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to prevent myocardial fat deposition
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ABSTRACT

Loss of the paired-like homeodomain transcription factor 2 (Pitx2)
in cardiomyocytes predisposes mice to atrial fibrillation and
compromises neonatal regenerative capacity. In addition, Pitx2
gain-of-function protects mature cardiomyocytes from ischemic
injury and promotes heart repair. Here, we characterized the long-
term myocardial phenotype following myocardial infarction (M) in
Pitx2 conditional-knockout (Pitx2 CKO) mice. We found adipose-like
tissue in Pitx2 CKO hearts 60 days after Ml induced surgically at
postnatal day 2 but not at day 8. Molecular and cellular analyses
showed the onset of adipogenic signaling in mutant hearts after MI.
Lineage tracing experiments showed a non-cardiomyocyte origin
of the de novo adipose-like tissue. Interestingly, we found that
Pitx2 promotes mitochondrial function through its gene regulatory
network, and that the knockdown of a key mitochondrial Pitx2
target gene, Cox7c, also leads to the accumulation of myocardial fat
tissue. Single-nuclei RNA-seq revealed that Pitx2-deficient hearts
were oxidatively stressed. Our findings reveal a role for Pitx2
in maintaining proper cardiac cellular composition during heart
regeneration via the maintenance of proper mitochondrial structure
and function.

KEY WORDS: Mouse, Myocardial infarction, Cardiac regeneration,
Mitochondria, Adipogenesis

INTRODUCTION

Heart failure is a common and devastating consequence of heart
disease. The hallmark of a failing heart is degenerative cardiac
muscle that loses contractility (Xin et al., 2013). Currently, there is
no cure for heart failure; however, extensive efforts have been made
to identify the biological principles underlying heart failure caused
by major heart diseases such as myocardial infarction (MI) and
arrhythmia and to develop effective treatment for these diseases.
One strategy to repopulate an infarcted area caused by MI is to
induce endogenous cardiomyocytes to re-enter the cell cycle. This
strategy was inspired by the observation that the mammalian heart

"Department of Molecular Physiology and Biophysics, Baylor College of Medicine,
Houston, TX 77030, USA. 2Program in Developmental Biology, Baylor College of
Medicine, Houston, TX 77030, USA. 3Shanghai Children’s Medical Center,
Shanghai Jiao Tong University School of Medicine, 200127 Shanghai, China.
“Cardiomyocyte Renewal Laboratory, Texas Heart Institute, Houston, TX 77030,
USA. ®Cardiovascular Research Institute, Baylor College of Medicine, Houston,
TX 77030, USA.

*Present address: Department of Regenerative Medicine and Cell Biology, Medical
University of South Carolina, Charleston, SC 29425, USA.

+These authors contributed equally to this work

SAuthor for correspondence ( jfmartin@ocm.edu)

L.L., 0000-0002-3607-3821; M.Z., 0000-0001-7055-6790; J.F.M., 0000-0002-
7842-9857

Received 4 June 2018; Accepted 14 August 2018

has regenerative capacity in the neonatal period (Porrello et al.,
2011). Although neonatal mouse heart can fully regenerate after
injury, this ability wanes quickly and disappears completely by
7 days after birth in the mouse (Porrello et al., 2011).

Previous work has revealed that modifications of molecular
pathways, such as the Hippo pathway, can improve cardiac function
and structural repair (Heallen et al., 2013). Recently, we have reported
a protective role of the paired-like homeodomain transcription factor 2
(Pitx2) in heart injury (Tao et al., 2016). PITX2 is a gene mutated in
Rieger Syndrome (Semina et al., 1996). Importantly, PITX2 is crucial
for regulating cardiac left-right asymmetry during development (Lu
et al., 1999). Moreover, mice heterozygous for a Pitx2 null allele,
Pitx2™* | are prone to atrial fibrillation when paced (Wang et al.,
2010). We have also shown that knocking out Pitx2 in cardiomyocytes
using a muscle cell-specific MCK“* (Briining et al., 1998) caused
increased reactive oxygen species (ROS) in the myocardium. These
defects cause a larger scar area and reduced heart function in mutant
hearts at 3 weeks after neonatal MI when compared with control.
Thus, Pitx2 functions to maintain appropriate myocardial redox
balance and metabolism during regeneration (Tao et al., 2016).
Interestingly, we also found that Pitx2 interacts with the Hippo
signaling effector Yap to activate downstream antioxidant scavengers,
which protects the myocardium from ROS damage (Tao et al., 2016).

To study the long-term effects of the loss of Pitx2 in the injured
myocardium, we performed a histological analysis of mouse hearts
2 months after MI at postnatal day (P) 2 and observed adipose-like
tissue within the scar zone. Gene expression analysis indicated
activation of the adipogenic program and lineage-tracing experiments
showed a non-cardiomyocyte origin of the adipose-like cells. Further
studies using an embryonic stem cell- (ESC) to-cardiomyocyte
differentiation system showed that loss of Pitx2 in ESCs promotes the
expression of adipogenic markers. In addition, defective mitochondrial
function may contribute to the adipose-like phenotype. We suggest
that, within the regenerative window, Pitx2 activity in cardiomyocytes
protects against the deleterious accumulation of fatty tissue by
reducing mitochondrial dysfunction.

