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The heart, which is the first organ to develop in the embryo, is indispensable for
vital functions throughout life. Cardiovascular diseases are the leading cause of mortality
worldwide, indicating the importance of the proper development and function of this very
specialized muscle. The complex biological events in cardiac development, including very
different cell types which contribute to heart formation and the action of transcriptional
regulators, are often recapitulated in the cardiac repair mechanisms upon cardiac disease. A
profound understanding of cardiac development is therefore necessary to develop efficient
therapeutic strategies for cardiac diseases. The present Special Issue of International Journal
of Molecular Science analyzes transcriptional regulation processes, cardiac-tissue complexity
regarding advances in cardiac tissue regeneration and novel aspects in human cardiac
diseases, thereby providing new insights in features of cardiac development and diseases.

In this Special Issue, Yun Wang et al. describe that the bone morphogenetic protein
(Bmp) signaling pathway directly regulates the basic helix–loop–helix (bHLH) transcription
factor Hand1 in the development of the cardiac outflow tract (OFT). OFT defects are the
most common congenital heart defects. OFT formation is mainly orchestrated by two differ-
ent progenitor cell populations, namely the second heart field (SHF) progenitors and cardiac
neural crest cells (NCCs). Using an inducible conditional Bmp2 and Bmp4 double-knockout
SHF cell-type specific approach, the authors elegantly demonstrated that Bmp signaling
regulates Hand1 expression. Although the knockout of Bmp signaling concerns only the
SHF progenitor cells, a reduced Hand1 expression was also found in NCC progenitor cells,
implying that Bmp signaling regulates Hand1 in OFT formation through cell-autonomous
and non-cell-autonomous mechanisms. In contrast to Bmp loss-of-function, Bmp gain-
of-function increased Hand1 expression, which further confirmed that Hand1 expression
responds to the Bmp signaling dosage. Smad transcription factors are the major signal
transducers for receptors of the Bmp signaling pathway and can interact with specific
DNA motifs to regulate gene expression. The authors further confirmed the transcriptional
activation of Hand1 by Bmp/Smad using transfection assays and by the direct binding
of Bmp/Smad to Hand1 with chromatin immunoprecipitation (ChIP) experiments. This
study demonstrates well that the canonical Bmp/Smad signaling pathway in the SHF
directly activates Hand1 expression in a dose-dependent manner during OFT development,
providing novel insights into the molecular regulation of OFT development [1].

Wilms’ tumor 1 (Wt1) gene, which encodes a zinc finger protein, is an important
regulator during embryogenesis but is also involved in pathological processes, such as
carcinogenesis [2]. It is important to note that Wt1 has a crucial role in heart formation,
as the homozygous deletion of Wt1 in mouse embryos has been proven to be lethal due
to disturbed cardiac development [3]. Furthermore, Wt1 expression in the heart has been
described in various cell types, including epicardial, endothelial and smooth muscle cells,
and fibroblasts. In this Special Issue, we present a review that provides an overview
of general cardiac development and summarize the current knowledge regarding the
expression and function of Wt1 in heart development and disease in detail. We focus on
the expression of Wt1 in different cardiac cell types and its regulatory mechanisms. We
further detail the implication of Wt1 in human cardiac pathologies. Given the importance
of Wt1 for cardiac development, it seems obvious that Wt1 is strongly involved in cardiac
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repair after injury, as the re-activation of developmental programs can be considered to be
a paradigm for regeneration. The understanding of the role of Wt1 in these processes and
the molecules involved therein is essential for the development of therapeutic strategies [4].
As Wt1 expression in cardiomyocytes remains a controversial issue in the developing
and/or diseased heart and has not been reported in adult healthy hearts, we focused
our research work for this Special Issue on the potential expression and function of Wt1,
specifically in cardiomyocytes. We first investigated cardiac Wt1 expression levels during
development, in the adult, and under pathological conditions after myocardial infarction.
We found that Wt1 expression was elevated during heart development and declined after
birth. Interestingly, we were able to show that Wt1 was highly expressed in cardiomyocytes
during development and persisted in some adult cardiomyocytes, probably suggesting that
low levels of Wt1 expression are sufficient to maintain a cardiac progenitor subset from
terminal differentiation. Following myocardial infarction, the number of Wt1-expressing
cardiomyocytes, as well as individual nuclear Wt1 expression in cardiomyocytes, was
strongly upregulated. We further used mouse embryonic stem cell (mESC) differentiation
in vitro to obtain additional insights into the Wt1 function in the process of cardiomyocyte
development. It was found that Wt1 expression levels increased along with the cardiac
differentiation of mESCs. We showed that Wt1 overexpression reduces the phenotypic
cardiomyocyte differentiation of ES cell clones, keeping the cells in a more progenitor-like
stage which is associated with modified expression levels of stem cell and cardiomyocyte
marker genes [5].

Additionally, the Hippo-Yap pathway is strongly implicated in cardiac development.
For this Special Issue, Zhiquiang Lin et al. investigated the regulation of cardiac Toll-
like receptor genes by the YAP/TEAD1 complex, the terminal effector of Hippo-Yap
signaling. Toll-like receptors (TLRs) are involved in the pathogenesis of heart failure
as they modulate innate immune responses. The authors determined that the expression of
TLRs postnatally increases with age and is strongly induced in pressure overload (PO) and
ischemia/reperfusion (IR) stressed mouse hearts. They demonstrate that the YAP/TEAD1
complex is a repressor of cardiac TLR genes, as TEAD1 directly bound genomic regions
adjacent to Tlr1, Tlr2, Tlr3, Tlr4, Tlr5, Tlr6, Tlr7 and Tlr9. Furthermore, cardiomyocyte-
specific YAP depletion in vivo increased the expression of most TLR genes. This was
accompanied by an increase in pro-inflammatory cytokines and an increased susceptibility
and worsened outcome in response to LPS-induced stress. In conclusion, Hippo-Yap
signaling helps to impede the cardiomyocyte innate immune responses upon cardiac
stress [6].

Additionally, Ashraf Yusuf Rangrez et al. sought to elucidate a potential role of the
SH3 domain-binding glutamic acid-rich (SH3BGR) gene in cardiomyocyte pathophysiology.
They demonstrated an upregulation of SH3BGR in human and mouse cardiac hypertrophy
samples. Using in vitro overexpression and knockdown experiments for SH3BGR in
neonatal rat cardiomyocytes, they observed that enhanced levels of SH3BGR favor cellular
hypertrophy as well as an increase in hypertrophic markers. Knockdown of SH3BGR
caused a decrease in hypertrophic marker expression and cell viability, accompanied by an
activation of apoptosis. On a molecular level, the authors collected evidence supporting
the idea that SH3BGR mediates these effects via the induction of Serum response factor
(SRF) signaling [7].

Arrhythmogenic cardiomyopathy (ACM) is caused by mutations in genes predomi-
nantly encoding for desmosomal proteins, but Lamin A/C gene (LMNA) mutations are
also frequently observed in patients with ACM [8]. Veronique Lachaize and coworkers
detailed, for this Special Issue, the biophysical and biomechanical impact of the LMNA
D192G missense mutation on neonatal rat ventricular fibroblasts (NRVF). They evidenced a
decreased elasticity, a disturbed cytoskeleton organization and altered cell-to-cell adhesion
properties in the cardiac fibroblasts with LMNA D192G mutation [9]. As similar observa-
tions have been made before in cardiomyocytes with a mutation of LMNA D192G [10], the
recent findings of Lachaize et al. clearly indicate the importance of LMNA mutations for
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ACM, as in addition to cardiomyocytes, cardiac fibroblasts are also highly biomechanically
impacted by this mutation [9].

Cardiac regeneration studies are widely employed and aim to repair irreversibly dam-
aged heart tissue, and often include stem-cell therapy. Daiva Bironaite et al. investigated
the ability of human dilated myocardium-derived human mesenchymal stem/stromal cells
(hmMSC) and their healthy, non-dilated myocardium-derived counterparts, to differentiate
into a cardiomyogenic cell type. Dilated hmMSCS expressed higher levels of Histone
deacetylase (HDAC) compared to hmMSCS from non-dilated myocardium. An inhibition
of HDAC resulted in the downregulation of focal adhesion kinase (PTK2), and an increased
expression of the cardiomyogenic differentiation-specific genes alpha cardiac actin (ACTC1)
and cardiac troponin T (TNNT2), which were more pronounced in dilated hmMSCS. These
data indicate that hmMSCS from pathological cardiac material might be useful in cardiac
regeneration attempts once pharmacologically re-tuned [11].

Gavin Y. Oudit’s group investigated the transcriptomic modifications occurring in hu-
man end-stage dilated human cardiomyopathy (DCM), also emphasizing the transcriptome
changes that occur with left ventricular assist device support (LVAD). On a histological
level, the authors observed an enhanced fibrosis and larger cardiomyocyte cross-sectional
areas in DCM tissues without LVAD. On the RNA level, they observed a higher expres-
sion of hypertrophic markers brain natriuretic peptide (BNP) and β-myosin heavy chain
(β-MHC) in DCM without LVAD. Gene expression analysis using microarrays evidenced
oxygen homeostasis, immune response and cellular growth, proliferation, and apoptosis as
the most enriched pathways in both ventricles of end-stage DCM hearts. For left ventri-
cles, they further observed a differential expression of genes implicated in the circadian
rhythm, muscle contraction, cellular hypertrophy, and extracellular matrix (ECM) remod-
eling, whereas in right ventricles, genes involved in apelin signaling were differentially
expressed. Upon LVAD, the authors observed a normalization of the immune response
genes in both ventricles, while the expression of ECM remodeling and oxygen homeostasis
genes improved specifically in the left ventricle. Furthermore, the expression level of four
miRNAs returned to normal. This study contributes to a completion of transcriptomic
analysis in human heart disease and provides valuable information not only regarding the
impact of DCM on both ventricles but especially in the context of LVAD [12].

Karine Tadevosyan and coauthors present a highly interesting and detailed review
in this Special Issue, entitled “Engineering and Assessing Cardiac Tissue Complexity”.
They present the general approaches used to develop functional cardiac tissue, which
includes a description of cardiac-tissue engineering systems, cell sources, maturation and a
functional assessment of the procedures applied. This review will help researchers who
seek to conduct or improve cardiac-tissue engineering [13].

Finally, Yevgeniy Kim from Arman Saparov’s group reviews the latest findings on
gene therapies in cardiovascular diseases. Recent applications, benefits and pitfalls from
several preclinical and clinical studies are discussed and ongoing trials are described. The
limitations of the current clinical approaches for gene therapy in cardiovascular diseases
are presented and valuable ways of improvement are suggested [14].

Conclusions

Taken together, the works included in this Special Issue “Transcriptional Regulation
of Cardiac Development and Disease” comprise the most recent studies that elucidate
transcriptional mechanisms in cardiac development, repair, and regeneration, as well as
recent advances and perspectives in the treatment of cardiovascular diseases. The articles in
this Special Issue further improve our understanding of cardiac physiology and pathology,
which will assist in the continuous development of efficient cardiovascular therapies in
the future.
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Abstract: Left ventricular assist device (LVAD) use in patients with dilated cardiomyopathy (DCM)
can lead to a differential response in the LV and right ventricle (RV), and RV failure remains the most
common complication post-LVAD insertion. We assessed transcriptomic signatures in end-stage DCM,
and evaluated changes in gene expression (mRNA) and regulation (microRNA/miRNA) following
LVAD. LV and RV free-wall tissues were collected from end-stage DCM hearts with (n = 8) and
without LVAD (n = 8). Non-failing control tissues were collected from donated hearts (n = 6). Gene
expression (for mRNAs/miRNAs) was determined using microarrays. Our results demonstrate that
immune response, oxygen homeostasis, and cellular physiological processes were the most enriched
pathways among differentially expressed genes in both ventricles of end-stage DCM hearts. LV genes
involved in circadian rhythm, muscle contraction, cellular hypertrophy, and extracellular matrix
(ECM) remodelling were differentially expressed. In the RV, genes related to the apelin signalling
pathway were affected. Following LVAD use, immune response genes improved in both ventricles;
oxygen homeostasis and ECM remodelling genes improved in the LV and, four miRNAs normalized.
We conclude that LVAD reduced the expression and induced additional transcriptomic changes of
various mRNAs and miRNAs as an integral component of the reverse ventricular remodelling in a
chamber-specific manner.

Keywords: translational studies; gene expression and regulation; cardiomyopathy; heart failure;
reverse remodelling; left ventricular assist device

1. Introduction

Dilated cardiomyopathy (DCM) is a common manifestation of end-stage heart dis-
ease, characterized by left ventricle (LV) dilation, systolic dysfunction, and heart failure
(HF) [1,2]. DCM is currently the leading cause of cardiac transplantation in adults. The
improved survival of patients with HF, coupled with the overall rise in the prevalence of
heart diseases, has led to an increase in the number of patients with advanced HF [3,4].
This creates a supply–demand imbalance for cardiac transplantation, with the number of
recipients far exceeding the number of available donor hearts. Left ventricular assist devices
(LVAD) represents a critical therapy as bridge to transplant or recovery, and potentially
as destination therapy in patients with contraindications for transplantation [5–7]. The
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REMATCH [8] and the INTrEPID [9] trial revealed superior survival rates in patients with
LVAD over conventional therapy and provided convincing evidence for the use of LVAD as
bridge to transplant or recovery and also as potential destination therapy [10]. Treatment
with continuous-flow LVAD in patients with advanced HF improves the probability of
survival, quality of life and functional capacity compared with a pulsatile device [11,12].

The hemodynamic alteration with LVAD triggers beneficial remodelling at multiple
molecular and cellular levels, leading to improved systolic and diastolic function [6,7].
However, the LV and right ventricle (RV) respond differently to the unloading effects of
LVAD. In fact, RV dysfunction is the predominant complication post-LVAD implantation
and the major cause of morbidity and mortality in these patients, indicating unique differ-
ences in RV and LV remodelling [13,14]. The molecular and cellular changes that occur in
the heart as a result of LVAD therapy can provide important insight into the differential
ventricular response while also clearly identifying the therapeutic benefits of LVAD. Our
study aimed to understand chamber-specific transcriptomic changes in explanted human
hearts with DCM post-LVAD implantation. LV and RV samples from explanted DCM
hearts with and without LVAD implantation, as well as non-failing control hearts, were
used for a microarray-based analysis of global mRNA and microRNA (miRNA) expression.
In this study, several genes and pathways involved in the pathogenesis of DCM, as well
as distinct remodelling and gene regulation patterns in the LV and RV of DCM hearts in
response to LVAD use, were identified.

2. Results
2.1. Patient Clinical Characteristics

The clinical characteristics of DCM patients with LVAD (VAD group) and without
LVAD implantation (no LVAD, NVAD group) are summarized in Table 1. Both groups
had similar demographics, physical exam assessments, past medical histories, medical
therapies, laboratory values, and echocardiographic parameters. For VAD group, the
median duration of LVAD support was 156 days (IQR: 131–268 days). Limited information
was available on donors of non-failing hearts (NFC group). The median age of these six
donors was 45 (IQR: 40–51) years old, and all of them had normal LV ejection fraction.

Table 1. Clinical characteristics of DCM patients with and without LVAD implantation.

Criteria No LVAD
(n = 8)

LVAD
(n = 8) p Value

Age at transplant, years 50 (43–54) 57 (45–59) 0.7814
Female sex 1 (12.5) 1 (12.5) >0.9999
SBP, mmHg 92 (89–97) 91 (80–103) 0.8131

HR, bpm 86 (69–106) 80 (77–96) 0.8935
BMI, kg/m2 24 (23–27) 25 (24–29) 0.3949
NYHA class

III 6 (75) 4 (50) 0.5594
IV 1 (12.5) 3 (37.5) 0.5594

Medical history
HF duration, mo 39 (6–108) 48 (30–120) 0.5493

Hypertension 1 (12.5) 1 (12.5) >0.9999
Dyslipidemia 0 (0) 2 (25) 0.4667

Kidney disease 2 (25) 2 (25) >0.9999
Liver disease 4 (50) 2 (25) 0.3147

Diabetes 0 (0) 1 (12.5) >0.9999
COPD 1 (12.5) 1 (12.5) >0.9999

Discharge medication
ACEi/ARB/sacubitril/valsartan 7 (87.5) 6 (75) 0.3147

Beta-blocker 7 (87.5) 6 (75) >0.9999
MRA 2 (25) 4 (50) 0.6084
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Table 1. Cont.

Criteria No LVAD
(n = 8)

LVAD
(n = 8) p Value

Laboratory
Cr, umol/L 108 (95–118) 83 (78–112) 0.9511

eGFR, mL/m in/1.73 m2 61 (56–69) 89 (65–112) 0.2811
Hb, g/L 118 (107–131) 98 (92–109) 0.1229

Echocardiography
EF ≤ 50% 7 (87.5) 4 (50) >0.9999

EF, % 18 (15–26) 13 (10–20) 0.6223
LVEDD, mm 64 (59–69) 57 (51–62) 0.3556
LVESD, mm 60 (54–66) 44 (38–59) 0.1523

SBP, systolic blood pressure; HR, heart rate; BMI, body mass index; NYHA, New York Heart Association; HF,
heart failure; COPD, chronic obstructive pulmonary disease; ICD, implantable cardioverter defibrillator; CRT-D,
cardiac resynchronisation therapy defibrillator; ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin
receptor blocker; MRA, mineralocorticoid receptor antagonist; Cr, creatinine; eGFR, estimated glomerular filtration
rate; Hb, haemoglobin; EF, ejection fraction; LVEDD, left ventricular end diastolic diameter; LVESD, left ventricular
end systolic diameter.

2.2. Histological Characteristics of Explanted DCM Hearts with and without LVAD

Increased cardiomyocyte hypertrophy and myocardial fibrosis are prominent features
of adverse myocardial remodelling. Histological characteristics of VAD, NVAD and NFC
hearts were analysed, with representative images shown in Figure 1. Fibrosis was increased
in both the LV and RV of NVAD DCM hearts, at levels approximately 2-fold and 1.5-fold,
respectively. Upon LVAD implantation, fibrosis was decreased in the VAD group compared
to the NVAD group (Figure 1A,B). Similarly, cardiomyocyte cross-sectional area (CSA)
was significantly larger in the LV and RV of NVAD DCM hearts (p < 0.05). Upon LVAD
implantation, cardiomyocyte CSA was decreased in the VAD group compared to the
NVAD group (Figure 1C,D). The cardiac enlargement was also confirmed in the NVAD
by significantly up-regulated mRNA levels of the hypertrophic markers brain natriuretic
peptide (BNP) and β-myosin heavy chain (β-MHC) compared to NFC. However, the levels
of these biomarkers were reduced in VAD compared to NVAD (Figure 1E,F).

2.3. Pathological Genes of DCM Hearts

The gene expression profile of DCM hearts without LVAD implantation (NVAD group)
was compared to the gene expression profile of healthy hearts (NFC group) to identify tran-
scripts and genes that were altered as a result of the disease. In the LV, 922 transcripts were
differentially expressed (Figure 2A), 392 up-regulated and 530 down-regulated (Figure 2B),
in the NVAD compared to the NFC groups. In the RV, 858 transcripts were differentially
expressed (Figure 2A), 238 up-regulated and 620 down-regulated (Figure 2B), in the NVAD
compared to the NFC groups. Of the differentially expressed transcripts found, 567 were
commonly altered in both the LV and RV.

The most significantly enriched KEGG pathways and GO terms related to BP and
MF for the up- and down-regulated genes encoding for the observed pathological tran-
scripts are presented in Figure 2C–F. In the LV, 392 up-regulated pathological transcripts
were the products of 238 genes (Figure 2C). The most enriched KEGG pathways for this
gene set were involved in cellular physiology such as cell growth, proliferation, apoptosis,
metabolism, and cell cycle regulation. The other enriched pathways included cardiomy-
ocyte hypertrophy and circadian rhythm, while the majority of enriched BPs controlled
myocardial structure and contractility. The enriched MFs reflect findings from pathways
and BP analyses, with the majority of MFs involved in transcription, ion channels, cellular
growth and muscle contraction. On the other hand, 530 down-regulated pathological
transcripts were the products of 330 genes (Figure 2D). The majority of enriched KEGG
pathways and BPs were involved in the immune response. Genes for the hypoxia-inducible
factor 1 (HIF-1) pathway, which functions in oxygen homeostasis, were also enriched. With

7



Int. J. Mol. Sci. 2022, 23, 2050

regard to MFs, the most enriched terms were related to innate immunity, regulation of the
extracellular matrix (ECM), and cellular metabolism.
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Figure 1. Histological characterization of non-failing control (NFC) and dilated cardiomyopathy 
(DCM) hearts. (A) Representative Picrosirius red staining images for collagen detection in NFC 
hearts, as well as DCM hearts with left ventricle assist device (VAD) and without LVAD support 
(NVAD). (B) Myocardial collagen content quantified from (A). (C) Representative Wheat germ ag-
glutinin staining for NFC, DCM-VAD and DCM-NVAD hearts. (D) Cardiomyocyte cross-sectional 
area (CCA) quantified from (C). (E,F) Real-time quantitative PCR results showing the relative 
mRNA levels of hypertrophic markers brain natriuretic peptide (BNP) and β-myosin heavy chain 
(β-MHC) in NFC, NVAD, or VAD. n = 8, * p < 0.05 vs. NFC, # p < 0.05 vs. NVAD, unpaired two-
tailed t-test. L, left; R, right. Scale bar represents 50 μm. 
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Figure 1. Histological characterization of non-failing control (NFC) and dilated cardiomyopathy
(DCM) hearts. (A) Representative Picrosirius red staining images for collagen detection in NFC hearts,
as well as DCM hearts with left ventricle assist device (VAD) and without LVAD support (NVAD).
(B) Myocardial collagen content quantified from (A). (C) Representative Wheat germ agglutinin
staining for NFC, DCM-VAD and DCM-NVAD hearts. (D) Cardiomyocyte cross-sectional area (CCA)
quantified from (C). (E,F) Real-time quantitative PCR results showing the relative mRNA levels of
hypertrophic markers brain natriuretic peptide (BNP) and β-myosin heavy chain (β-MHC) in NFC,
NVAD, or VAD. n = 8, * p < 0.05 vs. NFC, # p < 0.05 vs. NVAD, unpaired two-tailed t-test. L, left; R,
right. Scale bar represents 50 µm.
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vice (NVAD) versus non-failing controls (NFC). (A) Number of significant differentially expressed 
transcripts in the left (L) and right (R) ventricles. (B) Number of significantly up- and down-regu-
lated transcripts in the L and R ventricles. Gene ontology (GO) analysis for (C,E) up-regulated and 
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Figure 2. mRNA analysis of dilated cardiomyopathy (DCM) hearts without left ventricle assist device
(NVAD) versus non-failing controls (NFC). (A) Number of significant differentially expressed transcripts
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in the left (L) and right (R) ventricles. (B) Number of significantly up- and down-regulated transcripts
in the L and R ventricles. Gene ontology (GO) analysis for (C,E) up-regulated and (D,F) down-
regulated differentially expressed genes in the (C,D) L and (E,F) R ventricles. The top ten Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways (red), GO terms for biological processes
(blue) and GO terms for molecular functions are shown (yellow).

In the RV, 238 up-regulated pathological transcripts were the products of 157 genes
(Figure 2E). Similar to up-regulated genes in the LV, the most significantly enriched KEGG
pathways and BPs were involved in cellular physiological events. Genes involved in
the apelin signalling pathway, which functions in key processes such as angiogenesis,
cardiovascular function, cell proliferation, and energy regulation, were also enriched. MFs
related to transcription, ion channels, cellular growth and metabolism were enriched. Genes
involved in myocardial structure and contractility were not as enriched compared to what
was seen in the LV. On the other hand, 620 down-regulated pathological transcripts were
the products of 383 genes (Figure 2F). The enriched KEGG pathways, BPs and MFs of
these genes were found to be similar to those for down-regulated genes in the LV (immune
response, oxygen homeostasis). The lists of genes from all enrichment analyses, at least for
the top 10 results for each category, are presented in Supplementary Material Table S1.

2.4. Gene Expression Changes in the LV and RV Post LVAD Implantation

The LV and RV pathological transcripts found above were then tracked to see how
their expressions changed upon LVAD implantation, as demonstrated by the VAD vs. NFC
and VAD vs. NVAD comparisons (Figure 3). Results from the VAD vs. NFC comparisons
revealed that of the 922 pathological transcripts identified in the LV, 617 (67%) showed a
decrease in FC with LVAD use (compared to the FC in NVAD vs. NFC), and 130 (14%)
showed no significant changes when compared to the NFC (Figure 3A–C). Of the 858
pathological transcripts identified in the RV, 493 (57%) showed a decrease in FC with LVAD
use compared to without LVAD use, and 157 (18%) showed no changes compared to the
NFC (Figure 4A–C).

Comparisons between VAD and NVAD revealed significantly normalized transcripts
(from pathological transcript lists) post-LVAD use in both the LV and RV. A transcript is
considered normalized if the FC in the VAD vs. NVAD comparison shows the opposite
direction of change (e.g., up-regulated) compared to the direction of change in the NVAD
vs. NFC comparison (e.g., down-regulated). In the LV, 205 pathological transcripts (corre-
sponding to 133 genes) were significantly normalized (Figure 3C). Enrichment analysis of
these genes suggests that they function in immunity-related processes, oxygen homeostasis,
as well as in the regulation of the ECM (Figure 3D). In the RV, 116 pathological transcripts
(corresponding to 79 genes) were significantly normalized (Figure 4C). Enrichment analysis
of these genes suggests that they also function in immunity (Figure 4D). Our results are
consistent with increased apoptosis and cell death of cardiomyocytes and up-regulation of
inflammatory cascade as known drivers of advanced HF.

Besides the normalization of pathological genes identified from our NVAD vs. NFC
comparison, LVAD use also induced additional changes in gene expression as shown in
the VAD vs. NVAD comparison. In the LV, 56 transcripts (corresponding to 36 genes) were
significantly altered post-LVAD use. Enrichment analysis showed that the most enriched
processes were involved in ECM remodelling, immune response, cellular physiological
processes and angiogenesis (Figure 3E). In the RV, 23 transcripts (corresponding to 16 genes)
were significantly altered post-LVAD use. Enrichment analysis showed that the majority
of these genes were involved in immune system-related processes (Figure 4E). The gene
lists for all the enrichment analyses in this section, at least for the top 10 results for each
category, are presented in Supplementary Material Table S2.
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Figure 3. mRNA analysis of left ventricles (LV) from dilated cardiomyopathy (DCM) hearts with 
(VAD) and without left ventricle assist device (NVAD), using the non-failing controls (NFC) as ref-
erence. (A) Number of significant differentially expressed transcripts in the VAD and NVAD 
groups. (B) Number of significantly up- and down-regulated transcripts in the VAD and NVAD 
groups. (C) Volcano plots of microarray data from the VAD and NVAD groups. The LV DCM sig-
nature genes are marked (red: up-regulated, blue: down-regulated in NVAD group); grey vertical 
lines indicate two-fold fold-change values in either direction. Gene ontology (GO) analysis for (D) 
normalized genes in the LV following LVAD use and (E) additional differentially expressed LV 
genes following LVAD use. The top ten Kyoto Encyclopedia of Genes and Genomes (KEGG) 

Figure 3. mRNA analysis of left ventricles (LV) from dilated cardiomyopathy (DCM) hearts with
(VAD) and without left ventricle assist device (NVAD), using the non-failing controls (NFC) as
reference. (A) Number of significant differentially expressed transcripts in the VAD and NVAD
groups. (B) Number of significantly up- and down-regulated transcripts in the VAD and NVAD
groups. (C) Volcano plots of microarray data from the VAD and NVAD groups. The LV DCM
signature genes are marked (red: up-regulated, blue: down-regulated in NVAD group); grey vertical
lines indicate two-fold fold-change values in either direction. Gene ontology (GO) analysis for
(D) normalized genes in the LV following LVAD use and (E) additional differentially expressed LV genes
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following LVAD use. The top ten Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (red),
GO terms for biological processes (blue) and GO terms for molecular functions are shown (yellow).
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Figure 4. mRNA analysis of right ventricles (RV) from dilated cardiomyopathy (DCM) hearts with
(VAD) and without left ventricle assist device (NVAD), using the non-failing controls (NFC) as reference.
(A) Number of significant differentially expressed transcripts in the VAD and NVAD groups. (B) Number
of significantly up- and down-regulated transcripts in the VAD and NVAD groups. (C) Volcano plots of
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microarray data from the VAD and NVAD groups. The RV DCM signature genes are marked (red:
up-regulated, blue: down-regulated in NVAD group); grey vertical lines indicate two-fold fold-
change values in either direction. Gene ontology (GO) analysis for (D) normalized genes in the RV
following LVAD use and (E) additional differentially expressed RV genes following LVAD use. The
top ten Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (red), GO terms for biological
processes (blue) and GO terms for molecular functions are shown (yellow).

2.5. Pathological miRNAs of DCM Hearts

The miRNA expression profile of the NVAD group was compared to that of the NFC
group to identify miRNAs altered in DCM, which was termed pathological miRNAs. The
target transcripts (and corresponding genes) of these pathological miRNAs were then
compared to the pathological transcript/gene lists from our earlier mRNA analyses. This
would determine whether the changes in mRNA expression we previously observed could
be attributed to changes at the miRNA level. In the LV, 39 miRNAs were differentially
expressed (Figure 5A), 16 up-regulated and 23 down-regulated (Figure 5B), in the NVAD
compared to the NFC group. Of these 39 miRNAs, 18 regulate transcripts and genes that
were altered in our earlier NVAD vs. NFC comparison (Table 2). Enrichment analysis
of these genes showed that they are involved in immunity, oxygen homeostasis, cardiac
muscle contraction, and cellular processes such as energy regulation, growth, proliferation,
and apoptosis (Figure 5C). In the RV, 19 miRNAs were differentially expressed (Figure 5A),
12 up-regulated and seven down-regulated (Figure 5B), in the NVAD compared to the NFC
group. Of these 19 miRNAs, 13 regulate transcripts and genes that were altered in our
earlier NVAD vs. NFC comparison (Table 3). Enrichment analysis of these genes showed
that they are involved in immunity, adrenergic signalling in cardiomyocytes, cardiac muscle
contraction, and cellular processes such as energy regulation, growth, proliferation and
apoptosis (Figure 5D).
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Figure 5. miRNA analysis of dilated cardiomyopathy (DCM) hearts without left ventricle assist
device (NVAD) versus non-failing controls (NFC). (A) Number of significant differentially expressed
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miRNAs in the left (L) and right (R) ventricles. (B) Number of significantly up- and down-regulated
miRNAs in the L and R ventricles. Gene ontology (GO) analysis for target genes of the concordant
miRNAs in the (C) L and (D) R ventricles. The top ten Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways (red), GO terms for biological processes (blue) and GO terms for molecular
functions are shown (yellow).

Table 2. Pathological miRNAs in the LV of DCM hearts and their corresponding target genes.

ID Fold Change p-Value Target Transcripts from Corresponding mRNA Comparisons
Number of Transcripts Target Genes

hsa-miR-451 16.22 4.30 × 10−8 43

CCL18, FRZB, ACTC1, EIF1AY, C3AR1,
RAMP1, AQP4, PLP2, F5, SLC35F1, KCNJ8,

SLC25A27, LY96, STK38L, LDHA,
TNFAIP8, EGLN3, ATP5F1, GPRASP1,

UTY, SSPN, CTH, SORL1, GMNN, PTPRB

hsa-miR-182 15.33 1.03 × 10−6 41

IGF1R, DNER, BCAT1, CREB3L1,
RARRES1, RNASE6, TPST2, HIF3A, EMB,

MGST1, FCN3, MARK3, FIGF, MLF1,
SLITRK4, BDNF, HS3ST1, SAMSN1,

GABRB1, RSAD2, AASS, MYH6,
ZMYND12, PKD1L2, TM2D3, DCN

hsa-miR-495 2.87 1.14 × 10−5 30

C3, CITED2, DNER, ALOX5AP, ACTC1,
BCAT1, CRYM, AQP4, HSPA2, FAM46B,

LARP6, CADM1, ATP5F1, GPR22,
LRRTM4, RSAD2, AASS, DUSP27,

AGTPBP1, PCDH20, HCLS1,
TUBA1C, METTL7A

hsa-miR-135b −3.95 0.0003 30

SERPINA3, CD53, GADD45A, FCER1G,
RNASE6, IFIT2, ADH1A, FGF1, TIMP4,

ANP32E, LILRB2, EFCAB2, RNASE2,
CYP4Z1, ITIH5, IL1RL1, GABRB1, MAEL,

RASAL2, HAS2, SLCO4A1,
AGTPBP1, PTPRB

hsa-miR-374b 2.35 0.0005 25

F13A1, GADD45A, EGR1, CHST2, ASPN,
CCL18, BIRC3, STK38L, ANKRD1, CTH,

GOLGA8A, TMED5, ATP2A2,
CNKSR2, PTPRB

hsa-miR-218 4.42 0.0017 41

PER3, FRZB, CRYM, PLCE1, IFI44L,
DNAJB5, RABGAP1L, HAPLN1, SMTNL2,
HEY2, ANKRD1, MLF1, CA2, ANK1, OGN,

GABRB1, AASS, DUSP27, PHACTR1,
GMNN, ST8SIA5, ASS1, UCHL1,

RHOBTB1, DCN, EDIL3

hsa-miR-208a −2.58 0.0018 24

SH3BGRL3, HMOX1, NPTX2, EMB,
IFI44L, MGST1, TIMP4, LRRC1, MLF1,

GPRASP1, C6, PDCD4, AGTPBP1,
CPAMD8, HK2, BLM, TUBA1C

hsa-miR-373 5.76 0.0026 27

CD24, MAP4, NINJ2, PLCE1, MYBL1,
C2orf40, GPR34, CD68, HS3ST1, CSAD,
CNN1, ITIH5, GPRASP1, CHRFAM7A,

SLMAP, SCUBE2, PRRT2, PKD1L2,
UCHL1, IFI44

hsa-miR-628-5p 2.59 0.0037 32

CTSC, SMOC2, SLCO2A1, SLC1A2, BCL6,
PLCE1, REPS2, OGDHL, PTN, DPY19L2,
TYRP1, KCNIP2, C4A, MYOC, SCUBE2,

GMNN, TSPAN13, BLM, PECAM1,
TYROBP, ATP2A2
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Table 2. Cont.

ID Fold Change p-Value Target Transcripts from Corresponding mRNA Comparisons
Number of Transcripts Target Genes

hsa-miR-431 −2.33 0.0055 20

CD53, SLC7A8, NPR3, LARP6, ITGAM,
MYBPC1, STAT4, ITIH5, WISP2, GSG1L,

CLEC10A, PHACTR1, ARPC3,
CPAMD8, DDAH1

hsa-miR-224 2.82 0.0058 30

HLA-C, PACSIN3, TPST2, CYP2J2, HIF3A,
GRB14, OGDHL, TMEM45A, HSD17B11,
ARL4C, CHST9, CA2, GSG1L, C6, CTH,
ARPC3, FHL1, HMOX2, ASS1, PTPRB

hsa-miR-95 4.09 0.0069 36

SERPINA3, C1QB, TUBB2A, PENK,
TBXAS1, PLK2, CA14, TTC9, IL20RA,
EDARADD, ST8SIA2, TFPI, CHST9,
EGLN3, IL1RL1, GPRASP1, GSG1L,

RSAD2, MGAT4C, ENO1, GMNN, PTPRB

hsa-miR-940 −2.26 0.0078 17
SH3BGRL3, SERPINA3, S100A9, NES,
SERPINA1, HIF3A, GCHFR, CENPA,
CYP4B1, CAPG, TNFRSF12A, IFI30

hsa-miR-601 −2.29 0.0134 23

PIM1, CD109, PLA2G2A, C1QC, SLC6A6,
CYP2J2, GCHFR, CENPA, C1orf162,

LILRB2, NR4A3, GRK5, TPM3,
CA2, HMOX2

hsa-miR-329 2.22 0.0148 25

CITED2, HIF3A, AHNAK, KCNJ8,
DPY19L2, CADM1, CD68, LRRTM4,

PHACTR1, PRDX6, CEBPD, CAMK1D,
NNMT, SLMAP, PKD1L2, AQP3, OBSCN

hsa-miR-187 −6.09 0.0186 33

SH3BGRL3, CHGB, S100A4, IGF1R,
ALOX5AP, CYP2J2, PLP2, FAM58A,
PRIMA1, MGST1, DPY19L2, HFE2,

LILRB2, STK38L, STAT4, WISP2, GSG1L,
DUSP27, PHACTR1, MXRA5, S100A8,

CPAMD8, UCHL1, OBSCN

hsa-miR-10b 2.55 0.0238 36

APOD, FCER1G, RAMP1, DIO2, TMEM97,
CA14, MYBL1, FAM46B, SMTNL2, GRK5,
CD68, TNFRSF11B, LCN6, CNN1, ANK1,

ATP5F1, SGPP2, C10orf71, PRDX6,
SLMAP, SCUBE2, AGTPBP1,

PKD1L2, OBSCN

hsa-miR-223 2.99 0.0311 51

GADD45A, PER3, AKR1C1, RRAS2, UBR1,
PLCE1, RABGAP1L, MYO5A, TDRD9,

GPR34, C1orf162, VIT, SLC14A1, EFCAB2,
TFPI, ANK1, GPR22, OGN, MAEL, FKBP5,

DUSP27, HVCN1, FHL1, CNKSR2
hsa-miR-4269 2.38 2.70E-06 - -

hsa-miR-299-5p 3.58 9.71 × 10−5 - -
hsa-miR-4270 −2.12 0.0001 - -
hsa-miR-4539 −2.06 0.0003 - -
hsa-miR-1825 −2.04 0.0007 - -

hsa-miR-3187-3p −2.4 0.001 - -
ENSG00000202498 −2.28 0.0013 - -
ENSG00000202498_x −2.31 0.0016 - -

hsa-miR-3910 −2.03 0.0045 - -
hsa-miR-4687-3p −2.22 0.0057 - -

hsa-miR-4741 −2.08 0.0071 - -
hsa-miR-548x −2 0.0077 - -
hsa-miR-4689 −2.28 0.0107 - -
hsa-miR-3128 −2.3 0.0109 - -

hsa-miR-4793-3p −2.69 0.011 - -
hsa-miR-3201 −2.11 0.0114 - -
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Table 2. Cont.

ID Fold Change p-Value Target Transcripts from Corresponding mRNA Comparisons
Number of Transcripts Target Genes

hsa-miR-103b −2.58 0.015 - -
hsa-miR-1226 4.09 0.0158 - -
hsa-miR-4458 2.21 0.0198 - -
hsa-miR-4521 −3.93 0.0275 - -
hsa-miR-1226 −2.12 0.0304 - -

Table 3. Pathological miRNAs in the RV of DCM hearts and their corresponding target genes.

ID Fold Change p-Value Target Transcripts from Corresponding mRNA Comparisons
Number of Transcripts Target Genes

hsa-miR-182 19.89 6.64 × 10−6 48

ANXA1, IL1R1, DNER, BCAT1, CREB3L1,
RARRES1, RNASE6, PC, EMB, MGST1,
APOB, FCN3, ACE2, MARK3, OLFM1,

FIGF, CLEC4G, KCNN3, KCNMB2,
PTGER3, SAMSN1, GABRB1, RSAD2,

MYH6, ATP1B3, ZMYND12, MLF1,
PKD1L2, CHI3L2, TM2D3, DCN

hsa-miR-124 −2.16 0.0002 38

CDKN1A, IQGAP1, IL1R1, CD59, RDH10,
PENK, BCAT1, NAP1L3, GCHFR, AGTR1,
KLF15, OLFM1, IRAK3, PAPSS2, CADM1,
RNASE2, TRIM45, RGS4, RBM47, CYP4B1,

NID1, SLCO4A1, ARPC1B, GOLGA8A,
CPAMD8, TWIST2, C1S, TSC22D1

hsa-miR-451 7.13 0.0004 38

KLF6, HCK, CCL18, FRZB, ACTC1, C3AR1,
RAMP1, AQP4, F5, CDKN2B, LY96,
STK38L, B3GNT7, FYB, SCGB1D2,

TNFAIP8, GPRASP1, MAN1A1, SSPN,
CTH, SAT1, CTHRC1, ARPC1B, UTY

hsa-miR-181a-2 2.34 0.0006 20
VAMP8, RBP4, SOX4, IER3, ACLY, DIO2,

ABCG2, C1orf162, CD163, SUSD4,
ANKRD1, TPO, PHACTR1, NNMT, AQP3

hsa-miR-373 6.81 0.0009 25

CD24, KLF6, ENSA, NINJ2, PLCE1, UAP1,
MYBL1, GPR34, CD68, MYPN, CNN1,

ITIH5, GPRASP1, RASSF2, CHRFAM7A,
IFI44, SCUBE2, PKD1L2

hsa-miR-138 −2.39 0.0013 28

LYZ, EIF4EBP1, FCER1G, CSTA, C3AR1,
ADH1A, DOCK2, UAP1, APBB1IP, FIGF,
VIT, TPM4, ITGAM, LCN6, SYNPO2L,
TMEM74, STON1, PHACTR1, PKD1L2,

C1S, DCN

hsa-miR-431 −4.17 0.0016 24

CD53, IGFBP6, HCK, SLC7A8, NPR3,
LARP6, BMPR1B, HPR, ITGAM, MYBPC1,

HP, ITIH5, TPO, CLEC10A, PHACTR1,
CPAMD8, COL12A1

hsa-miR-92a-1 −2.77 0.0025 29

TIMP1, SH3BGRL3, SERPINA3, SEC14L1,
AIF1, PLA2G2A, FCER1G, RAMP1, UAP1,
METTL7B, LY96, GPX3, DPYSL4, ITIH5,

PHACTR1, SAT1, CTHRC1, DUSP4,
TKT, TYROBP

hsa-miR-21 −2.87 0.0034 22

SMOC2, IGFBP6, ALOX5AP, PENK,
BCAT1, NQO2, BIRC3, CENPA, TDRD9,
LARP6, TNFSF12, RGS4, C5AR1, ITIH5,

MAP3K8, PKD1L2, ASRGL1
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Table 3. Cont.

