find

option of the findMotifsGenome.p/function. Assume that there are K{ motif locations of

motif jin the open chromatin regions at time £ Then the strength of association of motif /
with gene 7is given by,
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J
K

m .= — 1@, ) 4
o k;uw{,,-,k) b

Idj; p=1ifd, €D

I}, ) =0ifd],  &D

where d{ i  Is the distance of the ki location of the motif from the transcription start site

(TSS) of gene /. D corresponds to a distance domain. In the analysis, two distance domains
are considered — (0, 2kb) and (2kb, 500kb) corresponding to promoter proximal and distal
(potential enhancer) associations.

The change in motif gene association is then defined as,

Validation of Machine Learning Model—The gene regulation model stated in Equation
(3) is fit across a set of genes using the random forests (Breiman, 2001) supervised learning
approach. This is done using the rfsrc function that is part of the randomForestSRC package
(Ishwaran and Lu, 2019), in R (R package version 1.6; Team RC, 2015). The set of genes
whose mean expression is associated with the time or the day of reprogramming is randomly
divided into ten groups. The data for the genes corresponding to nine of the ten groups are
used to learn the model given in Equation (3). The correlation between the observed AY;;
for the set of the genes in the remaining group and the predicted A Y for these genes using
the model learnt is computed.

Importance of Transcription Factors—The importance of each of the transcription
factors in explaining changes in rate of change of expression across all the genes between
time-point #-7 and ¢, is defined here. This is followed by its estimation procedure.

In words, the importance of a given transcription factor at a given time-point, ¢is defined as
the change in the mean difference in the rates of changes of expression of genes which is
associated with this transcription factor from the mean difference in the rates of changes of
expression of genes which are not associated with this transcription factor after accounting
for effects from all other transcription factors on this difference.

Denote the set of positive values of Am{ %
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AM] | = {Am] :Am] >0} (6)

the second of negative values of Am{ » by

AM] _={Am] :Am] <0} (7)

and the set of absolute values of Am{ » by
am]={|aml |} (@

Define 090/ | as the 90" quantile of AM/ _, 010/ _ as the 10" quantile of M/ _ and 25/

as the 25! quantile of Ax/.

Denote A{ ; as a binary variable that is equal 1 if motif /is associated with gene /at time ¢

Al =1if Am! ;> 0907 (9)

= 0 otherwise

Denote A{ ; as a binary variable that is equal -1 if motif /is associated with gene /at time

t-1

Al ;= —lif Am] ;< 010/ _  (10)

= O otherwise

Denote A{ ; as a binary variable that is equal 2 if motif /is not associated with gene /at either

time-point.

Al =2if | Am] | <025/ (11)

= 0 otherwise

Let Wt_{ denote the vector of changes in motif association with gene 7across all motifs

except motif /.
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Wil ={am sk#j) (12)

Then the marginal mean difference in rate of change of expression between time points fand
-1 across genes associated with motif j at time Zis defined as,

The symbol £ denotes expectation while its subscript denotes the values over which the
expectation is taken. The marginal mean difference in rate of change of expression between
time points fand #-1 across genes associated with motif j at time -7 is defined as,

AY, ;

¥ _=E|E, , , (14)

L= wit Al =1 wil=w

The marginal mean difference in rate of change of expression between time points fand -1
across genes not associated with motif j at either time is defined as,

¥/ ¥/ _and/  are estimated using the targeted Maximum Likelihood Estimation

(tMLE) approach using the ¢m/e package (Gruber and van der Laan, 2012) in R. Random
forests and Generalized Linear Models (g/m) are the two models specified for use by the
SuperLearner (Laan et al., 2006, 2007) for estimation in the #m/e function.

The importance of motif j at time point t is then defined as,

A‘I’{’ L= lp{’ - lyt{ o (16)

The importance of motif j at time point t-1 is defined as,

A‘P{’ = ‘P{’ - qf{ o @7
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The statistical significance of AlP{ ,and A‘P{ _ are determined from the standard errors of

¥/ 9/ _and ¥/ estimated using the &mle function. The significant motifs for time points

tand -1 are identified using a Bonferroni-defined threshold of 0.05/(2N), where Nis the
number of identified enriched motifs in the open chromatin regions at these time points.