RESULTS

Pitx2 knockdown in cardiomyocytes during the regenerative
window leads to changes in cardiac tissue composition

We used the neonatal heart model in which the left anterior
descending artery (LAD) was occluded surgically at P2 to induce
MI (Tao et al., 2016). Neonatal hearts have been shown to fully
repair damaged myocardium by 3 weeks after P2 LAD occlusion,
whereas conditional knockdown of Pitx2 in cardiomyocyte lineage
using MCK“**; Pirx2” (Pitx2 CKO) mice compromises this
reparative ability (Tao et al., 2016). To investigate the long-term
effects of the loss of Pitx2 in damaged myocardium, we performed
histological examination of Pitx2 CKO hearts at 21 and 60 days post
myocardial infarction (DPMI). Histological analysis of trichrome-
stained heart sections at 60 DPMI showed large areas of scarring
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mixed with the presence of adipose-like tissue in Pitx2 CKO hearts
(Fig. 1C-D’), whereas minimal scarring was seen in control hearts
that maintained regenerative capacity (Fig. 1 A-B’). Quantification
of cardiac tissue sections showed a significantly larger area and
phenotypic penetrance of adipose-like tissue in Pitx2 CKO hearts
than in control hearts (Fig. 1E,F). Overall, control hearts and
60 DPMI Pitx2 CKO hearts represented the phenotypic extremes,
whereas 21 DPMI Pitx2 CKO hearts displayed an intermediate
phenotype (Fig. 1E and Fig. S1). We also examined the effect of
surgery on myocardial repair at 8 days after birth in a separate cohort
of mice, a time point beyond the neonatal regenerative window.
Although severe scarring was observed in both control and Pitx2
CKO groups, no adipose-like tissue was observed in either group
(Fig. 1G-I). Consistent with the findings from our previous study,
our results indicate that Pizx2 CKO hearts are more vulnerable to
ischemic injury (Fig. 1J). These results indicate that the observed
adipogenic injury response occurred only during the regenerative
postnatal stage.

Pitx2 CKO mice displayed a significant increase in adipose
composition after injury

Standard Mason’s trichrome histological staining lacks the specificity
to definitively determine the presence of adipocytes within a complex
tissue. Therefore, to determine the identity of the adipose-like tissue
in injured Pitx2 CKO hearts, we performed Oil Red O staining of
histological sections. We observed an accumulation of oil droplets

Fig. 1. Adipose-like tissue in injured hearts
with loss of Pitx2 in cardiomyocytes.

(A-E) Trichrome staining showing scarring and an
area of adipose-like tissue in the left ventricle of
control (A,A’,B,B’) and Pitx2 CKO (C,C’,D,D’)
hearts at 60 days after LAD occlusion performed
at P2. Red, muscle; blue, collagen; white,
adipose-like tissue. This adipose-like area is
quantified in E. (F) Penetrance of adipose
phenotype in Pitx2 CKO and control hearts.
(G,G’,H,H’) Trichrome staining showing scarring
in control (G,G’) and Pitx2 CKO (H,H’) hearts at
60 days after LAD occlusion performed at P8.
(I,J) Quantification of the adipose-like (I) and scar
areas (J) in hearts in which the LAD occlusion
was performed at P8. *P<0.05, ***P<0.001;
non-parametric (Mann-Whitney) test. NS,

not significant.
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within the damaged Pitx2 CKO myocardium (Fig. 2B-B”) and in an
area of potential epicardial adipose tissue in control hearts (Fig. 2A,A")
(Yamaguchi et al., 2015; Zangi et al., 2017); the oil droplet
accumulation was significantly increased in the mutant hearts
compared with control hearts (Fig. 2C). To further characterize the
adipose-like cells, we performed immunofluorescence staining with an
antibody against the transcription factor CCAAT/enhancer-binding
protein alpha (C/EBPc), a marker for adipogenesis and mature
adipocytes (Fig. 2D,E) (Tontonoz et al., 1994). Pitx2 CKO heart
sections stained positive for more C/EBPa.* cells, which were located
within the scar tissue (Fig. 2E,E’), than did control hearts (Fig. 2D).
These findings indicate the activation of the adipose gene program
during myocardial repair. Strikingly, we also observed the coexistence
of the adipose-like tissue with major coronary vessels in Pitx2 CKO
hearts (Fig. 3).

Adipose-like cells have a non-cardiomyocyte origin

To elucidate the origin of the adipose-like cells in regenerating Pitx2
CKO hearts in which Pitx2 was specifically knocked out in
cardiomyocytes, we performed lineage tracing in MCK<"*; Pitx2"/;
mTmG mice that underwent LAD occlusion at P2. Hearts were
harvested and studied at 60 DPMI. With the m7mG reporter, the
MCK* allele marks and traces the cardiomyocyte lineage as GFP™,
whereas non-myocytes are labeled as TdTomato" (Fig. S2A)
(Briining et al., 1998). C/EBPo immunofluorescence combined
with GFP fluorescence showed no double-positive cells within the
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scar area in control and mutant hearts (Fig. S2B-C”). These results
indicate a non-cardiomyocyte origin of the adipose-like cells and a
non-cell-autonomous switch of cell identity during the regenerative
stage in the mutant heart.

Pitx2 expression inhibits adipogenic gene program
deployment in heterogeneous in vitro differentiation assay
Mature cardiomyocytes are considered to be terminally differentiated
and to have exited the cell cycle and, therefore, have a limited
turnover rate (Bergmann et al.,, 2015); however, neonatal
cardiomyocytes show increased cell division in response to damage
(Heallen et al., 2013; Porrello et al., 2011). Although there is
evidence that direct cardiomyocyte proliferation contributes to the
repopulation of damaged myocardium (Tao et al., 2016), the cellular
events involving other cardiac lineages and their interaction with
cardiomyocytes are unknown. To assess the role of Pirx2 in
maintaining an appropriate composition of different cardiac lineage
cells in the heart, we used an in vitro assay examining the
differentiation of ESCs into cardiomyocytes, which allowed us to
specifically study the requirement of Pizx2 in cardiomyocyte lineage
commitment (Hartman et al., 2014). Wild-type and Pitx2"“"* ESCs
were induced to differentiate into cardiomyocytes (Fig. 4A) (Lu et al.,
1999). Importantly, in this system the differentiation of mouse ESCs
to cardiomyocytes is less than 100%, and it therefore represents a
heterogeneous cell environment of both cardiomyocyte-like cells
and non-myocyte populations. Quantitative PCR (qPCR) showed
increased expression of adipogenic markers in Pitx2"*""-derived
cells compared with control cells (Fig. 4B). Flow cytometry studies,
using C/EBPo. as a sorting marker, also identified an increase in
the percentage of C/EBPo* cells in the plates differentiated from
Pitx2"/"  ESCs, compared with control non-mutant ESCs
(Fig. 4C,D). These in vitro results suggest that Pitx2 deficiency in a
pro-cardiogenic cellular environment promotes adipogenesis. To