ID Fold Change p-Value Target Transcripts from Corresponding mRNA Comparisons
Number of Transcripts Target Genes

hsa-miR-10b 2.64 0.0051 26

ENSA, FCER1G, RAMP1, DIO2, CA14,
HS6ST2, UAP1, MYBL1, SMTNL2, GRK5,

CD68, SCN3A, LCN6, CNN1, C10orf71,
SRGN, PRDX6, ARPC1B, SCUBE2,

AGTPBP1, PKD1L2

hsa-miR-95 2.86 0.0193 38

SERPINA3, EMP1, C1QB, TUBB2A, PENK,
TBXAS1, CA14, ACE2, EDARADD,
ST8SIA2, CHST9, SHMT1, IL1RL1,

GPRASP1, RSAD2, STON1, MGAT4C,
SAT1, ENO1, CHI3L2, CHI3L1, GADD45B

hsa-miR-217 3.1 0.0487 38

CHST7, ENSA, HMOX1, MFAP5, KCNS3,
FNDC1, CENPA, DOCK2, COL21A1,

GFRA1, FCGR2A, FIGF, STRBP, CD163,
HSPA4L, MXI1, MYPN, FGF10, STON1,

DUSP27, MGAT4C, SAT1, CAMK1D,
CPAMD8, PKD1L2

hsa-miR-216a 3.02 0.0488 25

KLF6, ENSA, FCER1G, NPR3, IFI44L,
PITPNC1, STK17B, HFE2, VIT, CADM1,

ITIH5, PTGER3, CTH, CYP4B1,
ZMYND12, CCDC109B, HCLS1, CHI3L2

HBII-52-32_x 4.76 0.0028 - -
hsa-miR-1972 2.57 0.0046 - -

hsa-miR-3065-3p −3.04 0.0068 - -
hsa-miR-4524 2.05 0.0101 - -
hsa-miR-1247 −2.56 0.0187 - -
hsa-miR-4461 2.3 0.0321 - -

2.6. miRNA Expression Changes in the LV and RV Post LVAD Implantation

Similar to our previous analysis for the pathological mRNAs, the LV and RV patholog-
ical miRNAs (from NVAD vs. NFC) were assessed to examine how their expression levels
changed upon LVAD implantation. The results from the VAD vs. NFC comparison revealed
that of the 39 pathological miRNAs identified in the LV, 21 (54%) showed a decrease in FC
with LVAD use compared to without LVAD use, and eight (21%) showed no change when
compared to the NFC (Figure 6A–D; Table 4). On the other hand, of the 19 pathological
miRNAs identified in the RV, 5 (26%) showed a decrease in FC with LVAD use compared
to without LVAD use, and seven (37%) showed no significant change when compared to
the NFC (Table 5). Comparisons between the VAD and NVAD groups showed that major-
ity of pathological miRNAs were not normalized after LVAD implantation. One miRNA
(hsa_miR_4458) in the LV and three miRNAs (hsa_miR_21*, hsa_miR_1972 and hsa_miR_4461)
in the RV showed normalization. However, LVAD use also induced changes in the expression
of other miRNAs (not from our “pathological” list) in both the LV (11 miRNAs) and RV
(nine miRNAs). Enrichment analysis of the target genes of these miRNAs showed that the
majority of them function in immunity and cellular process such as growth, proliferation
and apoptosis (Figure 6E,F).
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(C) R ventricle of VAD and NVAD groups. (B) Number of significantly up- and down-regulated
miRNAs in the (C) L ventricle and (D) R ventricle of VAD and NVAD groups. Gene ontology (GO)
analysis for target genes of the differentially expressed miRNAs in the (E) L and (F) R ventricles
following LVAD use. The top ten Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (red),
GO terms for biological processes (blue) and GO terms for molecular functions are shown (yellow).

Table 4. Changes in pathological miRNA expression post-LVAD implantation in the LV.

ID FC in NVAD
vs. NFC

FC in VAD
vs. NFC

p-Value in VAD
vs. NFC

Insignificant change compared to NFC
hsa-miR-4458_st 2.21 1.73 0.5994

hsa-miR-4793-3p_st −2.69 −1.96 0.3478
hsa-miR-187_st −6.09 −1.68 0.3441
hsa-miR-373_st 5.76 1.48 0.1852

hsa-miR-103b_st −2.58 −1.81 0.096
hsa-miR-95_st 4.09 2.58 0.0677
hsa-miR-431_st −2.33 −1.76 0.0659

hsa-miR-1226_st 4.09 2.2 0.064
Decreased in FC

hsa-miR-182_st 15.33 9.68 3.58 × 10−6

hsa-miR-451_st 16.22 10.96 3.10 × 10−8

hsa-miR-3187-3p_st −2.4 −1.37 0.0139
hsa-miR-548x_st −2 −1.36 0.0076

hsa-miR-299-5p_st 3.58 2.95 0.0019
hsa-miR-4539_st −2.06 −1.58 0.03

hsa-miR-628-5p_st 2.59 2.17 0.0047
hsa-miR-1226-star_st −2.12 −1.76 0.0171
hsa-miR-4687-3p_st −2.22 −1.91 0.0144

ENSG00000202498_x_st −2.31 −2.08 0.0044
hsa-miR-223_st 2.99 2.8 0.0225
hsa-miR-10b_st 2.55 2.38 0.0145
hsa-miR-374b_st 2.35 2.21 0.0015

ENSG00000202498_st −2.28 −2.16 0.0012
hsa-miR-4689_st −2.28 −2.16 0.046
hsa-miR-1825_st −2.04 −1.93 0.0033
hsa-miR-601_st −2.29 −2.19 0.0158
hsa-miR-940_st −2.26 −2.19 0.0282

hsa-miR-4741_st −2.08 −2.02 0.005
hsa-miR-3910_st −2.03 −1.99 0.0172
hsa-miR-4270_st −2.12 −2.09 9.94 × 10−5

Table 5. Changes in pathological miRNA expression post-LVAD implantation in the RV.

ID FC in NVAD
vs. NFC

FC in VAD
vs. NFC

p-Value in VAD
vs. NFC

Insignificant change compared to NFC
hsa-miR-1972_st 2.57 1.22 0.8742
hsa-miR-4461_st 2.3 1.14 0.7984

hsa-miR-21-star_st −2.87 −1.27 0.647
hsa-miR-4524-star_st 2.05 1.32 0.3365

hsa-miR-373_st 6.81 1.66 0.0801
hsa-miR-431_st −4.17 −3.62 0.0738

hsa-miR-1247_st −2.56 −2.33 0.0583
Decreased in FC

hsa-miR-182_st 19.89 11.3 1.75 × 10−5

hsa-miR-451_st 7.13 5.16 0.0002
HBII-52-32_x_st 4.76 3.48 0.0029

hsa-miR-181a-2-star_st 2.34 1.91 0.0098
hsa-miR-10b_st 2.64 2.53 0.0068
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3. Discussion

The main findings of our study are three-fold: (a) transcriptomic signatures of end-
stage DCM hearts, (b) gene expression (mRNA) changes post-LVAD use, and (c) gene
regulation (miRNA) changes post-LVAD use (Figure 7). The majority of differentially
expressed genes in this study were down-regulated, suggesting a general loss-of-function
model of pathogenesis and only the most significantly enriched transcripts in our dataset
were considered.
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Figure 7. Summary of the findings from this study illustrating the seminal impact of LVAD therapy
on reverse remodelling in the left ventricle and right ventricle. Processes that were normalized
are italicized in red, and an asterisk (*) indicates pathways where the concerned genes also had
corresponding changes at the miRNA level. DCM, dilated cardiomyopathy; LVAD, left ventricular
assist device.

3.1. Pathological Genes Common in Both the LV and RV

Cellular processes such as growth, proliferation, and apoptosis were significantly
enriched among up-regulated genes in both the LV and RV. Genes that functioned in critical
signalling pathways such as FoxO, JAK-STAT, AMPK, and Wnt were all up-regulated in
end-stage DCM hearts. Genes involved in cell survival, cell cycle regulation, and energy
metabolism are differentially expressed between DCM and healthy control hearts [15,16].
Cardiomyocyte apoptosis is common in patients with end-stage cardiomyopathy and
has been reported by several studies [16,17]. Unlike most cell types, healthy postnatal
cardiomyocytes are relatively non-proliferative and any cell loss could be detrimental to
myocardial structure and function. Up-regulating genes and pathways involved in cellular
growth and proliferation may, therefore, serve as a compensatory mechanism in the failing
myocardium in the face of increased cell death.

On the other hand, genes involved in the immune response were most significantly
enriched among the down-regulated genes. These functional gene classes included compo-
nents of the complement system, neutrophil-mediated immunity, inflammatory response,
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and the humoral immune response. Activation of the immune system in heart failure is a
widely known phenomenon [18,19]. The pro-inflammatory response in DCM is most likely
a response to cardiomyocyte damage and often triggers cardiac fibrosis [18]. Furthermore,
this inflammatory response activates the humoral immune system, which produces autoan-
tibodies that can cause further tissue damage. Immune response-related genes displayed
the most pronounced regulated genes in end-stage DCM [20]. Although down-regulation
of genes involved in immune response was observed, our study confirms alterations in the
immune system related genes and emphasizes the robust nature of the immune response
in the DCM environment. Further characterization of how the immune system changes in
the course of DCM may have implications in the treatment of DCM at various stages in
its progression.

Genes involved in the HIF-1 pathway were also differentially expressed in both cham-
bers of the DCM heart. HIF-1 controls oxygen delivery and utilization by regulating
angiogenesis, vascular remodelling, and metabolic processes [21,22]. HIF-1 plays a pro-
tective role in the pathophysiology of ischemic heart disease and pressure-overload heart
failure. HIF-1 activation has also been observed in association with the ischemic envi-
ronment in DCM and over-expression of this pathway can lead to the development of
cardiomyopathy [23,24]. We showed that HIF-1 was down-regulated in both LV and RV of
end-stage DCM hearts suggesting that disturbance of oxygen homeostasis may play a role
in the pathogenesis of end-stage DCM.

3.2. LV- and RV-Specific Pathological Genes

In the LV, the regulation of circadian rhythm is one of the most significantly enriched
processes amongst up-regulated genes. Molecular circadian clocks exist in all cardiovascu-
lar cell types and various cardiovascular processes such as endothelial function, thrombus
formation, blood pressure, and heart rate are under the regulation of the circadian clock [25].
Disruption of this rhythm results in cardiovascular diseases including heart failure, my-
ocardial infarction, and arrhythmias. Disruption of the circadian rhythm leads to altered
sarcomeric structure, cardiac fibrosis, and eccentric hypertrophy of myocardial walls, which
eventually result in LV dilation and systolic dysfunction [26,27]. Our study is the first to
show an association between dysregulated circadian rhythm and DCM at the transcript
level in human hearts. Genes involved in cardiac muscle contraction were likewise en-
riched among up-regulated genes in the LV. Various processes such as myofibril assembly,
sarcomere organization, or actin–myosin filament sliding were all up-regulated. LV tran-
scriptomic and proteomic profiling in human end-stage DCM hearts found a large number
of up-regulated pathways and processes belonging to the cardiomyocyte contractility fam-
ily [15]. Up-regulation of genes involved in the cardiomyocyte compartment may serve to
compensate for the impaired contractility observed in DCM. The cardiomyocyte hypertro-
phy pathway was also up-regulated in the LV of DCM hearts which is supported by our
histological data. Our finding provides molecular evidence that pathological hypertrophy
is a hallmark feature of DCM.

ECM remodelling was enriched among the down-regulated genes in the LV. Remod-
elling of the ECM, particularly altered collagen homeostasis, has an important role in
the pathogenesis of DCM [28–30]. In general, the rate of collagen turnover is controlled
by the balance between matrix metalloproteinase (MMP) and tissue inhibitors of matrix
metalloproteinase (TIMP) activity in the ECM [28–30]. However, TIMP expression in DCM
hearts with some studies showing increased levels and others showing decreased levels
compared to healthy controls suggesting a complex interplay between MMPs and TIMPs
in the pathogenesis of DCM [28–31]. Our study showed decreased expression in TIMP1,
TIMP3, and TIMP4, which potentially leads to decreased inhibition of MMPs and increased
collagen turnover which was corroborated by our histological data.

In the RV, genes involved in the apelin signalling pathway were enriched among the
up-regulated genes. The apelin/apelin receptor system functions in various cardiovascular
processes such as vascular homeostasis, angiogenesis, cardiomyocyte contractility, cardiac
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hypertrophic response, and even in early cardiac development [32,33]. Our data for the first
time, report significantly up-regulated apelin signalling pathway in the RV of end-stage
DCM hearts. Whether this is an attempt of the failing heart to deal with the hypoxic envi-
ronment and myocardial injury or up-regulation of the apelin pathway actually contributes
to the deterioration of the end-stage DCM heart remains to be determined. The dynamic
expression pattern of this pathway during disease development warrants further investiga-
tions. Our network analysis illustrated unique gene interactions at multiple levels in the
LV and RV in patients treated medically and in those with LVAD and is consistent with an
emerging view shaped by pre-clinical models that RV and LV have distinct embryological
origins, workload and remodelling [34].

3.3. Gene Expression Post-LVAD Use

Upon LVAD implantation, genes involved in the immune response showed normal-
ization (up-regulation) towards the healthy state in both the LV and RV. Proteomic analysis
revealed increased abundance of innate immune response-related proteins, but a decreased
abundance of complement system proteins [35]. However, it remains unknown if the
up-regulation in immune response genes observed in this study is due to the unloading
effect of LVAD on the ventricles or a triggered immune response by the insertion of a
foreign object into the LV. Given the long duration of LVAD support in our study (median:
156 days, IQR: 131–268 days), perhaps the initial acute immune activation post-LVAD
implantation plays less of a role in the observed up-regulation of immune response genes
at the transcriptomic level. Moreover, our LV samples were taken at least 1 cm away from
the insertion site of the LV cannula.

In the LV, genes involved in ECM remodelling were normalized after LVAD use. Both
TIMP1 and TIMP3 (down-regulated in end-stage DCM without LVAD) were up-regulated
post LVAD implantation. Besides gene normalization, LVAD use induced additional
transcriptomic changes in the LV of the mechanically unloaded heart. Genes encoding
for the alpha chain of collagen types 1, 3, and 14 (COL1A1, COL3A1, COL14A1) were all
up-regulated in DCM hearts with LVAD compared to DCM hearts without LVAD. The
effect of LVAD on the degree of collagen formation and fibrosis in the DCM heart is variable
with some studies showing decreased collagen content post-LVAD, while others found
increased collagen cross-linking with subsequent increased myocardial stiffness [36–38].
Although we observed an up-regulation of collagen expression, significant enrichment of
TIMPs was also noted. TIMPs are suppressor of fibrosis and are known to decrease the
deposition of excess collagen [28,39]. This complex interplay between the determinants of
ECM remodelling can explain the overall reduction in fibrosis observed on staining. Our
findings confirm the complex regulation of the ECM with up-regulation of TIMPs leading
to increased inhibition of MMP activity and subsequently decreased ECM remodelling in
the setting of reduced overall myocardial fibrosis.

Genes involved in the HIF-1 pathway for oxygen homeostasis were normalized
(up-regulation) in the LV post-LVAD. Other genes related to angiogenesis were also up-
regulated after LVAD implantation, which makes sense since the HIF-1 pathway was found
to be a master regulator of angiogenesis [21,40]. Interestingly, the phosphatidylinositol
3-kinase (PI3K) pathway was up-regulated post-LVAD insertion and is known to play
key roles in numerous cellular processes including angiogenesis and cytoskeletal remod-
elling [41,42]. Levels of heme oxygenase-1 (HO-1), a stress protein whose presence is
induced by hypoxia, is decreased in DCM after LVAD use, suggesting improved myocar-
dial hypoxia [43]. In our study, the normalization of genes involved in the HIF-1 pathway
may contribute to the improved myocardial oxygen homeostasis following the unloading
effect of LVAD. Pathways such as PI3K, MAPK, and TNFα were up-regulated after LVAD
implantation. These pathways are important in numerous physiological processes such
as the regulation of cellular metabolism, growth, proliferation, and apoptosis, which are
critical mediators of the reverse remodelling from mechanical unloading of the failing heart
via LVAD use [44,45].
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3.4. Gene Regulation Post-LVAD Use

miRNA expression showed a trend towards normalization post-LVAD use, and four
miRNAs (1 in the LV, 3 in the RV) were significantly normalized following LVAD implanta-
tion. In the LV, miR-4458 was significantly normalized following the unloading effect of
LVAD. miR-4458 is a relatively new miRNA identified in several carcinomas [46,47]. At the
cellular level, miR-4458 was shown to suppress cell proliferation and promote apoptosis
in breast cancer and haemangioma [47,48]. miR-4458 functions as a negative modulator
in cardiac hypertrophy and inhibition of this miRNA exacerbates cardiac hypertrophy.
Our study is the first to demonstrate that miR-4458 is regulated in end-stage DCM with
its expression normalizing after LVAD use. Our histological data support this finding,
showing that cardiomyocyte CSA was normalized following LVAD implantation.

In the RV, 3 miRNAs (miR-21*, miR-1972, miR-4461) were significantly normalized post-
LVAD use. While miR-1972 and miR-4461 have not been studied in the context of cardiovascular
disease, miR-21* has been implicated in adverse myocardial remodelling [49,50]. Recent studies
on miRNAs revealed the abundance of many miRNA* (miRNAstar), previously believed to
undergo intracellular degradation [50]. MiR-21* induce hypertrophy of cardiomyocytes and
inhibition of miR-21* alleviated cardiac hypertrophy in a model of angiotensin II-induced
heart disease [51]. In contrast, another study revealed the intrinsic anti-hypertrophic
function of miR-21* in cardiomyocytes [52]. Our study supports miR-21* role in the
pathogenesis of heart failure and we found that LVAD use normalized the expression of
this miRNA. LVAD use also induced changes in the expression of other miRNAs whose
target genes function in the immune response and cellular physiological processes. While
some studies found many miRNAs normalizing after LVAD use, others showed minimal
changes [53]. Findings from our study suggest that changes in gene expression after LVAD
implementation is partly attributable to miRNA regulation, and LVAD use has a more
pronounced effect on miRNA normalization in the RV compared to the LV.

3.5. Strengths and Limitations

The limitations of our study include those of all descriptive studies using microarray
or RNA sequencing. Microarray technology relies on a pre-determined set of probes so
our study may not capture the full transcriptomic profiles of these hearts. However, proof
of concept regarding gene expression and regulation generated in DCM hearts with or
without LVAD should be further evaluated using next-generation sequencing [54]. Previous
studies have examined molecular signatures in DCM hearts after LVAD use; however, the
pre-LVAD samples were obtained from the apex region, while the post-LVAD samples were
from the left ventricular free wall (LVFW) or septum. This regional variability between
pre-and post-LVAD tissues may affect the evaluation of gene expression and regulation.
The LVFW was consistently used in our study to control this regional variation. However,
inter-individual variability may still play a role in our study since the pre-VAD and post-
VAD samples were from different patients (as opposed to from the same people at the time
of LVAD insertion and transplantation). The clinical background including mutations is an
important modifier of myocardial gene expression. Future studies should expand analysis
to these important variables to provide information on gene expression in the diseased
human hearts. Another strength of our study is our ability to assess the transcriptomic
changes in both the LV and RV of these hearts; in contrast, the majority of previous studies
only looked at changes in the LV. We also studied both mRNA and miRNA expression and
were, therefore, able to evaluate the effects of LVAD use on both gene expression and gene
regulation, as well as assess whether changes in miRNA expression were accompanied by
corresponding changes in mRNA expression.

4. Materials and Methods
4.1. Study Patients and Protocol

The study protocol (Pro00011739) was reviewed and approved by the Health Research
Ethics Board at the University of Alberta. The inclusion criteria were broad and included
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consecutive patients having heart transplantation at the Mazankowski Alberta Heart
Institute and we were able to consent 99% of our patients. The only exclusion criterion
was lack of written consent. All patients who participated in the study provided written
informed consent in accordance with the Declaration of Helsinki. Clinical information for
patients with DCM was collected via review of medical records from electronic databases
maintained by Alberta Health Services based on the Human Explanted Heart Program
(HELP) at the University of Alberta [4,54]. Available information on non-failing donor
hearts was provided by the Human Organ Procurement and Exchange (HOPE) program in
Northern Alberta.

4.2. Heart Tissue Procurement

LV and RV free-wall (LVFW and RVFW) tissue from two groups of explanted failing
human hearts, DCM with LVAD (n = 8, male:female [M:F] = 7:1) or without LVAD (n = 8,
M:F = 7:1) were collected via the HELP program. Non-failing control human hearts (n = 6,
M:F = 4:2) were collected via the HOPE program. All hearts received cold cardioplegia,
promptly explanted, preserved in cold saline, and kept on ice. Transmural myocardial
tissue samples from the mid LVFW and RVFW were collected within 5 min of explantation
and completed within 15 min, frozen in liquid nitrogen and stored at −80 ◦C for subsequent
use [4].

4.3. Histology
4.3.1. Picrosirius Red Staining

Formalin-fixed LVFW and RVFW were embedded in paraffin and sectioned with 5-µm
thickness. Sections were stained using picrosirius red (PSR; Sigma, Oakville, ON, Canada)
following standard procedure. Samples were visualized at 100× magnification using the
Olympus IX-8 fluorescence microscope. Images were taken in at least 10 fields of view
per sample to cover the whole slide. Myocardial collagen content was quantified using
Metamorph Basic (Version 7.7.0.0). Values obtained across all fields of view were averaged
for each sample. Image acquisition and myocardial collagen content quantification were
conducted in a double-blinded fashion.

4.3.2. Wheat Germ Agglutinin Staining

OCT-embedded frozen blocks of LVFW and RVFW were sectioned with 5 µm thick-
ness. Sections were stained using Oregon Green 488–conjugated wheat germ agglutinin
(Invitrogen, Burlington, ON, Canada) following standard procedure. Samples were visu-
alized at 200× magnification using the Olympus IX-8 fluorescence microscope. Images
were taken in at least 10 random fields of view per sample. Cardiomyocyte cross-sectional
area was measured by tracing the area congruent to the wheat germ agglutinin-stained
cardiomyocyte membrane using Metamorph Basic (Version 7.7.0.0). Values obtained across
all fields of view were averaged for each sample. Image acquisition and cardiomyocyte
cross-sectional area quantification were conducted in a double-blinded fashion.

4.4. RNA Processing and Microarray

RNA extraction was performed using an RNeasy Mini Kit (Qiagen, Toronto, ON,
Canada) according to the manufacturer’s instructions. The purity of the total RNA was de-
termined from the ratio of absorbance readings at 260 and 280 nm, with an A260/280 ratio
between 1.8 and 2.0 indicating acceptable purity. RNA samples were stored at −80 ◦C for
microarray analysis. BioAnalyzer was used to assess RNA sample quality. All RNA anal-
ysed had an RNA Integrity Number (RIN) of 7.5–10. Microarray analysis was performed
using the PrimeView Human Gene Expression Array (Thermo Fisher, Ottawa, ON, Canada)
and GeneChip miRNA 3.0 Array (Thermo Fisher), according to the manufacturer’s protocol.
mRNAexpression analysis was performed using TaqMan reverse transcription polymerase
chain reaction as before, using primers and probes obtained from Invitrogen [28]. mRNA
levels for each gene were normalized to 18S levels for corresponding sample.
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4.5. Data Generation and Analysis

Transcriptomic data, both mRNA and miRNA, were normalized and analysed using
Transcriptome Analysis Console (Version 4.0.1) (Thermo Fisher). One-Way Between-Subject
ANOVA was used to calculate p-values, and a p-value of less than 0.05 was considered
significant. Cut-off fold change (FC) for differentially expressed transcripts was set at 2
(≥2 for up regulation or ≤−2 for down-regulation). For analysis of transcript expression
normalization after treatment with LVAD, only the p-value cut-off was applied in order to
capture all effects of treatment on transcript expression.

To identify significantly enriched functional pathways and gene ontology (GO) terms
related to biological processes and molecular functions, differentially expressed genes
were analysed using Enrichr (Available online: https://amp.pharm.mssm.edu/Enrichr/
(accessed on 7 January 2022)). The top ten most significantly enriched Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways, GO terms related to biological process (BP), and
GO terms related to molecular function (MF) were reported for each enrichment analysis.
miRNet (Available online: https://www.mirnet.ca/miRNet/home.xhtml (accessed on
7 January 2022)) was used to predict miRNA target genes and their enrichment analysis.
The top ten most significantly enriched KEGG pathways, GO terms related to BP, and GO
terms related to MF were reported for the target genes, as previously performed. miRNA–
mRNA interactions were analysed using Transcriptome Analysis Console (Version 4.0.1)
(Thermo Fisher).

4.6. Statistical Analysis

Parametric continuous variables were expressed as means with their respective stan-
dard deviations (SDs). Non-parametric continuous variables were expressed as medians
with their respective interquartile ranges (IQRs). Categorical variables were expressed as
the total number in each category and the corresponding percentage of the study group they
represented. Data distribution was assessed by the Kolmogorov–Smirnov test, D’Agostino–
Pearson omnibus normality test, and Shapiro–Wilk normality test. All statistical analyses
were performed using SPSS Statistics version 25 (IBM, New York, NY, USA). ANOVA
followed by post hoc Tukey’s multiple comparison test, student’s t-test, two-tailed Mann–
Whitney test, and two-sided Fisher’s exact test and were used for parametric continuous,
non-parametric continuous, and categorical data, respectively.

5. Conclusions

Our study used microarray technology to determine the transcriptomic signatures
of end-stage DCM hearts as well as the effects of LVAD use on these signatures. We
identified major physiological processes contributing to the pathogenesis of end-stage
DCM. Our results also suggest that the unloading effect of LVAD normalizes the expression
of various genes and miRNAs towards healthy levels and that it also induces additional
transcriptomic changes in the expression of both mRNAs and regulatory miRNAs. Right
and left ventricular remodelling are distinct and we have identified multiple possible
therapeutic targets for HF driven by LV and/or RV failure.
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Abstract: Dilated cardiomyopathy (DCM) is the most common type of nonischemic cardiomyopathy
characterized by left ventricular or biventricular dilation and impaired contraction leading to heart
failure and even patients’ death. Therefore, it is important to search for new cardiac tissue regener-
ating tools. Human mesenchymal stem/stromal cells (hmMSCs) were isolated from post-surgery
healthy and DCM myocardial biopsies and their differentiation to the cardiomyogenic direction
has been investigated in vitro. Dilated hmMSCs were slightly bigger in size, grew slower, but had
almost the same levels of MSC-typical surface markers as healthy hmMSCs. Histone deacetylase
(HDAC) activity in dilated hmMSCs was 1.5-fold higher than in healthy ones, which was suppressed
by class I and II HDAC inhibitor suberoylanilide hydroxamic acid (SAHA) showing activation of
cardiomyogenic differentiation-related genes alpha-cardiac actin (ACTC1) and cardiac troponin T
(TNNT2). Both types of hmMSCs cultivated on collagen I hydrogels with hyaluronic acid (HA) or
2-methacryloyloxyethyl phosphorylcholine (MPC) and exposed to SAHA significantly downregu-
lated focal adhesion kinase (PTK2) and activated ACTC1 and TNNT2. Longitudinal cultivation of
dilated hmMSC also upregulated alpha-cardiac actin. Thus, HDAC inhibitor SAHA, in combination
with collagen I-based hydrogels, can tilt the dilated myocardium hmMSC toward cardiomyogenic
direction in vitro with further possible therapeutic application in vivo.

Keywords: cardiomyogenic differentiation; cardiac mesenchymal stromal cell; hydrogels; histone
deacetylase inhibitors

1. Introduction

Dilated cardiomyopathy (DCM) refers to heterogeneous myocardial disorders char-
acterized by ventricle dilation and depressed myocardial performance [1]. It starts in
the left ventricle and initiates chamber dilation, wall stretching, and thinning. Changed
volume of the left ventricle further spreads to the right ventricle and then to the atria
subsequently leading to the dilation of the whole heart [2]. Dilated cardiomyopathy and
its further complications (heart failure, arrhythmias, thrombosis) are among the leading
global causes of human mortality [3]. Current DCM treatment strategies are not always
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successful and often lead to heart transplantation. Therefore, new technologies modifying
heart cells and/or extracellular environment to restore and/or regenerate damaged heart
tissue remain relevant these days.

Studies investigating the effects of direct stem cell injection into heart muscle, epicar-
dial patch or systemic cell deliver revealed embryonic, induced pluripotent, hematopoietic,
adult mesenchymal stem/stromal (MSC), and cardiac progenitors being mostly employed
for the cardiac regeneration studies both in vitro and in vivo [4–6]. However, stem cell
transplantation-based DCM therapies have met several obstacles, such as cell-related tu-
morigenicity and immunogenicity, poor retention/engraftment, and insufficient tissue
targeting [6]. The application of sophisticated tissue-engineered and cell-secreted products
mimicking natural heart environment was also shown to improve survival of transplanted
cells and subsequently human heart functioning [7–9]. However, the successful therapeutic
engraftment of stem cells or extracellular environment-based components in the heart
is still low due to the lack of more detail mechanistic investigations. Thus, new biosys-
tems and/or biotechniques intracellularly and extracellularly stimulating cardiomyogenic
differentiation processes are needed in order to improve failed heart functioning.

Histone deacetylases (HDACs) catalyze the removal of acetyl groups from lysine
residues in the NH2 terminal tails of core histones, resulting in a more closed chromatin
structure and repression of genes activity [10]. In addition to the histones, HDACs also
control activity of various non-histone proteins such as tubulin, importin, Hsp90, and
hypoxia factor-1 [11]. Altogether, 18 HDACs are recently known and grouped into the
main four classes based on their structural and functional characteristics [12]. The class I
HDACs (1, 2, 3, and 8) mainly control intracellular functions such as cell cycle, viability,
proliferation and death, whereas class II HDACs (4, 5, 6, 7, 9, and 10) are more related
to the tissue specific functions [12]. Class III HDACs include the Sirtuin (SIRT) family
of seven proteins that are dependent on the NAD+ and do not contain zinc as do other
HDACs [13]. Class IV HDAC include only HDAC11, which biological function has still
not been fully investigated [14]. HDACs play a fundamental role in regulation of cell
proliferation, survival, and differentiation, while impaired HDAC functions are widely
involved in many pathophysiological processes such as cancer, neurodegeneration or
inflammations-related disorders [15–17]. However, the role of HDACs and their inhibitors
in DCM pathophysiology has not been fully investigated.

Cardiomyogenic differentiation in vitro can be induced by various factors inducing
intracellular and extracellular changes. Accumulating data suggest that cells cultivated
in conditions mimicking natural environment in vivo experience less stress and obtain
more relevant phenotype [18]. It was also shown that adult tissue-derived MSC, when
cultured for a long period on plastic surface, change cell shape and responses to the external
stimuli [19]. Moreover, the plastic surface does not mimic the environment in which cells
grow in vivo: the extracellular matrix (ECM) chemistry, cell-to-ECM contacts and other
paracrine factors are changed. Extensive studies indicate that ECM components and inte-
grin receptors-related signaling are very important regulators of myocardial hypertrophy,
dilated cardiomyopathy, and even heart failure [20–22]. One of the major proteins involved
in the ECM-cell signaling cascade is the non-receptor protein tyrosine kinase (FAK), which
can be activated by growth factors or through the integrin-mediated cell attachment to the
extracellular surfaces [23]. FAK activation has been shown also to be strongly involved in
the regulation of myocyte hypertrophy model systems in vitro [24,25] and in vivo [26,27]
and might be an important element regulating intracellular signaling systems and cardiac
gene expression.

Since the main component of heart tissue ECM is collagen I (~80%), which has a
tunable mechanical elasticity and ability to crosslink with various additives, it makes
collagen I a very attractive biomaterial for cardiomyogenic differentiation studies [28].
Hyaluronic acid (HA) is another most abundant non-proteoglycan, a polysaccharide com-
ponent of the heart ECM, which in combination with collagen I was successfully used for
the rat heart tissue engineering purposes [29]. Recent study also showed that polymer
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2-methacryloyloxyethyl phosphorylcholine (MPC), beside its structural similarity to the
cell membrane phospholipids, has anti-inflammatory properties that were used to improve
survival of long-term corneal implants [30]. Moreover, the corneal implants with MPC
showed faster eye nerve regeneration and recovery than implants without MPC. Beside the
chemical composition of the heart ECM mimicking biomatrices, their mechanical properties
as well as surface topography can also regulate cell–cell, cell–ECM interactions chang-
ing an intracellular signaling and stimulating myogenic differentiation in vitro [31–33].
However, the impact of hybrid collagen I, HA, and MPC hydrogels and linear surface
topography on the expression of cardiomyogenic differentiation-related genes in human
dilated myocardium-derived hmMSC has not been investigated.

Therefore, the main goal of this study was to investigate abilities to tilt the dilated
myocardium-derived hmMSC to the cardiomyogenic differentiation. We have also in-
vestigated the levels of MSC origin biomarkers, growth intensity, and HDAC activity in
dilated myocardium derived-MSC comparing to the hmMSC derived from the normal
functioning myocardium in vitro. The HDAC activity in dilated hmMSC was significantly
higher compared to the healthy ones, which has been suppressed by class I and II HDAC
inhibitor SAHA (also known as Vorinostat) subsequently activating expression of two
main cardiomyogenic differentiation-related genes alpha cardiac actin (ACTC1) and cardiac
troponin T (TNNT2). The impact of hybrid collagen I hydrogels with or without hyaluronic
acid and polymer 2-methacryloyloxyethyl phosphorylcholine on the expression of ACTC1
and TNNT2 and possible role of FAK as well as longitudinal cell growth mode has been
investigated. Data of this study show that HDAC inhibitor SAHA alone or in combination
with hybrid collagen I-based hydrogels positively affect dilated hmMSC differentiation to
cardiomyogenic direction in vitro.

2. Results
2.1. Cell Isolation and Morphology

Human healthy and pathological (DCM myocardium-derived) hmMSC were isolated
by explant outgrowth method and had typical stromal cell-like morphology (Figure 1A).
hmMSC isolated from dilated human myocardium (Figure 1C) were bigger in shape and
grew flatter on the plastic surface than hmMSC isolated from the healthy myocardium
(Figure 1B). The size of healthy and dilated heart myocardium-derived hmMSC was
calculated by evaluating cell attachment surface (µm2) (Figure 1D).
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Figure 1. Morphology and size of healthy and pathological/dilated myocardium-derived hmMSC. (A) hmMSC outgrowth
from human left ventricle myocardium biopsy material. (B) Healthy hmMSC in culture (2 weeks). (C) Pathological hmMSC
in culture (2 weeks). (D) Cell size evaluation according to the cell attachment surface (µm2) using ImageJ software. Data
are shown as mean value ± SD. * Data are significant at p ≤ 0.05 from not measuring not less than 60 cells (n = 60)
of three patients from each group and comparing healthy and pathological cells. Statistical data were calculated using
Excel software.

2.2. Characterization of Healthy and Dilated Myocardium-Derived hmMSC

Beside the morphology, we have also identified the MSC origin of healthy and patho-
logical/dilated hmMSC by measuring levels of typical surface markers and differentiation
potential to the main MSC directions (osteo, chondro, and adipo). The investigation of
MSC typical biomarkers allows to evaluate the initial status of the healthy and dilated
hmMSC and their further capabilities.

MSCs-typical surface markers were assessed by flow cytometer (Figure 2A). Healthy
hmMSC were positive for CD29 (~98%), CD44 (~99%), CD90 (~87%), CD105 (~86%),
and CD73 (~92%) and were nearly negative for CD45 (~1.1%), CD14 (~1.1%). Dilated
myocardium-derived hmMSC (pathological) exhibited similar levels of surface markers:
CD29 (~97%), CD44 (~90%) CD90 (~70%), CD105 (~85%), and CD73 (~78%).

32



Int. J. Mol. Sci. 2021, 22, 12702

Figure 2. The identification of human healthy and pathological/dilated myocardium-derived hmMSC. (A) The levels of
MSC-typical surface biomarkers on healthy and pathological hmMSC. (B) Qualitative evaluation of hmMSC differentiation
towards osteo-, chondro-, and adipogenic directions (C) Spectrophotometric evaluation of osteo-, chondro-, and adipogenic
differentiation. (D) Intracellular calcium level measured by Cal-520 dye. Data are shown as mean value ± SD. * Data are
significant at p ≤ 0.05 level from three repeats (n = 3) of three patients from each group comparing osteo differentiated and
not differentiated cells or intracellular calcium in healthy and pathological hmMSC using Excel software.

The qualitative evaluation of differentiation potential of both types of the hmMSC
to MSC-typical directions varied: cells showed osteo (strong), chondro (very weak), and
adipo (almost not detected) (Figure 2B). Quantitative (spectrophotometric) evaluation of
differentiation potential showed similar results (Figure 2C). Interestingly, both types of the
hmMSC showed significantly increased differentiation to the osteo direction compared to
the chondro and adipo (Figure 2C). The osteogenic differentiation was more prominent
in the pathological hmMSC than in healthy MSC that could be related to the changed
intracellular calcium level during DCM degeneration (Figure 2D). There is also a possibility
that strong osteogenic differentiation of both types of the hmMSC is age-related sign: both
cell types were isolated from elder men (55–65 years old) myocardiums that often show
increased calcium deposits causing calcification and stiffening of the valve cusps in vivo.
This part needs more detailed investigations.
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2.3. Proliferation and Cardiomyogenic Differentiation of hmMSC on ECM Components-Precoated
Plastic Surfaces

In order to understand, which type of hydrogel will be the best for the further car-
diomyogenic differentiation studies, we investigated the proliferation of both types of
the hmMSC on natural collagen I (0.2%) and fibronectin (2 ng/mL) precoated and not
precoated plastic surfaces for nine days. Results indicate that healthy hmMSC proliferated
faster than pathological hmMSC on all types of surfaces (Figure 3). The proliferation rate
of both types of the cells was highest on natural collagen I precoated surface, compared to
the plain plastic or fibronectin (Figure 3). Both types of the hmMSC showed exponential
growth mode.

Figure 3. Proliferation of healthy and pathological/dilated myocardium-derived hmMSC on differently precoated and not
precoated plastic surfaces. (A) Proliferation of healthy hmMSC. (B) Proliferation of pathological/dilated hmMSC. Both
types of hmMSC were cultivated on surfaces precoated with 0.2% of natural collagen I, 2 ng/mL of fibronectin, and not
precoated plastic surface for 9 days. Cell proliferation was measured by the CCK-8 kit. * Data are presented as mean of
absorption (450 nm) ± SD and are significant at p ≤ 0.05 comparing cells grown on natural collagen I precoated plastic
surface to not precoated or precoated with fibronectin. Not less than three repeats (n = 3) of three patients from each group
were measured.