The net importance of each motif is then defined as,

J Al
NV

The bar plot in Figure 4B represents the net importance values of the transcription factors.
The net importance of a given transcription factor motif captures the mean fold-change (day
2 versus fibroblast stage) across all genes that gain occurrences of this motif resulting from
chromatin changes in a 2kb- 500kb neighborhood around their transcription start sites during
this transition versus the mean fold-change across all genes that loose occurrences of this
motif during the same transition, after accounting for the effects for all other transcription
factor motifs. While both positive and negative scores indicate associations with
dynamically expressed genes, a positive score for a transcription factor would be consistent
with an activating influence on gene expression while a negative score with a repressing
influence on gene expression.

Data and Code Availability

The data discussed in this publication have been deposited in NCBI’s Gene Expression
Omnibus (Edgar, 2002) and are accessible through GEO Series accession number
GSE131328 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE131328).
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Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Integrated analyses of SCRNA-, ATAC-, and ChIP-seq data interrogate cardiac
reprogramming

Context-specific cooperative mechanisms guide cardiac reprogramming
Mef2c and Tbx5 bind to inaccessible chromatin and promote its remodeling

Gata4, Mef2c, and Thx5 both facilitate and limit one another’s ability to bind
to DNA
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Figure 1. Single Cell Expression Analysis of Direct Cardiac Reprogramming.
(A) Schematic of reprogramming system and main reprogramming milestones.

(B) UMAP visualization of the cell clustering (0-13).

(C) UMAP visualization of cells in (B) colored by collection time (days).

(D) Stacked bar plot indicating the relative contribution of cells from each time point (as
shown in C) to each cluster (as shown in B).

(E) Heatmap showing expression of top 20 differentially expressed genes for each cluster.
Red indicates higher expression; blue lower. Clusters (top bar, colors as in (B)) are ordered
according to dendrogram in (D). Two representative marker genes per cluster are labelled at
right.
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(F) Pseudotime trajectory of cells from clusters 0-5, 7, and 10. Cell color is based on cluster
color in (B).

(G) Expression [log10(UMI+0.1)] of branch marker genes ( 7nni3, Mmp3, Ccnbl, and
Slc1a6) visualized in pseudotime trajectory plots from (F). See also Figure S1 and Table S1.
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Figure 2. Cardiac Reprogramming Trajectory Is Entered Rapidly.

(A) UMAP visualization of cells collected at day +1 and colored by clusters.
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(B) Pseudotime trajectories of all cells in (A). Color indicates progression in pseudotime
space. Grey indicates a disjointed trajectory.
(C) Dot plot showing expression [log10(UMI+0.1)] and cell percentage of top marker genes

from each of the 12 clusters in (A) based on specificity calculated by Moran’s | test.

Background color indicates branches from (B).
(D) Expression [log10(UMI+0.1)] of Gata4, Merf2c, and Tbxb5, overlaid on the trajectory plot

from (B).
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(E,F) Violin plots depicting normalized UMI levels for (E) Gata4, Mef2c, and Tbx5, and (F)
Pdlim3, Tbx20, and Tnnt2in clusters 1, 4, and 8, color-coded as in (A). Stars indicate
negative binomial adjusted p-values.

(G) Expression [log 10(UMI+0.1)] of branch marker genes, overlaid on the trajectory plot
from (B). See also Figure S2 and Table S2.
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Figure 3. Cardiac Reprogramming Initiates Rapid and Distinct Patterns of Chromatin

Accessibility Changes.

(A) Gain of ATAC-seq (normalized to sample read depth of condition with highest number
of mapped read pairs) signal in iCMs (purple) harvested at indicated days of GMT-induced
reprogramming compared to fibroblasts (black) near the early reprogramming marker gene
Slc6a6 (left) and cardiomyocyte gene locus 7nnt2 (right).
(B) Hierarchical clustering of tag density over fibroblasts at 10,000 regions with most

differentially accessible chromatin status in aMHC-GFP* iCMs harvested at indicated days

of reprogramming.
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(C) Medoid plots representative of overall trends, showing ATAC-seq tag density over time
at dynamic regions from each cluster in (B).

(D) Tables listing transcription factor families with motifs significantly enriched (p < 1e-19)
within dynamic regions from each cluster compared to all stably accessible (non-dynamic)
regions. P-values listed are from the top ranked motif from each transcription factor family.
(E) Bar charts showing top three ranked biological process terms enriched in dynamic
regions from each cluster compared to all stably accessible (non-dynamic) regions. See also
Figure S3, Table S3, and Table S4.
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Figure 4. Model of Transcription Factor Association with Changing Rate of Gene Expression
over Time.