Fig. 2. Lipid accumulation and adipose marker
expression in injured Pitx2 CKO hearts. (A-C) Oil
Red O staining showing lipid droplets in Pitx2 CKO
(B-B”) and control (A,A’) hearts at 60 days after LAD
occlusion performed at P2. Black arrows in B” indicate
lipids. The positive-staining area is quantified in

C. *P<0.05; non-parametric (Mann-Whitney) test.
(D-E’) Immunostaining of cTnT (green) and C/EBPo
(red; white arrows in E’) antibodies in control (D) and
Pitx2 CKO (E,E’) hearts.

further characterize the putative pro-adipogenic gene program in
Pitx2 CKO hearts in vivo, we used a previously published RNA-seq
dataset that was generated from injured control and Pitx2 CKO
murine ventricular tissue to examine the change in transcription levels
of adipogenic genes (Fig. 4E). Indeed, many adipogenic genes,
including Acach, KIf9, Ppara and Ppard, were upregulated in Pitx2
CKO hearts. Therefore, we see evidence for adipogenesis in vitro as
well as in vivo.

Defective mitochondrial function contributes to the
development of intramyocardial adipose tissue

In the damaged myocardium, the majority of ROS are believed to
be derived from the leaky electron transport chain (ETC) in the
inner mitochondrial membrane (Kirkinezos and Moraes, 2001).
Oxidative stress caused by dramatic increases in ROS levels has
also been shown to promote adipogenesis (Lee et al., 2009).
Importantly, Pitx2 CKO hearts have higher levels of ROS after
neonatal injury than the control (Tao etal., 2016). To confirm these
findings in a more tractable system, we deployed our previously
reported Pitx2 null P19 cell line (P19-Pitx2 null; Tao et al., 2016)
in a culture model in which we mimicked increased ROS
with H,O, treatments. Using this in vitro ROS assay, we found
that H,O, treatment caused a significant increase in adipogenic
gene activity, as measured by the expression of the adipocyte
marker peroxisome proliferator activated receptor gamma (Pparg),
of P19-Pitx2 null cells when compared with non-mutant P19 cells
(Fig. 5A). These results suggest that Pitx2 may prevent ROS-
induced adipogenesis. Importantly, we have previously shown that
ultrastructural mitochondrial defects and mis-expression of key
mitochondrial components were key features of adult Pitx2 CKO
hearts (Tao et al., 2014). Moreover, in a desmoglein 2 (Dsg?2)-
deficient mouse model of arrhythmogenic right ventricular
cardiomyopathy (ARVC), mitochondrial dysfunction has also
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Fig. 3. Perivascular localization of adipose-like tissue in regenerative
Pitx2 CKO myocardium. (A,B) Representative images of normal coronary
arteries in a regenerating control heart at 60 DPMI. (C,D) Representative
images of adipose-like tissue located in close proximity to coronary vessels
in regenerating Pitx2 CKO hearts. Arrow, coronary artery. (E) Phenotypic
penetrance of the coexistence of adipose-like tissue and coronary arteries in
Pitx2 CKO hearts compared with expected penetrance. *P<0.05; two-sided
x? test.

been reported; mitochondrial swelling and abnormal cristae
structures were found to be characteristic of mutant
cardiomyocytes (Kant et al., 2012). Therefore, we next sought to
delineate the dysfunctional mitochondrial phenotype that is
common between models of ARVC and Pitx2 CKO hearts.
Firstly, we examined mitochondrial activity by measuring the
cellular oxygen consumption rate (OCR) and the mitochondrial
gene expression in P19-Pitx2 null and P19 control cells. Seahorse
studies showed a decrease in OCR in P19-Pitx2 null cells
(Fig. 5B). In addition, P19-Pitx2 null cells showed disrupted
expression of genes that encode ETC components including
Ndufb8 and mt-Col (Fig. 5C). These findings suggest that the
disruption of the Pitx2 gene program alters mitochondrial ETC
composition, resulting in mitochondrial dysfunction and
ultimately adipogenesis.

Pitx2 directly regulates the expression of several mitochondrial
genes, including members of the terminal oxidase of the ETC,
known as complex IV or cytochrome ¢ oxidase (CcO) (Tao et al.,
2016). Importantly, the vast majority of CcO deficiencies are known
to induce mitochondrial ROS production (Srinivasan and Avadhani,
2012). Pitx2 may promote, among other things, CcO expression
during regeneration to maintain mitochondrial function and electron
flux through the ETC to reduce deleterious ROS production and
ectopic myocardial adipogenesis. Cytochrome ¢ oxidase 7¢ (Cox7c)
is a nuclear-encoded component of CcO, and a direct Pitx2 target
(Tao et al., 2016). To better decipher the contributions of

mitochondrial Pitx2 target genes, we performed LAD occlusion at
P2 in heterozygous Cox7c™!PKOMPMbp animals, which carry a
Cox7c-targeted lacZ reporter-tagged deletion allele. Trichrome
staining showed no significant increase in scarring in Cox7c'@%™"
hearts 60 DPMI, compared with non-mutant controls (Fig. 5D-F);
however, cardiac function was significantly compromised in both
sham and LAD-occluded groups (Fig. 5G). Similar to Pitx2 CKO
animals injured at P2, Cox7c/*#* possessed adipose tissue within
the myocardium 60 days after P2 surgery. Immunostaining
confirmed the presence of a significantly higher percentage of
C/EBPo" cells in the scar tissue of Cox7c/“#™* hearts than in control
hearts (Fig. 5H-J). Thus, with endogenous Pitx2 still present,
Cox7c!?* animals can repair scar tissue, but are unable to prevent
the accumulation of fat-like tissue within the myocardium. These
findings suggest that Pitx2 is, at least in part, cardioprotective during
regeneration, and that the expression of its mitochondrial gene
targets work to maintain proper cardiac mitochondrial structure and
function in the presence of ischemic stress. It is also suggested that
defective ETC in Pitx2 CKO heart contributes to its compromised
regeneration and formation of the adipose-like tissue.