Further, we investigated the total HDAC activity (Figure 4A) and the effect of HDAC
inhibitor SAHA on it (Figure 4B). The HDAC activity was significantly higher in the
pathological cells (almost 50%) compared to the healthy hmMSC (Figure 4A), and was
significantly suppressed by 1 µM SAHA during three days of incubation (Figure 4B). In
parallel, we investigated the impact of 1 µM SAHA on the expression of most typical car-
diomyogenic differentiation-related genes in vitro alpha-cardiac actin (ACTC1) (Figure 4C)
and cardiac troponin T (TNNT2) (Figure 4D) in healthy and pathological hmMSC growing
on plastic surface. The expression of ACTC1 and TNNT2 in both types of hmMSCs exposed
to 1 µM SAHA for 14 days was upregulated (Figure 4C,D). HDAC inhibitor SAHA most
significantly affected cardiac gene expression in pathological hmMSC. Data show that
dilated myocardium-derived hmMSC still retained ability to differentiate to the cardio
myogenic direction, which can be stimulated in vitro by epigenetic regulator SAHA.
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Figure 4. The effect of HDAC inhibitor SAHA on HDAC activity and cardiomyogenic differentiation of healthy and
pathological/dilated myocardium-derived hmMSC. (A) HDAC activity in the healthy and pathological hmMSC. (B) The
effect of SAHA on HDAC activity during 3 days of incubation. Expression of cardiomyogenic differentiation-specific genes:
alpha-cardiac actin (ACTC1) (C) and cardiac troponin T (TNNT2). (D) The relative cardiac gene expression is shown as
2−∆Ctx2,000,000 and was normalized to the ACTB gene. Data are shown as mean ± SD and are significant at * p ≤ 0.05,
** p ≤ 0.01 levels from not less than three repeats (n = 3) of three patients from each group as calculated using the GraphPad
Prism 6 software.

2.4. The Attachment and Growth of Healthy and Dilated Myocardium-Derived hmMSC on Hybrid
Collagen I Hydrogels

Since both types of hmMSC showed better proliferation on natural collagen I-precoated
plastic surface compared to the fibronectin or plain plastic surface, we investigated hmMSC
attachment and survival on collagen type I (Col)-based hydrogels supplemented with HA
and MPC during 24 h of cultivation (Figure 5). The healthy and pathological hmMSCs
showed better adherence to the Col hydrogels and aligned growth mode (Figure 5A, arrows)
compared to the cells attached to the Col-MPC and Col-HA hydrogels (Figure 5). Overall,
healthy hmMSC slightly better adhered to the all types of hybrid hydrogels compared to
the pathological hmMSC (Figure 5A,B).
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Figure 5. Attachment and survival of healthy and pathological/dilated myocardium-derived hmMSC on collagen I-based
hydrogelss. (A) Healthy and pathological hmMSCs were allowed to attach to the collagen type I (Col) hydrogels, and
collagen type I hydrogels with hyaluronic acid (Col-HA) and 2-methacryloyloxyethyl phosphorylcholine (Col-MPC) for
24 h. (B) Assessment of cell viability by CCK-8 absorption after 24 h in culture. * Significantly better attachment of hmMSC
on Col hydrogels compared to the Col-MPC and Col-HA. Data are shown as absorption mean ± SD and are significant at
p ≤ 0.05 from not less than tree repeats (n = 3) of two patients from each group. Scale bars are 100 µm. Arrows show linear
growth mode of healthy hmMSC on Col hydrogel.

Further, we have investigated expression of cardiomyogenic differentiation genes
ATCT1 and TNNT2 in healthy and dilated hmMSC cultured on hybrid hydrogels with and
without HDAC inhibitor SAHA for 14 days. For the cardiomyogenic differentiation, both
types of the hmMSC were cultured to complete confluence before adding SAHA.

2.5. The Differentiation to Cardiomyogenic Direction of Healthy and Pathological hmMSC
on Hybrid Collagen Type I Hydrogels

Since both types of hmMSC better attached and grew on Col hydrogel than on Col-
MPC and Col-HA, we further investigated the impact of collagen I-based hydrogels on
SAHA-stimulated cardiomyogenic differentiation of hmMSCs. In order to investigate the
impact of hydrogels, healthy and pathological/dilated hmMSC were grown to monolayer
on Col, Col-HA, and Col-MPC hydrogels and exposed to 1 µM SAHA for 3, 7, and 14
days (Figure 6). The differentiation of hmMSCs to cardiomyogenic direction was estimated
by the expression of the ACTC1 and TNNT2 genes and compared to the cells cultivated
on plastic.
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Figure 6. Expression of alpha-cardiac actin (ACTC1) and cardiac troponin T (TNNT2) genes in healthy and pathologi-
cal/dilated myocardium-derived hmMSC during exposure to 1 µM SAHA for 3, 7, and 14 days. (A) Morphology of healthy
and pathological hmMSC during 14 days of exposure to 1 µM SAHA on Col, Col-MPC, Col-HA hydrogels and plastic
(Control). (B) Expression of ACTC1 (upper panels) and TNNT2 (lower panels) in healthy and pathological hmMSC grown on
Col, Col-MPC, Col-HA hydrogels and plastic (Control). Relative cardiac gene expression is shown as 2−∆Ctx2,000,000 and
was normalized to the ACTB gene. Data of 3 replicates (n = 3) of two patients in each group are shown with ±SD. Data are
significant at * p < 0.05, ** p < 0.01 comparing expression of ACTC1 and TNNT2 cultivated on the hydrogels with the cells
cultivated on plastic. The arrows indicate the longitudinal growth pattern of healthy hmMSC.
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The healthy hmMSC maintained more linear growth pattern on hybrid collagen
I-based hydrogels compared to the pathological hmMSC during 14 days of cultivation
(Figure 6A, arrows). All employed hydrogels showed different impact on ACTC1 expression
over the time: the highest ACTC1 expression in both types of hmMSC cultivated on Col-HA
was at the seventh day (142.5 ± 17.7 and 306.6 ± 18.8-fold, for the healthy and pathological
cells, respectively), whereas hmMSC cultivated on Col and Col-MPC hydrogels most
intensively expressed ACTC1 at the 14th day (146.5± 4.8 and 55.1± 7.2-fold for the healthy,
and 339.2 ± 28.2 and 322.1 ± 31.1-fold for the pathological cells, respectively) compared to
the cells cultivated on plastic (Figure 6B, upper panels). The lowest ACTC1 activation was
in the cells cultivated on plastic (control).

A similar tendency was observed in TNNT2 expression: the level of TNNT2 in healthy
and pathological hmMSC cultivated on Col-HA matrices was strongly upregulated at the
third (5830.6± 1174.6 and 67812.3± 11048.2-fold, respectively) and seventh (1708.1± 152.7
and 130072.9 ± 14245.2-fold, respectively) day, whereas cultivated on Col and Col-MPC
hydrogels was stably increasing up to the 14th day compared to the cells cultivated on
plastic (Figure 6B, lower panels). The lowest stimulation of TNNT2 expression, similar
to ACTC1, was in the cells cultivated on plastic (Figure 6B, lower panels). In general, the
activation of ACTC1 and TNNT2 was stronger in pathological hmMSCs, compared to the
healthy ones, suggesting retained regeneration potential of dilated myocardium.

2.6. The Expression of Focal Adhesion Kinase (FAK) in Healthy and Pathological hmMSC Grown
on Hybrid Collagen I Hydrogels

In addition to ACTC1 and TNNT2, the expression of FAK gene (PTK2) in the hmMSCs
grown on the hybrid hydrogels has been estimated. FAK is a non-receptor protein tyrosine
kinase participating in cell-ECM adherence signal transferring and stress responses. Data
show that expression of FAK kinase gene PTK2 was lower in both types of the hmMSC
cultured on hybrid collagen I-based hydrogels compared to the plastic (Figure 7). In addi-
tion, the expression of PTK2 in healthy hmMSC cultured on plastic was higher compared
to the pathological hmMSC (Figure 7) suggesting healthy hmMSC being more sensitive
to the adherence stress than pathological. Moreover, the lower expression of PTK2 in
both types of hmMSC grown on hydrogels can be explained by around 100-fold lower
stiffness of all tested hydrogels: Col is ~140 kPa, Col-MPC is ~95, Col-HA is ~110 compared
to the plastic (10,000 kPa) [31]. Reduced adherence-caused stress as well as hydrogel
composition in the cells cultivated on hydrogels positively affected their cardiomyogenic
differentiation-related gene expression.
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Figure 7. Expression of focal adhesion kinase gene (PTK2) in healthy and pathological/dilated myocardium-derived
hmMSC cultivated on plastic and Col, Col-MPC and Col-HA hydrogels, and exposed to 1 µM SAHA for 3, 7, and 14 days.
(A) Expression of focal adhesion kinase (PTK2) gene in the healthy hmMSC. (B) Expression of focal adhesion kinase gene
PTK2 in the pathological hmMSC. Relative PTK2 gene expression is shown as 2−∆Ctx2,000,000 and was normalized to the
ACTB gene. Data are shown as mean ± SD of three replicates (n = 3) from two patients of each group and are significant at
** p < 0.01 levels comparing expression of PTK2 in the cells cultivated on the hydrogels with the cells cultivated on plastic.

2.7. The Impact of Longitudinal hmMSC Culturing on the Cardiomyogenic
Differentiation-Related Proteins

In order to investigate the impact of linear pattern of hmMSC growth on the level
of alpha-cardiac actin, the different width of fibronectin bioprinted stripes were used.
The fibronectin lines were bioprinted on 1 cm diameter glass precoated with the low cell
adherence material as shown in Figure 8 and described in the method part. The hmMSC
cultivated on such biochips can attach only to the various topography of bioprinted
fibronectin places.

Previous micrographs of this study (Figures 5, 6 and 8A, scheme) showed that healthy
myocardium-derived hmMSCs grow in more neatly longitudinal manner than dilated
myocardium-derived hmMSC. Both types of the hmMSC were cultivated on 20 ± 0.3 µm
and 45 ± 1 µm wide fibronectin stripes-printed biochips (Figure 8B,C) for three days in
IMDM medium without an additional stimuli and the level of alpha-cardiac actin was
determined immunocytochemically (Figure 8C,D). In parallel, both types of hmMSC were
cultivated on uniformly precoated fibronectin surface (Figure 8C, upper panels). The level
of alpha-cardiac actin was strongly upregulated on 45 ± 1 µm fibronectin stripes compared
to the 20 ± 0.3 µm stripes or entire coating (Figure 8D). Data show that artificially oriented
longitudinal cell cultivation manner can increase the level of alpha-cardiac actin in both
types of hmMSC without an additional stimulus. In addition, the expression of alpha-
cardiac actin gene ACTC1 in hmMSC on fibronectin lines was also evaluated by qPCR
method using cell-to-Ct kit (Invitrogen™ TaqMan™ Gene Expression Cells-to-CT™ Kit),
but the number of hmMSC was too low.
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Figure 8. The level of alpha-cardiac actin in healthy and pathological/dilated myocardium-derived hmMSC cultured on
uniformly-coated or linearly-printed fibronectin surfaces. (A) Schematic visualization of growth patterns of healthy and
pathological hmMSC. (B) The schematic presentation of 20 ± 0.3 µm and 45 ± 1 µm fibronectin stripes. Fn—fibronectin,
HPMAA—hydrophobic gel containing methyl methacrylic acid (MAA), 2-hydroxyethyl methacrylate (HEMA), and PEG
methacrylate (PEG10MA). (C) Immunocytochemical micrographs of alpha-cardiac actin in healthy and pathological hmMSC.
Upper panels—cells grown on uniformly fibronectin (2 ng/mL) coated surface, middle panel—on 20 ± 0.3 µm fibronectin-
printed stripes, bottom panel—on 45 ± 1 µm µm fibronectin-printed stripes. Nuclei were stained with DAPI (blue). Scale is
100 µm. (D) Quantitative calculation of alpha-cardiac actin expression was evaluated by the fluorescence intensity (red)
using ImageJ program and expressed as relative fluorescence units per cell. * Data are shown as mean of fluorescence
intensity ± SD and are significant at p ≤ 0.05 compared fluorescence of the hmMSC on the 45 µm strips with the hmMSC
fluorescence on 20 µm and entire fibronectin coating. Not less than 3 micrographs (n = 3) of the cells from three different
patients of each group were measured.
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3. Discussion

It has long been thought that adult human heart is terminally differentiated organ
without self-regenerating capabilities and only functions of cardiomyocytes (CM) were
investigated [34]. However, it was shown that heart is composed of various types of the cells
and even maintain slow regeneration potential [35,36]. It has been also shown that human
cardiac regeneration may take place from the pre-existing CM [37,38], cardiospheres [39],
or c-Kit+ cardiac progenitor cells residing in the heart tissue [40,41]. In addition, the MSC
isolated from different types of adult tissues can have specific features: human fetal heart
MSC was shown to have cardiac immunophenotyping and differentiation potential to CM,
endothelial, or smooth muscle cells [42–44]. Human heart myocardium-derived MSCs
can be used to investigate the human heart pathologies and/or possible ways of heart
regeneration [45,46]. Other authors also suggested that adult human heart tissue-derived
MSC have better cardio regenerating capabilities compared to the bone marrow or other
types of adult MSC [47]. So far, it is a huge demand of cardiac tissue regenerating biomodels
investigating the endogenous heart repair mechanisms, intrinsic and extrinsic signaling
pathways, epigenetic, ECM-based and other molecular mechanisms [48]. In this study,
the hmMSC were isolated from human healthy and DCM myocardium biopsies and their
MSC origin [49], proliferation and ability to differentiate to cardiomyogenic direction
combining intracellular (HDAC inhibitor SAHA) and extracellular biomatrices (hybrid
collagen I-based hydrogels) has been investigated.

For a long time, HDACs were used as a promising tool for the development of new
HDAC inhibitors, as potential anticancer drugs [50]. Recent studies suggested different
members of class I and class II HDACs being important in cardiovascular physiology
and pathophysiology: the interaction of class IIa HDACs with myocyte enhancer factor-2
(MEF-2) was shown to be an essential regulator of mouse cardiac hypertrophy [51,52]. The
increased level of class I HDACs, particularly HDAC2, was directly related to the cardiac
hypertrophy [53] or caused fatal cardiac arrhythmias [54]. Therefore, the investigation of
HDACs activity and their inhibitors in heart diseases, particularly DCM, can be of promis-
ing therapeutic interests [55]. In this study, the dilated myocardium-derived hmMSC
showed different properties compared to the healthy hmMSC: they were bigger in size,
slower proliferated, showed more pronounced osteogenic differentiation than chondro and
adipo, but had similar MSC-typical surface markers [56,57]. The strong osteogenic differ-
entiation of both types of the hmMSC might be an age-related sign: both cell types were
isolated from elder men (55–65 years old) myocardiums that often show increased calcium
deposits causing calcification and stiffening of the valve cusps in vivo [45]. Moreover, the
dilated hmMSC had significantly (1.5-fold) higher level of HDACs activity, which could
negatively affect dilated myocardium. This finding encouraged to investigate the effects of
HDAC inhibitors on dilated myocardium-derived hmMSC.

Data show, suberoylanilide hydroxamic acid SAHA (Vorinostat), a class I and II
pan-histone deacetylase inhibitor, in addition to suppressing HDAC activity in patho-
logical/dilated hmMSC, at the same time stimulating expression of cardiomyogenic
differentiation-related genes. In previous studies, SAHA has been clinically approved
for the treatment of cutaneous T-cell lymphoma (CTCL) and was shown to exert anticancer
activities in various other types of tumors [58]. In addition, recent our publication showed
SAHA suppressing HDAC1 and HDAC2 expression in dilated myocardium-derived MSC,
improved mitochondrial activity and energetic status of human dilated myocardium-
derived hmMSC [46]. Similar findings also confirmed HDAC1 and HDAC2 being the main
regulators of histone acetylation [59]. Other HDACs can also negatively affect cardiac
functioning: overexpression of HDAC4 in mouse cardiomyocytes reduced functional re-
covery after ischemia/reperfusion injury, while excessive activity of HDAC6 in diabetic
rats increased their vulnerability to ischemia/reperfusion injury [60,61]. On the other
hand, the HDACs inhibitors slowed down fibrosis in hypertensive rats, improved mouse
left ventricle end-diastolic pressure and cardiovascular functioning [62,63]. Despite the
positive effect of HDACs inhibitors on animal hearts, their effect on human heart cells,
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particularly derived from the dilated myocardium, has not been investigated. Data of this
study show HDAC inhibitor SAHA, in addition to the suppression of HDAC activity, stim-
ulating expression of cardio myogenic differentiation-related genes ACTC1 and TNNT2,
particularly in dilated hmMSC. Further, the new type of hybrid collagen I-based hydrogels
with HA and MPC have been developed to enhance SAHA effect on cardiomyogenic gene
expression in hmMSC.

Collagen is the most abundant structural component of various tissues such as skin,
tendon, lung, vasculature, and other in mammals [64]. In the heart, the extracellular col-
lagen matrix supports cardiomyocytes and coronary microcirculation, ventricle diastolic
functioning, vasculature system and transmits generated force to pump blood [65]. Fibrillar
collagen type I and III are the major components of the heart extracellular matrix (ECM)
constituting around 80% and 11%, respectively [66]. As natural collagen I is a mechanical-
load flexible material, the main its role in various tissues is to maintain a tissue tensile
and mechanical compression properties [67]. Injectable collagen hydrogels [68], as well
as decellularized intact heart tissue ECM [69], have been used to stabilize ventricle, limit
adverse remodeling, and improve cardiac functioning after myocardial infarction in animal
modelling systems. However, as heart is a highly physically loaded organ, the hydrogels
used for the mechanical studies in vitro or implanted in vivo should withstand high com-
pression and/or compaction [70]. As biological function of collagen lies predominantly
in its mechanical properties, its use for the heart regeneration purposes is the most reli-
able [28]. Therefore, due to the abundance of collagen I in the heart, biodegradability and
mechanical-load elasticity, the hybrid type of collagen I-based scaffolds can be a promising
therapeutic tool with the wide applicability in heart engineering field.

Beside the collagens, HA is the most abundant non-proteoglycan polysaccharide
component of the heart ECM. In the heart, HA is involved in cardiac development at
embryonic stage, healing processes, and also participates in pathological conditions such
as atherosclerosis and myocardial infarction [71]. Since healthy and pathological cells had
similarly high levels (99% and 90%, respectively) of CD44, a known HA receptor, data
suggest that HA component in Col-HA hydrogel might be a dominating factor for the
quick (3–7 days) activation of cardiac differentiation-related genes ACTC1 and TNNT2 in
both types of the hmMSC, while on Col and Col-MPC it required longer (up to 14 days)
of incubation time. There is also a possibility that HA, due to its hydrophilicity, could
interrupt tight collagen packaging and improve cell binding to the hydrogel and subsequent
quicker gene expression [72]. In addition, the combination of collagen I hydrogels with
MPC, a cell membrane mimicking polymer [73], can regulate cell attachment [74], and was
shown to be successfully used in corneal tissue regeneration [30,75]. Recently, MPC has
been also shown to have anti-inflammatory feature that is important for the long-term
tissue regeneration purposes [30]. Despite the fact that various composition of hydrogel
biomatrices have been employed to mimic heart ECM [76], increase vascularization [77],
deliver small molecules [78], or conveniently transplanted cells [79], the interest in complex
cardiac tissue engineering techniques is constantly growing.

In addition, the positive impact of hydrogels on increased expression of cardiomyogenic
differentiation genes ACTC1 and TNNT2 can be also related to the lower hydrogels stiff-
ness: (Col = 140.28 ± 7.20 kPa, Col-MPC = 96.09 ± 13.19 and Col-HA = 113.02 ± 35.05 kPa
compared to the plastic surface (10,000 kPa), while most tissues in our body are much softer
(1–50 kPa) [31]. The softer hydrogel surfaces compared to the plastic decreased expression of
cell adhesion stress-related focal adhesion kinase (PTK2) leading to the higher expression of
cardiomyogenic differentiation genes. The stiffness of hydrogels used in this study differed
little from each other, therefore, we assume that the composition of hydrogels also could have
a significant impact on cardiac gene expression. Mechanical signals from the extracellular
surfaces to the cells are usually transferred through the integrin-based adhesion and distinct
molecules, such as FAK, which are particularly important for the further intracellular signal
transfer [80]. It was shown that FAK, a non-receptor protein tyrosine kinase, also regulates
cell adhesion-related responses such as cell proliferation, differentiation, and surface compo-
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sition [23,31]. In addition, studies in vivo showed higher FAK level in the volume-overloaded
human heart, which inhibition prevented load-induced cardiac hypertrophy in mice [81,82].
It was also shown that inhibition of FAK attenuated fibrosis in post-myocardial infarction
mice model that could have a promising pharmaceutical strategy [83]. Data of this study
also suggest that FAK expression in hmMSC grown on hydrogels compared to the hmMSC
on plastic was downregulated that positively influenced cardiac gene expression.

Finally, cardiac regenerating strategies can be expanded via a hydrogel substrate
surface topography and/or chemistry. Broad spectrum of ECM-based proteins or their
derivative peptides can be incorporated into hydrogels or printed on their surface targeting
special cells or tissues [84]. However, the linear cell growth pattern has been mostly
investigated in the pro-myogenic techniques of skeletal myoblast such as murine myoblast
cell line C2C12 and showing improved myotube formation by linear growth mode [85]. The
oriented myoblasts growth also increased myotube fusion index and enhanced response to
electrical pulse stimulation [86]. In another study, the linear nanofiber scaffolds promoted
axial growth and enhanced cardiac differentiation of induced pluripotent stem cells (iPSC)-
derived cardiomyocytes by stimulating cardiac troponin T expression [87]. Although axial
growth on nanofiber scaffolds were shown to promote cardiac differentiation, there are no
data showing the effect of aligned growth mode on human dilated myocardium-derived
hmMSC. In this study, the specially bioengineered biochips with different breadth of
fibronectin lines showed that both healthy and dilated hmMSC naturally stretching on
45 ± 1 µm strips can upregulate alpha-cardiac actin without any additional stimulus.

Though, data of this study show that dilated myocardium-derived hmMSC were
bigger in size, slower proliferated, but had almost the same levels of MSC-typical cell sur-
face markers compared to the healthy hmMSC. In addition, dilated myocardium-derived
hmMSC had significantly higher HDAC level compared to the healthy myocardium cells,
which can be suppressed by HDAC inhibitor SAHA leading to the increased expression
of cardiomyogenic differentiation-related genes such as alpha cardiac actin and troponin
T. Data also show that healthy and dilated myocardium-derived hmMSC cultured on
collagen I-based hybrid hydrogels and exposed to SAHA more intensively expressed
cardiomyogenic differentiation-related genes compared to the cell grown on plastic. The
artificially oriented linear culturing of dilated hmMSC also stimulated the level of alpha-
cardiac actin. Overall, the combination of intracellular stimuli such as epigenetic modulator
SAHA with the extracellular (heart ECM-based hydrogels or other biomatrices) could be
a suitable tool for targeted regulation of cardiomyogenic regeneration mechanisms and
better understanding of DCM therapeutic and/or regenerating possibilities.

4. Materials and Methods
4.1. Isolation and Cultivation of hmMSC

Human healthy and dilated myocardium-derived primary hmMSC were isolated from
biopsy material after obtaining patient’s (55–65 year-old men) written informed consent.
The idiopathic dilated cardiomyopathy (NYHA group III) has been identified by the
cardiologists according to the weak ventricle functioning (ejection fraction < 20%), diastolic
diameter higher than 5.5 cm and other clinical parameters. Cell isolated from dilated
myocardium were named as pathological or dilated hmMSC, while from the normally
contracting myocardium, they were named healthy hmMSC. Not less than three patients’
samples of each group were used. Tissue fragments were washed in PBS (Sigma Aldrich,
St. Louis, MO, USA), non-muscle tissue was removed, and fragments were cut into small
pieces (2–3 mm in diameter). Biopsy material was pretreated with trypsin/EDTA (Thermo
Fisher Scientific, Waltham, MA, USA), for 10 min, placed on fibronectin-coated (PeproTech,
Rocky Hill, NJ, USA) 6-well surface and submerged in IMDM medium (Thermo Fisher
Scientific, Waltham, MA, USA) containing 20% FBS (Thermo Fisher Scientific, Waltham,
MA, USA) and antibiotics (Thermo Fisher Scientific, Waltham, MA, USA). Cell migration
was allowed for 7–14 days until cells reached confluence of outgrowing. Cells were
cultivated at 37 ◦C and 5% CO2 in a humidified atmosphere. The medium was changed
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twice a week. The confluent layer of cell outgrowth was trypsinized, washed with PBS
and transferred to the 0.2% gelatine-coated cell culture flaks with IMDM, 10% of FBS, and
antibiotics. hmMSC were used up to fifth passage number.

4.2. Evaluation of hmMSC Morphology

The size of healthy and pathological hmMSC was measured when cells reached a 50%
confluence to better determine individual cell boundaries. Cell dimension was measured
with the ImageJ software and analyzed using Microsoft Excel. The attachment area of
individual hmMSC was marked and expressed as µm2. The data are presented as cell size
mean ± SD evaluating not less than 60 cells from three patients’ biopsies of both types.

4.3. Identification of hmMSC Surface Markers

The MSC origin of human healthy and dilated myocardium-derived MSC (hmMSC)
has been investigated as described elsewhere [43,46]. Briefly, cell growth media was aspired,
washed with PBS and exposed to 0.25% trypsin-EDTA (Thermo Fisher Scientific, Waltham,
MA, USA) for 1–2 min. After that, cells were suspended in 1% BSA (Sigma Aldrich, St.
Louis, MO, USA) in PBS, counted, diluted to 0.5 × 106 cells/mL, transferred into special
flow cytometer tubes and incubated with specific fluorochromes-conjugated antibodies
on ice for 30 min. Next, cells were washed with 1% BSA in PBS, centrifuged at 600 g for 5
min and resuspended in 1% BSA in PBS. Isotype controls were prepared. The cell samples
were analyzed on BD FACSAriaTM IIU flow cytometer using the BD FACSDiva software
(BD Biosciences, San Jose, CA, USA). Flow cytometry data were presented as a percent of
cells having markers (for cell surface markers) and as fluorescence intensity (MFI) for other
flow measurements.

The antibodies used to evaluate hmMSC surface markers were: CD29 (Integrin beta-
1-ImmunoglobulinG1-Allophycocyanin (1A-219-T100, Exbio, Praha, Czech Republic)),
CD44 (homing cell adhesion molecule-ImmunoglobulinG2b-Fluorescein isothiocyanate
(555478, BD Biosciences, San Jose, CA, USA)), CD90 (thymocyte differentiation antigen 1-
ImmunoglobulinG1-Fluorescein isothiocyanate (328108, BioLegend, San Diego, CA, USA)),
CD105 (endoglin-ImmunoglobulinG1-Allophycocyanin (MHCD10505, Thermo Fisher Sci-
entific, Waltham, MA, USA)), CD73 (ecto-5′-nucleotidase-ImmunoglobulinG1-Fluorescein
isothiocyanate (561254, BD Biosciences, San Jose, CA, USA)), CD45 (protein tyrosine
phosphatase, receptor type, C -ImmunoglobulinG2a-Fluorescein isothiocyanate (sc-70686,
Santa Cruz Biotechnology, Dallas, TX, USA)), and CD14 (macrophage protein, which
binds lipopolysaccharide-ImmunoglobulinG2a-Allophycocyanin (BioLegend, San Diego,
CA, USA)).

4.4. Differentiation of hmMSC to Adipo-, Osteo-, and Chondrogenic Directions

Capabilities of hmMSC to differentiate toward at least one of MSC-typical directions
such as adipo-, osteo-, or chondrogenic were investigated as described earlier with some
modifications [88].

For the adipogenic differentiation, cells were grown to full confluence and the growth
medium was changed to adipogenic differentiation medium (DMEM medium with 1 g/L
glucose (Thermo Fisher Scientific, Waltham, MA, USA), 20% FBS (Biochrom GmbH, Berlin,
Germany), 1 µM dexamethasone (Sigma Aldrich, St. Louis, MO, USA), 0.5 µM IBMX
(MyBioSource, San Diego, CA, USA), 60 µM indomethacin (Sigma Aldrich, St. Louis,
MO, USA)), which was changed twice a week. Differentiation was performed for 21 days.
Adipogenic differentiation was identified by staining of fat (triglycerides and other lipids)
droplets with Oil Red: the cells were fixed with glutaraldehyde and incubated with 12 mM
Oil Red dye (Carl Roth GmbH, Karlsruhe, Germany). Red fat droplets were photographed
under a light microscope, dye was extracted with 100% isopropanol (Eurochemicals, Vilnius,
Lithuania) and the absorbance was measured at 520 nm. Cells directed to the adipogenic
differentiation were compared to the control cells grown in normal growth medium.
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For the osteogenic differentiation studies, cells were grown to 80% of confluence, the
medium was changed to osteogenic differentiation medium (DMEM with 4.5 g glucose
(Thermo Fisher Scientific, Waltham, MA, USA), 10% FBS (Biochrom GmbH, Berlin, Ger-
many), 0.1 µM dexamethasone (Sigma Aldrich, St. Louis, MO, USA), 50 µg/mL L-ascorbic
acid (Santa Cruz Biotechnology, Dallas, TX, USA), 10 mM β-glycerophosphate (Santa Cruz
Biotechnology, Dallas, TX, USA), and 3 mM NaH2PO4 (Sigma Aldrich, St. Louis, MO,
USA). Cell differentiation was performed for 21 days with medium changes twice a week.
After 21 days of differentiation, the cells were fixed with cold ethanol, stained with 40 mM
Alizarin Red (Carl Roth GmbH, Karlsruhe, Germany) (stains the calcified bodies) dye at
room temperature (RT), photographed under a light microscope. The dye was extracted
with 10% cetylpyridinium chloride (Sigma Aldrich, St. Louis, MO, USA) and absorbance
was measured at 562 nm. Differentiated cells were compared to the cells grown in normal
growth medium.

For the chondrogenic differentiation the cells were grown to the complete monolayer
and growth medium was changed to the chondrogenic differentiation medium (DMEM
media (Thermo Fisher Scientific, Waltham, MA, USA) with 0.1 µM dexamethasone (Sigma
Aldrich, St. Louis, MO, USA), 0.17 mM ascorbic acid (Santa Cruz Biotechnology, Dallas,
TX, USA), 0.35 mM proline (Carl Roth GmbH, Karlsruhe, Germany), 1x insulin-transferrin-
selenium (Thermo Fisher Scientific, Waltham, MA, USA), and 10 ng/mL TGF-β3 (Thermo
Fisher Scientific, Waltham, MA, USA) for 21 days with medium changed twice a week.
After 21 days, cells were fixed with 95% methanol (Sigma Aldrich, St. Louis, MO, USA)
and stained with 3% Alcian Blue dye (Carl Roth GmbH, Karlsruhe, Germany). Alcian
blue dye acts as a large cationic molecule with several positive charges that bind to the
negative polysaccharides on glycosaminoglycans and stain them blue. Alcian blue dye
also stains acidic mucous mucins (glycoproteins that enter the mucous membranes of the
glands). This paint belongs to the group of multivalent dyes that are soluble in water. The
blue color is due to the presence of copper in the molecule. After incubation, the cells
were photographed, incubated with DMSO (Sigma Aldrich, St. Louis, MO, USA), and
absorbance was measured at 678 nm. The chondrogenic differentiation with TGF-β3 were
compared with chondrogenic differentiation without TGF-β3.

4.5. Proliferation of Healthy and DCM Myocardium-Derived hmMSC

Proliferation was measured using the CCK-8 (Cell Counting Kit-8) kit. Cells with
CCK-8 reagent were incubated at 37 ◦C for 3 h and absorption was measured spectropho-
tometrically at 450 nm. Tetrazolium salt-based assays provide a reliable and convenient
platform to assess cell viability, proliferation and/or to test toxicity. Tetrazolium salt WST-
8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt) in cell counting kit (CCK-8) is reduced by cellular dehydrogenases
to give an orange color product (formazan) that is soluble in cell culture medium and
absorption can be measured at 450 nm. Viability was determined at indicated time points
according to the manufacturers’ instructions (Dojindo, Kumamoto, JPN). Cell attachment
to the gels 24 h after the seeding has been also measured by WST-8 reagent.

4.6. Evaluation of Calcium Concentration with Flow Cytometry

Cells (105/well) were seeded in 6-well plate. Then, trypsinized cells were washed
with PBS and incubated with 1 µM of calcium specific fluorescent dye Cal-520 (Interchim,
Montlucon, France) at 37 ◦C for 30 min. After staining, cells were washed twice with PBS
and 1% BSA and suspended in 1% BSA. Flow cytometry analysis has been performed with
BD FACSAria II (BD Biosciences, San Jose, CA, USA).

4.7. Detection of HDAC Activity

The cells were washed twice with PBS, lifted with trypsin-EDTA solution, washed
with PBS, and lysed with lysing buffer (50 mM Tris-HCl, pH 7.5, 5% glycerol, 0.3% Triton
X-100). Protein concentration was determined with the Pierce™ Modified Lowry Protein
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Assay Kit. Cell samples were diluted with HDAC substrate buffer containing fluorescent
HDAC substrate. HDAC activity was evaluated measuring fluorescence of universal
HDAC substrate ((S)-tert-Butyl (6-acetamido-1-((4-methyl-2-oxo-2H-chromen-7-yl)amino)-
1-oxohexan-2-yl)carbamate (BOC-Ac-Lys-AMC) diluted in HDAC substrate buffer (50 mM
Tris- HCl, pH 8.1, 250 µM EDTA, 250 mM NaCl, 10% glycerol). The reaction was carried out
at 30 ◦C for 30 min, where the HDACs cleave the acetyl group from the peptide substrate.

4.8. Preparation of Hydrogels

Collagen I-based hydrogels of 8.5% (w/w) (Col) were produced as previously de-
scribed [89] using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMTMM) (Merck KGaA, Darmstadt, Germany) as crosslinking agent. Shortly, 600 mg of
collagen I (NMP collagen PS, Nippon Meatpackers, Ibaraki, Japan) aqueous solution of 12%
(w/w) was mixed with 0.625 M 2-(N-morpholino)ethanesulfonic acid (MES) buffer (Merck
KGaA, Darmstadt, Germany) within a glass syringe mixing system at RT. The calculated
amount of a crosslinker was mixed in. The molar ratio of DMTMM to ε-amine groups of
lysine in collagen molecule (Col-NH2) was 1:1. After thoroughly mixing, hydrogel solution
was casted between two glass plates to form 500 µm thickness sheet. The hydrogel was
then left to stay overnight in 100% humidity at RT.

To enhance stability against enzymatic digestion 6.5% (w/w) of collagen I hydrogels,
the interpenetrating with 2-Methacryloyloxyethyl phosphorylcholine (MPC) polymeric
network were fabricated as described earlier [90]. Briefly, 12% (w/w) of collagen so-
lution was buffered with MES in a syringe mixing system, then MPC solution (Merck
KGaA, Darmstadt, Germany) in MES was added, Col:MPC (w/w) ratio was 2:1. After
mixing thoroughly, poly(ethylene glycol) diacrylate (PEGDA) (Merck KGaA, Darmstadt,
Germany) was added (PEGDA:MPC (w/w) 1:3). Next, calculated volumes of 4% (w/w)
ammonium persulfate (APS) (Merck KGaA, Darmstadt, Germany) (APS:MPC (w/w) 0.03:1)
and 2% (w/v) N,N,N′,N′-tetramethylethane-1,2-diamine (TEMED) (Merck KGaA, Darm-
stadt, Germany) (APS:TEMED (w/w) 1:0.77) solutions in MES were mixed in. Then, a
calculated amount of DMTMM (DMTMM:Col-NH2 (mol:mol) 1:1) was added. Hydrogel
solution was mixed thoroughly and casted into 500 µm thickness sheets as described
above. The final concentrations of Col and MPC in the hydrogel were 6.5% (w/w) and
3% (w/w), respectively.

For further enhancement of biointeractive properties of Col hydrogel, a new formula-
tion of Col with hyaluronic acid (Merck KGaA, Darmstadt, Germany) was developed. The
solution of 12% (w/w) Col was dispensed in a syringe mixing system as described above
and a calculated amount of 1% (v/v) HA aqueous solution was mixed in. The final concen-
trations of Col and HA in the hydrogel were 8.5% (w/w) and 0.05% (w/w), respectively.

After crosslinking, mechanically robust and 500 µm thick Col, Col-HA and Col-MPC
hydrogels sheets were trephined into 10 mm diameter cell culture substrate disks. Prior to
use, hydrogel disks were kept refrigerated in PBS with traces of chloroform to maintain
sterility. Tissue culture performance of hydrogel substrates was compared to conventional
tissue culture plastic. All hydrogel parameters are shown in Supplementary Materials.

4.9. Preparation of Fibronectine Lines on Glass Chips

For the cell culture aligned growth experiments, in-house-made biochips were used.
Biochips were prepared as described earlier [91]. Briefly, the biochips were 10 mm diameter
and 130 µm thickness glass substrates coated with 34 ± 9 nm (in air) with 34 ± 9 nm (in
air) poly(ethylene glycol) methacrylate hydrogel layer (PEGMA) (Merck KGaA, Darmstadt,
Germany). Two different width fibronectins from Yo Proteins AB (Huddinge, Sweden)
and bovine plasma fibronectin labelled with HiLyte™ Fluor 488 (FN-HiLyte™) (Cytoskele-
ton, Denver, CO, USA) lines 20 ± 0.3 µm and 45 ± 1 µm width with 20 ± 0.7 µm and
53 ± 1.2 µm spaces in between, respectively, were used. The fibronectin was microcontact
printed on glass substrates (Merck KGaA, Darmstadt, Germany) poly(ethylene glycol)

46



Int. J. Mol. Sci. 2021, 22, 12702

methacrylate hydrogel layer. The patterned surfaces were monitored using Olympus BX51
upright microscope (Olympus, Tokyo, Japan) equipped with 10xNA 0.3 air objective.

4.10. Cultivation of hmMSC on Hydrogels and Biochips

Prior to the cell cultivation, all hydrogels and biochips were washed (twice) with PBS
in 37 ◦C and 5% CO2 incubator for 30 min. Next, all substrates were primed by submerging
in cell culture medium for 30 min. The medium was then aspirated, substrates were left to
dry at RT for about 10 min and cells were plated on the top of hydrogel and left to attach in
37 ◦C and 5% CO2 incubator for 24 h. Hydrogels were used to evaluate cell viability and
cardiomyogenic differentiation for 14 days, while the expression of alpha cardiac actin was
investigated on fibronectin stripes without any additional stimuli.

4.11. Cardiomyogenic Differentiation of Healthy and Dilated Myocardium-Derived hmMSC

For the cardiomyogenic differentiation, confluent hmMSC on hydrogels and on plastic
were exposed to differentiation medium DMEM/F12 with 2% FBS, antibiotics and 1 µM
of SAHA (Sigma Aldrich, St. Louis, MO, USA), and inhibitor of class I and II histone
deacetylase (HDAC) inhibitor SAHA was added for 3, 7, and 14 days. Differentiation
medium was changed every 2 days. Control cells were grown in DMEM/F12 medium
(Thermo Fisher Scientific, Waltham, MA, USA) with 2% FBS and antibiotics without SAHA.
Cardiomyogenic differentiation was evaluated by expression of alpha-cardiac actin and
cardiac troponin T (cTnT) at gene and protein levels.

4.12. Gene Expression Levels

Cells grown on hydrogels and exposed to 1 µM SAHA for 14 days were washed, lysed
in QIAzol® reagent (Qiagen GmbH, Hilden, Germany) and centrifuged at 14,000× g, 4 ◦C
for 10 min. For one time-point gene expression measurement cells were collected from ten
hydrogels. Supernatant was mixed with 200 µL of chloroform (Sigma Aldrich, St. Louis,
MO, USA), pipetted and incubated for 10 min at RT. Next, mix was centrifuged at 12,000× g
for 15 min at 4 ◦C. Subsequently, RNA was collected from the upper phase, 0.5 mL of
isopropanol was added and mix was incubated for 10 min at RT. After centrifugation at
12,000× g, 4 ◦C for 10 min RNA-containing pellets were collected and washed in ethanol
(Sigma Aldrich, St. Louis, MO, USA) twice. Finally, RNA was resuspended in water
and its concentration was assessed by SpectraDrop™ technology (Molecular Devices, San
Jose, CA, USA). Complimentary DNA was synthesized by using the High Capacity cDNA
Reverse Transcription Kit® (Thermo Fisher Scientific, Waltham, MA, USA) according to
the manufacturer’s suggestions. Produced cDNA was stored at −20 ◦C until used. PCR
was run by using Maxima Probe qPCR Master Mix (2X), ROX Solution kit (Thermo Fisher
Scientific, Waltham, MA, USA) in triplicates on the cycler AriaMx Real-Time PCR System®

(Agilent Technologies, Santa Clara, CA, USA). Temperature regimes were as follows:
(1) denaturation and activation of Taq polymerase for 10 min at 95 ◦C, (2) denaturation
for 15 s at 95 ◦C (40 cycles), (3) primer recognition and amplification for 60 s at 60 ◦C (40
cycles). The gene expression was calculated using 2−∆Ctx10,000,000 equation, where ∆Ct is
a subtraction of target gene Ct from housekeeping gene Ct, Ct is a threshold cycle. For the
evaluation of the statistical significance 2−∆Ctx2,000,000 values were used. Gene expression
was detected with these primers (Thermo Fisher Scientific, Waltham, MA, USA): ACTC1
(Hs01109515_m1), TNNT2 (Hs00943911_m1), and PTK2 (Hs01056457_m1).

