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Summary:

Specialized adult somatic cells, such as cardiomyocytes (CMs), are highly differentiated with poor
renewal capacity, an integral reason underlying organ failure in disease and aging. Among the least
renewable cells in the human body, CMs renew approximately 1% annually. Consistent with poor
CM turnover, heart failure is the leading cause of death. Here, we show that an active version of
the Hippo pathway effector YAP, termed YAP5SA, partially reprograms adult mouse CMs to a
more fetal and proliferative state. One week after induction, 19% of CMs that enter S-phase do so
twice, CM number increases by 40%, and YAP5SA lineage CMs couple to pre-existing CMs.
Genomic studies showed that YAP5SA increases chromatin accessibility and expression of fetal
genes, partially reprogramming long-lived somatic cells /in vivoto a primitive, fetal-like, and
proliferative state.
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In Brief (eTOC)

As highly differentiated cells, cardiomyocytes have poor renewal capacity, a contributing factor to
heart failure in aging and disease. Monroe et al. created a mouse conditionally overexpressing
active YAP (YAP5SA) and show that YAP5SA expression induces adult cardiomyocytes to adopt a
more proliferative state with fetal-like chromatin and transcriptional landscapes.

Introduction

Organs such as heart and brain contain long-lived, poorly renewable parenchymal cells such
as cardiac myocytes (CMs) and most neurons (Bergmann et al., 2015; Frisen, 2016; Sorrells
et al., 2018). Carbon-14 dating experiments revealed that a complete supply of human CMs
is established within the first month of life, and adult human CMs renew at a rate of
approximately 1% per year (Bergmann et al., 2015). In adult mice, CMs have similarly low
rates of renewal (Alkass et al., 2015; Soonpaa and Field, 1997).

Many long-lived cells are highly specialized, such as CMs and neurons, and express cell-
type specific proteins essential for function. CMs have a structured contractile apparatus,
called the sarcomere that is essential for contractility. It is thought that the sarcomere poses a
physical barrier that prevents CM cytokinesis (Tzahor and Poss, 2017). The metabolic state
of CMs, which utilize oxidative phosphorylation, also contributes to poor renewal (Puente et
al., 2014). Another barrier to CM renewal likely occurs at the epigenetic level. During
development, the fate of differentiated cells is determined by the gradual restriction of the
chromatin landscape from the embryonic state to that of lineage-restricted and differentiated
cell (Nord et al., 2013; Stergachis et al., 2013). The chromatin state of a differentiated CM is
considered to be stable and irreversible. Reversion to a more developmental cell state, as
defined by chromatin accessibility, has been described in cancer but not in tissue renewal
(Denny et al., 2016; Stergachis et al., 2013; Zhu et al., 2013).
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The long-lived and specialized nature of CMs led to the notion that improving endogenous
CM renewal was an ineffectual strategy to treat heart disease. Recent work revealed that
CMs can be induced to renew by expressing exogenous factors, such as cell cycle
components or microRNAs (Mohamed et al., 2018; Wang and Martin, 2014; Xin et al.,
2013), and through physiologic means such as exercise (Vujic et al., 2018). To develop
effective therapies, it is important to uncover intrinsic molecular mechanisms that inhibit
CM renewal (Tzahor and Poss, 2017).

The Hippo pathway, a kinase cascade, suppresses transcriptional activity of YAP by
phosphorylating Serine (S) residues at five NDR (nuclear Dbf2-related) kinase family
motifs, (HXRXXS)(Halder and Johnson, 2011) v7a large tumor suppressor (Lats)1 and
Lats2. Deletion of upstream Hippo pathway genes or expressing an active YAP with a single
serine (S) to alanine (A) mutation results in increased CM renewal (Heallen et al., 2013; Lin
et al., 2014; Morikawa et al., 2015; Xin et al., 2013). Recent work revealed that the Hippo
pathway was upregulated in human heart failure (HF) and Hippo pathway deficiency in mice
reversed systolic HF, supporting the notion that the Hippo pathway is an endogenous genetic
pathway that can be manipulated to improve CM renewal (Leach et al., 2017). Previous
experiments inactivating Hippo pathway components left considerable residual CM Hippo
activity. We hypothesized that more completely bypassing Hippo pathway negative
regulation would more efficiently increase adult CM renewal and afford us the opportunity
to study YAP activity in greater depth. To circumvent the physiologic inputs that activate
Hippo and inhibit YAP, we generated mice that conditionally overexpress YAP5SA, a
version of YAP that has all LATS1/2 phosphorylation sites mutated from S to A, in adult
CMs (Zhao et al., 2010). YAP5SA globally reprograms adult CM chromatin accessibility at
select genomic regions to promote a more renewable state.

Generation of a YAP5SA gain-of-function transgenic mouse

We made a Cre-inducible YAP5SA transgene containing a LoxP-flanked eGFP-STOP
cassette, a Flag-tagged YAP5SA and IRES LacZ reporter for lineage tracing that directed
eGFP expression in embryonic and postnatal hearts before Cre recombination (Fig. 1A-E).
We crossed YAP5SA mice to tamoxifen (tam)-inducible, cardiomyocyte-specific Cre driver,
aMyHC-Cre-ERT2 (MCM) to generate mice with YAP5SA overexpressing (OE) CMs
(Sohal et al., 2001). To activate YAP5SA in adult CMs, we performed daily tam injections
(40pg/g) for four consecutive days in a “high dose” injection regimen. Western blots showed
a 5-fold increase in YAP levels in YAP5SA OE hearts compared to controls (Fig. 1F,G) one
day after the fourth tam injection. We noted an increase in endogenous P-YAP levels that we
discuss below (Fig. 1F,H). Yap immunofluorescence (IF) revealed increased nuclear and
cytoplasmic YAP with varying intensities suggesting that not all Yap5SA expressing CMs
had constitutive nuclear Yap activity (Fig. 11,J). Since CMs expressing low levels of nuclear
Yap may be non-transgenic CMs, we performed Flag IF to look at Yap5SA CM expression.
In Yap5SA CMs, nuclear Flag expression also varied over a wide range and was increased
on average approximately 3.2 fold over cytoplasmic Flag (Fig. 1K). We conclude that the
Yap5SA OE mice had an increase in nuclear and cytoplasmic Yap in adult CMs but that
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Yap5SA subcellular localization was still regulated through Hippo-independent mechanisms
such as interaction with the intercalated disc (ICD) as we found previously (Morikawa et al.,
2017).

YAP5SA hearts have thickened ventricular walls and smaller chambers

One day after the fourth tam injection, echocardiography (ECHO) showed thickened
ventricular walls, decreased chamber size, and increased ejection fraction in YAP5SA OE
hearts compared to the same mice pre-tam and tam-injected MCM controls (Fig. 1L, Fig.
S1A; Supplemental videos 1-2). Compared to before tam, YAP5SA OE hearts increased
ejection fraction (59.1 +/- 3.5% to 72.5 +/- 4.7%) and fractional shortening (30.9 +/- 1.4%
to 41.4 +/- 3.5%) while the left ventricular (LV) chamber diameters decreased from 2.66 +/
- 0.15t0 1.87 +/- 0.28 mm in systole (ESD) and 3.84 +/- 0.17 to 3.14 +/- 0.25 mm in
diastole (EDD), resulting in decreased cardiac output. YAP5SA OE hearts had increased
posterior free wall width in systole (FWWS) from 1.05 +/- 0.03 to 1.38 +/- 0.06 mm and in
diastole (FWWD) from 0.78 +/- 0.03 to 1.01 +/- 0.04 mm (Fig. S1A). Two days after the
final tam injection, the LV chambers were reduced (Fig. 1M). Histology of YAP5SA OE
hearts three days after the fourth tam injection also revealed an increased LV wall thickness
and smaller chamber (Fig. 1N).

YAP5SA OE mice died within four days after the last tam dose as a result of HF. Necropsy
showed that YAP5SA OE mice had signs of HF including pleural effusion, ascites,
interstitial pulmonary edema (Fig. S1B). Controls, which included MCM/YAP5SA treated
with oil and MCM treated with tam, did not exhibit HF (Fig. 10). There was no difference
in CM size, number, or heart size between MCM/YAP5SA and MCM mice before tam
administration (Fig. S1 C-E).

YAP5SA cardiomyocytes progress through the cell cycle

To quantify S-phase entry in adult YAP5SA OE CMs, we provided nucleotide analog, EdU
(5-ethynyl-2’-deoxyuridine) ad-/ibitum in drinking water for two days following high dose
tam regimen. EdU incorporation was undetectable in control MCM and MCM/YAP5SA
CMs without tam consistent with previous data (Fig. 2A,B) (Alkass et al., 2015; Soonpaa
and Field, 1997). Approximately 16% of YAP5SA OE CMs were EdU positive (Fig. 2A,B).
We also administered EdU for the entire four day tam protocol and performed Flag IF
experiments to visualize YAP5SA. Two days after the last tam injection, for a total of six
EdU days, 40% of CMs expressed nuclear YAP5SA as determined by Flag IF. Of the nuclear
Flag positive CMs, 10% were also EdU-positive. Interestingly, 20% of CMs that were
negative for nuclear Flag were EdU-positive (Fig. S1F,G) indicating a population of
YAP5SA OE CMs that had entered S-Phase and extinguished nuclear YAP5SA.
Alternatively, there may be a paracrine effect of YAP5SA OE CMs on neighboring CMs that
do not express YAP5SA.

We investigated mitotic marker expression two days after the fourth tam dose.
Phosphorylation of Histone H3-Ser10 (pHH3) by Aurora Kinase B (AURKB) occurs during
chromosome condensation (prophase) and persists throughout metaphase before a decline at
anaphase and later stages of mitosis. In contrast, the chromosomal passenger protein
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AURKRB is detected more broadly throughout M-phase and cytokinesis (Sawicka and Seiser,
2012). Approximately 1% of YAP5SA OE CMs were pHH3-positive (Fig. 2C-D), and 11%
nuclear AURKB-positive (Fig. 2E,F), providing support that YAP5SA OE CMs were
proliferative. While most AURKB expression was nuclear, we found AURKB in dividing
CMs in the cytokinesis remnant, albeit it more rarely (Fig. 2 E-G).

To test whether YAP5SA CMs progressed through the cell cycle multiple times, we
performed a double labeling experiment using a single low dose tam injection to induce
YAP5SA in a low number of CMs (STAR Methods). After single tam injection, mice were
pulsed with EdU for three days, with a two-day washout, followed by another three-day
BrdU (5-Bromo-2'-deoxyuridine) pulse (Fig. 2H). To identify CM nuclei, we used WGA
(Fig. 21), Pericentriolar material 1 (PCM-1) (Fig. S1H), or cTnT (Fig. S11). We detected
4.25% EdU-labeled and 5.04% BrdU-labeled CM nuclei, indicating comparable labeling for
both analogs (Fig. 2H-J, Fig. S1H,1). Of EdU-labeled CM nuclei, approximately 19% were
also BrdU positive (0.83% total double positive) (Fig. 2J). These findings support the
conclusion that proliferative YAP5SA OE CMs are capable of cycling more than once.