Single-nuclei RNA-seq in injured control and mutant hearts
To better characterize transcriptional distinctions between control
and Pitx2 CKO hearts, we performed single-nuclei RNA-seq
(snRNA-seq) on control (Pitx2”/) and Pitx2 CKO heart left
ventricles 3 weeks after LAD occlusion on P2 (Fig. 6A). We
chose 3 weeks post-MI as an intermediate timepoint between
regeneration and the onset of the obvious phenotype, in an effort to
capture the events leading to the progression of the fat deposition.
Unsupervised graph-based clustering of the combined snRNA-seq
dataset mapped to both introns and exons, comprising 7849 cells,
was visualized using z-distributed stochastic neighbor embedding
(tSNE) (van der Maaten and Hinton, 2008) (Fig. 6B). We identified
nine transcriptionally distinct clusters representing all the major
cardiac cell types, including cardiac fibroblasts, cardiomyocytes,
endothelial cells, vascular smooth muscle cells, macrophages,
epicardial cells, endocardial cells, lymphatic endothelial cells, and
mural cells or pericytes (Fig. 6B-D). Interestingly, three distinct
populations of fibroblasts, designated FB-1, FB-2, and FB-3 were
also identified (Fig. 6B-D).

Among the cardiac cell types identified, the cardiomyocytes
showed significant heterogeneity, with at least three subpopulations
seen in the dataset (Fig. 6B). The CM-1 population expressed high
levels of fibroblast growth factor 14 (Fgf14), vascular endothelial
growth factor a (Vegfa) and several long non-coding RNAs
(IncRNAs) including Neatl, Mhrt and Malatl (Fig. S3A-B),
whereas CM-2 cells expressed higher levels of Wnt5b. Finally,
the CM-3 population expressed low levels of the IncRNAs but high
levels of cardiac genes such as Jph2 (Fig. 6C,D). Despite the
heterogeneity, no single subpopulation of cardiomyocytes was
unique to the Pitx2 CKO heart (Fig. 6B, left panel); however, a
higher proportion of Pitx2 CKO cell nuclei was seen in CM-2 than
in CM-1 (Fig. 6B). The CM clusters were computationally
interrogated further. Subclustering of the CM-1, CM-2 and CM-3
populations uncovered transcriptional distinctions; unsupervised
graph-based clustering and tSNE visualization of the 4136 CM
nuclei identified four clusters of cardiomyocytes, arbitrarily
designated cl-c4 (Fig. 7A). Examination of the contributions
from control and Pitx2 CKO mice showed that ¢3 had
significantly more nuclei from the mutant mice than nuclei from
the control, with a %> P-value <0.05 (Fig. 7A,B). To determine the
molecular characteristics of the ¢3 population, we performed
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differential expression analysis using Seurat’s implementation of
the likelihood ratio test for single-cell gene expression of the top
200 non-overlapping genes between clusters; our findings identified a
total of 598 significantly differentially expressed genes (Fig. 7B,
bottom). The genes distinguishing c¢3 were enriched for gene
ontology terms including oxidative phosphorylation, response to
oxidative stress, cristac formation and antioxidant activity (Fig. 7B,
C). Among the genes enriched in this cluster were Dsp, Emd and
Jph2, which are directly transcriptionally repressed by Pitx2 (Tao
et al., 2014) (Fig. 7D). Furthermore, Dsp has been identified as a
genetic cause of ARVC (Rampazzo et al., 2002). Increased
expression of ROS scavengers, such as Sodl, Sod2 and Prdx5,
indicated a higher oxidative stress level present in the Pitx2 CKO
myocardium at this timepoint (Fig. 7D). Therefore, Pitx2 CKO
cardiomyocytes do not possess a radically altered nuclear
transcriptome 3 weeks post-MI, however, they do tend to exist in a
more oxidatively stressed cellular state than control cardiomyocytes.

DISCUSSION

The role of Pitx2 in cardiac development, homeostasis, conduction
and regeneration are not yet fully appreciated. In this study, we found
that Pitx2 is required in cardiomyocytes for the prevention of

intramyocardial fat tissue accumulation following P2 injury. After
60 DPMI, Pitx2 CKO hearts possessed fatty areas with high densities
of lipid droplets and cells of non-cardiomyocyte origin expressing
adipocyte markers. Pitx2-deficient cells had severe mitochondrial
dysfunction. Indeed, Pitx2 regulates ETC gene expression, and
among these gene targets is Cox7c. Genetic disruption of a single
copy of Cox7c recapitulated the intramyocardial fat accumulation
phenotype observed in Pitx2 CKO animals after P2 MI. Thus, Pitx2
deficiency in neonatal cardiomyocytes during heart regeneration
leads to an ARVC-like phenotype in a cell non-autonomous fashion
associated with mitochondrial dysfunction.