4.13. Immunofluorescence Assay

Cell cultures were fixed in 4% paraformaldehyde at RT for 15 min, washed with PBS,
permeabilized with 0.1% Triton X-100 for 15 min and blocked with 1% BSA (Sigma Aldrich,
St. Louis, MO, USA) at RT for 30 min as described in [92]. Primary antibodies to alpha-
cardiac actin (GTX101876, GeneTex, Irvine, CA, USA) were added at dilution 1:50 and
incubated at RT for 1 h. Washing steps with PBS and incubation with Alexa 549-conjugated
secondary antibody (1:500) followed. Cells were visualized under fluorescent microscope
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Nikon Eclipse TE2000-U (Nikon, Tokyo, JPN). Cells were observed with the 4x objective
after 14 days of differentiation on hydrogels and the 20 × objective was used in the experi-
ments with fibronectin lines. All micrographs were done with Digital Sight DS-2MBWc
camera attached to the Nikon Eclipse TE2000-U microscope. Red and UV filters were used
to detect alpha-cardiac actin and DAPI staining, respectively. After staining, red (alpha-
cardiac actin) and blue (DAPI) fluorescence was captured and analyzed with the ImageJ
program. First, the average of cell surface area was determined by following formula:

Average cell surface area (µm2) = total surface covered by cells in one micrograph/number of cell nucleus stained with DAPI.

Second, we determined an average of fluorescence intensity of 1 µm2 background
surface of fibronectin stripes. Thus, the average cell fluorescence was calculated by
following formula:

Average of normalized fluorescence (relative fluorescence units per 1 µm2) = cell fluorescence in 1 µm2

surface − background fluorescence of fibronectin stripes in 1 µm2 surface.

Third, we evaluated relative fluorescence per cell area (µm2) by following formula:

Relative fluorescence per cell area = average of cell surface area (µm2) × average of normalized

fluorescence (relative fluorescence units per 1 µm2).

4.14. Statistical Analysis

Statistical analysis was performed using Excel (Microsoft Corporation, Redmont, WA,
USA) and the Graphpad Prism 6.01 (GraphPad Software, San Diego, CA, USA) software.
The differences between measurements were analyzed for their statistical significance using
the independent-samples Student two-sided t-test. Results from three patients’ cells of both
types with not less than three-five repeats for each measurement were presented, unless
indicated otherwise. Data were expressed as mean ± SD and were significant at * p ≤ 0.05
comparing with corresponding control samples.

4.15. Ethical Approval

The study was approved by the local Bioethics Committee (license No. 158200-14-
741-257). All patients gave written informed consent to investigate heart samples. The
investigation conforms to the principles outlined in the Declaration of Helsinki.

5. Conclusions

Overall, data from this study show that expression of cardiomyogenic differentiation-
related genes such as cardiac actin and troponin T in dilated myocardium-derived hmMSC
can be efficiently stimulated by combining epigenetic stimulus such as HDAC inhibitor
SAHA and extracellular collagen I-based biomatrices or applying spatial/topographical
clues. Data show that combining extra- and intracellular stimuli can increase expression of
cardiomyogenic differentiation-related genes in human healthy and dilated myocardium-
derived hmMSC in vitro. Findings of this study also show that collagen I-based hydrogel
substrates better mimicked natural cardiac environment than plastic, decreased expression
of cell adhesion stress-related focal adhesion kinase, and activated cardiac genes. In
addition, the composition of collagen I-based hydrogels is not less important for the cardiac
gene expression than stiffness and showed time-depended cardiac gene upregulation.
Moreover, data from this study show that human dilated myocardium-derived hmMSC
retained ability to upregulate cardiomyogenic differentiation-related genes, which can be
purposefully stimulated by complex means in vitro. Further in vitro and in vivo studies
are needed to assess the feasibility of this therapeutic approach.

48



Int. J. Mol. Sci. 2021, 22, 12702

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222312702/s1.

Author Contributions: Conceptualization, D.B., R.A. and R.V.; methodology, D.B., R.A., R.M., A.V.,
T.J., R.E., G.S. and V.C.; software, S.L. and R.M.; validation, K.R., V.J. and R.M.; formal analysis, S.L.
and R.V.; investigation, R.M.; resources, K.R. and V.J.; data curation, R.M.; writing—original draft
preparation, D.B., R.A. and R.V.; writing—review and editing, D.B., R.A., R.V. and S.L.; visualization,
R.M.; supervision, D.B.; project administration, D.B.; funding acquisition, D.B. and R.A. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Lithuanian Research Council, project No. S-MIP-17-13.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Vilnius Regional Biomedical Research Ethics Committee
(protocol No. 158200-14-741-257, date of approval 10 June 2014).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are contained within the article or Supplementary Material.

Acknowledgments: Authors are thankful to Saule Valiuniene and Jolita Buivydaviciute for technical
assistance.

Conflicts of Interest: R.V. is a majority shareholder and the CEO, and R.A., A.V., T.J., G.S., R.E., and
V.C. are employees of Ferentis UAB.

Abbreviations

ACTB Actin beta
ACTC1 Alpha cardiac actin 1
CCK-8 Cell counting kit 8
APS Ammonium persulfate
ECM Extracellular matrix
DAPI 40,6-diamidino-2-phenylindole
DCM Dilated cardiomyopathy
DMTMM 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
HA Hyaluronic acid
HDAC Histone deacetylases
hmMSC Human myocardium-derived mesenchymal stem cell
MEF-2 Myocyte enhancer factor-2
MES 2-(N-morpholino)ethanesulfonic acid
MPC 2-methacryloyloxyethyl phosphorylcholine
MSC Mesenchymal stem cells
PEGDA poly(ethylene glycol) diacrylate
SAHA Suberoylanilide hydroxamic acid
TEMED N,N,N′,N′-tetramethylethane-1,2-diamine
TNNT2 Cardiac Muscle Troponin T
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Abstract: Congenital heart disease (CHD) is one of the most common birth defects in humans,
present in around 40% of newborns with Down’s syndrome (DS). The SH3 domain-binding glutamic
acid-rich (SH3BGR) gene, which maps to the DS region, belongs to a gene family encoding a cluster
of small thioredoxin-like proteins sharing SH3 domains. Although its expression is confined to the
cardiac and skeletal muscle, the physiological role of SH3BGR in the heart is poorly understood.
Interestingly, we observed a significant upregulation of SH3BGR in failing hearts of mice and hu-
man patients with hypertrophic cardiomyopathy. Along these lines, the overexpression of SH3BGR
exhibited a significant increase in the expression of hypertrophic markers (Nppa and Nppb) and
increased cell surface area in neonatal rat ventricular cardiomyocytes (NRVCMs), whereas its knock-
down attenuated cellular hypertrophy. Mechanistically, using serum response factor (SRF) response
element-driven luciferase assays in the presence or the absence of RhoA or its inhibitor, we found
that the pro-hypertrophic effects of SH3BGR are mediated via the RhoA–SRF axis. Furthermore,
SH3BGR knockdown resulted in the induction of apoptosis and reduced cell viability in NRVCMs
via apoptotic Hippo–YAP signaling. Taking these results together, we here show that SH3BGR is
vital for maintaining cytoskeletal integrity and cellular viability in NRVCMs through its modulation
of the SRF/YAP signaling pathways.

Keywords: SH3BGR; cardiac hypertrophy; SRF signaling; Hippo signaling; apoptosis

1. Introduction

Trisomy 21, the presence of a supernumerary chromosome 21, results in one of the most
common chromosomal abnormalities in humans commonly known as Down’s syndrome,
occurring in about 1 in 1000 babies born each year [1]. DS is among the most genetically
complex conditions that are surprisingly compatible with human survival [2]. However,
congenital heart disease is frequently described in DS patients as the main cause of death
in newborns during the first two years of life. The spectrum of CHD patterns in DS
has been subjected to variations due to genetic, social and geographical factors that vary
worldwide [3]. Thus, DS is one of the commonest disorders with a huge medical and
social cost burden and is associated with several phenotypes, including congenital heart
defects, leukemia, Alzheimer’s disease, Hirschsprung disease, etc. However, it is still
unclear how and why the individuals that are affected by DS display variable phenotypes.
Furthermore, the underlying mechanisms of these variable phenotypes are a challenge,
making it essential to explore the elementary molecular mechanisms in depth [4].
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Gene regulation is one of the mechanisms by which the expression of certain genes is
altered, thereby resulting in disease conditions. SRF is one such multifaceted transcription
factor that regulates the expression of a variety of genes by binding to the specific promoter
sequence CarG box. SRF regulates the expression of a number of heart-specific genes
during both embryonic development and pathogenesis [5–7]. A small GTPase RhoA is one
of the co-inducers of hypertrophic SRF signaling in the heart [8]. The hypertrophic RhoA–
SRF signaling pathway has been closely associated with the apoptotic Hippo–Yap pathway
in cancer-associated fibroblasts, revealing mutual dependence. Herein, YAP activity is
sensitive to SRF-induced contractility and SRF signaling responds to YAP-dependent TGFβ
signaling, establishing an indirect crosstalk to control cytoskeletal dynamics [9]. In the
heart, the Hippo–YAP pathway is a kinase cascade that inhibits the Yap transcriptional co-
factor and controls organ size during development; epicardial-specific deletion of kinases
Lats1/2, for example, is lethal at the embryonic level due to the failure in activating
fibroblast differentiation, causing mutant embryos to form/undergo defective coronary
vasculature remodeling [10]. This evolutionarily and functionally conserved pathway
regulates the size and growth of the heart with crucial roles in cell proliferation, apoptosis
and differentiation, thus having great potential for therapeutic manipulation to promote
organ regeneration [11,12]. In relation with the highly compartmentalized Hippo pathway
in cardiomyocytes, during cardiac stress, Mst1 and Lats2 are activated via a K-Ras–Rassf1A-
dependent mechanism in mitochondria or through a NF2-dependent mechanism in the
nucleus, respectively, where Mst1 stimulates the mitochondrial mechanism of apoptosis
by phosphorylating Bcl-xL and Lats2 induces nuclear exit of Yap [13–15]. The activation
of this canonical Hippo pathway leads to the stimulation of cell death and inhibition of
compensatory hypertrophy by inhibition of Yap in cardiomyocytes [16,17].

Despite years of molecular biology-based cardiac research and circulatory understand-
ing, several yet uncharacterized genes are expected to be associated with cardiomyopathies.
Towards this end, we performed expressed sequence tags (EST)-based bioinformatic screen-
ing of genetic databases of heart and skeletal muscle and discovered several novel genes,
one of which is SH3 domain-binding glutamic acid-rich (SH3BGR). It belongs to a gene
family composed of SH3BGR, SH3BGRL, SH3BGRL2 and SH3BGRL3, which encode a
cluster of small thioredoxin-like proteins and shares a Src homology 3 (SH3) domain
(Supplementary Figure S1A) [18–22]. SH3BGR, located in the DS chromosomal region, was
first reported by Scartezzini et al. over two decades ago [23] and was, interestingly, later
found to be expressed in the earliest stages of mouse heart development [24]. Further-
more, transgenic mice with an FVB (friend leukemia virus B) background overexpressing
SH3BGR in the heart did not affect cardiac morphogenesis; however, the fate of these
mouse hearts at adult stages is not reported [25]. Thus, we believe that the potential role
of SH3BGR in cardiomyocytes is still elusive. We observed significant upregulation of
SH3BGR in the hearts of human patients suffering cardiac hypertrophy and a mouse model
of heart failure due to transverse aortic constriction, consequently pointing towards its
potential involvement in cardiac hypertrophy and associated modalities. Thus, in the
current manuscript, we aim at characterizing the molecular functions of SH3BGR using
gain- and loss-of-function approaches in neonatal rat ventricular cardiomyocytes.

2. Results
2.1. SH3BGR Is Confined to Striated Muscle and Upregulated in Cardiac Hypertrophy

SH3BGR was first reported in association with the critical region for Down’s syndrome
on chromosome 21 [23,26]. Since then, not much is known about the protein nor its role
in cardiac pathophysiology, making it an unusual target to study. In the quest to find a
potential role of this protein, we checked its expression in different mouse tissues and found
it to be confined to the heart as well as to skeletal muscle, indicating a striated muscle-
restricted presence (Figure 1A,B and Supplementary Figure S1B,C). Further, we observed
an upregulation of SH3BGR protein levels in the hearts of human patients who suffer from
cardiac hypertrophy (as compared to non-failing (NF) human hearts) (Figure 1C,D) and in
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the mouse hearts suffering cardiac hypertrophy due to biomechanical pressure overload
(induced by transverse aortic constriction (TAC)) (Figure 1E,F). Furthermore, endogenous
SH3BGR was found to be present at the sarcomere, co-localizing with sarcomeric α-actinin
(Figure 1G). Altogether, striated muscle-specific expression, coupled with sarcomeric
localization and upregulated protein levels in cardiac hypertrophy, indicates SH3BGR
plays an important role in cardiac pathophysiology.
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2.2. SH3BGR Induces Cellular Hypertrophy in NRVCMs

To further assess the impact of elevated levels of SH3BGR, which is also observed in
DS, we overexpressed SH3BGR in NRVCMs (Supplementary Figure S2A,C); this resulted in
the induction of fetal genes, natriuretic peptides A and B (Nppa and Nppb) (Figure 2A) and
increased total cell surface area (Figure 2B,C), thereby suggesting that the overexpression is
responsible for the induction of hypertrophy in vitro. Contrastingly, SH3BGR knockdown
(Supplementary Figure S2B,C) significantly reduced the levels of the hypertrophic markers
NppA and NppB, coupled with further reduction in the cell surface area, compared to the
control condition (Figure 2D–F).

2.3. SH3BGR Regulates RhoA–SRF Signaling in NRVCMs

The serum response factor (SRF) is one of the major transcription factors responsible
for cardiomyocyte maturation, structural stability and pathological hypertrophy [8,27]. It
plays a significant role in the transcriptional activation of natriuretic peptides and cardiac
structural genes that form the core structure of the sarcomere, such as myosin heavy chain 6,
7 (myh 6, 7), myosin light chain 2 (myl2), cardiac alpha actin (ACTC1), etc. Interestingly, in
terms of mechanistic relevance of our findings, we explored the Harmonizome, a collection
of processed datasets gathered to serve and mine knowledge about genes and proteins,
which revealed SRF as one of its transcription factors [28]. Thus, we hypothesized that
SH3BGR likely induces cardiomyocyte hypertrophy via SRF signaling in vitro. To test
this hypothesis, we studied the effect of SH3BGR overexpression and knockdown on
SRF signaling using the SRF-response element-driven firefly luciferase assay/activity.
In line with cellular hypertrophy data (Figure 2A–F), we observed a strong induction
or inhibition of SRF activity upon SH3BGR overexpression or knockdown, respectively
(Figure 3A,B). Interestingly, few of the SH3-domain containing proteins, namely, Tuba,
SH3BP1, etc., have earlier been shown to mediate Rho-GTPase signaling, where, RhoA
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is one of the potent modulators of SRF signaling in the heart [29,30]. Thus, to further
dissect the mechanistic insights, we performed a series of luciferase assays in several
combinations with overexpression and knockdown of SH3BGR in the presence of RhoA or
C3-transferase, a RhoA inhibitor. Our luciferase assay data indicate that the modulation
of SRF signaling via SH3BGR is RhoA-mediated, since we observed the synergistic effect
of RhoA on the activation of SH3BGR-driven SRF-activity, whereas the presence of C3-
transferase abrogated this activation (Figure 3C,D). In contrast, SH3BGR knockdown
severely hampered RhoA-mediated induction of SRF signaling (Figure 3E). Similar effects
were also observed on the expression levels of the hypertrophic markers Nppa and Nppb
(Figure 3F,G). As SH3BGR seems to hamper SRF activity, we investigated its effects on SRF
downstream signaling. Moreover, we also observed significant downregulation of several
downstream targets of SRF, such as Myh6, Myh7, Myl2, Dystrophin, Actc1 and Acta1,
upon SH3BGR knockdown (Supplementary Figure S3A). However, the overexpression of
SH3BGR, on the other hand, did not have a significant effect on these SRF target genes
(Supplementary Figure S3B). Taken together, our data indicate that SH3BGR induces
RhoA-mediated SRF signaling in NRVCMs.
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fetal genes Nppa and Nppb compared to LacZ control (n = 3). (B) In line with these results, an increase in cell surface
area of NRVCMs was also observed as seen in (B); representative images are depicted in (C). Contrastingly, on SH3BGR
knockdown, this hypertrophic induction was abrogated observed by downregulation of hypertrophic markers (D) and
reduced cell surface area (E,F) in miRSH3 condition as compared to miRNeg. Statistical calculations were carried out using
the Student’s t-test. *, p < 0.05; **, p < 0.01; ***, p < 0.001; SH3, SH3BGR; miRSH3, miRSH3BGR; Nppa, natriuretic peptide A;
Nppb, natriuretic peptide B.

2.4. SH3BGR Knockdown Affects NRVCM-Viability and Induces Apoptosis via HIPPO Signaling

As recent literature postulated SH3BGRL2, a homolog of SH3BGR, to affect the Hippo
signaling pathway in renal cell carcinoma, we aimed to find whether SH3BGR affects
Hippo signaling in neonatal cardiomyocytes [31]. Intriguingly, SH3BGR knockdown
significantly upregulated LATS1 (Large tumor suppressor kinase 1), whereas the levels
of its phosphorylated form, i.e., pLATS1, were dramatically reduced (Figure 4A,B). In
combination, YAP (Yes1-associated transcriptional regulator) protein levels were strongly
increased (Figure 4A,B), suggesting the Hippo pathway to be functionally turned off
in the cytoplasm, thereby facilitating the translocation of YAP into the nucleus. This
translocated nuclear YAP transcriptionally activates a plethora of pro-apoptotic genes
that culminate into the cleavage of executionary caspases-3 and -7 (Figure 4C,D) with
expectedly reduced cell viability (Figure 4E). Nevertheless, SH3BGR overexpression did not
alter Hippo signaling (except for the moderate increase in total YAP levels) and apoptotic
markers (Supplementary Figure S4A–E). Overall, our data suggest that SH3BGR deficiency
negatively affects RhoA–SRF and Hippo signaling, resulting in cardiomyocyte hypertrophy
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and apoptosis, respectively, whereas the overexpression of SH3BGR though robustly
activated cellular hypertrophy and SRF signaling, did not affect Hippo signaling and
associated cell viability (Figure 5).
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YAP (pYAP) levels as observed in immunoblots; its densitometric analysis is shown in (B). SH3BGR knockdown elevated
active, i.e., cleaved, forms of Caspase 3 and 7 (C,D), indicating increased apoptosis in NRVCMs, which was also reflected in
the reduced cell survival determined by cell viability assay (E). Statistical calculations were carried out using a two-tailed
Student’s t-test. *, p < 0.05; **, p < 0.01; LATS1, Large tumor suppressor kinase 1; pLATS1, phosphorylated LATS1; YAP, Yes1
Associated Transcriptional Regulator; pYAP, phosphorylated YAP.

59



Int. J. Mol. Sci. 2021, 22, 11042

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 6 of 14 
 

 

 
Figure 4. Knockdown of SH3BGR affects cell viability and augments apoptosis via hippo signaling- 
(A) SH3BGR knockdown dramatically reduced the phosphorylation of LATS1 and moderately in-
creased total YAP without altering phosphorylated YAP (pYAP) levels as observed in immunoblots; 
its densitometric analysis is shown in (B). SH3BGR knockdown elevated active, i.e., cleaved, forms 
of Caspase 3 and 7 (C,D), indicating increased apoptosis in NRVCMs, which was also reflected in 
the reduced cell survival determined by cell viability assay (E). Statistical calculations were carried 
out using a two-tailed Student’s t-test. *, p < 0.05; **, p < 0.01; LATS1, Large tumor suppressor kinase 
1; pLATS1, phosphorylated LATS1; YAP, Yes1 Associated Transcriptional Regulator; pYAP, phos-
phorylated YAP. 

 
Figure 5. Mechanistic signaling- As observed in the left side panel, LATS1, when phosphorylated, 
is retained in the cytoplasm and also retains phosphorylated YAP in the cytoplasm, thereby result-
ing in no transcriptional activation of YAP. Similarly, RhoA activates SRF; the transcriptional acti-
vation of SRF is required for genes involved in sarcomere consisting of myosin heavy chain and 
light chain, actin, etc. On SH3BGR knockdown, as seen in right panel, phosphorylation of YAP is 
significantly reduced, thereby activating YAP and resulting in probable activation pro-apoptotic 
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cytoplasm and also retains phosphorylated YAP in the cytoplasm, thereby resulting in no transcriptional activation of YAP.
Similarly, RhoA activates SRF; the transcriptional activation of SRF is required for genes involved in sarcomere consisting
of myosin heavy chain and light chain, actin, etc. On SH3BGR knockdown, as seen in right panel, phosphorylation of
YAP is significantly reduced, thereby activating YAP and resulting in probable activation pro-apoptotic genes. Further,
the RhoA–SRF axis is inhibited due to SH3BGR inhibition, resulting in hampered SRF activity, thereby resulting in the
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3. Discussion

First discovered in 1997, SH3BGR is associated with the critical region of Down’s
syndrome on human chromosome 21 [32]. Multiple homologs of SH3BGR were soon
identified, making it a small family of proteins [33,34]. Since then, limited studies have
speculated its roles in the brain, heart and even in carcinogenesis [25,35,36], but the exact
function of SH3BGR and its underlying mechanisms remain elusive. Of note, one of
the major outcomes of DS is CHD, that affects nearly 1 in 1000 cases of DS worldwide.
Although SH3BGR has recently been shown to play a putative role in cardiogenesis as
well as heart physiology [24,25], it is still unknown whether SH3BGR is involved in the
acquired cardiac dysfunction. Here, using NRVCM as an in vitro study model, we aimed,
on one hand to find if increased levels of SH3BGR, as found in Down’s syndrome, affects
the cardiomyocyte function. On the other hand, a loss-of-function approach was followed
to study the physiological function of SH3BGR.

We observed alterations in SH3BGR levels in the heart of patients with cardiac hyper-
trophy as well as in the hearts of mouse model of cardiac hypertrophy due to biomechanical
stress (TAC). Along these lines, hypertrophic induction and inhibition were observed on
SH3BGR via gain- and loss-of-function approaches at in vitro level, respectively, suggest-
ing overexpression, as well as knockdown, has an associated effect against the normal
functioning of cells. Digging deeper to understand the mechanistic relevance of these
experimental findings, through the Harmonizome database, we identified SH3BGR as one
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of the transcriptional targets of SRF, a major transcription factor governing the transcription
of sarcomeric genes and cardiomyocyte hypertrophy. Interestingly, using a gain-of-function
approach, which we believe mimics the Trisomy 21 condition, wherein a gene of interest
is overexpressed due to presence of an extra gene copy, we observed that elevated levels
of SH3BGR are sufficient for the activation of SRF signaling and cellular hypertrophy in
NRVCMs. The loss-of-function approach further strengthened these findings, suggesting a
probable mechanism of CHD in DS patients, at least in part. Studies using patient-derived
tissue biopsies, induced pluripotent stem cell-derived cardiomyocytes, or in vivo models
may be utilized to further validate our findings. Furthermore, we established RhoA to be an
intermediary in the activation of SH3BGR-driven SRF signaling, both of which are important
in regulating the actin cytoskeleton and sarcomeric homeostasis. The sarcomere is mainly
formed of myosin heavy chain and light chain molecules, along with actin. These work in
an organized manner for the proper function of contraction and relaxation of beating cells,
thereby maintaining cellular homeostasis. Thus, alterations in the levels of any of these
proteins could lead to structural and functional instability, which we observed upon SH3BGR
deficiency. Thus, we believe that our findings are of direct clinical relevance, particularly in
DS patients with CHD, which may be exploited in the future for therapeutic interventions.

Yin et al. [31] have recently provided the first evidence of a homolog of SH3BGR
(SH3BGRL2) to regulate the Hippo signaling pathway. In our current study, we found that
the knockdown of SH3BGR induces apoptosis via Hippo signaling. Normally, YAP tran-
scriptional activity is shut down on activation of Hippo signaling and vice versa [11]. Being
transcriptionally inactive, LATS1 is phosphorylated and, in turn, subsequently phospho-
rylates YAP, thereby causing YAP retention in the cytoplasm, whereas, on transcriptional
activation, YAP is translocated to the nucleus and further triggers downstream genes [11].
Intriguingly, we observed decreased phospho-LATS1 levels and increased YAP levels upon
SH3BGR knockdown, indicating YAP to be translocated to the nucleus, which likely re-
sulted in the reduced cell viability and activation of apoptosis via executory caspases 3
and 7. Notwithstanding, though not significant, the overexpression of SH3BGR exerted
similar effects on YAP signaling. Although it is not clear from these data why we did not
observe contrasting results with SH3BGR overexpression or knockdown on YAP signaling,
the plausible reason could be the involvement of yet unidentified player(s) or independent
mechanisms, which necessitates further evaluations. Importantly, however, the results from
both overexpression and knockdown studies highlight the fact that SH3BGR is essential for
normal homeostasis of cardiomyocytes only when present in optimal levels and its either
up- or down-regulation is harmful for the cells.

In summary, to the best of our knowledge, this is the first report where the mech-
anistic insights into how loss- or gain-of SH3BGR differentially affects cardiomyocyte
pathophysiology is reported. The overexpression of SH3BGR, which mimics DS condi-
tion, significantly activates cardiomyocyte hypertrophy via RhoA/SRF signaling, whereas
SH3BGR knockdown abrogates cellular hypertrophy, leading to a combination of sarcom-
eric dysfunction, activation of apoptosis and reduced cell viability via alterations in the
RhoA/SRF and Hippo signaling pathways in cardiomyocytes (Figure 5).

4. Materials and Methods
4.1. Cloning of SH3BGR Vectors

The expression construct for RhoA was generated as described in Rangrez et al. [8].
The construct for overexpression of SH3BGR was cloned from mouse heart cDNA us-
ing primers 5′-GCTGGCACCATG-3′ and 3′-GCTGGGTCGCCCTA-5′ in the pDONR221
gateway cloning vector by two sequential ORF and adaptor PCRs. The cleaned product
from the adaptor PCR was then cloned into a donor vector pDONR221 following the
manufacturer’s instructions (Thermo Fisher Scientific, Planegg, Germany). Knockdown of
SH3BGR in NRVCMs was achieved by cloning the respective synthetic microRNAs using
the BLOCK-iT polymerase II miR RNAi Expression vector kit via a two-step reaction culmi-
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nating the integration of synthetic microRNAs into the Gateway cloning vector pDONR221
(Thermo Fisher Scientific).

Adenoviruses encoding full-length mouse SH3BGR cDNA and synthetic microRNAs
were further generated for use in the NRVCMs system using the ViraPower adenoviral
kit (Thermo Fisher Scientific) following the manufacturer’s protocol. In brief, previously
cloned cDNA or synthetic microRNAs in the pDONR221 vector were transferred into
the pAd/CMV/V5-DEST destination vector. The construct was then digested with PacI
(10 U/uL; Thermo Fisher Scientific) restriction enzyme and transfected into HEK293A cells
to produce the respective adenoviruses. The titration for the adenoviruses was performed
by staining virus-infected HEK293A cells with fluorescent anti-Hexon antibody. A β-
galactosidase encoding adenovirus (Ad-LacZ; Thermo Fisher Scientific) served as a control
for the experimental setup.

4.2. Antibodies

The antibodies used for the various experiments in this study were as follows: α-
actinin, mouse monoclonal (1:200; Sigma, Germany); α-actinin, rabbit polyclonal (1:400;
Abcam, Germany); α-tubulin, mouse monoclonal (1:8000; Sigma); caspase-3, rabbit poly-
clonal (1:1000; Cell Signaling Technology, Taufkirchen, Germany); cleaved caspase-3, rabbit
monoclonal (1:400; Cell Signaling Technology); caspase-7, rabbit polyclonal (1:1000; Cell Sig-
naling Technology); SH3BGR rabbit polyclonal(1:1000; Proteintech, St. Leon-Rot, Germany);
LATS1 (1:1000; Cell Signaling Technology); p-LATS1 (1:1000; Cell Signaling Technology);
YAP (1:1000; Cell Signaling Technology); p-YAP (1:1000; Cell Signaling Technology).

4.3. Isolation of NRVCMs

The cell system used for the experiments in this manuscript is the primary neonatal
rat ventricular cardiomyocytes, or NRVCMs. These cells were harvested and prepared
for experimental use as described previously [37]. In brief, the left ventricles of 1–2-day
old Wistar rat babies (Charles River, Lyon, France) were harvested and chopped in ADS
buffer containing 120 mmol/liter NaCl, 20 mmol/liter Hepes, 8 mmol/liter NaH2PO4,
6 mmol/liter glucose, 5 mmol/liter KCl and 0.8 mmol/liter MgSO4; pH 7.4. For releasing
the individual cardiomyocytes from compound chopped tissue mass, between five and
six enzymatic digestion steps were performed with 0.6 mg/mL of pancreatin (Sigma)
at 37 ◦C and 0.5 mg/mL of collagenase type II (Worthington, Columbus, OH, USA) in
sterile ADS buffer. Subsequently, the compound cell suspension was passed through a
particular cell strainer with the final addition of newborn calf serum to stop enzymatic
digestion of cell mass. The cardiomyocytes were separated from cardiac fibroblasts using a
Percoll gradient (GE Healthcare, Chicago, IL, USA) centrifugation step and were cultured
in DMEM with additives such as 10% FCS, 2 mM penicillin/streptomycin and L-glutamine
(PAA Laboratories, Pasching, Austria) to support the growth. Adenovirus infection of
NRVCMs in DMEM supplemented with penicillin/streptomycin and L-glutamine, but
lacking FCS, was performed 24 h post-harvest. The cells were harvested 72 h post-infection.

4.4. Co-Localization Analysis of SH3BGR with α-Actinin

The co-localization between SH3BGR and α-actinin was observed in NRVCMs using
the LSM800 Zeiss laser-scanning microscope with the help of the ZEN-blue software
package. The cells were seeded in a 12-well plate that had a collagen-coated coverslip in
each well. Following the adenoviral infection and incubation phase, NRVCMs were first
fixed with 4% PFA for 5 min and then, in one step, permeabilized and blocked with 0.1%
Triton X-100 in 2.5% BSA in saline (PBS) for 1 h. The cells were then incubated for 1 h with
primary antibodies using the following dilutions: polyclonal rabbit anti-SH3BGR (1:200)
and monoclonal mouse anti- α-actinin (1:200; Sigma) for co-localization observation. The
respective secondary antibodies conjugated to either Alexa Fluor-546 (AF546) or Alexa
Fluor-488 (AF488) (Thermo Fisher Scientific) were incubated for 1 h with the same dilution
of 1:200 in 2.5% BSA in PBS, along with the nuclear stain DAPI (1:500). FluorSave reagent
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(Merck Millipore, Burlington, MA, USA) was used as a mounting medium. Fluorescence
micrographs were taken using the aforementioned Zeiss LSM800 confocal microscope with
a Plan-Apochromat 40/1.4 oil differential interference contrast (UV)-visible IR objective at
room temperature. Image pixel size was set to optimal for individual image acquisitions.
The pinhole for the acquisition was adjusted to 1 airy unit or less for each laser line.
The AF546 and DAPI channels were acquired via GaAsP-Pmt detectors, while the AF488
channel was acquired with a Multialkali-Pmt detector with gain settings between 600 V
and 700 V. The laser power for excitation variably ranged from 0.2 to 0.8%.

4.5. Immunofluorescence Microscopy for Cell Size Measurement

The cell size measurement of NRVCMs was studied in NRVCMs by immunofluo-
rescence microscopy. NRVCM preparation and staining were performed as described in
two separate sections above. Monoclonal mouse anti-α-actinin (1:200; Sigma) was used
as the primary antibody for cell size measurements due to its specificity to sarcomeric
α-actinin. The respective secondary antibody conjugated to Alexa Fluor-488 (Thermo
Fisher Scientific) was incubated for 1 h at a dilution of 1:200 in 2.5% BSA in PBS along
with nuclear stain DAPI (1:500). FluorSave reagent (Merck Millipore) was again used
as a mounting medium. Fluorescence micrographs (10 per coverslip) were taken with a
Keyence fluorescence microscope of series BZ 9000, at X10 objective (Plan Apochromat,
NA: 0.45). Images were acquired using the BZ-II image viewer software (Keyence, Oaska,
Japan version 2.1) using a built-in camera at room temperature and were processed and
analyzed by a BZ-II Analyzer (Keyence, version 2.1) as detailed below.

Cell size was measured using the HybridCellCount software module from Keyence
with the fluorescence harvest kept at single-extraction mode. First, the fluorescence inten-
sity thresholds were set for a moderately intense reference picture. Thereafter, α-actinin
whole-cell staining was set as the target area and the blue DAPI-stained nuclei were then
extracted from each green target area to determine the number of nuclei per target area,
i.e., cell. Then, MacroCellCount was performed, applying the settings from the reference
picture to each target picture from one set of experiments. Results were manually filtered
in MS excel for the following criteria: (a) 200-µm2 < target area < 2500 µm2 (size filter); (b)
extraction from target area = 1 (one nucleus filter, as neonatal cardiomyocytes have only
one nucleus); (c) area ratio 1 < 30% (cell surface to nucleus ratio filter, to avoid apoptotic
cells). The statistical analyses were performed using GraphPad Prism (version 5). An equal
distribution of the data in each group was tested by the Shapiro–Wilk test. The samples
were then compared according to the Student’s t-test. n > 900 (each condition, depending
on the cell density).

4.6. MTT Assay for Cell Viability

NRVCMs that were cultured in 24-well plates for viability check were infected with
RhoA, SH3 and miRSH3 adenoviruses and incubated for 72 h, where miRNeg and LacZ
served as controls as per the mentioned conditions. An MTT labeling reagent (in situ cell
proliferation kit, MTT I, Roche Applied Science, Penzberg, Germany) was added at a 10%
concentration of total DMEM volume to each well. Plates were then incubated for 4 h in
a cell incubators’ humidified atmosphere (37 ◦C, 5% CO2). After this incubation phase,
an MTT solubilization solution (cell proliferation kit MTT, Roche Applied Science) was
added to each well in a quantity 10 times higher than the initially added MTT labeling
reagent and was further incubated overnight under the same conditions. After complete
solubilization of purple formazan crystals, spectrophotometric absorbance was measured
using a 96-microplate reader on an Infinite M200 PRO System (Tecan, Life Science). The
percentage of viable cells from each condition was plotted as relative to the negative control.
Different groups were then compared according to the Student’s t-test. All the experiments
were performed in hexaplicate or octuplicate and repeated three times.
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4.7. RNA Isolation and qRT-PCR

Total RNA was isolated from NRVCMs or human/mouse hearts or other mouse tissue
samples using a cell-lysis reagent TriFast (Peqlab, Burladingen, Germany) and a Precellys
homogenizer with coarse and fine plastic beads (only for mouse and human samples),
following the manufacturer’s instructions. A total of 1 µg of total RNA was transcribed
into cDNA using the LunaScript RT supermix cDNA synthesis kit (New England Biolabs,
Lpswich, MA, USA). For qRT-PCR, the EXPRESS SYBR Green ER reagent (Life Technologies,
Inc., Carlsbad, CA, USA) was used in a real-time PCR system CFX96 from Bio-Rad. Cycling
conditions used for all the qRT-PCRs were 3 min at 95 ◦C followed by 40 cycles of 15 s at
95 ◦C and 45 s at 60 ◦C, a common step for annealing and extension, at which data were
collected. Rpl32 was used as an internal standard for normalization [8]. All experiments
with NRVCMs were performed in hexaplicate and repeated three times.

4.8. Protein Preparation and Immunoblotting

For protein isolation, NRVCMs were lysed by two to three freeze-thaw cycles in
RIPA lysis buffer containing 50mM Tris, 150mM NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate and 0.2% SDS, along with phosphatase inhibitor II, phosphatase inhibitor
III and protease inhibitor mixture (Roche Applied Science). For protein harvest from
mouse tissue or human hearts, a Precellys homogenizer with coarse and fine plastic
beads (Peqlab, Germany) was employed. Cell debris in both methods was removed by
centrifugation and protein concentration was determined photometrically by the DC assay
method (Bio-Rad, Feldkirchen, Germany) against BSA serial dilutions. Protein samples
were first resolved by 10% SDS-PAGE, before transferring to a nitrocellulose membrane and
subsequently immunoblotted with the target-specific primary antibodies. The overnight
application of mono- or poly-clonal primary antibodies was followed by incubation with
a suitable HRP-coupled secondary antibody (1:10,000; Santa Cruz Biotechnology, Dallas,
TX, USA) or fluorescent antibody Alexa Fluor 546 (for Tubulin only). Finally, protein
band visualization was achieved using a chemiluminescence kit (GE Healthcare) and was
detected on an imaging system (FluorChem Q; Biozym). A quantitative densitometry
analysis was performed using the ImageJ version 1.46 software (National Institutes of
Health) and plotted using Graphpad relative to control. All conditions were maintained in
triplicates and repeated thrice.

4.9. Human Heart Samples

Left ventricular myocardial samples were taken from the explanted hearts of patients
(NF = 5, HCM = 7) with the end-stage heart failure as characterized by the New York Heart
Association, heart failure classification IV and thus undergoing heart transplantation. All
procedures were performed in accordance with the ethical committee of the medical school
of the University of Goettingen in Germany. The explanted hearts were acquired directly
in the operation room during surgery and immediately placed in pre-cooled cardioplegic
solution (in mmol/l: NaCl 110, KCl 16, MgCl2 16, NaHCO3 16, CaCl2 1.2 and glucose 11).
The samples for immunoblots were frozen in liquid nitrogen and stored at -80 degrees
immediately after excision.

4.10. SRF Luciferase Assay

The SRF reporter gene assays shown in this study were performed on NRVCMs as
described previously [8]. Briefly, cells were infected with several combinations of viruses
expressing SH3BGR (50 ifu), miRSH3BGR (100 ifu) and RhoA (50 ifu), where LacZ and
miRNeg served as controls or filler viruses to maintain an equal count of viruses, along
with adenovirus Ad-SRF-RE-luciferase (20 ifu) carrying a firefly luciferase and Ad-Renilla-
luciferase carrying (5 ifu) Renilla luciferase (for normalization of the measurements). SRF
reporter gene assays were performed using a dual-luciferase reporter assay kit (Promega,
Madison, WI, USA), according to the manufacturer’s guidelines. Chemiluminescence was
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measured photometrically on an Infinite M200 PRO system (Tecan, Life Science). All the
experiments were performed in hexaplicate and repeated three times.

4.11. RhoA Inhibitor Usage

Clostridium botulinum-derived exoenzyme C3-transferase and its dominant-negative
point mutant C3-E174Q (glutamate to glutamine at aa 174) were used to treat the cells for
RhoA inhibition activity. Briefly, C3-E174Q mutant as control and C3-WT as treatment
were used. NRVCMs were treated for 12 h at a concentration of 1ug/mL before harvesting.

4.12. Statistical Analysis

All results shown are the means± S.E. unless stated otherwise. The statistical analyses
of the data were performed using a two-tailed Student’s t-test for every experimental
analysis. If necessary, two-way ANOVA (followed by Student–Newman–Keuls post hoc
tests when appropriate) was applied. p values of less than 0.05 were considered statistically
significant for all experiments.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222011042/s1.
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CHD Congenital heart disease
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Abstract: The bone morphogenetic protein (Bmp) signaling pathway and the basic helix–loop–helix
(bHLH) transcription factor Hand1 are known key regulators of cardiac development. In this
study, we investigated the Bmp signaling regulation of Hand1 during cardiac outflow tract (OFT)
development. In Bmp2 and Bmp4loss-of-function embryos with varying levels of Bmp in the heart,
Hand1 is sensitively decreased in response to the dose of Bmp expression. In contrast, Hand1 in
the heart is dramatically increased in Bmp4 gain-of-function embryos. We further identified and
characterized the Bmp/Smad regulatory elements in Hand1. Combined transfection assays and
chromatin immunoprecipitation (ChIP) experiments indicated that Hand1 is directly activated and
bound by Smads. In addition, we found that upon the treatment of Bmp2 and Bmp4, P19 cells
induced Hand1 expression and favored cardiac differentiation. Together, our data indicated that the
Bmp signaling pathway directly regulates Hand1 expression in a dose-dependent manner during
heart development.