YAP5SA hearts have cardiomyocyte hyperplasia

To estimate CM number in LV, we used stereology on hearts harvested two days after the
fourth tam injection of the high dose regimen. Hearts were sectioned from apex to base in 7-
um increments and LV area measured at different tissue depths. LV volume was calculated
by plotting LV area as a function of location and integrating the area under the curve.
Compared to controls, YAP5SA OE hearts had increased LV muscle volume, and decreased
chamber volume (Fig. 2K-M, Fig. 1M). YAP5SA OE hearts had an increased ratio of LV
weight to body weight, but CMs were smaller (Fig. 2N,O). Controls were MCM mice (with
and without) tam and MCM/YAP5SA mice without tam.

To estimate LV CM number, we calculated the density of PCM-1-positive CM nuclei in
control and YAP5SA OE hearts (73,000 +/— 3000 CM nuclei/mm3 vs 70,600 +/— 1300 CM
nuclei/mm3 respectively) (Alkass et al., 2015; Bergmann et al., 2015). Our CM nuclei
density data were consistent with mouse stereology data previously reported (Alkass et al.,
2015). We multiplied CM density by total heart volume and corrected for CM nucleation
(see below) (Alkass et al., 2015; Bergmann et al., 2015). Compared to controls, YAP5SA
OE hearts had a large increase in the number of LV CMs (1,840,000 +/- 39,000 vs.
YAP5SA: 2,680,000 +/- 54,000 respectively; Fig. 2P,Q). Our control CM number data were
consistent with previously published mouse data (Bersell et al., 2009). Controls were MCM
mice with and without tam and MCM/YAP5SA mice without tam. Our data suggest that
YAP5SA induces the genesis of new CMs.

Mononuclear diploid cardiomyocytes are enriched in YAP5SA hearts

We next examined nucleation and ploidy in YAP5SA CMs. It was reported that an increase
in mononuclear CMs improved renewal capacity, while an increase in ploidy was deleterious
for CM renewal in mice and zebrafish (Gonzalez-Rosa et al., 2018; Kadow and Martin,
2018; Patterson et al., 2017). In isolated CMs two days after the fourth tam injection, we
found an increased proportion of mononuclear CMs in YAP5SA OE hearts but no change in
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bi-nucleated CMs compared to tam-injected MCM controls. YAP5SA OE hearts also had a
reduced proportion of CMs with 4 nuclei (Fig. S1J).

To determine DNA content of EdU-containing nuclei in YAP5SA CMs, we used the high
dose tam regimen and injected EdU along with the third and fourth tam injections.
Quantification of nuclear DNA content by flow cytometry 24 hours after the last tam
injection revealed that in EdU-positive CM nuclei from YAP5SA OE hearts, approximately
28% of CM nuclei were diploid and 35% tetraploid, revealing that at least 28% of EdU-
labeled nuclei divided. A further 35% were in S-phase, most likely intermediate between the
diploid and tetraploid states (Fig. S1K-M). In total CM nuclei, we saw an increase in 2-4N
and 4N nuclei but no increase in greater than 4N nuclei compared to tam-injected MCM
controls (Fig. SIN). These data, along with our double labeling experiments, reveal
productive YAP5SA OE CM proliferation with more mononuclear CMs without evidence of
increased CM ploidy.

YAP5SA OE lineage cardiomyocytes couple with pre-existing cardiomyocytes

Because YAP5SA OE mice died after high dose tam injection regimen (Fig. 10), we
investigated whether YAP5SA mice had arrhythmias. Optical mapping 48 hours after high
dose tam regimen indicated a continuous spread of action potential across the surface
myocardium in YAP5SA OE hearts with a mildly reduced conduction velocity in YAP5SA
OE LVs, resulting from the thickened ventricular wall, but no evidence of ventricular
arrhythmias (Fig. S2A,B, Supplementary video 3). Telemetry electrocardiogram recordings
similarly indicated that YAP5SA OE mice did not have severe arrhythmias, even when
challenged with tam that causes T-wave inversion, as a consequence of transient Cre or tam
toxicity in CMs 24 hours after tam (Bersell et al., 2013; Pugach et al., 2015) (Fig. S2 C,D).
We observed clusters of lineage-traced B-gal positive YAP5SA OE CMs and 94% of these -
gal positive CMs were coupled to surrounding CMs at ICDs, as indicated by N-cadherin IF
(Fig. S2E). Of B-gal positive CMs that coupled to other CMs, 37% coupled only to other
YAP5SA OE lineage B-gal positive CMs, 22% coupled to B-gal negative CMs only, and
41% coupled to both p-gal positive and p-gal negative CMs (Fig. S2F).

To measure YAP5SA OE CM contractility, we isolated CMs 24 hours after the final tam
injection of high dose regimen and measured individual CM contractility. Compared to tam-
injected MCM controls, YAP5SA OE CMs had similar resting sarcomere length and
contractility in response to field stimulation (Fig. S2G-1). YAP5SA induction did not induce
interstitial fibrosis although we noted that there was a 20% increase in number and space
occupied by non-CMs, compared to tam-injected MCM controls (Fig. S2J-M). The total
volume of non-CMs increased as the hearts grew (0.33 x 1010 pm3 to 0.55 x 1010 um3), but
the increase of non-CM volume only accounted for approximately 12% of the total
myocardium volume difference between MCM control to YAP5SA OE hearts (Con: 5.38 x
1010 um3; YAP5SA: 7.22 x 1010 pm3) (Fig. 2M, Fig. S2L).

YAP5SA cardiomyocytes acquire a more primitive cell state

We performed CM-specific nuclear RNA-sequencing, Assay for Transpose Accessible
Chromatin (ATAC)-sequencing, and chromatin conformation capture assays (3C and 4C)
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two days after the fourth tam injection of the high dose regimen (Buenrostro et al., 2013;
Gilsbach et al., 2014; Preissl et al., 2015) (Fig. 3A). In YAP5SA OE CMs, nuclear RNA-seq
indicated that 734 genes were up-regulated whereas 282 were down-regulated compared to
control, tam-injected MCM mice (adjusted p-value < 0.01) (Fig. 3B, Fig. S3A). Gene
ontology and gene set enrichment analysis using existing data revealed that gene expression
changes in YAP5SA OE CMs were consistent with a more primitive, proliferative CM
phenotype (Fig. 3C-D, Fig. S3B) (Uosaki et al., 2015). Upregulated cell cycle genes
included centromere genes; /ncenp, Cenpe and Cenpf; cyclins Ccndl, CcnaZ, Cenb2, Cenbl;
and pro-proliferative transcription factors, £2f2, E2f1, and Myc. Another upregulated gene
was DockZ, encoding a Rho family guanine nucleotide exchange factor, which promotes
cytoskeletal remodeling and cell proliferation (Guo and Chen, 2016)(Fig. 3C).
Downregulated genes included genes characteristic of adult CMs, such as genes encoding
sarcomeric proteins MYH6 and TNNT1 and ion channel RYR2 (Fig. 3C).

Hippo pathway genes were increased in YAP5SA OE CMs, revealing a negative feedback
loop that has been observed in other contexts (Dai et al., 2015; Moroishi et al., 2015; Park et
al., 2016). The Hippo pathway genes Lats2, Mst1 (Stk4)and Kibra (Wwcl)were
upregulated, as were genes encoding YAP inhibitors CRB2, AMOT, and VGLL2-4 (Fig.
3C), consistent with Western blots revealing increased YAP serine 112 (mouse analog of
human serine 127) phosphorylation, an indication of increased Hippo activity (Fig. 1F,H).
Together, our gene expression data revealed that YAP5SA OE CMs, although still capable of
contracting and coupling to neighboring CMs, adopted a less mature cell state.

YAP5SA increases chromatin accessibility at TEAD elements

Chromatin accessibility changes are known to occur during development and in cancer, but
not in adult tissue renewal (Denny et al., 2016; Stergachis et al., 2013; Zhu et al., 2013). By
quantifying chromatin accessibility using ATAC-seq, we revealed reorganization of
chromatin accessibility in YAP5SA OE CMs compared to MCM control, with 16,189 newly
accessible ATAC-seq peaks and 13,353 less accessible ATAC-seq peaks (P < 0.035) (Fig.
4A, Fig. S3C). Unbiased motif discovery within newly accessible ATAC-seq peaks showed
that the top three enriched motifs in YAP5SA OE CMs were TEAD family transcription
factors (Fig. 4B). TEAD is required for YAP-dependent transcription, as YAP does not bind
DNA directly (Halder and Johnson, 2011). Other enriched motifs in newly accessible peaks
were AP-1 elements, which is consistent with previous YAP ChiP-seq data (Kalfon et al.,
2017; Stein et al., 2015; Zanconato et al., 2015) (Fig. 4B). In genomic loci with reduced
accessibility in YAP5SA OE CMs, we detected enrichment for AP-1 and myocyte enhancer
factor 2A (MEF2A) motifs, suggesting that the CM differentiation program was attenuated
in YAP5SA OE CMs, since MEF2A maintains CM differentiation (Naya et al., 2002) (Fig.
4B). Heat maps, displaying data for all control and YAP5SA OE CM ATAC-seq peaks,
illustrated many newly accessible TEAD motifs throughout the genome in YAP5SA CMs
and different accessibility of AP-1 motifs in YAP5SA CMs compared to MCM controls
(Fig. 4C).

We filtered for unique ATAC-seq peaks in control and YAP5SA OE CM and performed
motif analysis (Fig. S3D). TEAD, AP-1, and MEF2A motif density plots, centered on
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control or YAP5SA OE unique ATAC-seq peaks, showed strong enrichment for TEAD
elements in YAP5SA OE peaks. Relative to YAP5SA OE, control unique ATAC-seq peaks
had an absence of TEAD elements as shown by the flat graph in Fig S3D. AP-1 elements
were found in both control and YAP5SA OE peaks while MEF2A motifs were enriched only
in unique control peaks (Fig. S3D). To investigate nucleosome occupancy at TEAD motifs,
we used the Nucleo-ATAC algorithm and found that TEAD sites were globally depleted of
nucleosomes in YAP5SA OE CMs (Schep et al., 2015) (Fig. 4D). These data are consistent
with YAP5SA increasing chromatin accessibility at TEAD motifs while concurrently
reorganizing AP-1 accessibility genome-wide.