Notably, when the LAD occlusion procedure was performed after
the regenerative window closed (at P8), no noticeable intramyocardial
fat tissue was observed at 60 DPMI. Postnatal ventricular Pitx2
expression is very low, and by P8 is virtually undetectable (Tao et al.,
2016). Coincidentally, immediately following birth, cardiomyocyte
metabolism switches from glycolysis to fatty acid oxidation to meet
the demanding functional requirements of a maturing animal.
Moreover, both ROS and DNA damage increase dramatically in
the heart after birth (Puente et al., 2014). Thus, Pitx2 is not required to
drive the expression of metabolic genes in mature ventricular
cardiomyocytes, including hypoxia-inducible factor 1a (Hifla) and
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Pparg (Lopaschuk and Jaswal, 2010). However, we found increased
expression of the Pparg co-activator Ppargclb in Pitx2 CKO hearts,
which may suggest that the two gene regulatory networks of these
metabolic transcriptional regulators overlap in cardiomyocytes during
the regenerative window. Interestingly, Ppargclb has been found to
modulate mitochondrial gene expression in adipose tissue (Enguix
et al., 2013), similar to the role played by Pitx2 in cardiomyocytes.
Future studies aimed at profiling the cistromes of these two gene
regulatory networks are necessary. Based on the above findings,
we propose that Pitx2 is required during the regenerative window
to maintain proper mitochondrial function. Meanwhile in the
mature heart, the regulatory role of Pizx2 in maintaining
mitochondrial function is replaced by other transcription factors.
Our research highlights the temporal importance of Pitx2 expression
during the regenerative window, an ontological oxidative and
metabolic transition.

Pitx2 directly regulates the expression of genes encoding
ROS scavengers and ETC components. Structural defects in
mitochondria are a major source of ROS (Kirkinezos and Moraes,
2001). As Pitx2 CKO adult cardiomyocytes display ultrastructural
mitochondrial defects, we examined the OCR in a Pitx2-null P19
cell line and found a decreased OCR and disrupted expression of
key ETC components. Consistent with these results, the removal of
Pitx2 in the heart has been shown to increase cardiac susceptibility
to oxidative stress (Tao et al., 2016). Moreover, increased ROS
levels cause lipid droplet accumulation in glia (Liu et al., 2015). We
validated this finding with a Cox7c null allele. Cox7c is a target of
Pitx2 and a CcO component. It is known that CcO deficiencies lead
to increased ROS. We found that heterozygous disruption of Cox7c
partially phenocopied the Pitx2 fatty myocardial phenotype. As the
main fuel for beating cardiomyocytes, fatty acids may easily
accumulate in the myocardium when metabolism is compromised
and their consumption is reduced, which would explain the
increased Oil Red O staining in injured Pitx2 CKO hearts.

Control Cox7-a°Z*

Oncological studies have shown that CcO defects can cause
metabolic reprogramming and Warburg effect induction, therefore
global metabolism in Pitx2 CKO cardiomyocytes may shift towards
glycolysis (Srinivasan et al., 2016). Interestingly, although the loss
of Pitx2 in the injured neonatal mouse heart resulted in a lower
expression of antioxidant scavengers and ETC components at
5 days after injury (Tao et al., 2016), our snRNA-seq performed at
3 weeks after injury showed a higher contribution of ¢3 from Pitx2
CKO cardiomyocytes, likely due to the adaptive compensation via
the long-term injury response. Moreover, a c3-enriched gene,
ROMOI, has been linked to high levels of DNA damage and
dysfunction in endocrine cells of older patients (Enge et al., 2017).
Whereas the metabolic phenotype observed in vivo and in vitro
support a role for Pitx2 in mitochondrial function maintenance, P19
embryonal carcinoma cell lines that lack Pizx2 may suffer altered
fate potential or differentiation status, which could have affected
data interpretation. Future improvements in cardiomyocyte primary
culture procedures or in vivo mitochondrial functional assessment
will allow for a higher resolution view of Pitx2-dependent
mitochondrial output. Altogether, the loss of Pitx2 combined with
injury burden may cause high oxidative stress in a subpopulation of
cardiomyocytes that contributes to a pro-adipogenic environment
(Lee et al., 2009).

Inactivating Pitx2 in postnatal cardiomyocytes that are
regenerating caused accumulation of adipose-like cells within the
myocardium, similar to the phenotype that is observed in ARVC
patients. The pathological adipose tissue that is found in ARVC
patients is thought to be derived from cardiomyocytes of the
second heart field and/or bi-potent Isl1*Wt1" cell populations
(Dorn et al., 2018; Lombardi et al., 2009). In contrast, genetic
lineage tracing with the mTmG double-fluorescent Cre reporter of
Pitx2 CKO animals injured at P2 showed that the fat cells were of
non-myocyte origin. As such, the etiology of ARVC is distinct
from that of Pitx2 CKO animals in terms of cellular origin.
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Fig. 6. snRNA-seq on control and Pitx2 CKO cardiac tissue. (A) Diagram of snRNA-seq protocol. Samples were collected at 3 weeks after LAD occlusion on
P2. Nuclei were isolated via density gradient centrifugation and nuclear snRNA-seq was performed. (B) Left, tSNE plot of 7849 cells showing the contribution of
control (black) and Pitx2 CKO (red) samples. Right, the same tSNE as on the left but labeled by cell/cluster identity. (C) Average differential expression

heat map for the top 1619 genes, with genes as rows and clusters as columns. Colors for each column match those in panel B, right. (D) Dot plot showing the
average expression for each indicated gene (column) across all clusters (rows). FB, fibroblast; CM, cardiomyocyte; EC, endothelial cell; LEC, lymphatic
endothelial cell; EndC, endocardial cell; EpiC, epicardial cell; SMC, (vascular) smooth muscle cell; Mo, macrophage; PeC, pericyte.