Keywords: Bmp signaling; Hand1; Smad; transcriptional regulation; heart development; cardiomy-
ocyte differentiation

1. Introduction

Congenital heart defects (CHDs) are the most common birth defects, with an estimated
prevalence of 1% in newborns [1]. Cardiac outflow tract (OFT) defects are the most common
CHDs and account for one-third of all reported CHDs in human births. The development
of the OFT involves interactions and coordination between two types of progenitor pools:
second heart field (SHF) progenitors and cardiac neural crest cells (NCCs), regulated by a
complex, fine-tuned molecular regulatory network [2,3].

Bone morphogenetic proteins (Bmps) [4] are a family of growth factors belonging
to the transforming growth factor beta (TGF-β) superfamily [5]. In the canonical Bmp
pathway, Bmp ligands such as Bmp2 and Bmp4 bind to their dual-specificity kinase
and heterodimeric receptor complex, consisting of type I and type II receptors, which
phosphorylates downstream receptor-regulated Smads (R-Smads), i.e., Smad1, Smad5,
and Smad8 (Smad1/5/8) [6,7]. The phospho-R-Smads then form an oligomeric complex
with Smad4 and translocate into the nucleus to regulate the expression of downstream
genes. The Smad complex can act as both a transcriptional activator and a repressor to
regulate target gene expression. The highly conserved Bmp signaling pathway is essential
for heart development [8,9], including OFT formation [10–12]. Mouse models with Bmp
signaling disruptions result in embryonic lethality and CHDs [13–17], as evidenced by
Bmp2/4 deletions in the SHF resulting in lethality by embryonic day (E) 12.5 with deficient
OFT myocardial differentiation in mice [17].
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The hand (the heart- and neural crest derivatives-expressed protein 1) proteins are a
subclass of basic helix–loop–helix (bHLH) transcription factors (TFs) that can form homo-
and heterodimer combinations with multiple bHLH partners, mediating transcriptional
activity in the nucleus [18,19]. Previous studies have shown that Hand1 and Hand2 are core
TFs that are expressed in the precardiogenic mesoderm to govern essential gene regulatory
networks for cardiovascular growth and morphogenesis [20–24]. Hand1 plays a vital role
in the specification and/or differentiation of extraembryonic structures such as the yolk
sac, placenta, and cells of the trophoblast lineages, including cardiac muscle the heart, gut,
and sympathetic neuronal development, while also aiding in the proper development of
tissues populated by Hand1-expressing NCCs [25,26]. Hand1 deletion in mice results in
lethality at E8-8.5, with perturbed heart development at the looping stage [20,27]. Several
cardiac studies demonstrated that Hand1 is an important regulator for cardiac precursor
cell fate decision and cardiac morphogenesis [20,21,28,29]. Moreover, mutated HAND1 has
been shown to hinder the effect of GATA4, and is associated with congenital heart disease
in human patients [30,31]. Mice lacking Hand2 are embryonically lethal at E10.5, persisting
with right ventricular hypoplasia and vascular malformations [22,32]. HAND2 loss-of-
function mutation was found to contribute to human CHDs, and enhanced susceptibility
to familial ventricular septal defect (VSD) and double outlet right ventricle (DORV) [33].

In this study, we combined both in vivo mouse genetics and in vitro molecular anal-
yses to investigate the regulation of Hand1 by Bmp signaling. We found that canonical
Bmp-Smad signaling regulates the expression of Hand1 in a dosage-dependent manner
during embryonic heart development, and functions through both cell-autonomous and
non-cell-autonomous regulation. Our results suggested that Smads directly bind to the
5′UTR of Hand1 and activate its expression. In addition, we found that Bmp treatment
can activate Hand1 expression and promote the expression of cardiac TFs such as Nkx2.5
and Gata4 in P19 cells. Taken together, our data uncovered a fine-tuned canonical Bmp
signaling-Hand1 regulation during heart development.

2. Results
2.1. Hand1 Expression Decreases in a Dose-Sensitive Manner in Response to Bmp2 and Bmp4
Deficiency during Heart Development

SHF progenitors contribute greatly in the formation of the OFT, inflow tract and right
ventricle (RV) [34]. To determine Hand1 expression changes in response to Bmp loss-of-
function during embryonic OFT development, we generated compound Bmp2 and Bmp4
double-conditional knockout (Bmp2/4 dCKO) mutants by crossing the SHF-specific Mef2ccre

driver with the Bmp2 and Bmp4 conditional null alleles. Through this cross, we obtained
Bmp2/4 dCKO mutants and Bmp compound mutants with varying levels of Bmp deficiency,
including Bmp2 homozygous, Bmp4 heterozygous mutants (Bmp2−/−; Bmp4+/−) and
Bmp4 homozygous, Bmp2 heterozygous mutants (Bmp2+/−; Bmp4−/−). Whole-mount
in situ hybridization indicated that compared to the control embryos (Figure 1A), both
Bmp2−/−; Bmp4+/− (Figure 1B) and Bmp2+/−; Bmp4−/− (Figure 1C) mutant embryos
had a dramatic decrease in Hand1 expression in the OFT. Strikingly, Bmp2/4 dCKO mutants
(Figure 1D) presented with fully abolished Hand1 expression in the OFT; however, in all
Bmp mutant samples (compound and dCKO mutants), Hand1 was still highly expressed in
the non-SHF-derived structures such as the left ventricle (LV). These findings indicate that
Hand1 expression is highly sensitive to a Bmp dose-dependent regulation. Histological
section analysis of in situ hybridization further confirmed that Hand1 expression was
fully abolished in the OFT of Bmp2/4 dCKO mutant hearts (Figure 1F), as compared to
the control hearts with a high expression of Hand1 in the OFT (Figure 1E). The qRT-PCR
analysis further indicated that Hand1 expression in the hearts of Bmp2/4 dCKO mutants
was significantly reduced to around 30% of that of the control hearts at E9.5 (Figure 1G).
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mutants; B2+/−; B4−/−: Bmp4 homozygous, Bmp2 heterozygous mutants; B2−/−; B4-/−: Bmp2/4 dCKO. e, eye; ba, branchial 
arch; oft, outflow tract. Arrows and arrow heads point out in situ hybridization signals in OFT and SHF. Data are presented 
as means ± s.e.m. * indicates p-value < 0.05. 

During early cardiac development, proliferating SHF progenitor cells add to the OFT 
and inflow tract, leading to heart tube elongation and its subsequent asymmetric looping 
formation by E9.5. The other major progenitor cell population contributing to OFT for-
mation is the cardiac NCCs, a highly migratory, multipotent cell population originating 
from the cranial/vagal region of the dorsal neural tube that subsequently migrates to the 
OFT. During cardiac morphogenesis, SHF progenitor cells and cardiac NCCs closely in-
teract with each other and coordinately regulate OFT formation [35]. We evaluated ex-
pression of the SHF marker Hand2 and the NCC marker Ap2 using whole-mount in situ 
hybridization, and found that the Bmp2/4 dCKO mutant heart had Hand2 (Figure S1B) and 
Ap2 (Figure S1D) expression comparable to that of the control embryo (Figure S1A, C). 
These findings suggest intact SHF and NCC contributions to the OFT, indicating that the 
abolished Hand1 expression in the OFT of the Bmp2/4 dCKO mutant is not caused by re-
duced cell populations. Importantly, other than in the SHF-derived OFT, Bmp2/4 deletion 
in the SHF also caused diminished Hand1 expression in the NCC-derived components of 
the OFT, suggesting a non-cell-autonomous regulation by Bmp2/4. Together, these data 
suggested that during development, Bmp signaling regulates Hand1 expression in the 
SHF- and NCC-derived OFT through cell-autonomous and non-cell-autonomous regula-
tion, in a dose-dependent manner. 

2.2. Hand1 is Upregulated in Bmp4 OE Embryos 
Finding that Hand1 expression is sensitive to Bmp loss-of-function, we next detected 

Hand1 expression in the heart with elevated Bmp signaling. Using a conditional Bmp4tetO 
gain-of-function allele (tetracycline inducible) crossed with the Mef2ccre driver [17,36], we 

Figure 1. Hand1 expression is regulated by Bmp signaling in a dose-dependent manner during mouse heart development.
(A–D) Whole-mount in situ hybridization showing Hand1 expression in mouse embryos at E9.5. (E,F) E9.5 sagittal sections
showed Hand1 in situ hybridization in the branchial arch and OFT. (G) qRT-PCR analysis of Hand1 expression in control
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branchial arch; oft, outflow tract. Arrows and arrow heads point out in situ hybridization signals in OFT and SHF. Data are
presented as means ± s.e.m. * indicates p-value < 0.05.

During early cardiac development, proliferating SHF progenitor cells add to the
OFT and inflow tract, leading to heart tube elongation and its subsequent asymmetric
looping formation by E9.5. The other major progenitor cell population contributing to OFT
formation is the cardiac NCCs, a highly migratory, multipotent cell population originating
from the cranial/vagal region of the dorsal neural tube that subsequently migrates to
the OFT. During cardiac morphogenesis, SHF progenitor cells and cardiac NCCs closely
interact with each other and coordinately regulate OFT formation [35]. We evaluated
expression of the SHF marker Hand2 and the NCC marker Ap2 using whole-mount in situ
hybridization, and found that the Bmp2/4 dCKO mutant heart had Hand2 (Figure S1B)
and Ap2 (Figure S1D) expression comparable to that of the control embryo (Figure S1A,C).
These findings suggest intact SHF and NCC contributions to the OFT, indicating that
the abolished Hand1 expression in the OFT of the Bmp2/4 dCKO mutant is not caused by
reduced cell populations. Importantly, other than in the SHF-derived OFT, Bmp2/4 deletion
in the SHF also caused diminished Hand1 expression in the NCC-derived components of
the OFT, suggesting a non-cell-autonomous regulation by Bmp2/4. Together, these data
suggested that during development, Bmp signaling regulates Hand1 expression in the SHF-
and NCC-derived OFT through cell-autonomous and non-cell-autonomous regulation, in a
dose-dependent manner.

2.2. Hand1 is Upregulated in Bmp4 OE Embryos

Finding that Hand1 expression is sensitive to Bmp loss-of-function, we next detected
Hand1 expression in the heart with elevated Bmp signaling. Using a conditional Bmp4tetO

gain-of-function allele (tetracycline inducible) crossed with the Mef2ccre driver [17,36], we
specifically overexpressed Bmp4 in the SHF-derived heart structures (Bmp4 OE). We found
that compared with the control heart (Figure 2A), the Bmp4 OE mutant heart had robustly
expanded Hand1 expression in the SHF region and SHF-derived structures, including the
OFT and RV (Figure 2B), indicated by in situ hybridization staining using a Hand1 probe.
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The qRT-PCR results further indicated that the elevated Bmp4 expression resulted in a
significant increase in Hand1 in the Bmp4 OE mutant heart compared with the control heart
at E9.5 (Figure 2C). These results indicated that Bmp signaling activates Hand1 expres-
sion during heart development, further supporting the conclusion that Hand1 expression
sensitively responds to Bmp signaling dosage.
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2.3. Hand1 Is a Direct Target Activated by the Canonical Bmp/Smad Signaling

Smad TFs function as the major signal transducers for receptors of the Bmp signaling
pathway and can interact with specific DNA motifs to regulate gene expression [37–40].
The R-Smads and Smad4 are composed of two evolutionally conserved domains named
Mad Homology 1 and 2 (MH1 and MH2). The MH1 domain is responsible for the Smad
binding element’s (SBE) DNA-binding activity, while the MH2 domain is important for
heterooligomeric Smad complexes formation and transcriptional activation [41,42]. In ad-
dition, based on chromatin immunoprecipitation and structural analysis, Smads have been
shown to favor recognizing GC-rich elements (also termed BMP response element (BRE)
in certain BMP-responsive genes) [43,44] and CAGAC motifs (also termed Smad binding
element (SBE)) [45,46]. To determine if the Bmp/Smad signaling directly regulates Hand1,
we undertook sequencing analysis and found that several phylogenetically conserved
Smad recognition elements, including the GC-rich elements BRE and SBE, were located in
the 5′UTR of Hand1 (Figures 3A and S2).

To determine whether Smads directly bind to Hand1, we performed chromatin im-
munoprecipitation (ChIP) using a Smad1/5/8 antibody in E9.5 wild-type embryonic heart
extracts. There was an obvious enrichment in the anti-Smad1/5/8 immunoprecipitated
chromatin compared to the controls, indicating that Smad1/5/8 directly bound to the
Hand1 chromatin (Figure 3B). To evaluate whether the potential Bmp/Smad regulatory
elements in Hand1 are functional, we made a Hand1 5′UTR (Hand1 reporter) luciferase
(Luc) reporter and performed luciferase assays in P19 cells. We found that Bmp treatment
resulted in a dramatic and significant induction of Hand1 reporter activity (Figure 3C). Over-
expression of the constitutively active Bmpr1a (caALK3) [47] also significantly increased
Hand1 reporter activity (Figure 3D). In contrast, overexpression of Smad6, an inhibitory
Smad, specifically competed with Smad4 for binding to Smad1 [48], and significantly
repressed Hand1 reporter activity (Figure 3E). Hand1 Luc reporter activity was also dramat-
ically decreased when using a knockdown Smad1 short hairpin RNA (shRNA) (Figure 3F).
Together, these findings supported the idea that Hand1 is a direct target activated by the
canonical Bmp/Smad signaling.
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2.4. Bmp Induces Hand1 Expression during Cardiomyogenesis in P19 Cells

Both in vivo and in vitro studies have established the essential roles of Bmp signals
in promoting cardiomyocyte differentiation [49–51]. P19 cells are undifferentiated stem
cells derived from murine teratocarcinoma [52], which can differentiate into multiple cell
types [53–55]. Previous studies have indicated that P19 cells can undergo cardiomyoge-
nesis after treatment with chemical inducers such as DMSO, cardiac TFs such as Mef2c,
and various cytokines [56–60]. It has been shown that Bmp treatment can promote car-
diomyocyte differentiation in P19 cells by regulating Nkx2.5 activity [60]. To study Hand1
expression induced by Bmp2 and Bmp4 during cardiomyogenesis, we treated P19 cells
with different concentrations of Bmp2 and Bmp4 for 6 days. Our western blot data indi-
cated that both Bmp2 and Bmp4 induced Hand1 protein expression in a dose-dependent
manner (Figure 4A,B). The qRT-PCR analysis also indicated that Hand1 expression was
elevated in P19 cells after 6 days of Bmp2 and Bmp4 treatment (Figure 4C). Transcription
factor Id1 is a known direct target of the canonical Bmp/Smad signaling pathway [61–63].
Bmp2/4 stimulation also induced Id1 gene expression, demonstrating that Bmp2 and
Bmp4 activate the canonical Bmp/Smad signaling pathway (Figure 4D). Furthermore,
we detected an elevated expression of cardiac TFs Nkx2.5 and Gata4 with Bmp treatment,
indicating undergoing cardiomyogenesis in P19 cells (Figure 4E,F). Taken together, these
data showed that the canonical Bmp/Smad signaling pathway induced Hand1 expression
during cardiomyogenesis in P19 cells.
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Hand1 expression level is tightly regulated by Bmp signaling in a dose-dependent manner 
in the OFT, whereas the Hand2 expression level is not obviously affected by Bmp signaling 
activity changes. The Bmp2−/−; Bmp4+/− and Bmp2+/−; Bmp4−/− compound mutant em-
bryos had low levels of Hand1 expression in the OFT, which indicated a functional redun-
dancy between Bmp2 and Bmp4. The fully abolished Hand1 expression in the OFT of the 
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Hand1 expression in the SHF-derived cells, but also Hand1 expression in neural crest-de-
rived cells, suggesting that Bmp signaling functions in both cell-autonomous and non-
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3. Discussion

In this study, we demonstrated that Hand1 is a direct downstream target of the canoni-
cal Bmp/Smad signaling pathway during heart development. Studies have indicated the
importance of Hand1 and Hand2 during cardiac morphogenesis, including their contri-
bution in NCCs, myocardium, endocardium, and epicardium. Hand1 and Hand2 display
different restricted expression patterns in the developing heart. In mice, Hand1 is highly
enriched in the OFT, the cardiomyocytes of the LV, and in the myocardial cuff, between
E9.5–13.5 [64]. In contrast, Hand2 is expressed throughout the linear heart tube, including
the RV, the atria, and the left ventricular chambers [65]. Here, we found that the Hand1
expression level is tightly regulated by Bmp signaling in a dose-dependent manner in the
OFT, whereas the Hand2 expression level is not obviously affected by Bmp signaling activity
changes. The Bmp2−/−; Bmp4+/− and Bmp2+/−; Bmp4−/− compound mutant embryos
had low levels of Hand1 expression in the OFT, which indicated a functional redundancy
between Bmp2 and Bmp4. The fully abolished Hand1 expression in the OFT of the Bmp2/4
dCKO mutant heart indicated that Bmp deletion in the SHF not only regulated Hand1
expression in the SHF-derived cells, but also Hand1 expression in neural crest-derived cells,
suggesting that Bmp signaling functions in both cell-autonomous and non-cell-autonomous
ways. Indeed, Bmp receptors also play essential roles during heart development, such as
the Bmp receptor ALK3, that when specifically knocked-out in cardiac myocytes, resulted
in cardiac septation and atrioventricular cushion morphogenesis [66]. However, the poten-
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tial signaling cross talk between SHF progenitors and NCCs in the OFT, mediated by Bmp
receptors, will need further investigation. In contrast to Bmp loss-of-function, Bmp gain-of-
function leads to a robust increase in Hand1 expression, indicating that Bmp signaling is
both necessary and sufficient to activate Hand1 transcription, further supporting the idea
that Hand1 expression sensitively responds to Bmp signaling dosage.

In a facial skeletal development study, Claudio et al. reported that Bmp4 balances
self-renewal and differentiation signals in cranial NCCs, and found that compared to
the controls, Hand1 expression was expanded in the developing mandibles of mice with
Bmp4 overexpression in NCCs at E11.5 [36]. In addition, Vincentz et al. found that dur-
ing mandibular development, Bmp signaling and Hand2 synergistically activate Hand1
expression, whereas this regulation is inhibited by the homeodomain proteins distal-less
homeobox 5 (Dlx5) and Dlx6. However, the Bmp/Hand2 co-regulation and Dlx5/6 an-
tagonism regulation on Hand1 only occurred in cranial NCCs, not in cardiac NCCs [67].
Here, we found that Bmp signaling in the SHF likely regulates Hand1 expression in both
SHF progenitors and cardiac NCCs during OFT development. However, Hand2 in the SHF
likely does not participate in this regulation given that Hand2 expression was not altered
upon Bmp deletion in the SHF.

To further understand the mechanism underlying sensitive expression responses
of Hand1 to Bmp dosages, we analyzed the 5′UTR of Hand1 and identified conserved
Bmp/Smad regulatory elements in the Hand1 5′UTR. We made the Hand1 5′UTR luciferase
reporters and performed a luciferase assay. We found that both the Bmp treatment and over-
expression of the constitutively active Bmp receptor (caALK3) induced Hand1 luciferase
activity. To further consolidate this result, we also used inhibitory Smad6 and Smad1 shRNA
to specifically block the Bmp/Smad signaling. We found Hand1 luciferase reporter activity
was decreased when co-transfected with Smad6 and Smad1 shRNA. Notably, our ChIP
assays’ data showed that Smad1/5/8 binds directly to Hand1 5′UTRs in the E9.5 wild-type
mouse hearts. These data together indicated that the Bmp regulation on Hand1 functions
through the Smads-mediated canonical Bmp signaling pathway.

Both in vivo and in vitro studies of cardiac cardiomyocyte differentiation systems
give strong evidence that Bmps can specifically regulate cardiac differentiation and car-
diomyogenesis [59,60,68–70]. Our previous work reported that Bmp signaling enhances
myocardial differentiation during OFT development [17]. During embryogenesis, Hand1 is
important for the morphogenic patterning and maturation of cardiomyocytes [20,27,29].
The conditional deletion of Hand1 in cardiomyocytes, using Nkx2.5Cre or a-myosin heavy
chain Cre (aMHCCre) driver, results in multiple morphological anomalies that include
cardiac conduction system defects, survivable interventricular septal defects, and abnormal
LV papillary muscles [29]. Monzen et al. reported that Bmps induce P19 cells for cardiomy-
ocyte differentiation through the mitogen-activated protein kinase kinase kinase TAK1
and cardiac TFs Csx/Nkx-2.5 and GATA-4 [59]. In our in vitro experiments examining
Hand1 expression in P19 cells with treatments of varying Bmp2 and 4 concentrations, we
found that both Bmp2 and 4 promote Hand1 expression in a dose-dependent manner. In
addition, after Bmp2 and 4 treatment, cardiac TFs Nkx2.5 and Gata4 were also induced
when Hand1 expression was increased. These data, together with previously published
findings, suggest that Bmps could potentially activate Hand1 to promote cardiomyocyte
differentiation. However, further electro-physiological experiments in P19 cells and in vivo
investigations are still needed in the future.

In conclusion, to our knowledge, this study is the first to demonstrate that the canon-
ical Bmp/Smad signaling pathway in the SHF directly activates Hand1 expression in a
dose-dependent manner during OFT development. Our findings also revealed a potential
cell-autonomous and non-cell-autonomous function of Bmp signaling in the SHF and
provided better insights into the molecular regulation of OFT development.
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4. Materials and Methods
4.1. Mouse Alleles and Transgenic Lines

The Bmp2 and Bmp4 conditional null, Bmp4tetO gain-of-function allele and the Mef2ccre

line were previously described [17,36].

4.2. Antibodies and Reagents

Antibodies used in this study include P-Smad1/5/8 (Cell Signaling Technology,
#13820, Danvers, MA, USA), Smad1 (Upstate Biotechnology, Lake Placid, NY, USA),
Hand1 (R&D systems, AF3168-SP, Minneapolis, MN, USA), and GAPDH antibody (Abcam,
#ab9485, Cambridge, UK). Bmp2 (R&D, #355BM, Minneapolis, MN, USA) and Bmp4 (R&D,
#314BP, Minneapolis, MN, USA) proteins were purchased from R&D systems.

4.3. Whole-Mount In Situ Hybridization

Whole-mount and section in situ hybridization was performed as previously de-
scribed [17]. The plasmids for Hand1 and Hand2 in situ probes were previously de-
scribed [71]. For all the experiments, at least three controls and mutant embryos were
analyzed for each probe.

4.4. Quantitative Real Time RT-PCR

Total RNA from embryonic hearts was isolated using the RNeasy Micro Kit (QIA-
GEN) [17]. Total RNA from P19 cells was extracted using TRIzol reagent (Life technologies,
Carlsbad, CA, USA) following the manufacturer’s protocol. For qRT-PCR assays, iScript Re-
verse Transcription Supermix (Bio-Rad, Hercules, CA, USA) was used for RT-PCR, and SYBR
Green PCR Master Mix (Applied Biosystems, Waltham, MA, USA) was used for real-time
thermal cycling (Applied Biosystems, Waltham, MA, USA). All error bars represent SEM.
Primers used for qRT-PCR were Gapdh forward, 5′-TGGCAAAGTGGAGATTGTTGCC-3′.
Gapdh reverse, 5′-AAGATGGTGATGGGCTTCCCG-3′. Hand1 forward, 5′-GCCTACTTGA
TGGACGTGCT-3′. Hand1 reverse, 5′-CAACTCCCTTTTCCGCTTGC-3′. Gata4 forward,
5′-CCCTGGAAGACACCCCAATC-3′. Gata4 reverse, 5′-TTTGAATCCCCTCCTTCCGC-3′.
Nkx2.5 forward, 5′-TGCTCTCCTGCTTTCCCAGCC-3′. Nkx2.5 reverse, 5′-CTTTGTCCAGC
TCCACTGCCTT-3′. Id1 forward, 5′-TTGGTCTGTCGGAGCAAAGCGT-3′. Id1 reverse,
5′-CGTGAGTAGCAGCCGTTCATGT-3′.

4.5. Chromatin Immunoprecipitation

E9.5 wild-type mice embryonic hearts were dissected and followed by chromatin
immunoprecipitation (ChIP) analysis, which was performed using a ChIP assay kit (Up-
state) [17]. The two primers for amplifying the Bmp/Smad regulatory element in the 5′

upstream of the Hand1 genomic sequence were sense, 5′-AACCCGCAGGGCACAAGAA-
3′, and antisense, 5′-TGGTTGTGCAAGAGATTGTGA-3′. The PCR product was evaluated
for appropriate size on a 2% agarose gel and was confirmed by sequencing. As negative
controls, no antibody was used; in addition, normal rabbit immunoglobulin G was used
as a replacement for the anti-Smad1/5/8 (sc-6031-R, Santa Cruz) to reveal nonspecific
immunoprecipitation of the chromatin.

4.6. Luciferase Reporter Assays

Expression and reporter plasmids were described above. Constitutively active ALK3
(caALK3), pcDNA3.1-Smad6 expression plasmid, and pSR siSmad1 plasmid were previ-
ously described [17]. To generate the Hand1 luciferase reporter plasmid, 2314bp 5′upstream
of Hand1 genomic sequence was amplified using a high-fidelity PCR system (Roche) with
two oligonucleotides, sense, 5′-ACGCGTAGGGTACAAAGGGAAACTGGGTGT-3′ (un-
derlined letters indicate the MluI restriction site introduced for subcloning), and antisense,
5′-CTCGAGTGCTCACTCCCTGTACTGAACCTA-3′ (underlined letters indicate the XhoI
restriction site introduced for subcloning), and subcloned into pGL3-Basic vector (Promega).
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P19 cells were transfected using Lipofectamine 3000 (Invitrogen). Luciferase activity assays
were performed using the Luciferase Assay System (Promega).

4.7. Western Blotting

Western blot was performed as previously described using standard techniques [72].
After 6 days with or without Bmp2/4 treatment, P19 cells were harvested and lysated using
0.5% NP-40 lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% NP-40, 10% glycerol,
phosphatase and protease inhibitors) for 10 min on ice, and centrifuged at 14,000 rpm
for 10 min at 4 ◦C. For Western blot analysis, the proteins were loaded and separated
by SDS-PAGE, and transferred onto a PVDF membrane (Millipore, IPVH00010). The
membranes were blocked in 5% non-fat milk for 1 h at room temperature and incubated
with primary antibodies overnight at 4 ◦C. The membranes were incubated with HRP-
conjugated secondary antibodies for 2 h at room temperature and were imaged by Bio-rad
imaging systems. Antibodies used for immunoblotting are mentioned above.

4.8. Cell Culture

Mouse embryonic carcinoma cell line P19 were maintained in Minimum Essential
Medium (MEM) supplemented with 10% fetal bovine serum (FBS) at 37 ◦C in a humidified
incubator with 5% CO2. P19 cells were seeded at a concentration of 0.5 × 106 cells per
well in 6-well plates and cultured for 24 h to reach 100% confluence (day 0). To induce
differentiation, cells were washed in PBS and cultured in MEM supplemented with 10%
fetal bovine serum (FBS), Bmp2 or Bmp4, referred to as differentiation medium.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22189835/s1, Figure S1: Hand2 is not changed in control and Bmp2/4 mutant; Figure S2:
Diagram of the Bmp/Smad regulatory element in the 5′ upstream of Hand1 genomic sequence (at
upper) and its phylogenetic sequence alignment (at lower).
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Abstract: Clinical effects induced by arrhythmogenic cardiomyopathy (ACM) originate from a large
spectrum of genetic variations, including the missense mutation of the lamin A/C gene (LMNA),
LMNA D192G. The aim of our study was to investigate the biophysical and biomechanical impact of
the LMNA D192G mutation on neonatal rat ventricular fibroblasts (NRVF). The main findings in mu-
tated NRVFs were: (i) cytoskeleton disorganization (actin and intermediate filaments); (ii) decreased
elasticity of NRVFs; (iii) altered cell–cell adhesion properties, that highlighted a strong effect on
cellular communication, in particular on tunneling nanotubes (TNTs). In mutant-expressing fi-
broblasts, these nanotubes were weakened with altered mechanical properties as shown by atomic
force microscopy (AFM) and optical tweezers. These outcomes complement prior investigations
on LMNA mutant cardiomyocytes and suggest that the LMNA D192G mutation impacts the biome-
chanical properties of both cardiomyocytes and cardiac fibroblasts. These observations could ex-
plain how this mutation influences cardiac biomechanical pathology and the severity of ACM in
LMNA-cardiomyopathy.

Keywords: arrhythmogenic cardiomyopathy (ACM); lamin A/C; atomic force microscopy (AFM);
cell–cell adhesion; neonatal rat ventricular fibroblasts (NRVF); tunneling nanotubes (TNT)

1. Introduction

Arrhythmogenic cardiomyopathy (ACM) is a myocardial disease characterized by a
high risk of life-threatening ventricular arrhythmias, sudden cardiac death, and progression
towards heart failure [1,2]. This disease, which can predominantly affect the right ventricle
(arrhythmogenic right ventricular cardiomyopathy or ARVC), the left ventricle (arrhythmo-
genic left ventricular cardiomyopathy (ALVC), or arrhythmogenic dilated cardiomyopathy
(DCM)), or both (biventricular ACM) is generated by a large spectrum of genes including
the lamin A/C gene (LMNA) [1]. Many ACM genes, such as LMNA [3], induce important
alterations of the signal transduction and the intercellular communication mechanism in
cardiac cells [4–6]. In 2015, Lanzicher et al. investigated the biomechanical impact of LMNA
missense mutations in neonatal rat ventricular myocytes (NRVM), and found damages on
the actin cytoskeleton, suggesting loss of actin filament anchorage by dysfunction of the
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laminar proteins at the nuclear membrane as the initiating alteration [7,8]. Their results
were further confirmed by different studies, in which it was demonstrated that lamina
network mutations induce an alteration of actin filaments, microtubule, and intermediate
filament anchorage in the nuclear membrane, a region critical for cytoskeleton organiza-
tion [9,10]. Moreover, the link between the lamina network and the cytoskeleton filaments
is ensured by a protein complex: LInker of Nucleoskeleton and Cytoskeleton (LINC). A
functional nuclear lamin cortex is therefore necessary for the cytoskeleton anchorage, at the
nuclear membrane LINC complex, and for maintaining the cytoskeleton integrity [11,12].
As previously reported, atomic force microscopy (AFM) studies highlighted that cardiomy-
ocytes expressing a LMNA D192G mutation have alterations of membrane biomechanical
properties (stiffness and fragility), due to cytoskeletal structural modifications, and de-
creased adhesion between the cell membrane and the AFM probe [7,13]. Furthermore,
LMNA mutations appear to disrupt cell adhesion, potentially hampering the communica-
tion between cardiomyocytes [7]. However, the link between the defective lamina network,
defective cell adhesion, and the ACM phenotype has not been demonstrated.

In 2004, A. Rustom et al. reported a cell–cell communication system which offers a
new perspective: cellular communication by tunneling nanotubes (TNT). In their work,
this communication works as a “highway” connecting two cells and it is composed by
nanoscale membrane tubes with diameters between 50 and 200 nm, containing actin
filaments and allowing the exchange of biological material (such as organelles, plasma
membrane components, and cytoplasmic small particles [14] like mitochondria [15], HLA
proteins [16], viruses [17], lysosomes [18], and calcium [16]) (Figure 1A).
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Figure 1. Cartoon showing tunneling nanotubes (TNT). (A) Cargo transfer through TNT with
exchange of particles (such as mitochondria, ions, virus . . . ) between two cells. (B) TNT construction
by extension of filopodia. (C) TNT construction by contact, formation of TNT after physical contact
between two cells and distancing of cells.

In particular conditions (such as cell rescue phenomena), microtubules can be found
in TNTs, but in typical conditions, TNTs are composed mainly of actin filaments [19–21].
In the literature, different studies assessed the impact of this communication mechanism
in physio/pathology condition, like the infection of HIV [17] and cancer cell prolifera-
tion [18,22,23]. In in vivo conditions, TNT formation uses two different mechanisms: the
filopodia production, followed with lamellipodia and, finally, the TNT between two cells
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(Figure 1B), or by direct contact between two cells (Figure 1C). Some studies suggest that
the interaction of two connexin 43 (Cx43) proteins can initiate TNT formation [14,24,25].
Cx43 interactions stabilize the connection between two cells, allowing the cytoskeleton fila-
ment of each cell to organize and form TNTs. Recently, K. He et al. not only demonstrated
the presence of TNT in the cardiac tissue between two cardiomyocytes, but also between
cardiac fibroblasts and cardiomyocytes [26]. These data suggest that the presence of TNT
between fibroblasts and cardiomyocytes may be important in cellular crosstalk. Indeed,
cardiac fibroblasts have an essential role: they are the largest cell populations in the heart,
followed by cardiomyocytes, and cardiac fibroblasts contribute to the structural, biochem-
ical, mechanical, and electrical properties of the myocardium tissue [27,28], modulation
of the myocardial response [29], and production of the extra cellular matrix (ECM) [30].
If chronically stimulated they may induce fibrosis [31]. Fibroblasts could therefore have
an important role in ACM. Indeed, the multiple functions of fibroblasts could be altered
by TNT damages. Decrease of communication by TNT dysfunction could impact the
modulation of the myocardial response to stress and trigger the production of the extracel-
lular matrix. Therefore, the aim of our study was to investigate the impact of an LMNA
mutation on cardiac fibroblasts. To this purpose, biophysical and biomechanical measure-
ments were carried out on living neonatal rat ventricular fibroblasts (NRVF) expressing
the LMNA D192G mutation. This mutation was selected because it represents a mutation
associated with disruption of nuclear envelope morphology [32]. It has been described
in one family with a severe phenotype where symptom onset and death/transplantation
happened at 30.5 (±6.4) and 32.0 (±7.1) years, respectively: both patients died before the
age of 40 years [33]. Although the small number of observations of this rare mutation
must be taken into consideration, clinical data suggest that LMNA D192G have a very
severe outcome.

We used a multidisciplinary approach including cell–cell adhesion measurements
by cell spectroscopy using atomic force microscopy [34]. The cell–cell adhesion tests
identified differences in adhesion patterns such as energy, maximum adhesion, rupture,
and nanotube characteristics between two living NRVFs [35,36]. Moreover, we analyzed
adhesion parameters in wild type (WT) NRVFs after blocking Cx43 to understand the role
of this protein in the TNT. Furthermore, we studied the nanotubes’ mechanical properties
by optical tweezers (OT) and their structure by fluorescence staining experiments. OT
measurements allowed us to quantify forces involved in the extrusion of only one nanotube
under different conditions (mutated or WT). Here, we report how complementary and
multidisciplinary biophysical and biological tools generated a new mechanistic insight into
the impact of the LMNA D192G mutation on the fibroblast structure and function.

2. Results

Since adenovirus causes a transient transfection, to control if our cells were still express-
ing the episome, we checked them, during and after the experiment, using GFP fluorescence.

2.1. Immunofluorescence Showed Actin Disorganization and Brittle TNTs in Fibro-MT

Neonatal rat ventricular fibroblasts (NRVFs) were prepared as (i) non-treated, transfec-
tion control NRVFs (Fibro-CT), as (ii) wild type NRVFs (Fibro-WT), and as (iii) NRVFs with
LMNA D192G mutation (Fibro-MT). For each condition, actin filaments and intermediate
filaments were labeled by immunofluorescence, in order to observe the effect of LMNA
D192G mutation on their cytoskeleton. Fibro-MT showed actin network damage which
stands out as disorganization of the cytoskeleton when compared with both Fibro-WT and
Fibro-CT (Figure 2A).

As far as the TNTs are concerned, when they were produced by Fibro-MT they displayed
a “brittle” morphology with a thickness of 0.66 ± 0.36 µm (Figure 2B), while TNTs produced
by Fibro-WT and Fibro-CT were thicker: 2.55 ± 1.29 µm and 2.63 ± 1.48 µm respectively.

In all three conditions actin and intermediate filaments were present inside the TNTs
(Figure 2). When TNTs linked two cells, they could be as long as 278 ± 23 nm, but this
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length was greatly reduced in Fibro-MT (70 ± 11 nm). Our TNT observations showed
therefore that the morphological damages in both the actin network and the intermediate
filament in the LMNA D192G mutant fibroblasts also influence the TNTs structure making
them thinner, shorter, and more brittle.
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Figure 2. (A) Fluorescence staining of NRVF cytoskeleton. NRVF fluorescence staining in CT, WT, and
lamin A/C D192G mutated condition with (i) Phalloidin to target both actin filaments and vimentin
intermediate filaments, (ii) DAPI to target the nucleus, and (iii) green fluorescent protein (GFP) used
as the transfection control after infection of adenoviral with, or without, the mutation lamin A/C
D192 G. Scale bar (white), 10 µm. (B) Fluorescence staining of NRVF nanotubes. NRVF nanotubes’
fluorescence staining in CT, WT, and lamin A/C D192G mutated condition with (i) Phalloidin to
target both actin filaments and vimentin intermediate filaments, (ii) DAPI to target the nucleus, and
(iii) green fluorescent protein (GFP) used as the transfection control after infection of adenoviral with,
or without, the mutation lamin A/C D192 G. Scale bar (white), 10 µm.

The cylindrical shape of membrane nanotubes results from a compromise between
surface tension and bending rigidity (1). Taking the analogy between tethers and filopodia
as a guide, the force that the cell membrane exerts on the cytoskeleton at the ends of the
TNT can be calculated if we idealize the TNT as an actin bundle cylinder of radius r. In
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this case, the force Fmem exerted on this cylinder by the membrane is equal to the product
of the surface tension N of the membrane and the circumference of the cylinder:

Fmem = 2πr N (1)

This force does not consider membrane bending and/or micro-membrane structures
such as invaginations and protrusion deformation, both of which could provide further
resistance to TNT extraction, but it is a good approximation that allows us to compare the
optical tweezer (OT) results.

As far as the TNT mechanical properties are concerned (2), we can consider it as a
beam of length L with one fixed end, and with an axial force F applied at the free end. The
beam will buckle if F exceeds the buckling force

Fbuckle = π2E I/4 L2 (2)

where E is the Youngs modulus (elasticity) of the beam, and I is its moment of inertia.
The maximum TNT length before buckling occurs can be estimated assuming two

contrasting hypotheses: (i) actin without cross-linkers inside the TNT (3) and (ii) highly
cross-linked actin. In the latter hypothesis, the filaments can be seen as a single unit of
effective radius rbundle (4).

The first hypothesis, actin without cross-linkers, produces a maximum length before
buckling (LN-CL):

LN−CL =

√√√√π2 π r4
Ac

4 EAc

4 Fmem
n

(3)

while highly cross-linked actin will have a maximum length (LCL):

LCL =

√√√√π2 π (
√

π rAc)
4

4 EAc

4 Fmem
(4)

where EAC is the actin Young’s modulus and rAC is the actin filament radius, respectively.
Therefore, the ratio of (LCL)/(LN-CL) is

√
n. This latter result leads to the conclusion that

the highest the number of filaments inside each TNT, the more distinct the dissimilarity
in the maximum lengths between the cross-linked and uncross-linked TNT. Basically, if
the actin inside the TNT is well organized and highly cross-linked, the TNT is more stable
mechanically, and can develop much longer. The reduction of the slope of the tether force
in Fibro-MT is consistent with two concomitant factors, (i) in order to form tethers, the
membrane-cytoskeleton links must be ruptured, (ii) the much smaller contribution from
the cytoskeleton remnants left inside the tether itself.