YAP5SA increases accessibility of developmental cardiac enhancers in the adult

We plotted intergenic ATAC-seq peaks relative to the nearest transcription start sites (TSSs)
and found a bimodal distribution of promoter-containing regions (<1kb from TSS) and distal
loci (>10kb) in both control and YAP5SA OE CMs (Fig. 4E). ATAC-seq peaks unique to
either MCM control or YAP5SA OE CMs (adjusted p-value < 0.01) were located in distal
enhancer regions (Fig. 4E). YAP has been shown to act primarily at enhancers (Buenrostro
et al., 2013; Zanconato et al., 2015) and it has been shown that YAP-TEAD binding sites are
enriched for H3K27Ac, a marker of active chromatin (Morikawa et al., 2015). Comparison
of our ATAC-seq data to existing H3K27Ac ChlP-seq data from E14.5 embryonic and P56
adult hearts revealed that ATAC-seq peaks unique to YAP5SA OE CMs (adjusted P-value <
0.01) were enriched for E14.5 embryonic H3K27Ac chromatin marks, indicating YAP5SA
OE CMs utilize embryonic cardiac enhancers. Conversely, ATAC-seq peaks unique to
control CMs (adjusted P-value < 0.01) showed enrichment for adult H3K27Ac chromatin
marks (Nord et al., 2013) (Fig. 4F).

We compared our RNA-seq and ATAC-seq data to available RNA-seq (GSE112055) and
H3K27Ac ChIP-seq data (GSM2497652 & GSM2687477 in GSE95143) from mouse HF
samples (Kokkonen-Simon et al., 2018; Nomura et al., 2018). In the RNA-seq data, there
was no correlation between differentially expressed genes from YAP5SA OE CMs and HF
samples (Fig. S4A). Comparison of our ATAC-seq to the HF enhancers revealed no
enrichment of HF enhancers in Yap5SA OE accessible chromatin (Fig. S4B,C). The top
motifs enriched in HF enhancers include MEF2 motifs that are decommissioned rather than
enriched in YAP5SA OE ATAC-seq data (Fig. S4D, Fig. 4B). Together these data indicate
that in adult CMs, YAPS5SA increases chromatin accessibility at developmental cardiac
enhancers and this change in chromatin accessibility is distinct from that observed in HF.

Categories of YAP5SA target genes in adult cardiomyocytes

To identify direct YAP target genes, we integrated our RNA-seq and ATAC-seq datasets with
available YAP ChIP-Seq data (Croci et al., 2017). Similar to our ATAC-seq data, motif
analysis of YAP ChlP-seq peaks showed enrichment for TEAD and AP1 motifs (Fig. 5A,B).
Centering our ATAC-seq data around YAP ChlP-seq peaks revealed that many YAP target
genes are already accessible, while others are made newly accessible by YAP5SA. We
categorized transcriptionally activated YAP5SA targets into: 1) genes that were already
accessible, without a difference in ATAC-seq peaks between control and YAP5SA OE CMs;
and 2) genes that were made newly accessible by YAP5SA. We found 293 genes that were
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transcriptionally up-regulated (P < 0.01) with YAP ChIP-Seq peaks at accessible TEAD
motifs. Of those direct YAP5SA targets, 88 loci had increased chromatin accessibility,
whereas the other 205 YAPS5SA targets were already accessible in YAP5SA OE CMs
(ATAC-seq adjusted p-value < 107°) (Fig. 5C-F, Table S1).

We also looked more closely at the TEAD/AP-1 driven gene program. We subcategorized
newly accessible YAP5SA targets genes that had both TEAD and AP-1 motifs and found
that 85% of newly opened YAP5SA target genes with TEAD motifs also contained AP-1
motifs. These genes included several WNT signaling regulators and genes associated with
developmental morphogenesis, consistent with our data that YAP5SA activates a primitive,
fetal-like gene program in adult CMs (Fig. 5C,G Table S1).

Cell cycle genes: YAP5SA directly up-regulated genes encoding proteins that regulate all
cell cycle phases. Many YAP5SA-regulated cell cycle genes were already accessible (RNA
up; ATAC-seq no change; TEAD motif accessible YAP ChlP-seq target). These include
genes that promote the transition through G2/M and G1/S, such as Ccndland Dbf4, as well
as mitosis-associated genes Mki67, and Anin (Fig. 5E, Table S1, Fig. S5). Genes involved in
asymmetric cell division, such as Prkci, required for directed CM proliferation during
trabeculation, and AMumbl, which orients mitotic spindle and is required for proper
myocardial trabeculation, were direct targets with already accessible chromatin (Passer et
al., 2016; Zhao et al., 2014) (Fig. 5E, Table S1). /nsc, responsible for spindle orientation in
asymmetric cell division, was a newly accessible YAP5SA target (Kraut et al.) (Fig. 5F,
Table S1, Fig. S5).

Adherens junction (AJ) assembly and cytoskeletal genes: Among the 88 genes
that were made newly accessible by YAP5SA (RNA-seq up; ATAC-seq up, YAP ChIP in
open TEAD motifs) were genes that promote AJ assembly, such as Ajuba, Amotl2, Mtss1,
and Ctnnd?Z, providing insight into how new CMs functionally integrate into the heart (Fig.
5F, Table S1, Fig. S5)(Saarikangas et al., 2011). Genes encoding proteins that regulate the
actin cytoskeleton were also newly accessible YAP5SA targets (Morikawa et al., 2015).
Pak3encodes a protein that regulates actin cytoskeleton by modulating small GTPase
activity (Felix et al., 2015; Hiramoto-Yamaki et al., 2010) whereas Cob/ and Fmn1 encode
actin nucleators (Hou et al., 2015; Li et al., 2015b)(Fig. 5F, Table S1, Fig. S5).

Signaling pathways: Hippo pathway components were direct YAP5SA targets indicating
that YAP5SA directly activates a negative feedback loop to prevent CM proliferation (Fig.
1F & H, Fig. 5F, Table S1, Fig. S5). Hippo pathway genes that are direct YAP5SA targets
with newly accessible chromatin included Lats2, Vgllz, Vigll3, Vigll4, and Wwel (Halder
and Johnson, 2011) (Fig. 5F, Table S1, Fig. S5). Multiple WNT components were
upregulated direct targets, including Dab2, which encodes an endocytic adaptor protein that
functions as a WNT inhibitor, as well as W/s, which is essential for endosomal trafficking of
WNT ligands (Hausmann et al., 2007; Hofsteen et al., 2016). Additionally, Fza5, Wispl,
Zeb2 were also direct targets, with Zeb2and Wisbeing newly accessible (Fig. 5G, Table S1,
Fig. S5). WNT signaling controls many aspects of cardiac development, a process associated
with many newly accessible direct YAP5SA targets. Other cardiac development genes
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include Noggin, and Cited? (Fig. 5F,G, Table S1, Fig. S5). Up-regulation of developmental
pathways supports our model that YAP5SA promotes a fetal-like state in adult CMs.

To more fully validate YAP target genes, we assayed chromatin topology of YAP target
genes in YAP5SA CMs. Based on our ATAC-seq and RNA-seq data, we selected NMog and
Wis for topological analysis. 4C chromosome conformation capture (4C-seq), a method that
generates detailed and unbiased chromatin contact profiles, with the Mogand Wis promoters
as viewpoints revealed that ATAC-seq peaks at distal regulatory elements made contact with
both the Mogand W/s promoters in YAP5SA CMs supporting our hypothesis that AMog and
Wis are direct YAP targets (Fig. 5F,G). We assayed several YAP5SA target loci using
targeted chromatin conformation capture (3C) (Fig. 6A,B). Consistent with our 4C-seq data,
both NMogand Wis promoters displayed significant topological contacts in YAP5SA CMs
(Fig. 6A). For every enhancer-promoter pair investigated across six loci, YAP5SA OE had
increased enhancer-promoter contacts compared to MCM controls (see STAR methods)
(Fig. 6A-C). These data are consistent with the hypothesis that YAP5SA OE causes local
chromatin conformational changes that loop accessible TEAD maotif-containing regulatory
elements into contact with their promoters to increase gene expression.

Discussion

Manipulating long-lived specialized cells, such as CMs and neurons, to increase tissue
renewal in humans is a goal of regenerative medicine. Our findings reveal that adult, post-
mitotic differentiated cells can be partially reprogrammed to a more renewable phenotype
(Fig. 7). New CMs coupled to existing CMs and had contractile function indicating that they
productively integrated into existing myocardium. Our findings suggest that induced tissue
renewal may be useful to treat degenerative human disease such as HF.

YAP5SA induces adult cardiomyocyte reversion to a primitive, fetal-like cell state

Developing and postnatal CMs are proliferative but still must perform a contractile function
to maintain viability of the organism. In developing CMs, this is accomplished by transient
sarcomere breakdown and re-assembly (Ahuja et al., 2004). Although YAP5SA OE mice die
soon after YAP5SA induction, YAP5SA OE CMs appear to balance proliferative capacity
while maintaining contractile function to some extent. \We see reversion of chromatin
accessibility to a fetal-like CM state and a YAP-TEAD-AP-1 driven genetic program that
has similarities to that of an E14.5 CM. Our data suggest that YAP5SA is dynamically
regulated in the CM since many YAP5SA OE CMs had very high nuclear YAP5SA
expression but other YAP5SA OE CMs had lower nuclear expression.

Our findings provide insight into how developmental pathways may function in the adult
heart. For example, Whntless and Noggin are regulators of two developmental signaling
pathways, WNT and Bone morphogenetic (BMP) signaling that have been studied in
development but much less is known in the adult heart (Deb, 2014; Tzahor, 2007; Wang et
al., 2011). Wntless is essential for trafficking and secretion of all WNT ligands suggesting
that Yap promotes expression of WNT ligands (Ching and Nusse, 2006). Previous work has
connected Hippo-YAP to WNT signaling through several mechanisms (Piccolo et al., 2014).
Supplementation with Noggin, a BMP inhibitor, improved cardiac function after ischemia

Dev Cell. Author manuscript; available in PMC 2020 March 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Monroe et al.

Page 11

reperfusion injury in adult mice (Pachori et al., 2010). It will be important to thoroughly
investigate Noggin and Wntless in CM renewal.

YAP5SA lineage cardiomyocytes integrate into the heart

Our data suggest that newly born YAP5SA OE adult CMs can productively incorporate into
existing myocardium. YAP5SA OE CMs contract efficiently, conduct action potentials, and
couple to existing CMs. These findings, along with the observation that some YAP5SA CMs
have relatively low levels of nuclear YAP5SA, suggest that YAP5SA is negatively regulated
through Hippo independent mechanisms. Vital imaging experiments revealed that Yki, the
Drosophila orthologue of YAP and TAZ, dynamically cycles between the nucleus and
cytoplasm (Manning et al., 2018). YAP5SA may also cycle from nucleus to other subcellular
locations in the CM as a negative regulatory mechanism.

While there is no precedent for integration of newly generated adult CMs into existing
myocardium, the example of adult neurogenesis is instructive. In adult murine olfactory
bulb, newly born neurons integrate into existing synaptic circuitry through a defined
developmental progression that depends on external stimuli to promote survival of new
neurons (Ming and Song, 2005). It is unclear how YAP5SA OE CMs integrate into the
existing myocardium, however, the YAP5SA model will be a valuable resource to investigate
this problem.