Moreover, this indicates that Pitx2 prevents injury-induced
adipogenesis in a non-autonomous manner within the regenerative
window. Interestingly, we also found that the majority of fat tissue
was localized to large cardiac vessels (Fig. 3A,B). The vascular
localization of the intramyocardial fat tissue suggests two likely
cellular origins: non-myocytes residing within the perivascular
microenvironment that surrounds large vessels or coronary
arteries, or circulating fat cells or fat cell precursors that migrate
to the injury sites. Regarding the first potential source, cardiac
resident mesenchymal stem cells (MSCs) possess trilineage
potential to differentiate into chondrocytes, osteoblasts and
adipocytes, and are localized to the perivascular niche. Indeed,
recent lineage tracing analysis found that cardiac MSCs express the
hedgehog (Hh) signaling component G/i/ and respond robustly to
injury (Kramann et al., 2015). Coincidentally, it has also been

reported that, in skeletal muscle, the differentiation of adipogenic
precursor cells into adipocytes is regulated by ciliary Hh signaling
(Kopinke et al., 2017). Thus, the perivascular Gli1* MSCs are a
potential cellular source for intramyocardial fat and deserve future
investigation. Secondly, in Drosophila, circulating fat body cells,
the vertebrate adipocyte equivalent, are mobilized following injury
and home to the wound to promote tissue repair in concert with
macrophages (Franz et al., 2018). Mammalian adipocytes have
been observed populating skin wounds immediately following
immune cell occupation and, as a result, the mobilization and
expansion of adipocytes or adipogenic precursors has been
suggested (Schmidt and Horsley, 2013). However, evidence for
long-distance fat cell migration has yet to be shown definitively.
Nevertheless, direct infiltration of fat cells to the perivascular
cardiac environment remains a distinct possibility: inflammation-
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induced endothelial-cell-mediated monocyte recruitment has been
shown to exacerbate the secretion of pro-inflammatory cytokines
and adipokines in the liver (Neels and Olefsky, 2006). Another
potential adipocyte source is the epicardium, which has been
shown through lineage tracing experiments to contribute to
epicardial adipose tissue (Yamaguchi et al., 2015). Thus, it is
possible that the Pitx2 CKO cardiomyocytes localized near large
oxygen-rich coronary arteries are more inflamed or prone to
apoptosis and/or necrosis, which activates a perivascular-localized
immune response that brings in immune cells that, in turn, recruit
adipocytes or adipocyte precursors.

The differentiation dynamics of pre-adipocytes or other
adipogenic cellular sources to mature adipocytes in the context
of the heart is not well characterized. Here, we found evidence of
fat tissue accumulation as early as 21 days following P2 MI in
Pitx2 CKO animals (Fig. S1), with the most obvious accumulation

pression is shown in pink. (C) Gene ontology analysis of c3-enriched genes.
gene expression and white represents no expression. c3 is highlighted in green.

of fat tissue found at 60 DPMI. We postulate that the prolonged
accumulation is likely explainable by the cellular properties
and population size of the elusive pre-adipocyte population.
Human adipose-derived stromal cells (ASCs) take 14-21 days
to differentiate into adipocytes using an adipogenic induction
cocktail that consists of Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS), insulin, dexamethasone, isobutylmethylxanthine and
indomethacin (Ambele et al., 2016). Human bone-marrow-
derived MSCs are allowed to differentiate after induction
(AdipoDiff media, Mitenyi Biotec) for 28 days (Battula et al.,
2013). Importantly, fluorescence-activated cell sorted Gli2*
perivascular murine MSCs are allowed to differentiate in
adipogenic medium (R&D Systems) for 21 days before Oil
Red O staining is performed (Kramann et al., 2015). Therefore,
the appreciable accumulation of adipocytes at 21 DPMI is
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comparable with in vitro adipocyte differentiation. Furthermore,
the observed accumulation of intramyocardial fat cells is
consistent with a rare precursor cell pool (e.g. perivascular
MSC). Overall, the pro-adipogenic potential of neonatal Pitx2-
deficient cardiomyocytes after injury appears to be comparable with
commercially formulated and highly optimized adipogenic in vitro
culture protocols.

Large-scale genome-wide association studies have found that the
association between P/TX2 and atrial fibrillation (AF) is significant
(Weng et al., 2017), and that Pitx2 CKO animals are prone to atrial
arrthythmias (Tao et al.,, 2014). Interestingly, the amount of
epicardial adipose tissue that accumulates around the atria is also
highly associated with not only the risk of AF, but also the severity
of AF in humans (Hatem et al., 2016). Epicardial adipose tissue also
represents a source of excess ROS (Hatem et al., 2016). Given that
Pitx2 expression in left atrial cardiomyocytes persists throughout
life, the correlation of Pitx2 expression with both cardiac fat
accumulation and oxidative damage caused by excess ROS is very
intriguing, based on our findings. We propose that AF-associated
mutations affecting Pitx2 expression may lead to decreased
mitochondrial function and increased ROS damage. The
consequent increase in adipose composition, and likely fibrotic
tissue, may ultimately contribute to the pathogenesis of AF. Our
data indicate that targeting Pitx2 and ROS scavenging to reduce the
formation of pathogenic intracardial and epicardial fat deposition
could be a viable approach to treat AF and ARVC.

MATERIALS AND METHODS

Mouse model

Pitx2 CKO mice were bred as previously described (Tao et al., 2016).
Lineage tracing experiments were conducted using MCK"¢; mTmG and
MCKS*; Pitx2”: mTmG mice. Cox7c™PKOMPIMbp heterozygous mice
were from the Knockout Mouse Project (KOMP) Repository (Project
CSD41649). Genotyping and primer sequences were performed as
previously described (Heallen et al., 2013; Tao et al., 2016). All animal
procedures and surgeries conformed to the Institutional Animal Care and
Use Committee (IACUC) of Baylor College of Medicine, Texas, USA.

LAD occlusion and echocardiography

To induce a myocardial infarction, we occluded the LAD in mice at P2 or P§
as previously described (Tao et al., 2016). Sham group refers to the mice
without surgery. Mice were euthanized either at 60 days or 21 days after
LAD occlusion. Echocardiography was performed using a Vevo 2100
ultrasound system (Fujifilm VisualSonics), equipped with a MS550S
transducer, B-mode and M-mode datasets as previously described (Tao
etal., 2016).