2.2. AFM Tests Highlighted Biomechanical Changes in Fibro-MT

In order to support and quantify these initial microscopic observations, measurements
of the fibroblasts’ biomechanical properties were also carried out using AFM. Cell elasticity
(Young Modulus) was estimated using the Hertz–Sneddon model after collecting force
curves obtained by force spectroscopy. Preliminary assessment of these two conditions,
morphological and biomechanical comparison between Fibro-CT and Fibro-WT, namely
NRVFs infected by the same protocol used for the mutated condition but with an empty
plasmid, were also performed to check the adenovirus infection’s impact on NRVFs. Fibro-
CT and Fibro-WT shows no significant differences, regarding mechanical properties (using
AFM), cell morphology and dimensions (using fluorescence labeling) (Supplementary
Figure S1). Figure 3A shows the Young’s modulus for Fibro-CT, Fibro-WT, and Fibro-MT.
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Figure 3. Biophysical properties of living NRVFs. (A) Comparison of elasticity (expressed as Young’s modulus) between
NRVFs with the WT adenoviral infection (Fibro-CT), NRVFs wild type (Fibro-WT), and NRVFs with LMNA D192G mutation
(Fibro-MT) (nFibro-CT = 61, nFibro-WT = 63, nFibro-MT = 56 analyzed curves, respectively). (B) Cell–cell adhesion energy defined
as the energy to separate two NRVFs. (nFibro-CT = 152, nFibro-WT = 221, nFibro-MT = 177 analyzed curves, respectively). (C)
Comparison of maximum force in cell–cell adhesion/de-adhesion expresses as the maximum force applied to separate two
NRVFs, (nFibro-CT = 152, nFibro-WT = 221, nFibro-MT = 177 analyzed curves, respectively), (*** p < 0.0001, NS = non-significant).
Numerical data is divided into quartiles, and a box is drawn between the first and third quartiles, with an additional line
drawn along the second quartile to mark the median. The minimums and maximums outside the first and third quartiles
are depicted with lines.

The Young’s modulus values were obtained from the AFM force–deformation data
with a cell deformation of 10%, since this range is considered typical of a linear elastic
deformation. The elasticity mean value for Fibro-CT is 7.33 ± 0.88 kPa, for Fibro-WT is
7.77 ± 1.21 kPa, while for Fibro-MT the elasticity mean value is reduced to 3.63 ± 0.65 kPa.
The elasticity difference between these different conditions proves that the resistance
needed to compress the cell with the AFM tip is two times lower for the mutated condition.
These differences in elasticity could be explained by the presence of cytoskeleton damages
as previously observed in the mutated condition by immunofluorescent labeling (Figure 2).
Indeed, Lanzicher et al. already detected this type of damage on the cardiomyocyte
actin network expressing LMNA D192G mutation with a lower actin fibers density in the
cytoskeleton and the presence of blebs on nuclear membrane [7].

2.3. AFM on Cell–Cell Adhesion Confirmed Changes in Fibro-MT

In addition to these results, an innovative approach has been explored: the cell–cell
adhesion measurements conducted by AFM. This method allows us to generate nanotubes
between two cells and measure the cell walls’ adhesive properties (Figure 4A). As pre-
viously mentioned, in the AFM description (Materials and Methods), one cell has been
immobilized on a tipless cantilever and put in contact (for 25 s) with a second cell, immobi-
lized in a fibronectin-coated support. During a retraction step, described as the separation
between these two cells, one force curve was acquired. By using these retract curves, sev-
eral adhesion parameters could be quantified, as previously mentioned (Figure 4B): (i) the
energy defined as the total energy applied to separate two cells and given by the area under
each retract curves; (ii) the maximum force i.e., the maximum value of the force needed to
separate the cells; (iii) the rupture pattern which provides information about separation
phenomena at short distances; (iv) the nanotube patterns generated during the separation
of two cells. In order to analyze the mutation’s overall incidence on adhesive parameters
between two NRVFs, energy, and maximum force parameters between Fibro-WT and
Fibro-MT were compared. Figure 3B shows boxplots which highlight differences between
these cell lines. In the Fibro-CT and Fibro-MT, the separation of the two fibroblasts required
less energy compared to Fibro-WT, in particular: for Fibro-CT 32.26 ± 6.38 × 10−16 J, for
Fibro-WT 34.64 ± 6.47 × 10−16 J, and for Fibro-WT 13.76 ± 2.35 × 10−16 J, respectively.
Furthermore, the resistance to separate the cells in the Fibro-CT and Fibro-WT is stronger:
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this could be explained if the cell surface generates more links/connections, and it has
more affinity with the second cell. The maximum force was indeed 407.97 ± 173.14 pN for
Fibro-CT and 431.12 ± 107.1 pN for Fibro-WT, but only 332.54 ± 196.43 pN for Fibro-MT.
A force ≈29% lower was therefore enough to separate two mutated NRVFs. In summary,
Figure 5 shows the decrease of the compression resistance (as elasticity, Figure 3A) and the
decrease of the interaction between cells (by adhesion, Figure 3B,C) for the Fibro-MT.
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Figure 4. Cell-cell adhesion experiments by AFM. (A) Cell-cell adhesion setup: 1: Initial position with a fibroblast (cell
1) immobilized by fibronectin on support and a second cell (cell 2, yellow) attached to a tipless AFM cantilever coated
with fibronectin driven by a wide-range (100 µm) piezo element. 2: Contact between cells by vertical force applied on the
cantilever. The force on the cantilever is monitored by the deflection of a laser beam focused on the cantilever end and
recorded by the photodiode (PD). 3: Cantilever retract step, producing a cells separation by a short distance. 4: Cantilever
retract step, separation of cells over a longer distance and TNT formation. 5: Return to the initial step and total separation
between cell 1 and cell 2. (B) Force–curve principle. Characteristic force curve recorded by PD, representing the force on the
cantilever and the displacement during a cell–cell detachment and separation experiment: during the approach step (blue),
the cell on the cantilever is brought into contact at a constant velocity, then the cell is retracted (red curve), until it goes back
to the initial position going through a different pattern.

2.4. Force Rupture Distribution and Nanotube Patterns Are Different in Fibro-MT

For a better understanding, rupture and nanotube patterns were analyzed to obtain
more information on the phenomena that occur during the two cells’ separation at both
short and long distance. Rupture patterns provide information on protein interaction
during the first range of separation, defined as withdrawal from 0 to 5 µm. Nanotube
patterns characterize the nanotubes formed between two cells and their following break in
the second separation range, defined as withdrawal from 5 to 80 µm. The breaking force
showed a slight decrease in the mutated condition, but even though there is this trend, this
decrease was not statistically significant (Figure 5A). The mean of the rupture pattern for
the breaking force is 32.23 ± 19.40 pN for Fibro-CT, 28.98 ± 12.60 pN for Fibro-WT, and
26.7 ± 13.74 pN for Fibro-MT, respectively. Even if the number of rupture pattern analysis
is important (cf. Supplementary Table S1), the standard deviation is too heterogeneous to
highlight a trend.
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Figure 5. Rupture pattern obtain using the AFM. (A) Comparison of rupture pattern between control, wild type, LMNA
D192G mutation, and NRVFs WT incubate with Gap27 (Fibro-WT + Gap 27). Rupture breaking force is the force applied to
break the link between the adhesion proteins of two cells in contact during the “short distance (0 to 5 µm)” de-adhesion
step. (nFibro-CT = 152, nFibro-WT = 221, nFibro-MT = 177, nFibro-WT + Gap27 = 122 analyzed curves, respectively). (B–E) Rupture
breaking force distribution histogram for the different NRVFs conditions. The black curves represent the overall Gaussian
fit distributions, (*** p < 0.0001; NS = non-significant).

However, both the energy and maximum force, previously discussed, showed that
the adhesion decreases significantly in the mutated conditions and therefore a detailed
rupture breaking force distribution was investigated to understand if there were differences
in the adhesion proteins involved or in their density when the mutated cells are tested
(Figure 3). Therefore, the analysis of breaking force distribution might allow us to get
better information on the standard deviation of the mean breaking force. The distribution
of the breaking force is shown in (Figure 5B–E) and it displays a multimodal distribution.
Peaks are highlighted by fitting with Gaussian function where each peak of the curve
represent the interaction break of a specific adhesion protein population [36]. Even though
some sub-peaks may be hidden, this assumption allows us to compare the behavior of the
different cell lines. Fibro-CT and Fibro-WT show four and five populations of breaking
force after Gaussian deconvolutions, respectively. For Fibro-WT the first at 7.8 pN, the
second at 17.45, then 36.1 pN, 59.1, and 83.5 pN (Figure 5C). The breaking force distribution
for Fibro-MT identified only 3 peaks, the first at 13.1 pN, the second at 28.1 pN, and the
last one at 85.2 pN. A fourth peak around 20 pN is present, but the signal is perturbed by
the adjacent peaks’ spread (Figure 5D). In both conditions, the same three populations of
adhesion protein were identified. The first adhesion protein population presents a breaking
force value around 10 pN, the second around 30 pN, and the third around 80 pN. However,
both the Fibro-CT and the Fibro-WT present another population around 60 pN, which
is not observed in the mutated condition. As previously reported, Cx43 is an adhesion
protein that makes the TNTs’ formation possible [14,24,25], we postulate that in Fibro-MT
the function of this protein is altered, and could be responsible for the missing population
around 60 pN.
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2.5. Cx43 Is Correlated to the Biomechanical Changes in Fibro-MT

To verify the aforementioned hypothesis, a mimetic protein of Cx43, Gap 27, was used
to block the link between two Cx43 and subsequently, the TNTs’ formation. In previous
work [10], we examined the levels and localization of Cx43 in cells with LMNA D192G
mutation, since Cx43 protein is important for ensuring coordinated contractile action and
its amount and localization might be one of the leading mechanisms for arrhythmias.
We found that in the presence of this mutation, there was an altered Cx43 localization
even though its overall cellular levels were unchanged. Prior to the cell–cell adhesion
measurement, Fibro-WT were incubated with Gap27 solution for 1 h. In Figure 5A, the
mean of rupture pattern for the breaking force is 7.35 ± 4.68 pN for NRVFs WT incubated
with Gap27. Furthermore, Figure 5E shows that the distribution of the breaking forces,
and the deconvolution by Gaussian, presents three populations: the first and the highest
at 3.4 pN, the second peak at 9.3 pN, and the third at 33.5 pN. Moreover, in all the
studied conditions, the adhesion population has a part of breaking forces lower than
10 pN, that could be associated with unspecific interactions [35,37]. All conditions present
a peak around 30 pN, which could be one specific adhesion protein population such
as integrin. Integrins are cell surface receptors that are instrumental in mediating cell–
matrix interactions in all cells, and specifically in fibroblast with its matrix remodeling
functions [38]. Few articles present some adhesion measurements of specific protein such
as integrin α5β1 on fibronectin support. In particular, Z. Sun et al. report that the breaking
force between integrin α5β1 and fibronectin is around 40 pN [39]. The value of the breaking
force between two integrins in in vivo condition has not been measured yet, but the 30 pN
peak might probably be inferred as the integrin population. The M. Horton’s team studied,
using the AFM, the breaking force of ligand–receptor interaction [40], and found that the
interaction between integrin and RGD-peptide is around 30 to 120 pN. However, they
highlighted that the force interaction between integrins is difficult to assess with accuracy.
As explained in the article, the affinity of the receptor for a given ligand depends not
only on the integrin type but also on conformational changes in the receptor and hence
its “activation” status. Moreover, working with living cells leads to a reduced accuracy in
measurements due to membrane deformability, ECM, etc.

All conditions present a range of breaking forces around 80 pN, which could be another
type of adhesion protein population with a strong interaction force and low frequency
on the membrane surface. What is remarkable is that in the Fibro-CT and Fibro-WT
conditions, one peak is always present at around 60 pN and this population is lacking after
the Gap 27 blocking process. This breaking force likely represents the Cx43 population as
previously suggested.

2.6. In Fibro-MT, a Decrease of the Highest Value of the TNT’s Breaking Force Was Found

The average of nanotube breaking force presented no significant difference between
the CT and WT and the difference between the WT and the MT is small, but in any case,
statistically significant: Fibro-CT showed an average force value of 36.71 ± 4.54 pN, Fibro-
WT showed a force value of 39.53 ± 4.90 pN, and Fibro-MT a force of 33.61 ± 5.59 pN
(Figure 6A).

Additionally, the distribution of nanotube breaking forces was also analyzed. As
previously mentioned in the energy and maximum force parameters study, a significant
decrease of the cell adhesion in the mutant condition was observed (Figure 3). However,
the nanotube breaking-force distribution (Figure 6B–E) presents different multimodal force
distribution for the three conditions studied. Each multimodal distribution peak represents
a specific nanotube population generated during the cell–cell separation. In the Fibro-WT
condition, three populations of nanotubes were recognized: the first population presents
a breaking force at 11.1 pN, the second at 31.7, and the third at 58.0 pN. In the Fibro-MT,
a similar trend was observed: three populations were underscored, the first at 12.4 pN,
the second at 28.2 pN, and the third at 43.3 pN. Even though both conditions present two
similar populations of nanotubes, the first is around 10 pN and the second is around 30 pN,
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in the Fibro-WT, the third population presents a breaking force at 58.0 pN, 34% higher
compared to the third population in the Fibro-MT. This decrease of the highest value was
also found in the Fibro-WT condition after Gap 27 blocking. Two hypotheses could be
suggested to explain this observation: (i) a model where periodicity could suggest that the
peak around 10 pN corresponds to the value of the breaking force for a single nanotube,
the second peak around 30 pN corresponds to the simultaneous breaking force of two
nanotubes, where the third corresponds to three nanotubes, etc.; (ii) a model where each
peak corresponds to a specific type of nanotube. The 10 pN peak could be a nanotube
composed only by the lipid bilayer of the plasma membrane. The population with a high
nanotube breaking force around 60 pN could be a TNT with Cx43 anchor function. The
intermediate value could be a hybrid TNT, with the presence of Cx43. In the mutated
condition, the lower values of adhesion energy and maximum force due to decrease on
Cx43 on the cell membrane might represent their difficulty to initiate the TNT formation.
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Figure 6. Nanotube pattern obtain using the AFM. (A) Comparison of nanotube pattern between NRVF control and wild
type, NRVFs with LMNA D192G mutation and NRVFs WT incubate with Gap 27. Nanotube breaking force represents the
force applied to break the link between both cells during the “long distance (5 to 80 µm) de-adhesion steps”. (nFibro-CT = 152,
nFibro-WT = 221, nFibro-MT = 177, nFibro-WT + Gap27 = 122 analyzed curves, respectively). (B–E) Breaking force distribution
histogram of nanotube pattern in different NRVF conditions. The black curves represent the overall Gaussian fit distributions.
(*** p < 0.0001; * p < 0.05, NS = non-significant).

2.7. Optical Tweezers

Optical tweezer (OT) observations were carried out in parallel to the AFM experiments
to collect a new range of information about the nanotubes’ pattern (Figure 7A). OT allows
us to measure the mechanical properties of a single nanotube and complements the AFM
results. Direct tether extraction is also an important source of information about the elastic
properties of the cell membrane. During the nanotube extrusion, force curves have been
acquired and nanotube elasticity has been calculated. A typical force-deformation curve in
tether extraction is shown in Figure 8B.
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Figure 7. Nanotube extrusion measured using the optical tweezers. (A) Nanotube stiffness (expresses as Young’s modulus)
between different conditions NRVFs. (nFibro-CT = 60, nFibro-WT = 58, nFibro-MT = 70, analyzed curves, respectively). (B) Force
curve between NRVFs CT, WT, and NRVFs with LMNA D192G mutation. (C) Cartoon showing the resistance force
impacting the nanotube extrusion. (D) The pulling force of the OT bead after the interaction with the plasma membrane is
counteracted by bending rigidity (with stretching and compression of membrane layer) and surface tension (with pulling
force of cytoskeleton), (*** p < 0.0001; * p < 0.05; NS = non-significant).
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Figure 8. Optical tweezers (OT) setup. (A) Schematic procedure of an optically trapped bead applying a force to form a
nanotube from the cell membrane. The trapped bead can be moved in three directions (Zb/Yb/Xb), in this way the bead can
be put in contact with the cell. Then the trap remains in the same position, and the stage moves in Z and X direction to
extract a nanotube (black line). (B) Force curve obtained by OT: The initial force (Fi) is the force, between bead and cell,
measured during the contact step. The maximum force (Fm), is the maximum force applied to extrude the nanotube from
the cell surface. The plateau force (F0), is the constant force applied during the nanotube extension. The slope between the
two points Fi and F0 is used to calculate the nanotube’s stiffness (blue line: slope used to stiffness; red curve: force applied
on bead during the laser displacement).

Figure 7B shows the comparison between the three conditions. There is an initial
situation with the trapped microsphere attached to the cell and then a clear change in
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the slope when cell membrane deformation and initial tether formation begins. This part
displays a monotonically rising portion and it slope provides the nanotube extrusion
resistance. Fibro-CT and WT had a stretch resistance mean value of 9.7 ± 3.31 pN/µm,
while in the mutated condition, nanotubes present a higher resistance mean value of
11.4 ± 4.71 pN/µm.

3. Discussion
3.1. Lamin A/C D192G Gene Mutation Effect on the LINC Complex

Previous studies described the role of the LINC complex on anchorage of cytoskeleton
in nuclear membrane allowing its stability [32,41–43]. The LINC complex is composed of
outer and inner nuclear membrane Klarsicht, ANC-1, and Syne homology (KASH), and
Sad1 and UNC-84 (SUN) proteins. LINC connects the nucleus to cytoskeletal filaments
and performs several functions such as nuclear positioning, mechanotransduction, meiotic
chromosome movements, and cell stabilization [44–47]. In our study, immunofluorescence
studies showed actin network damage and a disorganized cytoskeleton (Figure 2) and a
significant decrease in the Young’s modulus in the mutated condition. As already described
in the literature, the LMNA D192G mutation induces a loss of lamina cortex integrity and
impact the LINC function [13,48]. In NRVFs expressing LMNA D192G mutation, the
defective lamin cortex caused a decrease of the actin filament anchorage by LINC complex
protein on the nuclear membrane. The cytoskeleton is anchored on the nuclear lamina
cortex by a succession of LINC proteins. From inside the nuclear membrane to outside, SUN
domain, KASH domain, and Nesprin proteins attach actin filaments on the lamina cortex,
the plectin protein bind intermediate filament and the Kif5E protein bind microtubule
on this same lamina cortex [49]. Thus, we hypothesized that in LMNA D192G NRVFs,
a damaged lamina cortex could induce an alteration of the whole cell structure, and in
particular the defective cytoskeleton could impact cell functions including the extracellular
communication with the TNTs’ adjacent cells.

3.2. Impact of LMNA D192G Mutation on TNT Mechanical Properties

Actin and intermediate filaments showed disorganization of the cytoskeleton not only
in the cell but also inside the TNTs in mutant-expressing fibroblasts. The literature confirms
the impact on actin network disorganization in cells expressing LMNA D192G muta-
tion [7,13], but these studies were carried out on cardiomyocytes. Our results demonstrate
that the mutation D192G is also expressed in other cardiac cells like cardiac fibroblast and
influences their overall cytoskeleton organization including the TNT structure. TNTs were
characterized by a length between 50 to 270 nm, with cytoskeleton filament inside [19,23]
(Figure 2). In the mutated NRVFs, actin filaments inside the TNT (in red) were reduced in
comparison with intermediate filaments. This decrease could weaken the TNT structure.
Furthermore, the information exchange by TNT between two cells could be altered and
impact the fibroblasts functions in the cardiac tissue. Indeed, AFM tests confirmed that in
Fibro-MT, both elasticity (cells are more deformable) and adhesion properties (Figure 3)
were reduced when compared to Fibro-WT. Furthermore, AFM data proved that the sepa-
ration between two Fibro-MT requires less force than the force required to separate two
Fibro-WT. The analysis of the AFM retracting curves [35,39,50] also provided the distribu-
tion on the nanotube breaking force, highlighting the presence of several force populations
(Figure 6). A model from Dérényl et al. [50] proposes that each force population represents
TNTs with similar breaking points but in different numbers (the first population represents
the breaking force of a single nanotube, the second population the breaking force of two
nanotubes, etc.). A second model by Sun et al. [51] proposes that each population is con-
sidered a breaking force of specific nanotube family. These breaking forces are impacted
by the sum of all macromolecular contributions to nanotube formation. In this model, the
type of nanotube is dependent on the cytoskeleton properties and interaction of adhesion
proteins during the contact step. Our results offered a better fit with the second model, in
which one nanotube population extruded from the mutated condition has been impacted
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by disorganization in the cytoskeleton and by altering the function of one adhesion protein
such as Cx43, which it is necessary for priming TNT formation. As previously mentioned,
in the WT condition, one nanotube population has been detected with a mean breaking
force around 60 pN. This population has no longer been detected after Cx43 blocking by
Gap 27 (Figure 6E). In the mutated condition, this population with a breaking force around
60 pN decreases significantly. Therefore, on the membrane surface of NRVFs expressing the
LMNA mutation, the nanotubes’ formation could be impacted by alteration on the Cx43
protein, as observed in WT condition after blocking Gap 27. AFM experiments allowed us
to quantify the adhesion force during the cell-cell separation and the nanotube formation.
In the LMNA mutant condition, these parameters were altered: adhesion properties were
weaker, and the generated TNTs presented lower breaking force values.

3.3. Extrusion of Single Nanotube by OT

As shown in Figure 7, the elasticity of nanotube extrusion by OT bead in the NRVF-MT
is 17.5% higher than in the NRVF-WT condition. To understand this trend, a comparison
between the AFM and OT test parameters must be considered: in particular, the size of
contact surface between bead and cell, interaction types in the contact zone and the force
applied during the contact time. During OT experiments, TNTs have been extruded after a
contact between the bead in laser trap and the membrane surface. The size of this contact
zone is lower that the bead diameter, therefore lower than 1 µm2, while during AFM
acquisition, the size of contact surface was equal to the NRVF size immobilized on the
cantilever surface (around 100 µm2). Thus, cell mechanics (resistance to mechanical stress,
change in cell shape, membrane mechanical parameters) involved during OT and AFM
tests are quite different. Moreover, the force applied during OT test is about 40 pN vs.
2 nN in the AFM cell–cell adhesion measurements. Therefore, the force applied in the OT
experiment involves a quite different cell mechanical response than during the AFM mea-
surements [52,53]. As described by H. Moysés Nussenzveig [54], the nanotube extruded
using OT consists of a bilayer plasma membrane and is different from nanotubes studied in
AFM tests. In particular, three membrane phenomena influence the extrusion of the bilayer
membrane nanotube: cell membrane bending rigidity [55], surface tension [50,56,57], and
membrane reservoir [58]. As shown in Figure 7C,D, the bending rigidity of the bilayer
membrane arises from the fact that during TNT extraction the lower membrane layer is
compressed and the upper one is stretched. This stress affects the bilayer equilibrium spac-
ing, and it requires energy input to extrude the membrane nanotube. A second parameter
is the surface tension, this resistance of nanotube extrusion results from the difference in
pressure across the bilayer. The pressure differences arise from the pulling force by the
OT bead and from cytoskeleton filaments bounded to the membrane (Figure 7C). The
last phenomenon represents a fundamental mechanism of cell shape change: reservoir
membrane. As described in the literature [58], cells have a plasma membrane unfolding to
keep their capacity to use membrane extension for different biological mechanisms such
as growth [59] and cytokinesis [60]. However, even considering these parameters, the
nanotube extrusion in the mutated condition has higher elasticity than in the WT condition.
Indeed, to extrude a nanotube in the WT condition, the force applied is higher to the bend-
ing rigidity and surface tension in order to unfold the reservoir membrane. In the mutated
condition, the cytoskeleton damaged induces a decrease of surface tension. Therefore, the
force applied to have access to the reservoir membrane and extrude a nanotube should
be lower in the mutated condition than in the WT condition. However, the study of L.
Figard et al. [58] characterized the reservoir membrane mechanism and demonstrated
that the stabilization of the reservoir membrane is performed by the actin filament. In the
NRVF expressing LMNA D192G mutation, the actin network is damaged and induces an
alteration on the reservoir membrane function. In the mutated condition, this network
disorganization decreases the reservoir membrane access during the nanotube extrusion
experiments performed by OT. In Figure 7B, the absence of significant differences between
mutated and WT conditions could be explained by the equilibrium between the reservoir
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membrane alteration and the higher cell deformability induced by cytoskeleton damage.
Moreover, cell size has been measured (Supplementary Figure S1) to determine if the
reservoir membrane alteration has an impact on the cell size. A significant difference in
measurements of cell size have been observed. In the mutated condition, NRVFs present
both less length and width than CT and WT condition. These results could explain a
decrease on the deformability capacity in mutated condition when compared with the
NRFVs in WT condition.

3.4. Impact on Adhesion Protein in Mutated Condition

LMNA mutations alter the lamina cortex and induce cytoskeleton disorganization
by loss of LINC complex anchorage on the nuclear membrane [48]. Without this anchor,
the cytoskeleton is damaged and the capacity to generate a TNT is compromised. Girao’s
works [25] showed that Cx43 is an important actor of intercellular communication, medi-
ated by extracellular vesicles, gap junctions, and TNTs. The analysis of adhesive pattern by
cell–cell adhesion shows the impacts of Cx43 (Figures 5 and 6). When Cx43 proteins are
blocked by Gap 27 mimetic peptide in the WT NRVFs, a decrease in the adhesion protein
and nanotube population values takes place. The same population of adhesion protein
decreases in the NRVFs expressing the LMNA 192G mutation (Figure 5D). This decrease
suggests an alteration on the Cx43 function. The Cx43 migration to the membrane surface
requires an organized cytoskeleton as suggest by Thomas et al. [61]. The transport of
Cx43 to the membrane surface is dependent upon intact cytoskeletal filaments. In LMNA
mutant NRVFs, the expression of Cx43 could be decreased on the membrane surface and
thus, could induce altered adhesion properties during the separation of two cells. As
seen previously, Cx43 proteins initiate TNT formation [25]: the nanotubes’ breaking force
distribution (Figure 6D) suggests that the nanotubes population representing TNT were
decreased in the mutated condition. Moreover, the number of retract curves analyzed
and the number of events recognized from cell–cell adhesion acquisitions suggest that
the mutated NRVFs capacity to generate points of interaction with another cell is reduced
(Supplementary Table S1). Adhesive areas are lower on the cell wall of NRVFs expressing
a laminar mutation in comparison with the WT NRVFs. The analysis of force curves
events by cell–cell adhesion highlights that the LMNA D192G mutation could have an
important impact on the TNTs’ formation and on the extracellular TNT communication
with adjacent cells.

3.5. Impacts of the LMNA D192G Mutation in NRVFs on the Heart in ACM

The cardiac muscle is composed of several cell types. Cardiomyocytes account for
roughly 75% of normal heart tissue volume, but they account for only 30–40% of cell
numbers [62]. Among the remaining cells, fibroblasts have an important role because a
component of the adult human cardiac muscle is also collagen type I and collagen type III,
and for both, synthesis and turnover are mainly regulated by cardiac fibroblasts. Cardiac
fibroblasts are also responsible for (physiological and pathological) ECM synthesis in the
heart muscle and play an important role for the structural, mechanical, and electrical
cardiac functions. Every cardiomyocyte is closely connected to a fibroblast in normal
cardiac tissue. However, pathological states like ACM are frequently associated with
myocardial remodeling involving fibrosis. Fibroblasts and myocytes are also interconnected
in their response to mechanical stresses. The preservation of physiological levels of cardiac
stiffness not only determines overall ventricular diastolic function but also ensures correct
cardiomyocyte functionality. Cardiomyocytes are embedded within an ECM whom protein
composition and levels of cross-linking can affect the physiological stiffness of the heart. In
this regard, collagens are important players due to their ability to form fibrils that supply
tissue stiffness. Therefore, it is evident that fibroblasts are a multipurpose dynamic cell that
controls collagen and other ECM components affording the neighboring cells to properly
function. Furthermore, the decrease of fibroblast elasticity could reduce the heart capacity
to contract. Therefore, the presence of LMNA mutant fibroblasts necessarily impacts the
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overall heart function. Furthermore, ACM is a pathological condition generated by a large
spectrum of genetic variations that can target the LMNA gene. According to our results, the
mutation of the lamina cortex could induce the decrease of extracellular communication
by TNT during ACM pathology. Lack of communication from fibroblasts in cardiac
tissue could bring fibrofatty infiltration in cardiomyocytes with tissue fibrosis [63–65].
Several reports illustrated the function of fibroblasts in the ECM production and their
role in fibrosis and adipogenesis [63–66]. Cells in the cardiac tissue secrete fibrogenic
mediators and matricellular proteins that bind to the fibroblast surface receptors. Then, the
fibroblast receptors transduce intracellular signaling cascades that regulate genes involved
in synthesis, processing, and metabolism of the extracellular matrix. Fibroblast endogenous
pathways are involved in the negative regulation of fibrosis and are critical for cardiac
tissue as they may protect the myocardium from excessive fibrogenic responses. Therefore,
cellular communication is necessary to receive and exchange the biological information in
order to have an adapted regulation response. In ACM cells, LMNA mutations can modify
this regulation by a communication of altered TNTs. The restoration of TNT formation
in cardiac cells of ACM patients could be an interesting research perspective to decrease
cardiac damages.

3.6. Study Limitations

A limitation of our study is that an important assumption has been made, specifically
that the cohesive force between cells were only due to the nanotubes, while the junctions
formed by desmosomal proteins, adherens junctions, or CAMs have not been taken into
account. In our study, the cells confluence was relatively low and therefore TNTs were the
principal players of the adhesion between cells.

Furthermore, although the study of pro-fibrotic and pro-adipogenic changes in LMNA
mutant cardiac fibroblasts was beyond the scope of our study, it should be noted that Chen
et al. have previously reported altered mechanotransduction/mechanosignalling in LMNA
mutant cardiomyocytes, leading to the activation of the Hippo pathway, that triggers
fibro-adipogenic signals in fibroblasts [67]. Finally, other mechanisms may be implicated in
the defective mechanotransduction of LMNA mutant cardiac cells. In cardiomyocytes with
three different LMNA missense mutations, we previously reported defective adhesion,
altered actin, and microtubule networks and dislocated connexin 43 [10] leading to higher
frequency of beating but with a reduced beating force. However, future studies should
investigate the complex molecular changes in LMNA mutant cardiac fibroblasts.

4. Materials and Methods
4.1. Isolation and Culture of Ventricular Fibroblasts from Neonatal Rat (NRVFs)

The University of Colorado Denver institutional review board gave approval for these
experiments (protocol number 00235-30 July 2019). All animal studies have been carried out
according to the guidelines Animal Care and Use Committee. All animal experiments were
performed using all possible methods to alleviate or minimize potential pain, suffering, or
distress, and enhance animal welfare. Animals were provided with housing in an enriched
environment, with at least some freedom of movement, food, water, and daily care and
cleaning. The well-being and state of health of experimental animals were observed by
competent persons, dedicated to the management of the Animal House, able to prevent
pain or avoidable suffering, distress, or lasting harm. Experiments were performed solely
by competent authorized persons. Primary cultures of neonatal rat ventricular fibroblasts
(NRVFs) were isolated and cultured from 1 to 3-day-old Sprague Dawley rat pups (Charles
River), following decapitation and enzymatic digestion as previously described with minor
modifications [68,69]. Briefly, ventricles were separated from the atria using scissors
and then dissociated in CBFHH buffer (calcium and bicarbonate-free Hanks with Hepes)
containing 0.5 mg/mL of Collagenase type 2 (Worthington Biochemical Corporation,
Lakewood, NJ, USA), and 1 mg/mL of Pancreatine (Sigma-Aldrich, St. Louis, MO, USA).
To separate Myocytes and Fibroblasts, mix cells were incubated on tissue culture plates
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at 37 ◦C for 1 h. Then, the cells were washed with minimum essential media (MEM),
supplemented with 5% bovine calf serum to collect the unattached myocytes, and the
adhered NRVFs were further used for our experiments. After one day of culture, the
NRVFs were re-plated at a density of 2 × 105 cells/mL in primary Petri dishes (Falcon) [70]
for further experiments.

4.2. Isolation Adenoviral Constructs and Infection

Methods for adenoviral infection have been previously reported [71,72]. In brief,
shuttle constructs were generated in Dual CCM plasmid DNA containing GFP gene and
human LMNA cDNA. Constructs were bicistronicity with the two inserts (LMNA and
GFP) driven by two different CMV promoters to identify cells expressing LMNA protein
using GFP as a marker of cellular infection. NRVFs were infected by adenoviruses at a
multiplicity of infection (MOI) of 30 in serum free medium; 6 h post-infection, complete
medium was replaced, and the cells were incubated at 37 ◦C and 5% CO2. Previous control
experiments showed that GFP transfection and expression did not affect endpoints of
interest in NRVF in our experimental conditions.

4.3. Immunofluorescence

NRVFs were fixed in PBS containing 4% PFA for 15 min at room temperature. Cells
were permeabilized at room temperature, with 1% Triton X-100 for 90 min, blocked with
2% BSA in PBS for 45 min, and incubated overnight with vimentin 1:1000 (Sigma-Aldrich,
St. Louis, MO, USA). Goat anti-mouse antibody conjugated to Cy5 (Abcam, Cambridge,
United Kingdom) was used as secondary antibody 1:300 (Invitrogen, Waltham, MA, USA).
Each sample was stained with Dapi 1:2000 (Thermo Fisher Scientific, Waltham, MA, USA)
to counter-stain the nuclei and with phalloidin 1:1000 (Sigma-Aldrich, St. Louis, MO,
USA) prepared in 1% BSA + 0.3% Triton 1X to staining the cytoskeleton. Representative
immunofluorescence images were acquired using a Zeiss LSM780 confocal.

4.4. Single Cell Force Spectroscopy by AFM

Atomic force microscopy is widely used for measuring the elasticity (Young’s mod-
ulus) of living cells. In this case, AFM experiments were carried out by single cell force
spectroscopy on NRVFs with complete medium, at 37 ◦C and on immobilized NRVFs using
a human fibronectin coating (20 µg/mL). During acquisition, MLCT AFM probes were
used. These probes have a pyramidal tip made of Si3N4, with a curvature radius of 35◦ and
are manufactured by Bruker. The cantilever spring constants were systematically checked
using the thermal tune method and were found to range from 10 to 30 pN/nm [73]. The
maximal force applied to the cell was limited to 2 nN to preserve the cell membrane in-
tegrity. The acquired force (F) versus displacement curves were converted into indentation
(δ) curves and fitted with the Hertz–Sneddon model [74]. The AFM experiments were
carried out at a velocity of 5 µm/s [75,76]. All experiments were performed at the same
velocity since AFM tests are rate-dependent.

4.5. Cell–Cell Adhesion Experiments by AFM
4.5.1. Cell Preparation

For AFM cell–cell adhesion assay [36], two areas were demarcated in the TPP Petri
dish: the first one was aimed at obtaining individual adherent cells on fibronectin coating
after 24 h, and the second one to prepare non-adherent cells on the dish surface without
coating. Briefly, the previous day, the first area was coated for 1 h at 37 ◦C with 20 µg/mL
human fibronectin in phosphate buffered saline (PBS, Thermo Fisher Scientific, Waltham,
MA, USA) and then washed twice with PBS. Then 15,000 cells were seeded on the coating
side and cultured in complete DMEM medium (Thermo Fisher Scientific, Waltham, MA,
USA) at 37 ◦C in 5% CO2. The day of AFM measurements, a second Petri dish with the same
seeded cells were trypsinized and washed to obtain a tube of non-adherent cells. These
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cells were stocked at 37 ◦C in 5% CO2. Just before the AFM experiments, the non-adherent
cells were added in the first Petri dish on the non-coating side at 37 ◦C [35].

4.5.2. Data Acquisition

The cell biomechanical assessments were performed with the CellHesion 200 appa-
ratus (JPK Instruments Bruker Nano GmbH, Berlin, Germany), which provides a large
vertical piezoelectric range of 100 µm, mounted on a Zeiss inverted optical microscope
with a controlled temperature of 37 ◦C. Tipless cantilevers from Bruker (Bruker, Biller-
ica, MA, USA) (NP-O10) were used with the nominal spring constant of 30 mN/m, the
exact value for each cantilever was inferred from the thermal tuning method [72]. For
each experimental condition, the cantilever was replaced after every 3 cell contacts. The
cantilevers were coated with fibronectin (10 µg/mL for 30 min before acquisition) after
being activated by ozone (0.1 mBar, 3 min) in order to promote cell attachment. The cell-
adherent cantilever was brought into contact with one non-adherent cell localized in the
zone without fibronectin coating on the Petri dish (providing low adhesion to the substrate)
(Figure 4A). This “fishing” step was carried out with a contact duration of 30 s applying
1.5 nN. After 30 s the cantilever was retracted and stopped in this position for 1 min to
allow the stabilization of cell caught at the end of the cantilever. The approach–retraction
steps were performed with a ramp size of 80 µm, cantilever speed of 5 µm/s, contact time
of 25 s, and force setpoint of 2 nN.

4.5.3. Data Analysis

The acquired force curves were analyzed using the JPK Data processing software.
The first numerical treatment was the reduction of curve noise, followed by the baseline
definition and the tilt correction. After these corrections, several adhesion parameters,
identifiable on the retract force curve, were measured, exported, and analyzed (Figure 4B):
in particular (i) the total energy applied during the separation of 2 cells, represented by
the area under the retracting force distance curve; (ii) the maximum force is the maximum
value of the force applied during the separation step; (iii) the rupture pattern which
illustrates interaction during short distance separation (0 to 5 µm of piezo withdraw). This
pattern is characterized by jumps in the force retracting curve everyone preceded by a
slope >20%. These ruptures events were induced by broken adhesion protein link between
two cells [36,50]; (iv) nanotube pattern i.e., nanotubes generated during long-distance
separation (5 to 80 µm of piezo withdraw). In this latter case, this pattern of jumps in the
retract force curve was preceded by a plateau with <15% derivation and persisting for
> 1 µm, representing the force needed to break these plasma membranes, pulled out to
form a nanotube between two cells after their contact [35,50,51,77]. The distribution of
breaking forces was analyzed using OriginPro 9.7 2020 software, and Gaussian function
was fitted to highlight a specific population.

4.5.4. Synthetic Connexin 43 Mimetic Peptide (Gap 27) for Cx43 Blocking

In this study, Gap 27 was used to block the function of Cx43 gap junction. Gap 27
is mimicking amino acids 204–214 on extracellular loop 2 of Cx43 (SRPTEKTIFII). Before
the AFM tests of cell–cell adhesion, selected cell cultures were incubated with Gap 27
(Sigma-Aldrich) in PBS at 150 µM for 1h, at 37 ◦C [78–80].

4.6. Optical Tweezers

In order to extract the nanotubes’ membrane and measure their stiffness, a custom
optical tweezers was used with the technique previously described [81] and summarized
in Figure 8A.

An infrared trapping laser from an Ytterbium fiber laser (YLM-5–1064-LP, IPG Pho-
tonics, Oxford, MA, USA) with a wavelength of 1064 nm and maximum power of 5 W at a
nominal power of 250 mW (60 mW at the sample) was used. The vertical stiffness of the
optical trap was kz = 0.04 pN/nm. A silica microbead of 1 µm diameter (SS04000 Bangs Lab
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Inc., Fishers, IN, USA) was used to extract the tether membrane. This step was achieved by
manipulating the bead to get in contact with the cell, then moving the cell/stage vertically
against the bead by 0.5 µm and keeping the contact for 30 s to create the cell adhesion.
Finally, a nanotube was extracted by moving the cell away from the bead by 2 µm. Precise
displacement of the bead was obtained by moving the optical trap with a Focus Tunable
Lens FTL (EL-10-30-C, Optotune AG, Dietikon, Switzerland), as previously described [82].
The displacement of the cell, which was adhered on the coverslip, was controlled in x-y-z
by a 3-Axis NanoMax Flexure Stage (MAX311D/M Thorlabs Inc., Newton, NJ, USA). The
displacement of the bead from the center of the trap, which allows us to measure the force,
was measured by a Quadrant Detector Sensor (PDQ080A, Thorlabs Inc., Newton, NJ, USA).
The vertical force exerted by the tether during extraction was calculated as F = kzB and
the length of the tether L was given by the displacement of the nanopiezo. The nanotube’s
stiffness was deduced as the slope of the force–tether length (F–L) curve (Figure 8B).

4.7. Statistics

For all experiments, data was collected from at least three independent experiments.
All data were first subjected to the Shapiro–Wilk normality test. The unpaired one-way
ANOVA with Dunnet’s or Tukey’s correction for normal distributions or the Kruskal–Wallis
with Dunn’s correction test was employed. A confidence interval of 95% (p value of <0.05)
was used to identify significant differences among the samples. Data in the text are reported
as mean of values ± standard deviation and graphically presented as scattered dot plots
with mean (and median for those deviating from normality test) and standard deviation.

Statistical analysis was performed using GraphPad Prism 7 software (San Diego,
CA, USA).