(A) Schematic representation of input features for the multivariate machine-learning
approach used to predict transcription factors influencing gene expression changes during
reprogramming.

(B) Bar chart displaying significant motifs identified in (A). Motif family is listed in
parentheses.

(C) Heatmap of clustered gene-association signatures for identified motifs. Rows represent
transcription factor motifs; columns are genes associated with these motifs.
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(D) Total predicted synergistic interactions for each candidate transcription factor with at
least one additional candidate interactor. Black bars indicate candidates selected for
knockdown experiments.

(E) Reprogramming outcomes following knockdown of candidate transcription factors at
day 2 of reprogramming, relative to control knockdown. Values indicated are the mean of
three replicates. Paired t-test uncorrected p-value < 0.05 indicated by “*”. See also Table S4
and Table S5.
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Figure 5. Chromatin Accessibility Dynamics Associated with Gata4, Mef2c, and Thx5
Occupancy during Reprogramming.

(A) ChlP-seq profiles display GMT binding at day 2 of reprogramming near Nid2 (left
panel) and ActnZ (right panel). ChlP-seq track height is normalized to sample read depth of
condition with highest number of reads. ATAC-seq track height is normalized to sample read
depth of condition with highest number of mapped read pairs.

(B) Heatmap displays hierarchical clustering of ChlP-seq peaks. Grey scale displays average
tag density across replicates, normalized to input, with black indicating an increase in tag
density in sample over input. At right, co-clustered changes in accessibility.
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(C) Tables display transcription factor families with motifs significantly enriched within
GMT-bound regions from each cluster, compared to stably accessible (non-dynamic)
regions. P-values listed are from the top ranked motif within each transcription factor family.
See also Table S6.)

(D) Bar plot displays the percentages of accessible chromatin regions (ATAC-seq peaks)
from each cluster (A1-A8 in Figure 3B), bound by Gata4, Mef2c, or Thx5. See also Figure
S4 and Table S6.
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Figure 6. Chromatin Accessibility Dynamics Associated with Gata4, Mef2c, and Thx5
Occupancy Following Independent and Combinatorial Expression.

(A) Profiles display ChlP-seq signal for GMT in single factor (SF) and all factor (AF)
conditions, and ATAC-seq signal in SF, double factor (DF), and AF conditions, near the
early reprogramming marker gene locus, £4d4. Grey rectangle highlights region bound by
Gata4, Mef2c, and Tbx5 in AF condition, without binding by any of these factors in SF
conditions. Blue rectangles highlight regions bound primarily by Mef2c when ectopically
expressed alone, but bound by Gata4, Mef2c, and Thx5 when all factors are expressed.
Profiles represent read density from merged biological replicates normalized to read depth.
(B) Principal component analysis of all ChIP-seq replicates.
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(C) Heatmap displays hierarchical clustering of ChIP-seq peaks, with grey scale displaying
average tag density across replicates, normalized to input (left) and color scale displaying
changes in accessibility compared to fibroblasts (right).

(D) Violin plots show distribution of distances from ChlIP-seq peaks in each cluster to
nearest TSS of differentially expressed genes in cells from “Early iCM”, “Late iCM”, and
untransduced fibroblast single cell RNA-sequencing clusters. See also Figure S5 and Table
S7.
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Figure 7. Individual Reprogramming Factors Activate Transcription at GMT-bound Regulatory
Regions of Early Reprogramming Genes

(A) Violin plots depicting normalized UMI levels for early iCM marker genes Lab3and Ptrf
in fibroblasts and iCMs at day 1 of reprogramming. Fold change (fc) listed above plot.

(B) Read density profiles display ChlP-seq and ATAC-seq signal near Ldb3and Pirfloci in
the setting of single factor (SF), double factor (DF) or all factor (AF) conditions, normalized
to read depth. Peak calls indicated above ChIP-seq profiles in gray. Blue rectangles highlight
putative regulatory regions investigated by reporter assays in panels (C, D).
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(C) Ldb3-mKate and (D) Ptrf-mKate reporter activation at day 1 of reprogramming with
single, double, and all factor (AF) infections. Values displayed are means of four replicates.
Error bars indicate standard deviation. T-test uncorrected p-value thresholds as indicated.
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