Trichrome staining

Mouse hearts were collected at 2 months after LAD occlusion, fixed in 10%
formalin overnight and embedded in paraffin. We prepared 7 um sections
and carried out trichrome staining as previously described (Heallen et al.,
2013).

Oil Red O staining

Mouse hearts were collected at 2 months after LAD occlusion, fixed in 10%
formalin overnight and embedded in optimal cutting temperature compound.
Cryostat sections were cut at 15 um. Oil Red O (Sigma-Aldrich, 00625) was
dissolved in 99% isopropanol to make a 0.3% stock solution, which was
mixed with water before use to make a working solution. The ratio of stock
solution to water was 3:2. Cryostat sections were rinsed with water and
covered with 60% isopropanol for 5 min. After removing the isopropanol, we
covered the sections with Oil Red O working solution for 15 min at 37°C and
then rinsed them with tap water. Hematoxylin was added to the slides for
1 min. The sections were rinsed with tap water, mounted with 10% glycerol in
phosphate-buffered saline and sealed.

Immunofluorescence

Paraffin sections were deparaffinized, rehydrated and boiled in antigen
unmasking solution (Vector Laboratories, H-3300) for 15 min. The tissue
sections were treated with 0.05% trypsin (HyClone, SH30042.01) for
20 min at 37°C, 0.1% Tween-20 in PBS for 5 min, 0.5% Tween-20 in PBS
for 5 min, 0.5% Triton X-100 in PBS for 15 min and 0.3% H,O, in PBS for
15 min, and were then blocked with 10% donkey serum in PBS with 0.1%
Tween-20 for 1 h. For staining of C/EBPo, sections were incubated with
rabbit monoclonal anti-C/EBPa.  antibody (1:200, Cell Signaling
Technology, 8178) in blocking buffer overnight at 4°C, washed and
incubated in horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
antibody (1:200, Vector Laboratories, PI-1000) for 30 min. After washing,
sections were incubated in tyramide signal amplification working solution
for 10min (1:100, PerkinElmer, TSA Plus Fluorescence Kkits,
NEL741001KT). For staining for cardiac troponin T (cTnT), sections
were incubated in mouse on mouse diluent working solution for 5 min
(Vector Laboratories, M.O.M. Basic Kit, BMK-2202) and in mouse
monoclonal anti-cTnT (1:200, Thermo Fisher Scientific, MS-295-P1)
diluted in M.O.M. diluent for 30 min. After washing, the sections were
incubated in Alexa Fluor 546 donkey anti-mouse IgG (1:500, Life
Technologies, A10036) for 1h. The slides were counterstained with
DAPI and mounted with Vectashield hard-set mounting medium (Vector
Laboratories). A Zeiss LSM 780 confocal microscope was used for imaging.

Quantitative PCR

Cells were collected at day 19 of the ESC-cardiomyocyte differentiation assay
(Fig. 4B). P19 control and P19-Pitx2 null cells were collected after being
treated with 300 uM H,O, for 8 h in a CO, incubator (Fig. 5A). Tissues and
cells were lysed in 200 ul TRIzol Reagent (Thermo Fisher Scientific,
15596026) and total RNA was prepared according to the manufacturer’s
instructions. We used 1 pg of total RNA as a template to synthesize cDNA
using qScript cDNA supermix (Quanta BioSciences). We conducted qPCR
using iTaq Universal SYBR Green Supermix (Bio-Rad). The following
primers were used for qPCR: Pparg forward: TCCATTCACAAGAGCTG-
ACC, reverse: ATAAGGTGGAGATGCAGGTTC; Pgcla forward: CACC-
AAACCCACAGAAAACAG, reverse: GGGTCAGAGGAAGAGATAAA-
GTTG; DIkl (or Pref-1) forward: TGTCAATGGAGTCTGCAAGG, reverse:
ATTCGTACTGGCCTTTCTCC; C/EBPa forward: TGGACAAGAACAG-
CAACGAG, reverse: GTCAACTCCAGCACCTTCTG.

Cell culture

P19 and P19-Pitx2 null cells were cultured in tMEM medium (Corning, 10-
022-CV) supplemented with 10% FBS and 1% penicillin/streptomycin.
Mouse wild-type AK7 ESCs (mESCs) and Pitx2"" ESCs were cultured in
media prepared as follows: 250 ml DMEM/F-12 Media (Gibco), 250 ml
Neurobasal medium (Gibco), 2.5 ml N-2 supplement (Life Technologies),
4.5 ml B-27 supplement (Life Technologies), 1.5 mM GlutaMAX (Gibco),
0.1 mM B-mercaptoethanol, 2% FBS and 1x2i-LIF (ESGRO 2i Supplement
kit, EMD Millipore). The differentiation of mESCs to cardiomyocytes was
induced according to the published protocol (Hartman et al., 2014). By day
12, beating cells were observed. The cells were collected at day 19 for gPCR
and flow cytometry.

Western blot

P19 cells were harvested and lysed in radioimmunoprecipitation assay
buffer [150 mM sodium chloride, 1% NP-40, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate and 50 mM Tris (pH 8.0) (all Sigma-Aldrich),
with added phosphatase inhibitor (Roche), protease inhibitor (Roche) and
sodium fluoride (Sigma-Aldrich)] and the protein concentration was
quantified using the Pierce BCA protein assay kit (Pierce Biotechnology)
as previously described (Heallen et al., 2011). We mixed the lysate with the
sample buffer and heated it at S0°C for 10 min before loading. Briefly, after
separation via SDS PAGE, the proteins were transferred to polyvinylidene
difluoride membranes (EMD Millipore), blocked in 5% milk/TBST [50 mM
Tris-Cl, 150 mM NaCl (pH 7.4) and 0.1% Tween 20], and incubated with
the primary antibody, mouse anti-o-tubulin IgG (1:5000, Abcam, 110413)
overnight at 4°C. The membranes were then washed 3% in TBST and
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incubated with goat anti-mouse HRP-conjugated secondary antibody
(1:5000, Santa Cruz Biotechnology, sc-2055) for 1 h at room temperature.
Protein detection was performed using SuperSignal West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific).