Incorporation of YAP5SA CMs into the heart may be facilitated by mechanisms inhibiting
YAP5SA nuclear activity. YAP5SA induces a negative feedback loop that functions through
multiple mechanisms to inhibit YAP. In addition to induction of Lats2transcription, a direct
YAP target that will not inhibit YAP5SA, we see strong up-regulation of VGLLZ, VGLL3,
and VGLL4 genes that encode competitive inhibitors of the YAP-TEAD interaction.
Additionally, YAP5SA activity can be inhibited by ICD proteins, such as a.-catenins, or actin
binding proteins such as AMOT family proteins, which are both direct YAP targets and YAP
interacting proteins (Li et al., 2015a; Morikawa et al., 2017; Ragni et al., 2017).

Chromatin accessibility contributes to the differentiated state of cardiomyocytes

We propose a model where the adult CM phenotype is maintained by decommissioned
enhancers that are made newly accessible by YAP5SA. It has been shown that cardiac
differentiation during development is accompanied by gradual reduction of chromatin
accessibility at developmental loci (Stergachis et al., 2013). As ES cells differentiate into
CMs, there is a rearrangement of chromatin accessibility with loss of accessible chromatin
containing binding elements for pluripotency factors, and gain in accessible MEF2 and
NKX2.5 elements that define the CM phenotype (Stergachis et al., 2013). This
rearrangement of chromatin accessibility is considered irreversible except in pathologic
states, such as cancer, where developmental enhancers are co-opted, often from multiple cell
lineages (Stergachis et al., 2013). Our data indicate that chromatin accessibility can be
manipulated in a productive way to promote tissue renewal.
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YAP, ploidy and cell cycle progression

Many YAPS5SA target genes encoding cell cycle regulators are already accessible. This is
consistent with previous work revealing that YAP activates transcription of some target
genes through transcriptional pause release (Galli et al., 2015). Based on our observations,
revealing increased accessibility of developmental enhancers during YAP5SA-dependent
proliferation, many other genes important for bona fide proliferation, such as cytoskeletal
genes that are important for productive cell division, are repressed by chromatin compaction.

There is evidence that a subpopulation of smaller, mononucleated diploid CMs is more
prone to complete cell division in mice (Patterson et al., 2017). We found an increase in the
proportion of mononucleated CMs after YAP5SA induction, and YAP5SA OE CMs were
smaller than control CMs. However, it is still unclear that the mononucleated diploid
phenotype is required for successful proliferation. For example, bi-nucleated hepatocytes
contribute to liver regeneration (Miyaoka et al., 2012). Intriguingly, YAPS127A has been
shown to induce proliferation of tetraploid hepatocytes /n vivo (Ganem et al., 2014). Future
studies, using the YAP5SA model, can more definitively address the predisposition of
different populations of CMs towards proliferation and the role of ploidy in these events.

It is hypothesized that a structural block prevents CMs from proliferating. If this is the case,
YAP5SA overcomes the CM structural cell cycle checkpoint. It has been shown that the
structural cell cycle checkpoint in CMs can be overcome while shutting down expression of
genes associated with myocyte maturation (Tzahor and Poss, 2017). We observed that the
MEF2A motif was decommissioned in YAP5SA OE CMs. MEF2A is maintains the mature
CM phenotype (Naya et al., 2002). YAP5SA OE CMs also show evidence of sarcomeric
disassembly. Since CMs turn over their contractility protein apparatus continually (Willis et
al., 2009), it is conceivable that CM renewal occurs while the contractile machinery is
transiently down-regulated in YAP5SA OE CMs similar to zebrafish CMs (Jopling et al.,
2010). Our findings suggest that careful manipulation of the Hippo-YAP pathway may be
useful for promoting adult tissue renewal for medical benefit.

STAR Methods
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents may be directed to and will be
fulfilled by the Lead Contact, James Martin (jfmartin@bcm.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse studies were performed in accordance with the institutional animal care and use
committee at Baylor College of Medicine (Houston, TX, USA). The pPCMV-Flag YAP2 5SA
sequence, a gift from Kun-Liang Guan (Addgene, Cambridge, MA, USA, plasmid # 27371)
(Zhao et al., 2007), was cloned into the CAG-loxP-eGFP-Stop-loxP-IRES-pGal expression
construct. The DNA sequence encodes a human variant of YAP that has a total of eight
serine (S) residues mutated to alanine (A) at the five canonical Lats-dependent
phosphorylation motifs (S61A, S109A, S127A, S128A, S131A, S163A, S164A, and
S381A). This version of YAP excludes exon 6 and therefore includes a predicted leucine

Dev Cell. Author manuscript; available in PMC 2020 March 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Monroe et al.

Page 13

zipper that can enhance transactivation (Finch-Edmondson et al., 2016). We established a
line of YAP5SA overexpressing (OE) mice (Tg[Jojo-Flag:: YAP5SA]5JFM) by performing
the pronuclear injection of linearized DNA encoding the YAP transgene (Fig. 1A) into
fertilized oocytes from FVB/N mice, which were then implanted into pseudopregnant
females. Single crosses were performed with homozygous aMyHC-Cre-ERT2 mice
(Referred to as “MCM” mice), which were maintained on the C57BI/6J background. All
control animals were littermates or age-matched if littermates were unavailable. Genotype
was determined both by visualizing enhanced green fluorescent protein (eGFP) expression
in the tail skin and by performing PCR genotyping (F: AAGCCTTGACTTGAGGTTAG, R:
CGTCATCGTCTTTGTAGTCC). All experiments involving adult mice were performed
with male or female mice that were 7 to 12 weeks of age. No difference between sexes was
observed in any cardiac phenotype. Tamoxifen induction of Cre was accomplished by
performing standard intrapleural injections of tamoxifen (40ug/g) daily for four days in the
high dose, or a single 20ug/g low dose where indicated. Tamoxifen was prepared in corn oil.

METHOD DETAILS

Western Blotting—Western blotting was performed using standard methods with lysates
prepared by homogenizing hearts with a bead homogenizer in buffer with HEPES, EDTA,
and Triton. The lysates, after 5 minutes boiling in a reducing tris-based sodium dodecyl
sulfate (SDS) sample buffer (80 pg/well), were loaded into acrylamide gels and ran at 120
volts for a sufficient time to achieve separation. Proteins were then transferred to PVDF
membranes and imaged by using the Li-COR Odyssey imaging system (LI-COR
Biosciences). Primary antibodies were as follows: rabbit anti-YAP (1:1000), Novus
Biologicals Cat#NB110-583538; mouse anti-M2Flag (1:1000), Sigma-Aldrich Cat#F1804;
mouse anti-GAPDH (1:5000), Millipore Cat#CB1001; anti-P-YAP (S127, mouse homolog
S112) (1:1000), Cell Signaling Technologies Cat#4911. Fluorescent secondary antibodies
were goat anti-rabbit IgG and goat anti-mouse IgG (1:5000), LI-COR Cat#925-68071 &
Cat#925-32210. Quantitation was performed by using the gel analysis feature in Fiji
(ImageJ) (National Institutes of Health, Bethesda, MD, USA).

Ultrasound Echocardiography—M- and B-mode echocardiography were performed
according to established protocols at the Baylor College of Medicine Mouse Phenotyping
Core using a 30 MHx scanhead (RMV7007B) on a VisualSonics 770 system, and analyzed
using Vevolab 2.2.0 software (Fujifilm Visualsonics).

Left Ventricular (LV) Size and Number of CMs—To determine the total number of
cardiomyocytes in each left ventricle by stereology 48 hours after tamoxifen, we first
excised the hearts of mice and fixed them in diastole by performing retrograde perfusion
with 30mM KCI followed by 10% formalin, and then drop-fixing them in 10% formalin.
The hearts were embedded in paraffin and cut from the apex to the aorta into 7-micron
sections. We then computed the volume of the left ventricle in each heart by plotting the area
of the LV myocardium on a microscope slide as a function of tissue depth and then
integrated the area under the curve. From that volume, we computed the ratio of LV weight
to body weight by converting the volume of the LV to mass by using the density of muscle
(1.053 g/mL)(Vinnakota and Bassingthwaighte, 2004). The 7-micron sections at various
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tissue depths were then stained with anti-PCM-1 (Sigma-Aldrich Cat#HPA023370), DAPI,
and Rhodamine-conjugated wheat germ agglutinin (WGA, Vector Labs Cat#RL-1022) to
label CM nuclei, all nuclei, and cell borders, respectively. We then used confocal
microscopy to image through the entire thickness of each section and count the number of
PCM-1(+) nuclei in the imaging frame. Partial nuclei on the bottom and left edges of the
frame were not counted, whereas partial nuclei on the top and right edges were counted. Z-
stacks were acquired at random throughout sections from different tissue depths (40 Z-
stacks/heart). Nuclei were counted only if they were both PCM-1(+) and DAPI(+), with
PCM-1 encircling the DAPI-stained area (Fig. 2P). To calculate the total number of CMs,
the number of nuclei counted per volume was computed to a nucleation density, which was
then extrapolated to the entire volume of the myocardium and then corrected for the average
nucleation of the myocytes from each genotype (control: 2.04 nuclei/CM; YAP5SA OE:
1.92 nuclei/CM, Fig. S1J), as described elsewhere (Bruel and Nyengaard, 2005). The person
quantifying the images was blinded to genotypes.

Flow Cytometry Analysis of DNA Content—CM nuclei were isolated as previously
described (Richardson, 2016). EdU was administered in sterile saline, 100g/g mouse by
intrapleural injection. Hearts were dissected and minced on ice into 15mL Cell Lysis Buffer
(0.32M sucrose; 10mM Tris-HCI (pH 8); mM CaCl2; 5mM magnesium acetate; 2.0mM
EDTA; 0.5mM EGTA; 1 mM DTT) and with a Biogen Series PRO200 (PRO Scientific)
homogenizer, and then in a dounce homogenizer with another 15mL (30 total) of Cell Lysis
Buffer. After 100um filtration, nuclei were pelleted at 700G and resuspended into 25mL
Sucrose Gradient Solution (2.1M sucrose; 10mM Tris-HCI (pH 8); 5mM magnesium acetate
1mM DTT), which was then placed on on top of 10mL fresh Sucrose Gradient Solution in
an ultracentrifuge tube. That tube was then spun at 13,000G for 1 hour. After centrifugation,
the nuclear pellet was resuspended into 1.3mL Nuclei Storage Buffer (0.44M sucrose;
10mM Tris-HCI (pH 7.2); 70mM KCI; 10mM MgCI2; 1.5mM spermine). Antibody negative
control 0.3mL was then removed, and the remaining 1mL was incubated with anti-PCM1
(8ug/mL). The isotype control and antibody-containing mixtures were incubated overnight
at 4°C and centrifuged at 700G for 10 minutes to pellet and wash with Nuclei Storage
Buffer. PCM-1-bound nuclei were then conjugated to fluorescent secondary antibodies and,
and EdU was identified using the Click-it EAU Flow Cytometry Assay Kit per
manufacturer’s instructions (Thermo Fisher Scientific, Cat#C10340). DNA content was
quantified by DAPI fluorescence. Detection was performed using a BD FACSArria ii (BD
Biosciences), and data were analyzed in FlowJo software (Tree Star). Gating was based on
isotype controls and fluorophore-negative controls. Flow cytometry was performed at the
Texas Heart institute Flow Cytometry Core Facility.