5. Conclusions

The goal of this study was to define the multiple impacts of the mutation LMNA
D192G on cardiac fibroblast cellular mechanisms, such as cytoskeleton anchorage on nu-
clear membrane, cell deformability, cell shape evolution, adhesive properties, and TNT
formation. Using a multidisciplinary approach including immunofluorescence, AFM, and
OT, we investigated the changes in biomechanical properties and cell–cell adhesion of
cardiac fibroblasts with the LMNA D192G mutation, which can cause an inherited arrhyth-
mogenic cardiomyopathy. We found that mutant NRVFs have a damaged cytoskeleton,
as previously shown in cardiomyocytes [7], leading to a decrease of cell elasticity and a
lower force of adhesion between two NRVFs. Furthermore, we found altered mechanical
properties of nanotubes generated by contact with another cell (by AFM) or by contact
with a silicate bead (using OT). Our results complement our previous investigations on
LMNA mutant cardiomyocytes [7,67] and suggest that this mutation also impacts biome-
chanical properties of cardiac fibroblasts. Future studies should investigate the impact of
the LMNA mutations on TNT communication in each type of cardiac cells and also the
TNT communication at a higher scale, such as in the cardiac tissue.
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Abstract: Toll-like receptors (TLRs) are a family of pattern recognition receptors (PRRs) that modulate
innate immune responses and play essential roles in the pathogenesis of heart diseases. Although
important, the molecular mechanisms controlling cardiac TLR genes expression have not been clearly
addressed. This study examined the expression pattern of Tlr1, Tlr2, Tlr3, Tlr4, Tlr5, Tlr6, Tlr7,
Tlr8, and Tlr9 in normal and disease-stressed mouse hearts. Our results demonstrated that the
expression levels of cardiac Tlr3, Tlr7, Tlr8, and Tlr9 increased with age between neonatal and adult
developmental stages, whereas the expression of Tlr5 decreased with age. Furthermore, pathological
stress increased the expression levels of Tlr2, Tlr4, Tlr5, Tlr7, Tlr8, and Tlr9. Hippo-YAP signaling
is essential for heart development and homeostasis maintenance, and YAP/TEAD1 complex is
the terminal effector of this pathway. Here we found that TEAD1 directly bound genomic regions
adjacent to Tlr1, Tlr2, Tlr3, Tlr4, Tlr5, Tlr6, Tlr7, and Tlr9. In vitro, luciferase reporter data suggest that
YAP/TEAD1 repression of Tlr4 depends on a conserved TEAD1 binding motif near Tlr4 transcription
start site. In vivo, cardiomyocyte-specific YAP depletion increased the expression of most examined
TLR genes, activated the synthesis of pro-inflammatory cytokines, and predisposed the heart to
lipopolysaccharide stress. In conclusion, our data indicate that the expression of cardiac TLR genes is
associated with age and activated by pathological stress and suggest that YAP/TEAD1 complex is a
default repressor of cardiac TLR genes.

Keywords: YAP; TEAD1; Toll-like receptor; heart; TLR4; cardiomyocyte; innate immune responses

1. Introduction

Heart failure is one of the leading causes of mortality and morbidity in the developed
countries [1]. Involved in the pathogenesis of heart failure, Toll-like receptors (TLR) are
a family of pattern recognition receptors that sense pathogenic stimuli and signal the
cardiac residential cells to cope with harsh conditions [2]. Human and mouse genomes
contain 10 (TLR1–10) and 13 (Tlr1–13) TLR genes, respectively. Tlr11, Tlr12, and Tlr13
exist in mouse but not in the human genome, and murine Tlr10 is a pseudogene [3]. In
the heart, TLR genes are expressed in both cardiomyocytes (CMs) and non-CMs [4], and
disturbance of TLR genes expression has been implicated in a range of heart diseases,
including pathogen and non-pathogen related heart failure [5,6]. Despite the importance
of TLR genes in the pathogenesis of heart failure, the molecular mechanisms that regulate
these genes’ expression are largely unknown.
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Activation of CM innate immune signaling is one of the underlying mechanisms of
ischemic and non-ischemic heart failure [7]. As crucial pattern recognition receptors, TLRs
sense extracellular or intracellular danger signals and activate innate immune responses
that lead to the synthesis and release of pro-inflammatory cytokine peptides [8]. The roles of
several TLRs have been studied in the CMs, laying out a consensus direction that activation
of TLRs is detrimental. For example, depletion of TLR4 attenuates myocardial infarction
injury [9], whereas activation of TLR2, or TLR4, or TLR5 impairs CMs contractility [4].
Among the TLR pathways, TLR4/NF-κB signaling axis has been best established. TLR4
signals through a series of adaptor proteins and kinases to activate NF-κB, a central
transcriptional driver of innate immune responses [10]. A canonical activator of TLR4 is
bacterial pathogens-derived lipopolysaccharide (LPS), and LPS stress has frequently been
used as the prototypical model to study innate immune responses in CMs [11] and other
cell types [12].

Recently, cross talks have been found between TLR signaling and the Hippo-YAP
pathway [13], an integral pathway regulating organ growth [14]. The already defined
communications between these pathways happen through post-translational mechanisms,
with YAP being one of the crucial node molecules. As the terminal effector of the Hippo-
YAP pathway, YAP interacts with several transcription factors, such as TEAD1, to potently
stimulate proliferation and promote cell survival [15]. We have recently reported that
cardiomyocyte-specific YAP depletion up-regulated Tlr2 and Tlr4 [16]; however, it is
unknown whether YAP directly regulates these two TLR genes through TEAD1 and
whether YAP/TEAD1 complex also regulates other TLR genes. Addressing these questions
will add a new layer of regulation between Hippo-YAP and TLR pathways and provide
novel insights towards understanding the pathogenesis of heart failure.

This study documented the expression patterns of nine murine TLR genes (Tlr1–9) in
developing mouse hearts and disease-stressed adult mouse hearts, studied the relationship
between YAP/TEAD1 complex and TLR genes, and investigated YAP’s role in the regu-
lation of cardiomyocyte innate immune signaling. Our results suggest that YAP/TEAD1
complex is a default repressor of cardiomyocyte TLR genes and indicate that YAP is
required to restrain cardiomyocyte innate immune responses.

2. Results
2.1. The Expression of TLR Genes Increases with Age during Postnatal Heart Development

TLRs have been well-known as crucial players regulating cardiac inflammation [17],
and recent data have also implicated TLR signaling in CM maturation [18]. Therefore,
it is pivotal to delineate TLR gene expression patterns in the intact and disease-stressed
heart. The TLRs have diverse cellular distributions and an array of ligands. TLR1, TLR2,
TLR4, TLR5, and TLR6 are localized on the cell membrane and recognize bacterial and viral
pathogen-associated molecular patterns in the extracellular matrix. TLR3, TLR7, TLR8, and
TLR9 are intracellular TLRs associated with endosomes and recognize viral or bacterial
genetic materials (Figure 1A) [19].

The molecular mechanisms regulating the expression of these TLR genes have not
been sufficiently addressed. We analyzed whole-genome RNA sequencing data from fetal
and adult murine hearts [20] for expression of the TLR genes (Figure 1B). The cardiac
expression of Tlr5 was higher in the fetal than in the adult heart, and the expression of Tlr1,
Tlr6, Tlr9, Tlr12 did not differ significantly between these two developmental stages. The
remaining TLR genes all had lower expression levels in the fetal heart (Figure 1B). To further
analyze the expression dynamics of these TLR genes during postnatal heart development,
we selected four time points: embryonic day 18.5 (E18.5), postnatal day 5 (P5; Neonate), P14
(Juvenile), and P42 (Adult). Among the five genes encoding cell membrane TLRs, Tlr2 and
Tlr4 increased with age, Tlr5 decreased with age, and Tlr1/Tlr6 fluctuated among the four
developmental stages (Figure 1C). Different from the cell membrane TLRs, the expression
of intracellular TLR genes, including Tlr3, Tlr7, Tlr8, and Tlr9, showed an increasing trend
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during heart development (Figure 1D). Here we summarized the expression level order of
the four intracellular cardiac TLR genes: Tlr3 > Tlr8, Tlr9 > Tlr7 (Figure 1D).
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lipopolysaccharide (LPS) and host-cell-derived death associated molecular patterns (DAMPs). Bacteria-derived Flagellin
is the natural ligand of TLR5. Virus-derived double strand RNA (dsRNA) and single strand RNA (ssRNA) binds to
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2.2. The Expression of TLR Genes in Disease-Stressed Hearts

To test whether non-pathogen stress affects TLR gene expression, we examined the
mRNA levels of Tlr1–9 in pressure overload (PO) and ischemia/reperfusion (IR) stressed
mouse hearts. PO stress was induced by transverse aortic constriction (TAC) surgery, and
hearts were collected ten days after TAC. IR stress was triggered by occluding the left
anterior descending (LAD) coronary artery for 50 min, and hearts were collected two days
after IR surgery. Compared with TLR genes in sham controls, Tlr2, 4, 7, 8, and 9 were
significantly increased in the PO-stressed hearts (Figure 2A). In IR-stressed hearts, Tlr2, 4,
5, and 9 were significantly increased (Figure 2B). These data suggest that TLR genes are
largely primed in disease-stressed hearts.

Because TLR4 is the best studied TLR and validated commercial TLR4 antibody is
available, we corroborated our observation by examining the protein level of TLR4. In sham
control myocardium, TLR4 protein was only detected in non-CMs (Figure 2C). However,
in either IR- or PO-stressed myocardium, cardiomyocyte TLR4 was readily detectable
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(Figure 2D). Taken together, these data suggest that TLR signaling pathways may be
hyperactive in PO- or IR-stressed hearts.
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Figure 2. The expression pattern of TLR genes in stressed hearts. qRT-PCR measurement of TLR genes
in pressure overload stressed hearts. 6–8 weeks old mice were stressed with TAC (transverse aortic
constriction) surgery for ten days before being sacrificed for cardiac gene expression analysis. (B).
qRT-PCR measurement of TLR genes in ischemia-reperfusion (IR) stressed hearts. Gene expression
level was normalized to Gapdh. (A,B), student t-test, *, p < 0.05. n = 3–4. (C,D). Representative images
of myocardium immunostained for TLR4. Scale bar = 50 µm. (B,C), hearts were collected for analysis
two days after IR surgery.

2.3. Cardiomyocyte Specific YAP Depletion Does Not Induce Cardiac Hypertrophic Remodeling in
the First 12 Days after Birth

Because TLRs play essential roles in regulating cardiac inflammation [8], it is pivotal
to understand the molecular mechanisms that govern their expression. We previously
reported that cardiomyocyte-specific YAP depletion increased the expression of Tlr2 and
Tlr4 [16] and that cardiac YAP/TEAD1 complex decreased with age [21]. We then hy-
pothesized that YAP/TEAD1 restrained the expression of cardiac TLR genes. To test this
hypothesis, we generated cardiomyocyte-specific Yap knockout (YapcKO) mice by crossing
Myh6::Cre transgenic mice [22] to Yap flox allele [23] (Figure 3A). Cardiomyocyte specific
YAP depletion causes dilated cardiomyopathy in adult mice [24], and the associated hy-
pertrophic remodeling process may confound TLR gene expression analysis. To avoid this
potential culprit, we determined to find a developmental stage at which the hypertrophic
remodeling process had not started in the YapcKO heart.

Compared to littermate control, YapcKO mice had a lower heart-to-body weight ratio
trend at postnatal day 7 (P7), which reached significance at P12. Because YAP/TEAD complex
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is required for CM proliferation [25,26], and some CMs are still proliferative in the neonatal
heart [27], it is possible that the lower heart-to-body weight ratio of P12 YapcKO mice is due
to less CM proliferation. At P35, the heart-to-body weight ratio between control and YapcKO

mice was not distinguishable (Figure 3B). These heart-to-body weight ratio data indicate that
compensatory cardiac hypertrophy happens between P13 and P35. In support of this notion,
no increase in cardiac fibrosis was observed in the YapcKO heart at P12 (Figure 3C). At this
development stage, YAP knockdown was confirmed by western blot (Figure 3D), and the
presence of residual YAP might be contributed by non-CMs [21] or due to the young age of
YapcKO mice. We then checked YAP expression in 2-month-old hearts and found that YAP
was efficiently knocked down at this age (Supplementary material Figure S1A).
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Figure 3. Cardiomyocyte-specific YAP depletion does not cause cardiac hypertrophy in mice less than
12 days of age. (A). Genetic strategy to knock out YAP in CMs. Myh6::Cre; Yapfl/+ mice were used as
control (Ctrl) in the subsequent studies. (B). Heart-to-bodyweight ratio. Heart and body weight was
measured at postnatal day 7, 12, and 35. n = 3–5 for each group. (C). H&E staining of P12 control and
YapcKO hearts. Scale bar = 50 µm. (D). YAP immunoblot. (E). TEAD1 immunoblot. (D,E), total heart
protein from P12 mice was used for immunoblot. F. Densitometry quantification of TEAD1. TEAD1
protein level was normalized to GAPDH. n = 3. (B,F), student’s t test, *, p < 0.05; **, p < 0.01.

Interestingly, TEAD1 protein was decreased in YapcKO hearts (Figure 3E), suggesting
that loss of YAP destabilizes TEAD1. Together, these data suggest that knocking out YAP
does not induce cardiac hypertrophic remodeling in the first 12 days after birth. Therefore,
we used P12 hearts for TLR gene expression analysis in the following studies.

2.4. YAP/TEAD1 Complex Regulates the Expression of TLR Genes

To determine whether YAP/TEAD1 complex directly regulates the expression of
TLR genes, we analyzed recently reported fetal and adult cardiac TEAD1 chromatin
immunoprecipitation and high throughput sequencing (ChIP-seq) data for TEAD1 binding
to regions neighboring TLR genes [20]. In the fetal heart, TEAD1 directly bound to the
promoters of Tlr2, Tlr4, Tlr5, Tlr6, Tlr7, and to regions neighboring Tlr1, Tlr2, Tlr5, Tlr9
(Figure 4A). In the adult heart, TEAD1 bound to the promoters of Tlr3, Tlr4, Tlr6, and to
regions neighboring Tlr1, Tlr5, and Tlr9 (Figure 4A). For Tlr2 and Tlr7, no TEAD1 ChIP seq
peaks were detected in adult hearts. In addition, in both fetal and adult hearts, TEAD1 ChIP
seq occupancy was not detected adjacent to Tlr8 (Supplementary material Figure S1B).
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Figure 4. Cardiomyocyte-specific YAP depletion activates TLR genes expression. (A). Genome
browser view showing chromatin immunoprecipitation and high throughput sequencing (ChIP-seq)
of TEAD1 occupancy near the transcriptional start site (TSS) or gene body of the TLR genes. E12.5
fetal heart and adult hearts were used for TEAD1fb ChIP-seq. ChIP-seq data from two biological
replicates are sown. (B). qRT-PCR measurement of cardiac TLR genes. Gene expression level was
normalized to Gapdh. n = 4. Student t-test, *, p < 0.05.
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We then measured the expression of Tlr1–9 with qRT-PCR. Our results showed that
except for Tlr6, all the other eight TLR genes were significantly up-regulated in YapcKO

hearts (Figure 4B, Supplementary material Figure S1C). Together, these data suggest that
YAP/TEAD1 complex is a master suppressor of cardiac TLR genes.

2.5. YAP/TEAD1 Complex Directly Suppresses the Expression of Tlr4

The TEAD1 ChiP-seq and YapcKO gene expression data suggest that YAP/TEAD1
complex directly regulates the expression of TLR genes. To validate this hypothesis, we
used Tlr4 as a prototype gene for further analysis. The TEAD1 ChIP-seq peak of Tlr4 spans
its transcription start region (TSSR), which contains a conserved TEAD1 binding motif
104 bp downstream of the transcription start site (Figure 5A). We first did ChIP-qPCR to
validate TEAD1 binding of this region. The TEAD1 ChIP products of adult hearts were
amplified by two sets of primers: the first set of primers spanning the Tlr4 TSSR and
the second set of primers annealing to the region 2.5 kb upstream of Tlr4 TSSR. qPCR
amplicons from the first but not from the second primer set were enriched in the ChIP
products (Figure 5B), confirming the direct binding of TEAD1 to Tlr4 TSSR.
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Figure 5. YAP/TEAD1 complex directly suppresses Tlr4 expression. (A). Schematic view of the
transcription start site (TSS, +1) regions of human and mouse TLR4 genes. The conserved TEAD1
binding motif was depicted with red letters, and the TLR4 coding sequences were indicated with
green letters. (B). TEAD1 ChIP qPCR. A primer set spanning the mouse Tlr4 TSS region was used
to amplify ChIP products. Another primer set amplifying one fragment 2.5 kb away from the TSS
was used as a negative control. Amplicon values from TEAD1 ChIP products were normalized with
that of the input. n = 3. Student t-test, *, p < 0.05. (C). Depiction of the luciferase reporter constructs.
TLR4_Luci (T_L) reporter contains the human TLR4 promoter driving luciferase. A conserved
TEAD1 binding motif in the TLR4 promoter was mutated to generate TLR4_Mut_Luci (T_L_M).
(D,E). Dual-luciferase reporter assay in HEK293T cells. Dual-luciferase assay was performed 24
h after transfection. YTIP: YAP and TEAD1 interference peptide. (D), student t-test, *, p < 0.05.
(E), One-way ANOVA post hoc Tukey’s multiple comparisons test, *, p < 0.05, ***, p < 0.001. (D,E),
n = 4–6.

Next, we cloned the human TLR4 TSSR and its adjacent region into a luciferase
reporter vector, TLR4_Luci. We created another reporter, TLR4_Mut_Luci, by mutating
the TEAD1 binding motif sequence AGAATGC into AtccaaC (Figure 5C). If YAP/TEAD
complex was required for suppressing TLR4 expression, disrupting YAP/TEAD interaction
would activate TLR4_Luci but not TLR4_Mut_Luci reporter. In 293 T cells, TLR4_Mut_Luci
reporter had significantly higher activity than TLR4_Luci (Figure 5D), indicating that the
conserved TEAD1 binding motif is required for suppressing TLR4 expression. Consistently,
disrupting YAP and TEAD interaction with a YAP-TEAD interfering peptide (YTIP) [26]
significantly increased the activity of TLR4_Luci but had no effects on TLR4_Mut_Luci
(Figure 5E), indicating that YAP/TEAD complex is required to repress TLR4 expression.
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2.6. CM-Specific YAP Depletion Activates TLR4/NF-κB Signaling

In the heart, loss of either YAP or TEAD1 decreased CM survival and caused heart
failure, probably due to the downregulation of anti-apoptosis genes and disruption of mito-
chondria structure [24,28]. Here, our data indicate another mechanism that the TLR genes
are primed in the YAP or TEAD1 knockout hearts. This sensitizes the CMs to environmental
stresses, such as extracellular damage-associated molecular patterns (DAMPs) released
by damaged cells and intracellular mitochondrial DNA escaped from impaired mitochon-
dria. Because TLR4 is one of the best-characterized DAMPs receptors, and TLR4/NF-κB
signaling axis plays essential roles in the pathophysiology of heart failure [10], we tested
our hypothesis by focusing on analyzing whether loss of YAP resulted in activation of
TLR4/NF-κB pathway.

Consistent with our expectation, TLR4 and RelA protein levels were both increased
in P12 YapcKO hearts (Figure 6A,B). We further measured the expression of four NF-κB
target genes: Ccl2 [29], Il1b [30], Il12a [31], and Il12b [32]. Except for Ccl2, the other three
NF-κB target genes were significantly elevated in the YapcKO hearts (Figure 6C). In situ
immunohistochemistry staining confirmed that the synthesis of both IL1β and IL12β was
increased in the YapcKO myocardium (Figure 6D). Together, these data strongly suggest that
cardiomyocyte-specific YAP depletion activates TLR4/NF-κB signaling pathway.
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Figure 6. Cardiomyocyte-specific YAP depletion activates TLR4/NF-κB pathway. (A). Immunoblot
of TLR4 and RelA. Total heart protein from postnatal day 12 (P12) mice was used for immunoblot.
(B). Densitometry quantification of TLR4 and RelA. The protein levels of TLR4 and RelA were
normalized to β-actin. n = 3 for each group. (C). qRT-PCR measurement of pro-inflammatory
genes. Total RNA from P12 heart was used. Gene expression level was normalized to Gapdh. n = 4.
(B,C), student t-test, *, p < 0.05. (D). Immunohistochemistry staining of P12 myocardium. Alkaline
phosphatase-based detection system was used to visualize the expression of IL-1β and IL-12β.
Scale bar = 50 µm.

2.7. Knocking Down YAP in the CMs Predisposes the Heart to Lipopolysaccharide (LPS) Stress

Our current data suggest that YAP is required to blunt CMs innate immune signaling.
We tested whether knocking down YAP predisposed the heart to acute LPS stress to further
validate this hypothesis. Because whole-heart YAP depletion caused heart failure [24],
we used an Adeno-associated virus (AAV) system to knock out YAP in a portion of CMs.
AAV9.cTnT.iCre (AAV.iCre) [33] was retro-orbitally delivered to three weeks old Yapfl/fl
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mice at a dose of 5 × 109 virus genomes (vg)/gram (g) body weight, which is sufficient to
transduce 50–60% of the CMs [34]. Yapfl/fl mice receiving the same dose of AAV9.cTnT.GFP
(AAV.GFP) were used as a control. At 21 days after AAV delivery, mice were treated with
a sub-lethal dose of LPS (6 mg/kg) for 6 h [35]. Echocardiography measurements were
performed before and after LPS treatment (Figure 7A).
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Figure 7. Knocking down YAP in CMs predisposes the heart to LPS stress. (A). Experimental de-
sign. Indicated AAVs were retro-orbitally delivered into 3 weeks old Yapfl/fl mice. Twenty-one days
later, echocardiography was performed to measure cardiac function. Twenty-two days after AAV
delivery, 6 mg/kg LPS was intraperitoneally injected into AAV transduced mice. Echocardiography
measurements were performed 6 h after LPS treatment. (B). Representative M mode cardiac echocar-
diograms before and after LPS treatment. (C). Fraction shortening before and after LPS treatment.
AAV9.cTnT.GFP (AAV.GFP), n = 8; AAV9.cTnT.iCre (AAV.iCre), n = 8. (D). YAP Immunot Blot and
densitometry quantification. YAP protein level was normalized to β-actin. n = 4 for each group.
(E). qRT-PCR measurement. N = 3–4 for each group. Gene expression level was normalized to Gapdh.
(D,E), 6 h after LPS treatment, hearts were collected for protein and RNA extraction. (C–E), student’s
t test, *. p < 0.05, **, p < 0.01. (F). Schematic summary of the current study. During heart development,
the expression of Tlr2 and Tlr4 and intracellular TLR genes increases with age. YAP/TEAD1 complex
is a default repressor of TLR genes in intact hearts. Cardiomyocyte-specific YAP depletion unleashes
the expression of TLR genes and primes the CMs for generating inflammatory cytokine peptides.
Brown color background in fetal/neonatal and adult CMs indicates a healthy status; pink color
background in YAP depleted CMs indicates an innate immune signaling active status.

Three weeks after AAV delivery, AAV.iCre + Yapfl/fl mice had similar fraction shorten-
ing with AAV.GFP + Yapfl/fl mice (Figure 7B,C). After LPS treatment, both AAV.iCre + Yapfl/fl

and AAV.GFP + Yapfl/fl mice had reduced systolic heart function (Figure 7B,C). Compared
to AAV.GFP + Yapfl/fl mice, AAV.iCre + Yapfl/fl mice were more vulnerable to LPS stress, as
evidenced by significantly lower fraction shortening (Figure 7B,C). Nevertheless, the heart
rate was not distinguishable between these two groups of mice before and after LPS treat-
ment (Supplementary material Figure S2A). At the molecular level, we confirmed that YAP
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was knocked down, and TLR4 and RelA were up-regulated in the AAV.iCre + Yapfl/fl hearts
(Figure 7D, Supplementary material Figure S2B). Cyr61 is a well-defined YAP target [36].
Consistent with YAP knockdown, Cyr61 was significantly reduced in AAV.iCre + Yapfl/fl

hearts (Figure 7E). Additionally, Tlr4 was significantly up-regulated in AAV.iCre + Yapfl/fl

hearts (Figure 7E).
Activation of YAP has been reported to reduce LPS-induced CM apoptosis [37]. We

then examined whether knocking down YAP increased LPS-induced CM apoptosis. Unlike
the published study [37], we treated mice with LPS for 6 h instead of two days. In this
condition, we did not detect CM apoptosis in both AAV.GFP + Yapfl/fl and AAV.iCre + Yapfl/fl

hearts (supplementary material Figure S2C). Additionally, 6 h LPS treatment did not result
in macrophages and neutrophils infiltration in either AAV.GFP + Yapfl/fl or AAV.iCre + Yapfl/fl

hearts (Supplementary material Figure S2D). These observations align with previous reports
that acute LPS-TLR4 signaling decreases heart function by impairing CM contractility but
not by inducing either CM loss [38,39] or leukocytes infiltration [9]. Additionally, together
with Figure 6, our data suggest that knocking down YAP in CMs increases TLR4 expression,
which predisposes the heart to LPS stress by sensitizing CMs to LPS-TLR4 signaling.

3. Discussion

This study investigated the expression patterns of nine cardiac TLR genes and studied
the transcriptional relationship between YAP/TEAD1 complex and these genes. We found
that the expression levels of most cardiac TLR genes were associated with age and activated
by pathological stress. Furthermore, our data suggest that YAP/TEAD1 complex directly
suppresses the expression of most cardiac TLR genes, and that loss of YAP primes CM
innate immune gene expression programs by activating TLR4/NF-κB signaling (Figure 7F).

3.1. Expression of Cardiac TLR Genes Is Associated with Age and Activated by Pathological Stress

During postnatal heart development, CMs experience a maturation process [40], and
non-CMs gradually expand their population [41]. Here, we found that the expression levels
of most cardiac TLR genes were low in neonatal mice but significantly higher in adults.
Three possible mechanisms underlie these observations: first, the expression of cardiac
TLR genes increases due to CM maturation; second, the increase of cardiac TLR genes
is due to the expansion of non-CMs; third, both CM maturation and non-CM expansion
contribute to the upregulation of cardiac TLR genes. Because the percentage of non-CMs
does not increase between E18.5 and postnatal day 14 [41], the upregulation of cardiac
TLR genes should be mainly due to CM maturation during this growth period. Interest-
ingly, the expression of all the intracellular TLR genes increases during this development
phase, suggesting that upregulation of intracellular TLR genes is positively correlated with
CM maturation.

In the adult heart, we examined the expression of TLR genes in two different heart
disease models: PO-induced chronic cardiac hypertrophy and IR-triggered acute cardiac
injury. Our data demonstrate that the expression of many cardiac TLR genes was activated
by pathological stress. In this study, we used RNA from the whole heart to do gene
expression analysis. In a more detailed study, after myocardial infarction (MI), cardiac
tissues from the infarct zone and the remote zone were separated for TLR gene expression
analysis. The results showed that TLR genes were increased in the infarct zone but kept
unchanged in the remote zone [6], suggesting that upregulation of cardiac TLR genes may
be mainly due to the expansion of non-CMs in disease-stressed adult hearts.

3.2. YAP/TEAD1 Complex Is a Default Repressor of Cardiomyocyte TLR Genes

Recently, we and others have shown that activating YAP in CMs suppressed the
expression of inflammatory genes [16,42]. This study extended our understanding of
YAP’s role in cardiac homeostasis by systemically interrogating the relationship between
YAP and cardiac TLR genes. Our data demonstrated that TEAD1 is directly bound to
the regions neighboring TLR genes, and CM-specific YAP depletion increased TLR gene
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expression. It is therefore conceivable that YAP/TEAD1 complex serves as a default
suppressor of cardiomyocyte TLR genes. Of note, YAP might be required but not sufficient
for suppressing TLR genes. For instance, YAP activation did not suppress Tlr4 expression
in either LPS-treated CMs or IR-stressed hearts [16]. Furthermore, some TLR genes were
increased in IR-stressed hearts (Figure 2B), whereas nuclear YAP was enriched in the
CMs of diseased hearts [24,43]. Therefore, YAP activation is likely insufficient to suppress
TLR genes, and pathological stress may activate additional molecular mechanisms that
overcome YAP/TEAD-mediated default repression of TLR genes.

Despite that activating YAP represses a subset of target genes by recruiting nucleosome
remodeling and histone deacetylase (NuRD) complex [44] in MCF10A mammary epithelial
cells, our current data suggest that this is unlikely the case for YAP/TEAD1 regulation of
Tlr4. Interestingly, TEAD1 protein was decreased in YapcKO hearts (Figure 3), suggesting
that loss of YAP increases Tlr4 expression through its effect on TEAD1 expression. Future
studies are secured to elucidate the mechanism of how YAP/TEAD1 complex regulates
TLR genes.

3.3. YAP Is Required for Blunting CM Innate Immune Signaling

Ischemic or non-ischemic pathological stress activates CM innate immune signaling
pathways [45], which stimulate pro-inflammatory cytokine release and reactive oxygen
species (ROS) production [7,46]. These innate immune responses are beneficial for defend-
ing CMs against pathogen invasion and tissue repair, but also cause cardiac inflammation
and myocardial damage, including CM dysfunction or death. Our published [16] and
current data have identified YAP as a crucial suppressor of TLR4-mediated innate immune
responses in CMs. Consistent with published data [9], we showed that acute LPS stress
reduced heart function before the onset of cardiac inflammation. We further showed that
knocking down YAP in the heart activated TLR4/NF-κB signaling (Figure 6) and exac-
erbated LPS-induced cardiac shock (Figure 7). These data suggest that YAP in the CMs
cell-autonomously protects the heart against LPS stress by blunting TLR4/NF-κB pathway.

Although we found that loss of YAP increased TLR4 and RelA expression, we did
not reveal the underlying mechanism of how YAP suppresses TLR4/NF-κB signaling.
The TLR4/NF-κB signaling axis comprises multiple adaptor proteins and kinases, such
as MyD88, TRAF6, and TAK1 [10]. Recently, in a non-cardiac context, YAP has been
shown to inhibit intracellular innate immune signaling independent of its transcriptional
activity. Instead, YAP directly impedes the activity of crucial innate immune signaling
components, such as IRF3 [47], TAK1 [48], TBK1 [49], and TRAF6 [50]. More work needs to
be done to dissect YAP’s role in CM innate immune signaling, including a determination
of whether YAP regulates CM innate immune responses through its transcriptional or
non-transcriptional activity, or both.

4. Material and Methods

Supplemental information provides expanded material and experimental procedures.

4.1. Experimental Animals

All animal procedures were approved by the Institute Animal Care and Use Commit-
tees of Masonic Medical Research Institute and Boston Children’s Hospital. All experiments
were performed in accordance with NIH guidelines and regulations. C57BL/6J mice aged
6–8 weeks were obtained from Jackson Labs. Swiss Webster (CFW) mice aged 6–8 weeks
were obtained from Charles River Laboratories. Myh6::Cre [22] and Yap flox alleles [23]
were reported previously.

4.2. LPS Treatment

E. coli O55:B5 LPS (Sigma, St. Louis, MO, USA, #L2880) was dissolved in saline and
sterile-filtered. LPS was intraperitoneally delivered at a dose of 6 mg/kg body weight.
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Then, 6 h after LPS delivery, mice were tested for cardiac function. The mice were sacrificed
for tissue harvesting after echocardiography measurements.

4.3. Gene Expression

Total RNA was isolated using Trizol. For qRT-PCR, RNA was reverse transcribed
(Applied Biological Materials Inc., Richmond, BC, Canada, G454), and specific transcripts
were measured using Sybr Green chemistry (Lifesct., Rockville, MD, USA, LS01131905Y)
and normalized to Gapdh. Primer sequences were provided in Table S1. Primary antibodies
used for immunoblot and immunohistochemistry staining were listed in Table S2.

4.4. Statistics

Values were expressed as mean ± SD. In addition, student’s t-test or ANOVA with
Tukey’s honestly significant difference post hoc test was used to test for statistical signifi-
cance involving two or more than two groups, respectively.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22136649/s1, Figure S1: YAP/TEAD1 complex regulation of cardiac TLR genes; Figure S2:
Short period of LPS treatment does not induce CM apoptosis. Table S1: qRT-PCR primers; Table S2:
Primary antibody list.
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Abstract: The Wilms’ tumor suppressor Wt1 is involved in multiple developmental processes and
adult tissue homeostasis. The first phenotypes recognized in Wt1 knockout mice were developmental
cardiac and kidney defects. Wt1 expression in the heart has been described in epicardial, endothelial,
smooth muscle cells, and fibroblasts. Expression of Wt1 in cardiomyocytes has been suggested
but remained a controversial issue, as well as the role of Wt1 in cardiomyocyte development and
regeneration after injury. We determined cardiac Wt1 expression during embryonic development, in
the adult, and after cardiac injury by quantitative RT-PCR and immunohistochemistry. As in vitro
model, phenotypic cardiomyocyte differentiation, i.e., the appearance of rhythmically beating clones
from mouse embryonic stem cells (mESCs) and associated changes in gene expression were analyzed.
We detected Wt1 in cardiomyocytes from embryonic day (E10.5), the first time point investigated,
until adult age. Cardiac Wt1 mRNA levels decreased during embryonic development. In the adult,
Wt1 was reactivated in cardiomyocytes 48 h and 3 weeks following myocardial infarction. Wt1
mRNA levels were increased in differentiating mESCs. Overexpression of Wt1(-KTS) and Wt1(+KTS)
isoforms in ES cells reduced the fraction of phenotypically cardiomyocyte differentiated clones, which
was preceded by a temporary increase in c-kit expression in Wt1(-KTS) transfected ES cell clones and
induction of some cardiomyocyte markers. Taken together, Wt1 shows a dynamic expression pattern
during cardiomyocyte differentiation and overexpression in ES cells reduces their phenotypical
cardiomyocyte differentiation.

Keywords: Wilms’ tumor suppressor 1; cardiomyocyte differentiation; mouse embryonic stem cells;
myocardial infarction

1. Introduction

The Wilms’ tumor 1 (Wt1) gene encodes a zinc finger protein that has multiple roles
in embryonic development, adult health, and disease. Wt1 is an important regulator
during embryogenesis [1–4] but is also involved in pathological processes, such as car-
cinogenesis. Originally proposed as a tumor suppressor, Wt1 is nowadays considered
as an oncogene [5–12]. Wt1 is an evolutionary conserved transcription factor [13] with a
high specificity for GC-rich regions [14]. Alternative RNA splicing results in formation of
numerous protein isoforms, which can be classified into two major groups: Wt1(+KTS) and
Wt1(-KTS), depending on the presence (+) or the absence (−) of three amino acids (lysine,
threonine, and serine/KTS) in the linker sequence between zinc fingers 3 and 4 in exon
9 [15]. In general, it is thought that Wt1(-KTS) isoforms bind DNA with high affinity and
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regulate gene transcription [16], while Wt1(+KTS) isoforms have a higher affinity for RNA
and might play a role in mRNA processing [17,18].

It is known that Wt1 regulates development and maintenance of various tissues of the
cardiovascular, urogenital, nervous, hematopoietic, and immune system [19–29] through
regulation of genes involved in proliferation, differentiation, and apoptosis—the essential
processes for establishing early cellular fates within the embryo [23,24,30–34]. The crucial
role of Wt1 in heart formation became clear when it was shown that homozygous deletion of
Wt1 in mouse embryos was lethal, due to disturbed cardiac development [23,33]. Moreover,
Wt1 cardiac conditional knockout mice died between E16.5 and E18.5 [35], when the
heart should have achieved its definitive prenatal configuration [21,33,36]. Additionally,
Wt1-deficient embryoid bodies failed to differentiate towards cardiac progenitor cells
in vitro [35]. Wt1 is not only relevant for embryonic heart development but might also be
involved in adult heart regeneration. Wt1 re-expression was noted in adult hearts following
myocardial injury [37,38]. The role of Wt1 in adult cardiomyocytes is still controversial.

In development, the earliest recognizable structure in the growing heart is the prim-
itive heart tube, which is formed at embryonic day 8.5 (E8.5), in the mouse [39]. Wt1
expression was first observed in a transitory cluster of cells—the proepicardium and the
coelomic epithelium at E9.5. Wt1-positive proepicardial cells migrate across the pericardial
cavity, proliferate, and spread over the surface of the myocardium to form the epicardial
layer by E12.5 [40–42]. The highest proliferation levels and migratory capacity of epi-
cardial cells correlate with elevated Wt1 expression during epicardial development [43].
Between E11.5 and E12.5, Wt1- expressing cells begin to migrate from the epicardium into
the subepicardial zone to form a layer of subepicardial mesenchymal cells (SEMCs) [21].
Around E13.5, a subset of epicardial cells undergoes epithelial-to-mesenchymal transition
(EMT), which induces the formation of epicardial-derived cells (EPDCs), a population
of multipotent mesenchymal cardiac progenitor cells, which differentiate into the major
cardiovascular cell types—cardiomyocytes, fibroblasts, smooth muscle, and endothelial
cells [42,44]. The expression of Wt1 is essential for EMT and resulting differentiation of
EPDCs and their derivates, through repression of the epithelial phenotype in epicardial
cells [35,45]. However, additional consequences of Wt1 expression in cardiovascular pro-
genitor cells are largely unknown. Generally, cardiovascular progenitors are defined by
distinct combinations of cardiac-specific and stem cell associated genetic markers (Isl1, Nkx
2–5, c-kit, Oct3/4, Nanog). They maintain proliferative potential and are the main source
of cardiomyocytes during development [46]. However, the impact of Wt1 expression on
cardiomyocyte terminal differentiation was not studied in detail. Therefore, the purpose
of this study was to examine how Wt1 affects the course of cardiomyocyte differentiation
from progenitor cells during embryogenesis and adult life.

In the present study, we demonstrate Wt1 expression in cardiomyocytes during
embryonic development, in the adult, and in response to injury in vivo. We show that
transient Wt1 overexpression reduces phenotypic cardiomyocyte differentiation of ES
cell clones in vitro, which is associated with modified expression levels of stem cell and
cardiomyocyte marker genes.

2. Results
2.1. Wt1 Expression in Developing and Adult Hearts

To analyze systematically cardiac Wt1 expression during embryonic development
and after birth, we measured its expression in heart tissue at different time points by
quantitative RT-PCR (Figure 1). For this purpose, RNA was isolated from hearts including
epicardium, myocardium, and endocardium, but excluding atria and outflow tract. In
the developing heart of mouse embryos, we detected the highest Wt1 expression levels
between E10.5 and E12.5, when the covering of myocardium with Wt1 positive progenitors
should be accomplished [41]. In our study, Wt1 mRNA levels gradually decreased from
E14.5, followed by a sharp drop after birth. Nevertheless, we were able to detect cardiac
Wt1 mRNA expression until the end of observation period, at postnatal day (P) 21.
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Figure 1. Cardiac Wt1 expression during embryonic development and after birth. Quantitative RT-PCRs
for Wt1 in mouse hearts at different time points of embryonic development and after birth (n = 4 each,
the four samples for E10 were each pooled from seven different organs, at E12 and E14 the four samples
were pooled from four organs each). Expression of Wt1 was normalized to the mean of the respective
Gapdh, actin, and Rplp0 expression. Next, the average of all samples at E10 was calculated. Individual
samples were then normalized against this average value. Significance was tested between E10 and P21.
Data are represented as means ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.