Flow cytometry

Cells were collected on day 19 of the cardiomyocyte induction procedure
and were resuspended in PBS. Paraformaldehyde was added to achieve a
final concentration of 4%. Cells were fixed for 15 min at room temperature
and pelleted by centrifugation. We discarded the supernatant and
resuspended the cells in pre-chilled methanol for 30 min on ice. We
dissolved 1 g of bovine serum albumin (BSA) in 100 ml of PBS to make
incubation and blocking buffer. Cells were aliquoted into tubes, washed
with the incubation buffer and incubated with the blocking buffer for
30 min at room temperature. The primary antibody, anti-C/EBPa antibody
(1:200, Cell Signaling Technology, 8178), was added and the solution
was incubated for 1 h at room temperature. The cells were washed with
the incubation buffer and incubated with Alexa Fluor 488 donkey anti-
rabbit secondary antibody (1:500, Life Technologies, A-21206) for 1 h
at room temperature. The cells were washed twice with incubation
buffer and resuspended in 1% FBS in PBS. Cells were sorted on a BD
Biosciences LSR II flow cytometer and the result was analyzed using Diva
version 8.2.

Seahorse 0, consumption assay

The Seahorse program was performed on an XFe-96 analyzer (Agilent
Technologies) according to the manufacturer’s guidelines. The program
was set up and monitored through the Wave Desktop software. Briefly,
P19 control cells and P19-Pitx2 null cells were seeded into the
seahorse assay plate the day before the experiment, at a density of 1x10*
cells/well for control cells, and 2x10* cells/well for the P19-Pitx2 null
cells. P19-Pitx2 null cells proliferate at a slower rate compared with the
control cells, therefore the different seeding density assures similar cell
density at the time of the assay. On the assay plate, the wells on the
outer edge can easily be affected by temperature change and cause
measurement error, therefore were excluded. The rest of the wells were
divided into two groups, one for the control and one for Pitx2 null cells (30
wells/cell type). The standard program was used with slight modification, a
total of 11 measurements were performed in the program, with each
measurement cycle including a 3 min mixing step and a 3 min measuring
step. OCR was recorded and later normalized to cell number, which was
found by counting trypsinized cells with a hemocytometer. Data were
exported using Excel and Graphpad Prism. The assay was repeated three
times with comparable results, with a representative graph presented
in Fig 5.

In situ hybridization

Two-month-old ICR mice hearts were collected. RNA of whole heart was
extracted and reverse transcription was conducted to get cDNA. cDNA was
used as template for PCR in a 20 pl system. T3 sequence was added to the
PCR forward primer and T7 sequence was added to the reverse primer. The
following primers were used for PCR:

Malat] forward: GCGAATTAACCCTCACTAAAGGGACCACACAG-
AATGCAGGTGT, reverse: GCGTAATACGACTCACTATAGGGGGGT-
AGTCCCCACTGCTAAT,; Neatl forward: GCGAATTAACCCTCACT-
AAAGGGAATCCCTGCAGGTGGCACTA, reverse: GCGTAATACGA-
CTCACTATAGGGGGGGAGGAAAATGGTTAGTGG; Mhrt forward:
GCGAATTAACCCTCACTAAAGGGGCCCTACAGTCTGATGAACAT,
reverse:  GCGTAATACGACTCACTATAGGGGCTCATTCCACTTTCC-
ACCTC.

PCR product size was confirmed by electrophoresis and purified product
indicated that the sequence was correct. The PCR product was used as
template for large-scale amplification using the Q5 hot start high-fidelity 2x
master mix (New England Biolabs). The reaction product was purified using
the PCR purification kit (Qiagen). The DNA product and 2-month-old ICR
mice heart paraffin sections were sent to Baylor College of Medicine RNA
In Situ Hybridization Core for making RNA probes and conducting in situ
hybridization.

Cardiac nuclei purification and single-cell nucleus

transcriptome sequencing

Mouse left ventricles were collected, minced and mechanically
homogenized before being subjected to Dounce homogenization in the
presence of RNase inhibitors. Then, nuclei were isolated via density-
gradient centrifugation (sucrose gradient). The purified nuclei were counted
and diluted in 1x PBS with 0.04% BSA before being loaded onto the 10x
Genomics Chromium instrument. The snRNA-seq libraries were generated
using the 10x Chromium Single Cell 3" v2 reagent kit according to the
manufacturer’s instructions and were then sequenced on an Illumina
Nextseq500.

Sequencing data were handled using the 10x Genomics Cell Ranger
software (www.10xgenomics.com). Fastq files were mapped to the mm10
genome and gene counts were quantified using a gtf file with merged exons
and introns (pre-mRNA). Subsequently, expression matrices from each
experiment were merged and were then imported into Seurat (version 2.1.0),
in which log normalization was performed. We corrected for batch effects
by regressing out the number of molecules per cell and the batch identity
with the RegressOut function (Seurat package). Next, we performed a
principal components analysis, and significant principal components
were used as input for graph-based clustering. We used tSNE for two-
dimensional visualization of the multi-dimensional dataset. Differential
expression of the individual clusters was achieved using the likelihood
ratio test for single-cell gene expression (FindMarkers, default). To account
for overclustering, we merged clusters that were not transcriptionally
distinct into a single cluster. Clusters that were composed of doublets (two
different cell types within a single droplet) were removed from the dataset.
Gene ontology analysis was performed using Metascape (Www.metascape.
org). The y? test was carried out on clusters as described previously
(Xiao et al., 2018).

Statistics
We used Image) to measure areas of trichrome-stained and Oil Red
O-stained samples. GraphPad PRISM was used to analyze data and to
draw figures. Differences between groups were evaluated by the non-
parametric (Mann—Whitney) test and the %2 test. A P<0.05 was considered
significant.
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