Single Cell Morphology and Physiology—The day after the fourth tamoxifen
injection, cardiomyocytes were isolated by performing retrograde perfusion of digestion
buffer (Reynolds et al., 2016), along with mechanical shearing. Briefly, the hearts were
removed from mice, and then perfused in retrograde with 37°C pH 7.4 HEPES-Tyrode’s
buffer (130mM NaCl; 5.4 mM KCI; 0.5mM MgCl; 0.33 mM NaH,POy; 0.25mM HEPES;
22mM Glucose) containing collagenase (Collagenase A, Sigma Cat#10103586001) using
the Langendorff method. Hearts were then mechanically sheared and filtered through a
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200pm mesh filter for a single-cell suspension. For immunocytochemistry and cell size
measurements, freshly isolated cells were washed in calcium-free PBS, fixed in 10%
formalin for 10 minutes, and then permeabilized with 0.5% Triton 100. Cell size was
quantified by capturing static images of plated cells (Nikon Eclipse 80i microscope,
equipped with a Nikon DSFil camera) and outlining them in ImageJ (National Institutes of
Health, Bethesda, MD, USA) to quantify the 2-dimensional profile area of cardiomyocytes.
The person quantifying the images was blinded to genotypes. Live physiologic imaging was
performed by using an lonOptix Myocyte Calcium and Contractility Recording System
(lonOptix, Westwood, MA, USA). Isolated cardiomyocytes were removed from collagenase
by low speed centrifugation (300RPM), and then resuspended and plated on glass in 1.8 mM
Ca?*-containing Tyrodes solution. Cells were selected for absent or minimal GFP (post-
recombination), and were field-stimulated by using a MyoPacer (lonOptix) at 20 V/cm.
Sarcomere shortening was quantified by performing Fourier transform of the sarcomere
periodicity by using the lonoptix lonWizard software during the final 20 seconds of a two-
minute 1-Hz pacing protocol.

Histology & Immunofluorescence—Freshly dissected embryos and postnatal hearts
were dissected and imaged for endogenous GFP fluorescence by using a Zeiss SteREO
Discovery.V12, equipped with a Zeiss AxioCam Hrc.

For fixation, hearts were retrogradely perfused with cardioplegic 20 mM KCI-PBS before
perfusing them with 10% neutral buffered formalin, followed by embedding in paraffin.
Transverse sections (7 microns) were cut and mounted onto charged polylysine slides. A
portion was stained with Masson’s trichrome stain or Picrosirius Red staining.
Immunohistochemistry (Fig. 2E,P, Fig. S1F, Fig. S2E) was performed by first
deparaffinizing and rehydrating sections, followed by antigen retrieval and permeabilization
in 0.1% tween-20 in PBS. Sections were blocked (10% donkey serum in phosphate-buffered
saline [PBS], 0.1% tween-20) and then incubated with primary and secondary antibodies (all
separately, in succession at 4 degrees C) overnight before imaging. (Fig. 2E Mouse anti-
AuroraKB, Novus Cat#NBP2-50039; anti-Mouse Alexa 488, Thermo Fisher Scientific
Cat#A-21202) (Fig. 2P rabbit Anti-PCM-1, Sigma-Aldrich Cat#HPA023370; anti-rabbit
Alexa 647, Thermo Fisher Scientific Cat#A-31573) (Fig. S1F. rabbit DYKDDDDK Tag
Antibody, Cell signaling technology Cat#2368; anti-rabbit Alexa 488, Thermo Fisher
Scientific Cat#A-21206) (Fig. S2E rabbit anti-N-cadherin, anti-rabbit Alexa 647; chicken
anti-p-gal, Abcam Cat#ab9361; anti-chicken Alexa 488, Thermo Fisher Scientific
Cat#A-11039). Nuclei were stained with DAPI (4’,6-diamidino-2-phenylindole). EdU (5-
ethynyl-2’-deoxyuridine) staining was performed by using Click-it technology via Thermo
Fisher Scientific’s Click-it Alexa Fluor 647 imaging kit (Cat#C10340). Rhodamine-
conjugated WGA used was from Vector labs Cat#RL-1022. The person quantifying the
images was blinded to genotypes. All imaging was performed with a Zeiss LSM 780
confocal microscope in the Optical Imaging and Vital Microscopy Core at Baylor College of
Medicine (Houston, TX, USA).

For frozen sections (Fig. 2C,l. Fig. S1H,I), hearts were extracted, perfused with a 30%
sucrose and 20 mM KCI-PBS solution, and then placed into Tissue-Tek optical cutting
temperature (OCT) compound (V.W.R. Cat#25608-930) before freezing over dry ice.
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Sections (7 microns) were then cut and mounted on glass slides. For immunofluorescence
staining, antigen retrieval was performed by warming the sections to 42°C and then placing
them in acetone at —20°C for 20 minutes before blocking with 10% serum. Sections were
then incubated with primary and secondary antibodies (all separately, in succession at 4
degrees C) overnight before imaging. (Fig. 2C rat anti-PHH3, Abcam Cat#ab10543; anti-rat
Alexa 488, Thermo Fisher Scientific Cat#A-11006; Mouse anti-cTnT-Alexa-647 conjugate,
BD Pharmingen cat#565744). BrdU staining was performed after acetone treatment by
hydrolyzing DNA with 1N HCI for 50 minutes at 37 degrees C, and otherwise proceeding as
usual. (Fig. 2l rat anti-BrdU, Accurate Chemical & Scientific corp. Cat#OBTO0030; anti-rat
Alexa 488, Thermo Fisher Scientific Cat#A-11006) (Fig. S1H rat anti-BrdU, Accurate
Chemical & Scientific corp. Cat#OBT0030; anti-rat Alexa 488, Thermo Fisher Scientific
Cat#A-11006; rabbit Anti-PCM-1, Sigma-Aldrich Cat#HPA023370; anti-rabbit Alexa 546,
Thermo Fisher Scientific Cat#A-10040) (Fig. S1I rat anti-BrdU, Accurate Chemical &
Scientific corp. Cat#OBT0030; anti-rat Alexa 488, Thermo Fisher Scientific Cat#A-11006;
mouse anti-cTnT, Thermo Fisher Scientific Cat#MA5-12960; anti-mouse Alexa 546,
Thermo Fisher Scientific Cat#A-10036). EdU (5-ethynyl-2’-deoxyuridine) staining was
performed by using Click-it technology via Thermo Fisher Scientific’s Click-it Alexa Fluor
647 imaging kit (Cat#C10340). Rhodamine-conjugated WGA used was from Vector labs
Cat#RL-1022. Nuclei were stained with DAPI. The person quantifying the images was
blinded to genotypes. All imaging was performed with a Zeiss LSM 780 confocal
microscope in the Optical Imaging and Vital Microscopy Core at Baylor College of
Medicine.

Immunocytochemistry (Fig. 11,2A) was performed according to standard protocols. Briefly,
Langendorff-isolated CMs were fixed for 10 minutes at room temperature in 10% formalin.
After permeabilizing the CMs with 0.5% triton-100 for 20 minutes and blocking with 2%
fetal bovine serum (FBS) and 2% bovine serum albumin (BSA), antibodies were incubated
(separately, in succession) overnight before imaging (primary: rabbit anti-YAP [1:200],
Novus Cat#NB110-583538; mouse anti-cTnT [1:200] Thermo Fisher Scientific
Cat#MA5-12960; secondary: anti-rabbit, Alexa 647 Thermo Fisher Scientific Cat#A-31573,;
anti-mouse, Alexa 546, Thermo Fisher Scientific Cat#A-10036). EAU (5-ethynyl-2’-
deoxyuridine) staining was performed by using Click-it technology via Thermo Fisher
Scientific’s Click-it Alexa Fluor 647 imaging kit (Cat#C10340). Bona fide presence of EdU
in individual cardiomyocytes was determined by acquiring confocal z-stacks. Nucleation
was quantified in these isolated cardiomyocytes by staining with DAPI and counting the
number of nuclei per cell by confocal Z-stacks. The person quantifying the images was
blinded to genotypes. All imaging was performed with a Zeiss LSM 780 confocal
microscope.

EdU, BrdU Double Labeling Analysis—Low dose tamoxifen (1 injection, 20u9/9)
EdU, BrdU double labeling analysis was as follows: Given the percentages of EdU(+) and
BrdU(+) cells, we know the probability of a cardiomyocyte entering S-phase in one of those
time periods to be 4.25% and 5.04%, respectively. If all CMs are equivalent, one would
predict 0.21% of the cells would be labeled during both times. However, 0.83% of the cells
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were positive. This suggests that there is a subset of cells more prone to cycling than others.
Statistically, the presence of BrdU is not an independent event from the presence of EdU.

Optical Mapping—Mice were anesthetized with isoflurane to the surgical plane of
anesthesia, and heparin was injected intraperitoneally (100 units) before cervical dislocation.
The heart was then removed and washed in cold, oxygenated (95% O, 5% CO») Tyrode’s
solution (137mM NaCl; 5.4mM KCI; 1mM MgCI2; 5 mM HEPES; 10 mM glucose; 3 mM
NaOH; 2.5mM Ca2*; pH 7.4). The aorta was cannulated with a 21-gauge cannula, and the
heart was retrogradely perfused with Tyrode’s solution, maintaining aortic pressure between
80 and 120 mmHg. An electrode (Harvard Apparatus) was placed on the surface of the right
atrium for pacing stimulations (10 Hz, 12 Hz, and 14 Hz) generated by PowerLab 26T
(ADInstruments). To eliminate contractile artifacts, hearts were loaded with blebbistatin
(Sigma-Aldrich, B0560-5 mg, 50 pl of 2.5 mg/ml in dimethyl sulfoxide [DMSO]). We then
perfused the hearts with the voltage-sensitive dye di-4-ANEPS (Invitrogen, D-1199, 20 ul of
2.5 mg/ml in DMSO). An LED light was used for excitation (wavelength, 530 nm).
Fluorescence emission, signifying Vm, was long-pass filtered (>590nm, 590FG05-50,
Andover Corporation, Optical Filter) and measured with a MiCAMO CMOS camera
(SciMedia). Surface electrocardiograms (ECGs) (ADInstruments) were monitored during
experiments by using LabChart. Conduction velocities and activation maps were calculated
with Rhythm software(Laughner et al., 2012) .

In Vivo Electrophysiology—As previously described (Wang et al., 2014), we recorded
ECGs continuously for 5 days spanning the YAP5SA OE induction protocol and one day
later. We used telemetry transmitters (Data Sciences International) implanted in the
abdominal cavity of ambulatory mice. The saturated calomel electrodes were placed in a
lead Il configuration, and ECGs were recorded by using version 4.1 Dataquest software. T-
wave measurements were performed by computing the area under the curve.

Nuclear Isolation for Sequencing—Nuclear isolation was performed as previously
described, with the following specifications (Mo et al., 2015): Briefly, fresh cardiac tissue
was harvested on ice and was immediately homogenized with a Biogen Series PRO200
(PRO Scientific) before performing Dounce homogenization in HB buffer (0.25M sucrose,
25mM KCI, 5mM MgCI2, 20mM Tricine-KOH, pH 7.8; with protease inhibitors; 1mM
DTT; 0.15mM Spermine; 0.5mM Spermidine, and RNAse inhibitors) with 5% IGEPAL
CA-630. Nuclei were isolated via density gradient centrifugation with optiprep density
gradient medium after mixing homogenate 1:1 with a 50 iodoxinal (5 volumes Optiprep
[Sigma-Aldrich, Cat#D1556] with 1 volume Diluent [150mM KCI; 30mM MgCly; 120mM
Tricine-KOH; pH 7.8]) . After 18 minute 10,000G centrifugation, all nuclei isolated from a
30% to 40% interface were precleared with Protein-G Dynabeads (Thermo Fisher Scientific,
Cat#10004D). Next, nuclei were immunoprecipitated with an anti-PCM-1 (Sigma-Aldrich,
Cat#HPA023370) antibody and Protein-G Dynabeads (washing 7 times with Buffer HB with
0.4% IGEPAL CA-630) to enrich for CM nuclei as described previously (Gilsbach et al.,
2014).
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RNA-sequencing—RNA from bead-bound PCM-1(+) nuclei was collected by using the
RNEasy Plus Micro kit (Qiagen, Hilden, Germany). Nuclear RNA sequencing (RNA-seq)
libraries were constructed by using the Stranded RNA-seq Kit with Ribo Erase (Kapa
Biosystems Inc.) with custom Y-shaped adapters. Paired-end 2x75 bp sequencing was
performed for RNA-seq libraries with an Illumina Nextseq instrument (DNA Link). Reads
were first mapped to the mouse genome (mm10) by using STAR (Dobin et al., 2013).
Differential expression analysis was then carried out with DESeq2 (Love et al., 2014). Gene
ontology analysis was performed by using Metascape [http://metascape.org] (Tripathi et al.,
2015), and displayed using GOplot (Walter et al., 2015). Gene set enrichment analysis using
publicly available data(Uosaki et al., 2015) was performed by interrogating the top 200 most
enriched transcripts in either adult hearts relative to embryonic (E12-14); or embryonic
relative to adult against our RNA-seq dataset (enrichment score is relative to control)
(Mootha et al., 2003; Subramanian et al., 2005; Uosaki et al., 2015).

ATAC-sequencing—Approximately 50,000 bead-bound PCM-1(+) CM nuclei were used
as input for the assay for transposase accessible chromatin with high throughout sequencing
(ATAC-seq). ATAC-seq libraries were generated as previously described (Buenrostro et al.,
2013). Paired-end 2x75 bp sequencing was performed with an lllumina Nextseq instrument
(DNA Link Inc.). Reads were mapped to the mouse genome (mmZ10) by using Bowtie2 with
default paired-end settings (Langmead et al., 2009). Next, all non-nuclear reads and
improperly paired reads were discarded. Duplicated reads were removed with Picard-
MarkDuplicates. Peak calling was carried out with MACS2 (callpeak—nomodel-broad).
Blacklisted regions were lifted over from mm9 to mouse genome mmZ10 and removed along
with peaks of low sequencing quality (>g30 required). Reads were counted for each
condition from the comprehensive peak file (YAP5SA OE and control replicates merged) by
using bedtools (multicov module) (Quinlan, 2014). Quantile normalization of ATAC-seq
data sets was performed with CQN (Hansen et al., 2012), and offsets were fed into DESeq2
to quantify differential accessibility (Love et al., 2014). Nucleosome calling was carried out
with NucleoATAC (Schep et al., 2015). Motif enrichment analysis was conducted with
HOMER (Heinz et al., 2010) (findMotifsGenome.pl and annotatePeaks.pl). Gene tracks
were shown by using the UCSC genome browser. ES cell ATAC-seq data was used from
GSM1563569, with reads mapped to the mm10 genome using bowtie2 and analyzed with
HOMER (annotatePeaks.pl) and Galaxy/deeptools2 (multiBigwigSummary, plotCorrelation)
(Ramirez et al., 2016).

H3K27Ac ChiIP-seq Data Aquisition—H3K27Ac Chip-seq from developing mouse
hearts was analyzed from available data (GSM1264374, GSM1264384) (Nord et al., 2013)
and were mapped to the mouse genome (build mm210) by using Bowtie2 default parameters
(Nord et al., 2013). Gene tracks were shown by using the UCSC genome browser, and reads
were plotted using HOMER (annotatePeaks.pl).

H3K27Ac Chip-seq from mice with hypertrophic stimulus (1 week after aortic constriction),
or in heart failure (8 weeks after aortic constriction) was retrieved from the GEO database
(GSM2497652 & GSM2687477 in GSE95143)(Nomura et al., 2018). We then visualized
our YAP5SA OE and Control ATAC-seq data globally at regions with non-overlapping
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H3K27Ac ChlP-seq peaks (p < 1e7°) between 1 week after aortic constriction and 8 weeks
after using HOMER (annotatePeaks.pl). Conversely, we visualized H3K27Ac ChlP-seq
reads from 1 week post aortic constriction and 8 weeks post aortic constriction at control or
YAP5SA-specific ATAC-seq peaks (P < 0.035). Reads from the mm9 genome were
converted to mm10 using CrossMap (CrossMap.py).

Heart Failure RNA-Seq Data Acquisition—We retrieved RNA-seq data on mice in
heart failure due to dilated cardiomyopathy secondary to aortic constriction vs sham-
operated healthy adults from the GEO database (GSE112055) (Kokkonen-Simon et al.,
2018) (n = 5 sham, 5 heart failure). Differential gene expression was performed the same
way our YAP5SA vs control RNA-seq data was analyzed using DESeq2 on 5 replicates/
group (Sham 1-5 and TAC 1-5).

YAP ChlP-seq Data Incorporation—YAP ChlP-seq data was used from GSM2220157
(Croci et al., 2017) and mapped to mm10 using LiftOver (https://genome.ucsc.edu/cgi-bin/
hgLiftOver). Control and YAP5SA OE ATAC-seq reads, centered at YAP ChlP-seq peaks
were plotted as heat maps and profile plots using deepTools3 (plotProfile). Motif discovery
analysis was performed using HOMER (findMotifsGenome.pl). YAP ChlP-seq targets in our
RNA-seq data set were determined by taking YAP ChlP-seq peaks that contained open
TEAD motifs (ATAC-seq average normalized read depth > 2 over the peak length).

Chromosome Conformation Capture (3C & 4C)—3C was performed using methods
described previously with minor modifications (Hagege et al., 2007). First, CM nuclei were
isolated by PCM-1 immunoprecipitation as with the ATAC-seq and RNA-seq experiments.
For most assays, nuclei were digested with Bglll restriction enzyme (NEB), whereas for
Nog and WIs loci analyses, nuclei were digested with EcoRl (NEB) or BsrG1 (NEB)
respectively. Digested chromatin was highly diluted and ligated with T4 DNA ligase (NEB).
DNA fragments were de-crosslinked overnight at 65C, then treated with Proteinase K and
RNAse A. DNA was then purified via phenol/chloroform extraction and ethanol
precipitation. 3C templates were used to perform semiquantitative PCR (Actb loading
standard) with iTaq" Universal SYBR® Green Supermix (Bio-Rad, Cat#1725120). Primers
flanked the restriction sites located close to gene promoters and putative enhancers. Data are
presented as the ratio of amplification obtained from 3C templates normalized to Control
CM enhancer-promoter crosslinking for each individual gene. Approximately 3 million CM
nuclei per preparation were used for 3 preparations from a total of 6 mice per group.
Controls were a mixture of Tamoxifen-injected MCM mice and YAP5SA/MCM mice
without tamoxifen. Each preparation was then used to perform 3 technical gPCR replicates/
preparation/gPCR reaction. The average of the gPCR technical replicates from each 3C
preparation was then used for averaging and SEM with the other 3C preparations for n=3/

group.

For 4C, approximately 5 million bead-bound PCM-1-enriched cardiomyocyte nuclei from 6
mice, isolated as described above for 3C, were used as input for two replicates. The 4C
protocol was performed as described previously (van de Werken et al., 2012), with minor
modifications. The first restriction enzyme digestion was performed with Dpnll (NEB,
Cat#R0543M). The first ligation was perfomed overnight with T4 DNA ligase (Roche,
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Cat#10799009001). Samples were then de-crosslinked with Proteinase K (Thermo Fisher,
Cat#EQ0491) overnight. DNA was purified using P-beads from the NucleoMag 96 PCR kit
(Macherey-Nagel, Cat#744100.1). The second enzymatic digestion was performed overnight
with Csp6l (Thermo Fisher, Cat#ER0211). Samples were then ligated, as described above,
overnight and purified with NucleoMag P-beads. We then employed a 2-step PCR protocol
to amplify DNA and generate libraries for sequencing. All PCR reactions were carried out
with Expand Long template polymerase (Roche, Cat#11681842001). Libraries were purified
using Agencourt AMPure XP beads (Beckman Coulter, Cat#A63881), at 0.8X. Finally, all
libraries were sequenced on an Illumina Nextseq 500.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical tests, error bars, P-values, and n numbers are reported in the corresponding
figure legends. Researchers were blinded to genotype during the acquisition and processing
of data. Sample sizes were not pre-determined, but were chosen based on previous
publications. Mice were pre-determined to be excluded only if they had obvious anatomical
or health abnormalities prior to genetic manipulation; One case was observed where a
YAP5SA mouse we intended to use for optical mapping was not used due to severely stunted
growth. To address randomness, any available (mutant or control) mice were included in the
study. Control mice are indicated in the figure legends. They were tamoxifen-injected MCM
mice; transgenic YAP5SA/MCM mice without tamoxifen; or MCM mice without tamoxifen.
Controls were littermates with or age-matched to experimental mice. No differences in
variances were detected between any group in the reported experiments. One-way, two-
tailed analysis of variance tests (ANOVA), followed by post-hoc tests were computed in
Origin Pro (OriginLab Corporation). Fisher’s exact tests, Chi-squared test, and Mantel-Cox
tests were performed in Prism 5 (GraphPad). All graphs were generated in R or Microsoft
Excel and presented using Inkscape. Cartoons were also created in Inkscape (http://
www.inkscape.org/; https://www.R-project.org/.
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Highlights
Creation of a mouse conditionally expressing active YAP, called YAP5SA

YAP5SA in adult cardiomyocytes (CMs) induces more primitive
transcriptional state

YAP5SA reveals developmental enhancers and suppresses adult enhancers

YAP5SA expression in CMs causes CM hyperplasia and overall heart
hypercellularity

Dev Cell. Author manuscript; available in PMC 2020 March 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Monroe et al. Page 28

oo e o ssordee areovess spess = 0 e | Elin
B C

Membrane

LATS Phosphorylation sites:

AA# _HXRXXS
56 HVRGDS
104 HSRQAS
122 HVRAHSSPAS

159 HLRQSS
376 HSRDES
S->A

500 pm

3 P =001 12 hours;ﬂe:ﬁtam J P K 48 hours after tam
— lerge ontrol
24 hours after tam — P <0.0001 g yapsen OF ® YAP5SA OE
1.00 —

Control YAP5SA OE s A H 10.0
P-YAP n - 75 15 £

o 7.5
Total YAP e o o - -y E o

P-YAP/endogenous YAP
5
Relative fluorescence intensity
©

A . P<001 2075
. 0.50

*-.... [

Nucleus/Cytoplasm Flag intensity
o
°

w 2 =
Flag L B T & 0.5 (o) T 0.25 é
GAPDH - W a» an am-37 ) 1'%'_§ = H
X 0.0 2 = : 2 00 ¢ 0.0
Control YAPSSA OE Control YAPSSA OE ; Nucleus  Cytoplasm o Nucleus Cytoplasm Yap5SA OE
L 24 hours after tam M 48 hours after tam N 72 hours after tam o
Pre-tamoxifen After tamoxifen = 30 P <0.01 1.0
_ 3 — Control YAP5SA OE ~——Control
o — ~—=YAPSSA OE
E25 2 0.8
2 S
$ % 2
5 L6 P < 0.0001
€ 3
E1s s
5 5044
= 5
S 10 @
g 0.2
'E; 5 'Ifanfo)fifeﬁ
; 0.04 gy ¥ F ¥
30 4 2 0 2 4 6 8 10
50ms Control YAP5SA OE Day

Figure 1. Design and expression of YAP5SA transgene.
(A) YAP5SA transgene (TG). (B) Serine phosphorylation sites mutated in YAP5SA (STAR

methods). (C) Model of Hippo signaling in adult CMs. (D) E9.5 YAP5SA with GFP
expression. (E) GFP fluorescence in MCM and TG hearts at P0. (F) Western blot: Flag-
YAP5SA and phosphorylation of endogenous YAP 24 hrs after fourth tam. Controls: MCM
mice with tam. (G, H) Western blot quantification. Total YAP & Flag n=3 mice/genotype. P-
YAP (mouse S112) control n=4, YAP5SA n=3. (1) IF of control and YAP5SA OE CMs 24
hrs after fourth tam. (J) Quantification of nuclear and cytoplasmic YAP IF in CMs from
control or YAP5SA OE, shown as dot plots with mean +/— SDM, relative to mean control
cytoplasmic intensity. Control n=3 hearts, 30 CMs. YAP5SA OE n=3 hearts, 30 CMs.
Control: MCM with tam. (K) Quantification of Flag IF in YAP5SA OE CMs, shown as dot
plots with mean +/- SDM. n=3 hearts, 50 CMs each, 48 hrs after tam. (L) M-mode ECHO
before and 24 hrs after tam. Control: MCM mice with tam. (M) LV chamber volume control
and YAP5SA OE 48 hrs after tam. n=6/group. Control: MCM mice with tam. (N) Histology
72 hrs after tam. Control: MCM with tam. (O) Kaplan Meier survival analysis control
(n=11) and YAP5SA OE (n=13). Statistics: Mantel-Cox test. Control: MCM with tam.
G,H,J,M groups compared by ANOVA with Bonferroni post-hoc tests. G,H,M shown as
Mean +/- SEM. See also Fig. S1 and S2.
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Figure 2. Proliferation of adult cardiomyocytes.
(A) EdU-stained CMs. (B) tam & EdU labeling strategy; Quantification of EdU

incorporation (n=4 hearts/group, 200-300 CMs/heart). (C) pHH3 IF Control: MCM with
tam. Positive CM indicated (yellow arrow) separate channels on right (D) pHH3
guantification in CMs. YAP5SA n=5; Controls n=9; 3 MCM with & 3 no tam, and 3
YAP5SA MCM mice no tam. 300-400 CMs/heart, 48 hrs after fourth tam injection. (E)
AURKB IF: Positive CMs indicated (yellow arrows) or inset with z-projection. Control:
MCM with tam. (F) Quantification of AURKB(+) CM nuclei (n=3 YAP5SA,; Control n=9
mice; 3 MCM with & 3 no tam, and 3 YAP5SA MCM mice no tam. 200-300 CMs/heart, 48
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hrs after fourth tam). (G) Quantification of AURKB in cytokinesis remnant (YAP5SA n=3;
Control n=9, 3 MCM with & 3 no tam, and 3 YAP5SA MCM no tam. 48 hrs after fourth tam
~30mm? imaged each with ~900 CMs/mm3). (H) EdU & BrdU labeling protocol and % of
labeled CMs from low dose protocol. (I) EdU(+) and BrdU(+) CMs with WGA. (J) Chi-
squared table of labeled CMs. (K) Sections of LV at indicated depth (L) Area of LV at
indicated depth * P<0.05 significance (M) Total LV tissue volume (N) Ratio of LV weight/
body weight (K-N n=6 YAP5SA, Controls n=12, 3 YAP5SA MCM no tam, 3 MCM no tam,
6 MCM with tam), 48 hrs after fourth tam (O) Histograms of areas of isolated CMs from
control and YAP5SA. YAP5SA n=6; Controls n=9, 3 YAP5SA MCM no tam, 3 MCM no
tam, 3 MCM with tam; ~100 cells/heart, 48 hrs after fourth tam. (P) CMs labeled with
PCM-1 (Yellow arrows). (Q) CM number in LV (YAP5SA n=5; Control n=11, 5 MCM with
tam, 3 YAP5SA no tam, 3 MCM no tam), 48 hrs after fourth tam. L-O,Q groups compared
by ANOVA with post-hoc Bonferroni tests; and tam protocol from 2B. Data in
B,D,F,G,L,M,N,Q shown as mean +/-SEM. See also Fig. S1.
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Figure 3. YAP5SA cardiomyocytes express a primitive genetic profile.
(A) Protocol for CM-enriched nuclear RNA and ATAC-seq. Control: MCM with tam. 48 hrs

after tam. (B) (Top) Volcano plot of YAP5SA RNA-seq adjusted P-value<0.01, 734 genes
up-regulated; 282 down-regulated. Two samples/genotype. (Bottom) Heat map differentially
regulated genes. (C) Circle plot of select genes indicated ontologies. Gene expression
relative difference (log2 fold change). (D) Gene set enrichment analysis of top 200 most
differentially regulated genes: adult hearts relative to embryonic (left) or embryonic relative
to adult (right) against RNA-seq dataset (normalized enrichment score, NES, relative to
control. Data from (Uosaki et al.,2015). See Fig. S2,S3 and S4.

Dev Cell. Author manuscript; available in PMC 2020 March 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Monroe et al.

A B
ATAC-Seq ,
30 adj-p
0.0025
_ iy 0.0050 TEAD4
0 0.0075
E 204 0.0100 TEAD
o ‘e
S 4. TEAD2
(= B e
2 qo{ L@
T AP1/Fra3
o
ATF
0
-4 0 4
log2(fold change)
C ATAC-seq Signal
TEAD motif peaks AP1 motif peaks
Control YAP5SA OE Control YAP5SA OE
=e— = ="
= E— =
===g= = -
=-" =3— i
= :
-37 0 :3 ; :i’-
Dlstance to Peak (kb)
E TSS
Enhancers Promoters I
All control | 2501 63.9% 110.2%: 25.9%
1
ATAC peaks ! |
Unique control 801 79.9%* :19.1%: 1.0%
ATAC peaks - 0 e

All YAP5SA | 8%°
ATAC peaks| §

Unique YAP5SA
ATAC peaks

250, 65.5%* 24.7%

1 1
(,A | ctboniol 1] |
L) 84.3%* 14.6% 1.0%

1 1

0
-10000 -100

Peak dlstance to TSS (kb)

Up-regulated peaks
de novo Motif Enrichment

AP1

MEF2A

Page 32

Down-regulated peaks
de novo Motif Enrichment

AP1/Jun .
0 1e-1000 1€-2000 1e-3000 0 1e-300 1e-600 1e-900
P-value P-value
D
' g | —— Control
YAP5SA
=N
T 5 °
£ =
% § =g
O T
)
FE°
g 23
oL
38 2]
ZE
N
hy
-200 400
Posmon relatlve to TEAD motlf (bp)
F
Control YAP5SA OE
1.0
<
= n = 8,760 n=11,612
3 os;
5 /\/\
c
[
g | /—\\
o
o
L 0.4

-1.0 -0.5

1.0 -1.0 -0. 1.0

Dlstance to ATAC peak (kb)

E14.5 H3K27ac

Figure 4. YAP5SA opens chromatin at TEAD and AP-1 elements
(A) Volcano plot of YAP5SA ATAC-seq. YAP5SA OE CMs: 11,612 peaks up-regulated and

8,760 down-regulated at P<0.035 log2 fold change. Two samples/genotype. (B) (Left)
Enriched motifs in ATAC-seq peaks from YAP5SA OE CMs. (Right) Enriched matifs in
ATAC-seq peaks from control CMs (adjusted P<0.035). (C) ATAC-seq signal at all peaks
containing TEAD (left) or AP-1 (right) motifs. (D) Nucleosome signal for all TEAD motif
peaks, normalized between 0 and 1. (E) Distance to TSS of ATAC-seq peaks. * P<0.001
relative to control ATAC proportions. (Chisquared test with Yates correction). (F) H3K27Ac
fragment coverage from E14.5 and P56 hearts centered around top ATAC-seq peaks
(adjusted P<0.035). N: number of interrogated ATAC-seq peaks. See also Fig. S3 and S4.
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Figure 5. Identification of YAP targets and YAP5SA mechanism
(A) Heat map of ATAC-seq reads centered at YAP ChlP-seq peaks. (B) Enriched

transcription factor motifs in YAP ChlIP-seq peaks (GSM2220157) (C) YAP5SA target
genes and gene ontologies from integrated genomics (RNA-seq up P<0.01; YAP ChiIP-seq
peak in open chromatin [normalized read count < 2 over the peak] & containing a TEAD
motif; ATAC-seq up [P < 1e7]). (D) Model key (E) I. Model of YAP5SA activation by
binding to promoters of already accessible genes: RNA up, ATAC no change, open TEAD
motifs. 1. Gene ontology of 205 genes fitting this criteria; and 111. Heat map of selected
genes. V. Sequencing track. (F) I. Model of YAP5SA activation of genes through chromatin
remodeling: RNA up, ATAC up, newly open TEAD motifs. 1. Gene ontology of 88 genes
fitting this criteria; and I111. Heat map of selected genes. IV. Sequencing track. (G) I. Model
of YAP5SA Activation of genes with AP-1-asociated open chromatin: RNA up, ATAC up,
open, newly open TEAD motifs & AP-1 motifs. 1. Gene ontology of 75 genes fitting this
criteria; and 111. Heat map of selected genes. 1V. Sequencing track. AlV, BIV, and CIV are
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density plots indicating reads from H3K27ac ChIP-seq data from adult and embryonic hearts
and our 4C data. TEAD motifs and AP-1 motifs indicated. 5° and 3’ are shown relative to
top strand of DNA. For E-G See Table S1. full gene lists. ATAC-seq tracks scaled to
YAP5SA OE maximum. Black notch scale on the 4C-seq tracks indicates 4C coverage/1e3
reads.
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Figure 6. YAP5SA increases enhancer-promoter contacts
(A) Gene tracks with enhancers (green). Control regions closer to promoter than enhancer

used for 3C (yellow). Promoters (purple). C:P, Control to Promoter contact. E:P, Enhancer to
Promoter contact. (B) Cartoon of difference between 2D and 3D enhancer-promoter
proximity. (I) 2D proximity. (I1) 3D proximity (111) fixing DNA/chromatin interactions and
digesting DNA. Loci not in contact diffuse away. (IV) Ligation of loci in contact. (V) gPCR
of ligated loci. E:P interactions are more common than C:P, reflecting contact frequency (C)
Quantification of chromatin contact in CM nuclei by 3C at genomic loci indicated in Fig.
7A, normalized to Control CM enhancer-promoter contacts. Groups compared: ANOVA
with post-hoc Bonferroni tests. Data shown mean +/— SEM. n=3 replicates/group (from
pooled CM nuclei from 6 Control hearts or 6 YAP5SA OE hearts, STAR methods).
Controls: both YAP5SA no tam and tam-injected MCM control. See Table S2 for primers.
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Adult Cardiomyocyte
(Hippo on)

Adult Cardiomyocyte with YAP5SA
(canonical Hippo bypassed)
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Figure 7. Model.
Adult CMs have high Hippo activity. YAP5SA bypasses canonical Hippo inhibition: (1)

chromatin remodeling centered around TEAD motifs. (2) gene expression resembling fetal
CMs — expression of cell-cycle genes and reduced expression of cytoskeletal and contractile
genes. Previously published observations indicated. (3) CM proliferation. (4) Thickening of
myocardium. Vestigial-like genes are up-regulated and antagonize YAP-dependent de-
differentiation.

Dev Cell. Author manuscript; available in PMC 2020 March 25.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Monroe et al.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Phospho-YAP(Ser127) antibody Cell signaling technology Cat#4911

Rabbit YAP1 antibody

Novus biologicals

Cat#NB110-583538

Donkey anti-Rabbit, Alexa 488

Thermo Fisher Scientific

Cat#A-21206

Donkey anti-Rabbit, Alexa 647

Thermo Fisher Scientific

Cat#A-31573

Donkey anti-Rabbit, Alexa 546

Thermo Fisher Scientific

Cat#A-10040

Donkey anti-Mouse, Alexa 488

Thermo Fisher Scientific

Cat#A-21202

Donkey anti-Mouse, Alexa 546

Thermo Fisher Scientific

Cat#A-10036

Donkey anti-chicken, Alexa 488

Thermo Fisher Scientific

Cat#A-11039

Donkey anti-rat, Alexa 488

Thermo Fisher Scientific

Cat#A-11006

IRDye® 800CW Goat anti-Mouse IgG

LI-COR

Cat#925-32210

IRDye® 680RD Goat anti-Rabbit 19G

LI-COR

Cat#925-68071

Mouse anti-cTnT

Thermo Fisher Scientific

Cat#MAS5-12960

Mouse anti-cTnT-Alexa 647 conjugate

BD Pharmingen

cat#565744

Mouse anti-AurorakB Novus Cat#NBP2-50039

Rat anti-PHH3 Abcam Cat#ab10543

Mouse anti-M2Flag Sigma-Aldrich Cat#F1804

Mouse anti-GAPDH Millipore Cat#CB1001

Rabbit Anti-PCM-1 Sigma-Aldrich Cat#HPA023370

Chicken anti-p-gal Abcam Cat#ah9361

Rabbit anti-N-cadherin Abcam Cat#ab76057

Rat anti-BrdU Accurate Chemical & Cat#OBT0030
Scientific corp

Rabbit DYKDDDDK Tag Antibody Cell signaling technology Cat#2368

Bacterial and Virus Strains

PCMV-flag YAP25SA

Addgene, Kun-Liang Guan

plasmid # 27371

Chemicals, Peptides, and Recombinant Proteins

Tamoxifen Sigma-Aldrich Cat#T5648
Collagenase A Sigma-Aldrich Cat#10103586001
Blebbistatin Sigma-Aldrich Cat#B0560
di-4-ANEPS Invitrogen Cat#D-1199
Bglll NEB Cat#R0143S
EcoRI-HF® NEB Cat#R3101
BsrGI-HF® NEB Cat#R3575L
T4 DNA ligase (3C) NEB Cat#R3575L
Proteinase K Sigma-Aldrich Cat#P2308-25MG
RNAse A Sigma-Aldrich Cat#10109142001
Protein-G Dynabeads ThermoFisher Scientific Cat#10004D
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Rhodamine conjugated WGA

Vector Labs

Cat#RL-1022

DAPI Thermo Fisher Scientific Cat#62248
OptiPrem Density Gradient Medium Sigma-Aldrich Cat#D1556
Critical Commercial Assays
ﬁl_itck-iT EdU Alexa Fluor 647 Imaging | ThermoFisher Scientific Cat#C10340

i
iTag™ Universal SYBR® Green Bio-Rad Cat#1725120
Supermix
Dpnll NEB Cat#R0543M
T4 DNA ligase (4C) Roche Cat#10799009001
Proteinase K (4C) Thermo Fisher Cat#E00491

NucleoMag 96 PCR kit

Macherey-Nagel

Cat#744100.1

Cspél Thermo Fisher Cat#ER0211
Expand Long template polymerase Roche Cat#11681842001
Agencourt AMPure XP beads Beckman Coulter Cat#A63881

Tissue-Tek® O.C.T. Compound,
Sakura® Finetek

V.W.R.

Cat#25608-930

Deposited Data

H3K27ac ChIP-seq E14.5 heart Gene Expression Omnibus GSM1264374
H3K27ac ChIP-seq E14.5 heart Gene Expression Omnibus GSM1264384
Sham 1 (MRNA-seq) Gene Expression Omnibus GSM3056373
Sham 2 (MRNA-seq) Gene Expression Omnibus GSM3056374
Sham 3 (MRNA-seq) Gene Expression Omnibus GSM3056375
Sham 4 (MRNA-seq) Gene Expression Omnibus GSM3056376
Sham 5 (MRNA-seq) Gene Expression Omnibus GSM3056377
Sham 5 (MRNA-seq) Gene Expression Omnibus GSM3056378
TAC 2 (MRNA-seq) Gene Expression Omnibus GSM3056379
TAC 3 (MRNA-seq) Gene Expression Omnibus GSM3056380
TAC 4 (MRNA-seq) Gene Expression Omnibus GSM3056381
TAC 5 (MRNA-seq) Gene Expression Omnibus GSM3056382
H3K27ac ChIP-seq TAC operation Gene Expression Omnibus GSM2497652
(Week 1)
H3K27ac ChIP-seq TAC operation Gene Expression Omnibus GSM2687477
(Week 8)
YAP ChlIP-seq Gene Expression Omnibus GSM2220157
Our YAP5SA OE ATAC-seq This paper, Gene Expression | GSE123457
Omnibus
Our Control ATAC-Seq This paper, Gene Expression | GSE123457
Omnibus
Our YAP5SA OE RNA-seq This paper, Gene Expression GSE123457
Omnibus
Our Control RNA-Seq This paper, Gene Expression | GSE123457

Omnibus
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REAGENT or RESOURCE SOURCE IDENTIFIER

Our 4C-seq This paper, Gene Expression | GSE123457
Omnibus

Embryonic and adult mMRNA data Kwon, et al.

Experimental Models: Organisms/Strains

aMyHC-Cre-ERT2 mice Sohal et al.

Tg(Jojo_Flag::YAP5SA)5JFM mice This paper

Oligonucleotides

Genotyping primers See Table S2

4C primers See Table S2

3C primers See Table S2

Software and Algorithms

FLI

National Institutes of Health

https://fiji.sc/

R

R Core Team

https://www.r-project.org/

GraphPad Prism 5

GraphPad Software, Inc

https://www.graphpad.com/scientific-software/prism/

Inkscape Nathan Hurst https://inkscape.org/en/

Metascape Tripathi et al. http://metascape.org

GOPlot Walter, et al. http://wencke.github.io

GSEA Broad Institute, Inc. http://software.broadinstitute.org/gsea/index.jsp
Bowtie2 Ferragina, et al. http://bowtie-bio.sourceforge.net/bowtie2/index.shtml

Picard-MarkDuplicates

Broad Institute, Inc.

https://broadinstitute.github.io/picard/

MACS2 Zhang et al. http://liulab.dfci.harvard.edu/MACS/

Bedtools Quinlan laboratory, https://bedtools.readthedocs.io/en/latest/content/bedtools-suite.html
University of Utah

CON Hansen, et al. http://bioconductor.org/packages/release/bioc/html/cgn.html

DESeq2 Love, et al. https://bioconductor.org/packages/release/bioc/html/DESeq2.html

NucleoATAC Schep, et al. https://nucleoatac.readthedocs.io/en/latest/

HOMER oftware for motif discovery Heinz et al. http://homer.ucsd.edu/homer/index.html

and next generation sequencing

analysis

deepTools Ramirez, et al. https://deeptools.readthedocs.io/en/develop/

UCSC genome browser

University of California,
Santa Cruz

https://genome.ucsc.edu

liftOver University of California, https://genome.ucsc.edu/cgi-bin/hgLiftOver
Santa Cruz

Rhythm software Laughner, et al. http://efimovlab.org/content/rhythm

Dataquest software Data Sciences International

Origin Pro OriginLab

lonWizard lonOptix

FlowJo Tree Star

Vevolab 2.2.0 Fujifilm Visualsonics
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