Next, we performed immunohistochemical analyses of embryonic tissues and post-
natal mouse hearts. Interestingly, we identified Wt1 positive cardiomyocytes in the heart
from E10.5, the first time point analyzed, until adulthood (Figure 2). For Wt1 immunos-
taining of embryonic stages, we used paraffin sections of our mouse embryo collection.
Rectangles in the scanned slides indicate the position of the higher magnifications in
Figure 2. Only Wt1-positive cardiomyocytes are indicated by arrows as epicardial, en-
dothelial, smooth muscle, and fibroblast expression of Wt1 had been reported already ex-
tensively [9,11,12,23,24,37,41,47–56]. At postnatal age, cardiac Wt1 expression diminished
compared to the embryonic stages (Figures 1 and 2), which corresponds to data reported in
the literature [38]. However, in contrast to this report we show that Wt1 is not restricted
to epicardium and endothelial cells, but it is still expressed in some cardiomyocytes after
birth and in the adult (Figure 2). Interestingly, Wt1 expression in cardiomyocytes presents
in a speckled manner, eventually suggesting a role of Wt1(+KTS). To confirm the histo-
morphologically observed expression of Wt1 in cardiomyocytes on a molecular level, we
performed immunofluorescence double-labelling of Wt1 and cardiac troponin T, followed
by confocal imaging for the different developmental stages (Figure 2c).
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Figure 2. Cont.
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Figure 2. Wt1 is highly expressed in different cell types, including cardiomyocytes, during develop-
ment of the mouse embryonic heart and persists in some cardiomyocytes after birth. Representative
photomicrographs of Wt1 immunostaining on sections of mouse embryos (3,3′ diaminobenzidine
(DAB) substrate, brown, hematoxylin counterstain) at different stages before birth (a) and of heart
sections (b) after birth. Rectangles indicate the position of the magnification. Arrows mark Wt1
positive cardiomyocytes. (c) Confocal images of Wt1 (red)/cardiac troponin T (green) double-labeling
on cardiac tissues at different time points of embryonic development and after birth. Nuclei were
counterstained with DAPI (blue). Unless otherwise indicated, scale bars represent 50 µm.
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2.2. Wt1 Expression in Infarcted Hearts

Next, we aimed at identifying the relevance of Wt1 expression under pathophys-
iological conditions in adult hearts. As similar processes are employed during organ
development and regeneration, we hypothesized that Wt1 might contribute directly to
cardiomyocyte cellular and functional differentiation in adult hearts following myocardial
infarction (MI). Wt1 mRNA was determined by qRT-PCRs in hearts 48 h (acute phase) or
3 weeks (chronic phase) following left anterior descending coronary artery (LAD) ligation
and in sham-operated controls without LAD ligation. Compared to control mice, a tenfold
increase in Wt1 expression was measured 48 h following MI and a fivefold increase 3 weeks
after ligation of the LAD (Figure 3a). Next, we employed immunohistochemistry to localize
Wt1 expression in control and infarcted hearts of mice. In control hearts, only a few Wt1
positive cardiomyocytes were detected as described above, while the frequency was notably
increased in acute MI samples especially in the border zone of the myocardial infarction,
and more Wt1-positive cardiomyocytes, compared to controls, were still detected 3 weeks
after MI (Figure 3b). The identity of a subset of Wt1 positive cells as cardiomyocytes was
confirmed by colocalization of Wt1 (red) and cardiac troponin T (green) as cardiomyocytes
markers within infarcted mouse hearts 48 h or 3 weeks after LAD ligation (Figure 3c).

2.3. Cardiomyocyte Differentiation In Vitro

To get additional insights into the process of cardiomyocyte development, we used
mouse embryonic stem cell (mESC) differentiation in vitro. mESCs have the potential to
differentiate spontaneously into cardiomyocytes and represent a validated model for cardiac
developmental investigations [57] as in vivo and in vitro cardiac cell differentiation employs
the same signaling pathways [58]. Therefore, mESCs were differentiated as embryoid bodies
(EBs) using the hanging drop method and their phenotype and temporal gene expression
profiles were investigated. The first evidence of cardiomyocyte differentiation was the
emergence of spontaneously beating clones from day 2 of EBs culture until day 21, when
approximately 90% of clones exhibited rhythmic beating (Supplementary Figure S1). In
line with our in vivo data, qRT-PCR analyses showed elevated Wt1 mRNA levels in ESC
clones during cardiac differentiation. Wt1 mRNA levels increased until day 6 of culture.
Afterwards average values decreased but remained above the basal levels measured on day
0 (Figure 4a). Immunocytochemistry for Wt1 in differentiating mESCs followed by confocal
imaging confirmed, quantitatively, the results of the qRT-PCR analyses (Figure 4b).
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Figure 3. Wt1 is upregulated in cardiomyocytes after myocardial infarction. (a) Quantitative RT-PCRs
for Wt1 in normal mouse hearts and hearts after 48 h or 3 weeks following LAD ligation (n = 4 for each
group). (b) Upper panel: Trichrome Masson stainings for adult mouse heart and hearts 48 h or 3 weeks
after myocardial infarction. Ellipses indicate the regions where subsequent photomicrographs
of Wt1 immunostaining (panels below) for the adult mouse heart (3,3′ diaminobenzidine (DAB)
substrate, brown, hematoxylin counterstain) were taken. Arrows mark Wt1 positive cardiomyocytes.
(c) Confocal images of Wt1 (red)/cardiac troponin T (green) double-labelling of normal and infarcted
mouse hearts after 48 h or 3 weeks after LAD ligation. Nuclei were counterstained with DAPI (blue).
Data are presented as means ± SEM. * p < 0.05. Scale bars represent 50 µm.
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Figure 4. Wt1 is expressed in cardiomyocyte precursors and differentiated clones. (a) Quantitative RT-PCRs for Wt1 Randomly
selected EBs were harvested on days: 0, 3, 6, 9, and 12 of culture. Expression of Wt1 was normalized to the mean of the
respective Gapdh, actin, and Rplp0 expression. The Wt1 values are relative to Wt1 mRNA from day 0. The data from three
independent experiments are represented as means ± S.E.M. * p < 0.05, ** p < 0.01 vs. day 0. (b) Confocal images of Wt1
-labelling (red) of clones at the indicated time points. Cells were counterstained with DAPI (blue). Scale bars indicate 50 µm.

As developmental changes are based on downregulation of embryonic genes and up-
regulation of those required for the adult differentiated phenotype, we analyzed temporal
expression of stem cell (cKit, Sox2, Oct4, Nanog, Myc) (Supplementary. Figure S2) and
cardiomyocyte markers (Nkx 2–5, Myh6, Myh7, Kdr, Pdgfra) (Supplementary. Figure S3)
in randomly selected EBs on days: 0, 3, 6, 9, and 12 by qRT-PCR. As expected, the mRNA
levels of the majority of stem cell markers started to decline from the earliest time point
analyzed in differentiating mESC clones (Suppementary Figure S2). Expression of c-kit,
however, did not diminish and followed the temporary expression pattern of Wt1 (Figure 4)
without reaching statistical significance. Although the Myc gene has been described to
be crucial for maintenance of pluripotency and self-renewal of mESC [59], expression of
this stem cell factor was significantly downregulated only on day 9 of EBs culture (Sup-
plementary Figure S2). Concerning cardiomyocyte markers, only Myh6 was significantly
upregulated after 12 days of culture in randomly selected clones in this set of experiments
(Supplementary Figure S3).
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2.4. Wt1 Overexpression Affects the Course of Cardiomyocyte Differentiation

As Wt1 was highly expressed in embryonic hearts and differentiating EBs, we finally
intended to define its impact on cardiomyocyte differentiation, on a cellular and molecular
level. For this purpose, we transitionally transfected mESC with plasmids containing
Wt1(-KTS), Wt1(+KTS), or empty vectors as control. The transfection efficacy was vali-
dated 1 day after electroporation. Wt1 expression was moderately increased in samples
electroporated with Wt1(-KTS) and Wt1(+KTS) containing plasmids compared to controls
at this time point (Figure 5). Regarding stem cell markers, Sox2 expression was higher in
Wt1(-KTS) and Wt1(+KTS) transfected cells at this time point, while Nanog expression was
significantly increased only in Wt1(-KTS) expressing mESCs. No significant differences in
cardiomyocyte marker expression between Wt1 overexpressing cells and the respective
controls could be detected at this early time point (Figure 6).

Next, we analyzed the time course of Wt1 expression in empty vector control, Wt1(-KTS),
and Wt1(+KTS) expressing clones (Figure 5). Wt1 expression increased on days 6, 8, and 10
of differentiation in the empty vector control group compared to the 1-day post-transfection
time point. Significantly higher Wt1 mRNA values were observed on day 5, 6, 8, 9, and 10
compared to 24 h in the Wt1(-KTS) group, while significantly higher Wt1 mRNA levels
were detected only on days 6, 8, and 10 in the Wt1(+KTS) group. The upregulation of
Wt1 expression during cardiomyocyte differentiation in all groups resembles the situation
in non-transfected cells, mentioned above, without an additional significant effect of the
initial transient overexpression of the Wt1(-KTS) and Wt1(+KTS) constructs.

The time course of stem cell marker expression during cardiac differentiation of
the transfected mESCs also resembled the expression pattern of non-transfected cells
mentioned above. Beside the increase in Sox2 expression in Wt1(-KTS) and Wt1(+KTS)
overexpressing cells and of Nanog in Wt1(-KTS) cells after 1 day, Oct4, Nanog, and Sox2 ex-
pression levels dropped rapidly in clones at day 3 of differentiation in all groups compared
to day 1 controls. Surprisingly, Sox2, Oct4, and Nanog expression was higher in Wt1(+KTS)
clones compared to empty vector control clones at the same time point. The decrease in
Myc expression was less pronounced and reached statistical significance only at days 8 and
9 of differentiation in all transfected groups. Interestingly, c-kit expression showed a more
dynamic pattern with significant increases on days 5 and 6 in Wt1(-KTS) and Wt1(+KTS)
overexpressing clones and empty vector controls, when compared to the initial control
values. A significant increase in c-kit in WT1(-KTS) clones on day 5 compared to empty
vector transfected cells on the same time point is in agreement with our recent description
of c-kit as a direct transcriptional target of Wt1 [9]. Afterwards, c-kit RNA levels returned
to control values in all groups (Figure 5).
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Figure 5. Time course of Wt1 and stem cell marker expression after electroporation of Wt1(-KTS), Wt1(+KTS), or empty
vector control. Gene expression was quantified by qRT-PCR. Expression of each gene was normalized to the mean of
the respective Gapdh, actin, and Rplp0 expression. The gene expression values are relative to respective control mRNA
values (empty vector expression) at day 1. Data from four independent experiments including 12 independent randomly
selected clones for each time point are represented as means ± S.E.M. and analyzed by Two-way ANOVA (Fisher’s LSD
test). * p < 0.05, ** p < 0.01, *** p < 0.001.

Next, we analyzed the effects of Wt1 overexpression on cardiomyocyte markers
including Myh6, Myh7, Nkx2–5, Kdr, and Pdgfra. Kdr and Pdgfra represent factors,
which are involved in cardiomyocyte differentiation, but not limited to cardiomyocyte
progenitors [60,61]. Regarding the gene expression time course, qRT-PCR analyses showed
the highest mRNA levels of all genes investigated on day 3 of culture, compared to 24 h for
all three groups of clones. In addition, there were statistically significant increases in Nkx
2–5, Myh6, Myh7, and Pdgfra mRNAs in Wt1(-KTS) clones on day 3, compared to control
clones at the same day, while in Wt1(+KTS) clones, only Kdr expression was significantly
higher on day 3, compared to controls (Figure 6).
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Figure 6. Time course of cardiomyocyte marker mRNA expression. Quantitative RT-PCRs for cardiomyocyte marker mRNA
in control, Wt1(-KTS) and Wt1(+KTS) groups. Gene expression was normalized to the mean of the respective Gapdh, actin,
and Rplp0 expression. Individual gene expression values are relative to 1 day post-transfection time point control mRNA
values. The data from four independent experiments including 12 independent randomly selected clones for each time point
are represented as means ± S.E.M. and analyzed by Two-way ANOVA (Fisher’s LSD test). * p < 0.5, ** p < 0.01, *** p < 0.001.

Phenotype analysis of the embryoid bodies revealed that Wt1 overexpression (both
Wt1(+KTS) and Wt1(-KTS) forms) resulted in lower rate of cardiomyocyte functional
differentiation, compared to the controls (Figure 7, Supplementary Video S1). Beating
clones were evident at day 2 in the control groups and at day 3 in Wt1(+KTS) and Wt1(-KTS)
groups. Moreover, in the control group, the percentage of differentiated clones reached a
plateau after day 10 and more than 90 % of EBs contained beating clones by the end of the
observation period. At the same time, differentiation rate in Wt1(+KTS) and Wt1(-KTS)
groups followed a slower dynamic with around 80 % of contractile clones by the end point
of the experiments. The most pronounced drop in cardiomyocyte functional differentiation
dynamics was found in the Wt1(+KTS) group, compared to controls. The percentage of
phenotypically differentiated beating clones was significantly lower from day 6 until day
10 of the observation period in Wt1(-KTS) and Wt1(+KTS) clones (Figure 7).
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Figure 7. Wt1 overexpression delays functional cardiomyocyte differentiation. Wt1(-KTS), Wt1(+KTS),
or empty vector controls were electroporated in mESCs. Hundred embryonic bodies were established
per experiment and the number of beating clones counted at the indicated time points. Data from four
independent experiments are represented as means ± S.E.M. * p < 0.05, ** p < 0.01.

3. Discussion

The expansion of different cardiac cell types in a timely and spatiotemporal pattern
is required for normal heart development (for review see [62]). It has been noted ear-
lier that the Wilms’ tumor suppressor, Wt1, is required for murine heart development
as Wt1 knockout mice have severely hypoplastic hearts and die during mid-gestation,
most likely due to heart failure [21,33]. There is a general consensus that Wt1 expressing
cells contribute to the development of endothelium, smooth muscle cells, and fibroblasts
in the heart [12,23,24,35,37,38,47,48,62,63], but the contribution of Wt1-positive cells to
cardiomyocytes during development and in cardiac repair still remains controversial. Ear-
lier, a significant contribution of epicardial-derived cells to the cardiomyocyte lineage in
the developing heart has been described based on lineage tracing experiments [42,44,56],
which was questioned later [55,64,65]. Regarding a possible role of epicardial-derived Wt1
expressing progenitor cells for cardiac repair, the situation is comparable with some studies
postulating an important role after myocardial infarction [52,66–69], while others did not
confirm these results [70]. These contradictory results could be explained by different
experimental approaches, staining procedures, limitations of the Wt1-Cre mouse models
used [65], and by the fact that the re-activated epicardium is heterogenous and different
from developmental epicardial cells [71] and only a fraction of cells in adult epicardium
expresses Wt1 and is reliable targeted by the Wt1Cre lines [72]. For these reasons, we
measured endogenous Wt1 mRNA levels and used a sensitive immunohistochemistry ap-
proach to characterize Wt1 expressing cells during cardiac development, in the adult, and
during repair after myocardial infarction. The highest Wt1 mRNA expression was observed
at E12.5. During this time window, Wt1 plays an important role in epithelial-mesenchymal
transition (EMT) and mesenchymal epicardial-derived cell (EPDC) development through
downregulation of E-cadherin, upregulation of Snail, and regulation of the Wnt/β-catenin
signaling [35,53]. During later stages of embryonic and postnatal development, we ob-
served a decrease in Wt1 mRNA expression, which is in agreement with previous results
using a reporter system [21]. Nevertheless, some cardiomyocytes remained Wt1-positive
even in the hearts of adult mice. It is conceivable that Wt1 regulates some of the cardiac
progenitors by preventing terminal cardiomyocyte differentiation [73,74]. These progeni-
tors could contribute to the cardiomyocyte lineage during development and give rise to
the sparse de novo cardiomyocytes formation in adulthood [52].
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Wt1 upregulation after myocardial infarction has already been reported several years
ago [37]. However, earlier we focused mainly on the angiogenic response after myocardial
infarction. It has been shown that Wt1 upregulation in adult heart vasculature was the
response to local ischemia and hypoxia in rodents. It is thought that endothelial Wt1
expression is associated with neovascularization and recovery following MI [37,38]. The
hypoxic conditions during development and after MI induced vascular formation via
hypoxia-inducible factors, which directly upregulated Wt1 [49,75]. Wt1, in turn, regulates
the expression of several angiogenic factors and receptors, positively [9–12,23,24,48,76–78].
De novo cardiomyocytes were reported to develop in adjacent areas of a myocardial infarc-
tion [79,80] and hypoxic regulation of Wt1 re-expression might also function to promote
the tissue regeneration by cardiomyocytes differentiation from an activated progenitor
pool [49,56,81]. Additionally, proinflammatory cytokines, such as TNF-α, IL-1β, and IL-6,
could favor Wt1 activation after MI through activation of NF-κB. Furthermore, WT1 expres-
sion after injury might also be induced by soluble factors secreted by the myocardium [82].
This might induce progenitor cell proliferation and cell survival [83,84]. Given the distance
to the epicardium, where we detected Wt1-positive cardiomyocytes already 48 h after
myocardial infarction, it is unlikely that these cells are directly epicardium-derived. As
the epicardium containing Wt1-positive cells promotes immune cell recruitment, neovas-
cularization, and re-entry of cardiomyocytes into the cell cycle via mitogen secretion in
response to injury (for review see [65,85]), both Wt1 expressing cell types might interact in
repair. Interestingly, Tyser et al. [86] recently identified a common progenitor pool of the
epicardium and myocardium by single cell transcriptomic analyses, most of the clusters
expressing Wt1, which could explain expression in some cardiomyocytes and epicardium
later in life. Developmental cardiac Wt1 expression diminished at the termination of heart
formation, but we assume that low levels of Wt1 expression are sufficient to maintain a
cardiac progenitor subset from terminal differentiation. This would support cardiac tissue
regeneration by Wt1 reactivation when stimuli, such as hypoxia/inflammation, occur.
However, more detailed examination of this pre-cardiomyocyte subset is necessary, as they
could be employed as a valuable therapeutic tool for repair following myocardial infarction.

To obtain additional insights into the role of Wt1 in cardiomyocyte differentiation,
we used cardiac differentiation of mESCs, a well-established model [57,58,87,88]. Wt1
was detectable in some undifferentiated mESCs and its expression levels increased along
with cardiac differentiation until day 6. Wt1 expression in mESCs seems to be necessary
for cardiomyocyte differentiation as Wt1 null mESCs cells failed to differentiate towards
the cardiomyocyte lineage [35]. To further characterize the role of Wt1 for cardiomy-
ocyte differentiation of mESCs, we transiently overexpressed Wt1(-KTS) or Wt1(+KTS)
constructs. Interestingly, this transient and moderate Wt1 overexpression reduced phe-
notypical cardiomyocyte differentiation, i.e., the percentage of beating clones throughout
the observation period. At the onset of differentiation, signaling pathways regulating
pluripotency of mESCs are inhibited through downregulation of stem cell genes, such
as Sox2, Oct4, and Nanog [89]. This corresponds to our findings with significant down-
regulation of these genes at day 3 of differentiation when the first clones started beating.
Whether the increase in Sox2 mRNA one day after Wt1(-KTS) and Wt1(+KTS) overex-
pression is directly related to activation by Wt1 remains to be clarified. Nevertheless, it
might contribute to reduced phenotypic differentiation. The higher expression of Sox2,
Oct4, and Nanog in Wt1(+KTS) transfected clones compared to control at day 9 reflects,
most likely, an indirect effect of reduced differentiation. In contrast to these pluripotency
factors, c-kit showed an increasing expression with a peak at day 5 of differentiation with
a significantly higher value in Wt1(-KTS) transfected cells, compared to controls. This
might be in agreement with c-kit representing a direct transcriptional target of Wt1 [9].
Increasing c-kit expression during mESCs differentiation is compatible with the induction
of a cardiovascular progenitor phenotype [90]. Also increased expression of cardiac (Myh6,
Myh7, Nkx2–5) and cardiovascular progenitor markers (Kdr, Pdgfra) [91] coincided with
the onset of phenotypic differentiation of mESCs. Surprisingly, Myh6, Myh7, Nkx2–5,
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and Pdgfra were all expressed significantly higher in Wt1(-KTS) clones on day 3, while
KDR mRNA was increased in Wt1(+KTS) overexpressing clones. Direct activation of Kdr
by Wt1 has been documented already in murine developing gonads although this was
mainly attributed to the Wt1(-KTS) isoform [76]. Whether the other differentially expressed
genes identified here represent bona fide Wt1 target genes remains subject of further study.
The temporary increases in Myh6, Myh7, Nkx2–5, and Pdgfra seem to not be sufficient to
support long-term phenotypic cardiomyocyte differentiation, as clones with transient Wt1
overexpression showed less contractility. Whether this is related to short term increases in
Sox2 and c-kit or other factors not identified in the present study remains an open question.

Although the mESC cardiac differentiation model is well established, the heterogeneity
of clones, and cells within a clone, limit the use for further molecular and transcriptomic
studies. The effects of transient Wt1 isoform overexpression and spontaneous increase in
Wt1 expression upon cardiac differentiation of mESCs might, in addition, result in mixed
outcomes. Regarding a potential role of Wt1 expressing progenitors for cardiac repair in vivo,
a major limitation is currently the lack of techniques to isolate and expand these cells.

4. Materials and Methods
4.1. Mice and Tissue Preparation

All animal work was conducted according to National and international guide-
lines and was approved by the local ethics committee (Nice, France, 09.01.2013) (PEA-
NCE/2013/106).

Timed pregnant mice (NMRI) were purchased from Janvier Labs (Le Genest-Saint-Isle,
France). Pregnant mice were sacrificed by cervical dislocation. Embryonic hearts were
dissected, and tissues were used to prepare RNA. For immunohistochemistry, collections
of paraffin-embedded whole embryos were used up to E18.5; for later stages, hearts
were dissected.

Myocardial infarctions were induced by ligation of the left coronary artery (LAD), as
described elsewhere [92]. In brief, anaesthetized mice were endotracheally intubated, a
thoracotomy between the third and fourth rib was performed, and the LAD was closed
permanently with a 7–0 suture 2 mm distal to the left auricle. The thoracotomy and the skin
wound were closed with 4–0 sutures and the mice remained intubated until spontaneous
respiration was re-established. Animals were sacrificed at the indicated time points after
infarction, the apex dissected for RNA preparation, and the remaining heart tissues used
for paraffin-embedding followed by histological and immunohistological analyses.

4.2. Cell Culture
4.2.1. Mouse Embryonic Stem Cell Culture

The mouse embryonic stem cell line, R1, was used. In order to stimulate proliferation
and prevent differentiation, mESCs were cultured on a layer of mitotically inactivated
primary mouse embryonic fibroblasts (MEFs)—feeder cells. The MEFs were prepared
following the well-established protocol available online (http://www.ispybio.com/search/
protocols/MEF_protocol.pdf, accessed on 4 January 2020). In short, a pregnant female mice
was sacrificed by cervical dislocation around day 13.5 post coitum. Embryos were sepa-
rated from the placenta. The head and dark red organs were removed, and the remaining
tissue was minced with razor blades and then trypsinised until a single-cell suspension
was obtained. Isolated MEFs were expanded in MEF medium (DMEM Glutamax/Gibco
61965-026 supplemented with 10% FBS/Gibco 10270-106; 1/100 L-glutamine/200 mM:
Gibco 25030-024; 1/100 penicillin/streptomycin/10,000 U/mL, Gibco 15140-122, Ther-
moScientific, Cergy Pontoise, France) in 10 cm tissue culture dishes (Corning, NY, USA),
until 90–100% confluence was reached. Then, cells were split at 1:4 ratio and MEFs from
passages 3–5 at 80% of confluence were inactivated with mitomycin C (10 µg/mL, BML-
GR311–0010, Enzo Life Sciences, Farmingdale, NY, USA) 3 h at 37 ◦C to generate feeder
layers. Inactivated MEFs (iMEFs) were ready to use 24 h following mitomycin C treatment.

132



Int. J. Mol. Sci. 2021, 22, 4346

Mouse ESCs were grown on a feeder layer in an ESC medium composed of DMEM
“Knock-out” (10829018) medium supplemented with 15% ES cell grade FBS (16141–002),
1/100 MEM non-essential amino acids (11140–035), 1/100 L-glutamine, 1/1000 2 mer-
capthoethanol (31350–010), 1/100 sodium pyruvate (11360–039), 1/100 penicillin/streptom
ycin—all from Thermo Scientific-Gibco. Prior to ESCs seeding, 10 µg/mL of mLIF was
added to the medium (ESGRO Leukemia Inhibitory Factor supplement for mouse cell
culture 107 U/mL. Hemicon International, Inc., Temecula, CA, USA ESG 1107). After 48 h
of culture, when mESCs formed multiple large colonies (100 % confluence), they were
trypsinised and used further for differentiation or/and electroporation.

4.2.2. mESC Differentiation by the Hanging Drop Method

The differentiation of mESCs was carried out, according to the protocol described by
Wang and Yang [93]. Briefly, mESCs were resuspended in differentiation medium (ESC
medium without mLIF supplementation). A tissue culture dish (10 cm) was filled with
10 mL of sterile PBS. Then, 50 drops of differentiation medium containing 500 cells/drop
were placed to the lid of the dish and cultured for 72 h in order to form embryoid bodies
(EBs). The drops with embryoid bodies (EBs) were then transferred to 96 well plates and
incubated for the next 72 h. Following this incubation, EBs were transferred from 96 to
24 well plates coated with 0.2 % gelatin to enhance EBs attachment. The first day of EBs
culture in 24 well plates was defined as day 0. The differentiation medium was changed
daily and EBs were monitored for morphological and functional changes (contractility). At
indicated time points, random samples were harvested for quantitative RT-PCR analysis.

4.3. Electroporation

For transient transfection of confluent undifferentiated mESCs cultured as mentioned in
Section 4.2.1, plasmids containing either Wt1(−KTS) or Wt1(+KTS) expression vectors (Wt1
cDNA in pCB6+ plasmid), or empty vector as a control were used. For each group, 1 µg
of plasmid was incubated with 3 × 106 mESCs in 0.8 mL PBS 30 min on ice. Following the
incubation, the electroporation was performed (400 V, 250 µF) using the Bio-Rad Gene pulser
(Bio-Rad, Richmond, CA, USA). Once the electroporation was conducted, cells were quickly
resuspended in ESC medium, plated on fresh feeder layers and incubated for 24 h to enable
plasmid baseline expression prior to hanging drop culture, described in Section 4.2.2.

4.4. Quantitative RT-PCR

Total RNA was extracted from mESCs, EBs, and organs using the Trizol reagent
(Invitrogen, Carlsbad, CA, USA). The RNA pellet was dissolved in diethyl pyrocarbonate-
treated H2O and RNA concentration was assessed spectrophotometrically. For reverse
transcription, 0.5 µg of total RNA from mESCs and EBs was transcribed to cDNA using
Maxima First Strand cDNA Synthesis kit (Thermo Scientific). The reverse transcription
products were diluted 10× and 1 µl of diluted cDNA was used for quantitative PCRs.
Detection of PCR products in real time was performed on the LightCycler Instrument
(Roche Diagnostics, Mannheim, Germany) using the PowerUp SYBR Green Master Mix kit
(Thermo Fisher Scientific, Waltham, MA, USA). For organs, first-strand cDNA synthesis
was performed with 0.5 µg of total RNA using oligo(dT) primers and Superscript III reverse
transcriptase (Invitrogen) (Table 1). One µl of the reaction product was taken for real time
RT-PCR amplification (ABI Prism 7000, Applied Biosystems, Foster City, CA, USA) using a
commercial SYBR® Green kit (Eurogentec, Angers, France). Expression of each gene was
normalized to the respective Gapdh, actin, and Rplp0 expression. For the in vivo part of
the study, the average mRNA values of all samples at E10.5 were calculated; individual
samples were then normalized against this average value. Data for mRNA from non-
transfected cells were expressed as relative value to mRNA from day 0 (value normalized
to 1); mRNA data for transfected cells were expressed as relative value to mRNA empty
vector control 24 h post-transfection (value normalized to 1).
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Table 1. Primer Sequences.

Name Sequence

Wt1 forward CCA GCT CAG TGA AAT GGA CA [11]
Wt1 reverse CTG TAC TGG GCA CCA CAG AG [11]
Kit forward GCC TGA CGT GCA TTG ATC C [94]
Kit reverse AGT GGC CTC GGC TTT TTC C [94]

Sox2 forward CGC CCA GTA GAC TGC ACA
Sox2 reverse CCC TCA CAT GTG CGA CAG
Oct4 forward TGG GCG TTC TCT TTG GAA
Oct4 reverse GTT GTC GGC TTC CTC CAC

Nanog forward CAG GTT TCA GAA GCA GAA GTA CC
Nanog reverse GGT TTT GAA ACC AGG TCT TAA CC
Myh6 forward CCA AGA CTG TCC GGA ATG A
Myh6 reverse TCC AAA GTG GAT CCT GAT GA
Myh7 forward GCC TCC ATT GAT GAC TCT G
Myh7 reverse CGC CTG TCA GCT TGT AAA TG

Nkx2–5 forward ATT TTA CCC GGG AGC CTA CG
Nkx2–5 reverse CAG CGC GCA CAG CTC TTT T

Kdr forward AGT GGT ACT GGC AGC TAG AAG [94]
Kdr reverse ACA AGC ATA CGG GCT TGT TT [94]

Pdgfra forward ATG AGA GTG AGA TCG AAG GCA [94]
Pdgfra reverse CGG CAA GGT ATG ATG GCA GAG [94]
Rplp0 forward CAC TGG TCT AGG ACC CGA GAA G [95]
Rplp0 reverse GGT GCC TCT GGA GAT TTT CG [95]

Gapdh forward CCA ATG TGT CCG TCG TGG ATC T [48,95]
Gapdh reverse GTT GAA GTC GCA GGA GAC AAC C [48,95]
Actb forward CTT CCT CCC TGG AGA AGA GC [48,95]
Actb reverse ATG CCA CAG GAT TCC ATA CC [48,95]

4.5. Mouse Tissue Samples, Histology and Immunohistology

Samples from at least three different animals per time point were analyzed. Three
µm paraffin sections were used for histological and immunohistological procedures.
Haematoxylin-Eosin staining was routinely performed on all tissue samples. For Wt1
immunohistology, after heat-mediated antigen retrieval and quenching of endogenous
peroxidase activity, the antigen was detected after antibody application (Wt1 rabbit mono-
clonal antibody, clone CAN-R9(IHC)-56-2, Abcam, Cambridge, UK,) using the EnVisionTM
Peroxidase/DAB Detection System from Dako (Trappes, France). Sections were counter-
stained with Hematoxylin (Sigma, St. Louis, MO, USA). Omission of the first antibody
served as a negative control. Additionally, some slides were incubated with an IgG Iso-
type Control (1:100, rabbit monoclonal, clone SP137, Abcam) as a negative control. Slides
were photographed using a slide scanner (Leica Microsystems, Nanterre, France) or an
epifluorescence microscope (DMLB, Leica, Germany) connected to a digital camera (Spot
RT Slider, Diagnostic Instruments, Scotland). For immunofluorescence double-labelling
of mouse hearts, anti-Wt1 rabbit monoclonal antibody from Abcam was combined with
a mouse monoclonal anti-cardiac troponin antibody (clone 4C2, Abcam) using Dylight
594 donkey anti rabbit and Dylight 488 donkey anti mouse secondary antibodies (Jackson
ImmunoResearch, Newmarket, Suffolk, UK). Cells were stained using anti-Wt1 rabbit
monoclonal antibody from Abcam and Dylight 594 donkey anti rabbit secondary antibody.
Negative controls were obtained by omission of first antibodies. Images were taken using
a confocal ZEISS LSM Exciter microscope (Zeiss, Jena, Germany).

4.6. Statistical Analysis

Statistical analyses were performed using the GraphPad Prism software (version 6.2;
GraphPad Software Inc, San Diego, CA, USA). Data are expressed as means ± standard
error of the mean (S.E.M.). Statistical differences between mean values were assessed by
analysis of variance (one-way or two-way ANOVA) followed by the Bonferroni post-hoc,
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Mann–Whitney, or Fisher’s test as indicated. A p value < 0.05 was considered to reflect
statistical significance.

5. Conclusions

Here we show that Wt1 is expressed in cardiomyocytes during heart development and
in adult life. Wt1 expressing cardiomyocytes might represent a subset of pre-differentiated
cells that are able to contribute to regeneration of damaged heart tissue. On a cellular
level, Wt1 kept a population of ESC derived cardiomyocytes from their final mature
differentiated state through modulation of stem cell markers’ expression. A detailed
analysis of the molecular mechanisms by which Wt1 regulates cardiomyocyte maturation
will be subject of further studies.
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Abstract: Cardiovascular diseases (CVDs) are responsible for enormous socio-economic impact and
the highest mortality globally. The standard of care for CVDs, which includes medications and
surgical interventions, in most cases, can delay but not prevent the progression of disease. Gene
therapy has been considered as a potential therapy to improve the outcomes of CVDs as it targets the
molecular mechanisms implicated in heart failure. Cardiac reprogramming, therapeutic angiogenesis
using growth factors, antioxidant, and anti-apoptotic therapies are the modalities of cardiac gene
therapy that have led to promising results in preclinical studies. Despite the benefits observed
in animal studies, the attempts to translate them to humans have been inconsistent so far. Low
concentration of the gene product at the target site, incomplete understanding of the molecular
pathways of the disease, selected gene delivery method, difference between animal models and
humans among others are probable causes of the inconsistent results in clinics. In this review, we
discuss the most recent applications of the aforementioned gene therapy strategies to improve cardiac
tissue regeneration in preclinical and clinical studies as well as the challenges associated with them.
In addition, we consider ongoing gene therapy clinical trials focused on cardiac regeneration in
CVDs.

Keywords: gene therapy; cardiovascular diseases; cardiac regeneration; cardiac reprogramming;
therapeutic angiogenesis; growth factors; reactive oxygen species; apoptosis

1. Introduction

Cardiovascular diseases (CVDs) remain the principal cause of mortality and morbidity
worldwide. In 2019 alone, it was estimated that there were approximately 18.6 million
deaths due to CVDs, which accounted for almost one third of all global mortalities [1].
At the same time, the prevalence of CVDs exceeded half a billion cases in 2019 [1]. A
more concerning fact about morbidity and mortality related to CVDs is that they are
continuing to grow. According to the Global Burden of Disease 2019 Study, the number
of deaths caused by CVDs increased by approximately 6.5 million for the period between
1990–2019, while the amount of prevalent cases of CVDs almost doubled for the same
period [1]. In addition to the huge impact on people’s health and quality of life, CVDs are
blameworthy for huge economic losses. In the countries of the European Union in 2017,
total spending associated with CVDs were estimated to be €210 billion euro [2]. In the
USA in 2017, CVD-related healthcare and productivity loss costs exceeded $320 billion
in 2017 [3]. The estimated healthcare costs are predicted to increase more than 2.5-fold,
reaching $818 billion, by 2030 [3].

The standard treatments for CVDs include pharmacologic agents, therapeutic devices
and surgical interventions. Although these therapies improve survival, reduce symptoms,
and improve quality of life, they do not reverse the pathologic processes associated with
CVDs and because of this, the health condition of most patients deteriorate with time [4].
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Advances in cellular and molecular biology shed light on the pathogenetic and patho-
physiologic mechanisms of CVDs and give promising opportunities for the use of novel
therapies to combat heart and vascular diseases. Since these therapies are targeted towards
the molecular cause of a specific CVD, they could hold a promising approach to cure the
disease. Such treatments include cell-based therapies, therapies with growth factors and
other bioactive molecules, biomaterials, and others [5–8]. Another therapeutic strategy that
could likely improve the outcome of CVDs is gene therapy.

Gene therapy has been investigated for the treatment of a multitude of CVDs and
CVD-related conditions such as atherosclerosis, coronary artery disease (CAD), myocar-
dial infarction (MI), peripheral arterial disease (PAD), hypertension, various types of
arrhythmias, heart failure (HF), restenosis of coronary stents, failure of vein grafts, and
others [9–13]. Preclinical trials involving gene therapy for the aforementioned conditions
were largely successful, however, there are a number of challenges associated with the
translation of this therapeutic modality to clinical use [9]. Although there were several
clinical trials for gene therapy, which showed positive results in terms of safety and certain
therapeutic efficiency (specifically, trials for CAD, PAD, and HF), many other randomized-
controlled studies failed to show the benefits of gene therapy over standard treatments [9].
This lack of consistent results in clinical trials can be attributed to multiple reasons includ-
ing low concentration of the transferred gene or its product at the target site, incomplete
knowledge of the disease mechanism and hence wrong gene therapy strategy, significant
differences between animal models and human subjects, and others [4,9].

In this review, we discuss the latest preclinical findings and clinical trials related to
the application of gene therapy for the treatment of CVDs. Specifically, we consider how
cardiac gene therapy can be used to enhance angiogenesis, remodel scar tissue, alleviate
production of reactive oxygen species, and prevent apoptosis.

2. Cardiac Tissue Regeneration in Adult Heart
2.1. Mechanisms of Cardiac Tissue Regeneration

The myocardium of adult mammals including humans has an extremely low regen-
erative capacity due to low proliferation rates of cardiomyocytes and scarcity of cardiac
stem cells. In fact, for a long time, it was believed that cardiomyocytes in the adult heart
are completely unable to proliferate. However, several studies using carbon-14 dating
have detected a slow but persistent turnover of cardiomyocytes throughout life [14–16].
According to the American Heart Association’s 2017 Consensus Statement, the annual
turnover rate was reported to be between 0.5% and 2.0% [17]. Moreover, after injury to
the heart muscle, the cardiomyocyte proliferation rate increases several times [18]. In
contrast to adults, the neonatal mammalian heart possesses an outstanding capacity for
regeneration. In the last decade, there have been multiple studies that demonstrated a
robust regenerative response following apical resection and ischemic injury in mice shortly
after birth [19–23]. The ability of neonatal myocardium to completely regenerate was also
established in porcine and rat models of MI [24–26]. Importantly, neonates exhibit this
remarkable regenerative capacity only for a brief period of time after birth, i.e., it is rapidly
lost two to seven days postnatally [19,25,27].

Cardiac tissue regeneration is a very complex process that involves multiple genes and
signaling pathways. Many reports showed that myocardial recovery is mainly mediated by
the proliferation of existing cardiomyocytes with little contribution from cardiac progenitor
cells [19]. Cardiomyocyte proliferation in turn is regulated by multiple cells and signaling
interactions that is demonstrated by recent gene expression and chromatin modification
profiling studies [28,29]. Using single-cell RNA sequencing, Wang and colleagues have
identified 22 non-cardiomyocyte cell types involved in cardiac regeneration, including
endothelial cells, fibroblasts, epicardial cells, pericytes, smooth muscle cells, and a number
of immune cells—namely, macrophages, monocytes, dendritic cell-like cells, granulocytes,
T cells, B cells, and glial cells [29]. In another recent transcriptome profiling study, two novel
regulators of neonatal heart regeneration were found, specifically, C-C motif chemokine
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ligand 24 (CCL24) and insulin-like growth factor 2 messenger RNA-binding protein 3
(Igf2bp3) [28].

The main players associated with cardiac tissue regeneration are growth factors, cell
cycle regulators, and miRNAs. In addition, several intrinsic signaling pathways were
found to be essential in cardiomyocyte proliferation and heart regeneration. Neuregulin 1
(NRG1) is probably the most studied growth factor involved in heart development and
regeneration [30]. It signals via Erb-B2 receptor tyrosine kinases 2-4 (ERBB2-4) and medi-
ates the formation of a normal heart during embryonic development as well as promotes
proliferation of cardiomyocytes after cardiac injuries [31]. Other growth factors reported
to have a role in cardiac regeneration are follistatin-like 1 and insulin-like growth factor 2,
which can mediate cell cycle re-entry of cardiomyocytes [30]. Another group of molecules
that participates in cardiac regeneration are cell cycle regulators, i.e., cyclins and cyclin-
dependent kinases (CDKs). Earlier studies found that cyclins A2, D1, and D2 can promote
cardiomyocyte proliferation in adult hearts [30]. A recent study by Mohamed and col-
leagues discovered that in addition to the cell cycle regulators mentioned above, cyclins B1
and D1 as well as CDK 1 and CDK 4 are capable of inducing cell division in adult cardiac
tissue [32]. This effect was evidenced by the overexpression studies as well as inhibition of
Wee1 and TGFβ, which directly or indirectly suppress the activity of the aforementioned
cell cycle regulators. Yet another class of molecules involved in heart regeneration are
miRNAs. Recently, a large-scale screen of miRNAs revealed that there are 96 miRNAs that
can mediate cardiomyocyte proliferation [33]. The same study discovered that the majority
of these miRNAs acted via Hippo pathway and depended on the pathway’s effector YAP.
Interestingly, individual silencing of the miRNA did not suppress cell division indicating
that none of these miRNAs on its own is essential for cardiomyocyte proliferation. The
Hippo pathway is likely the most investigated intrinsic pathway that regulates cardiac
tissue regeneration and cardiomyocyte proliferation. This evolutionary conserved path-
way controls heart size by inhibiting cardiomyocyte division [30]. In addition, the Hippo
pathway was shown to suppress cardiac tissue regeneration since the deletion of some
of its components enhanced heart repair. Hippo pathway’s downstream effector YAP, by
contrast, was found to have pro-proliferative effects on cardiomyocytes. Thus, Monroe
and colleagues recently demonstrated that YAP5SA causes expression of fetal genes and
promotes proliferation in mouse cardiomyocytes [34].

The loss of cardiac regenerative capacity shortly after birth is caused by an exit of
cardiomyocytes from the cell cycle and an entering into quiescent state. It is suggested
that a change in extracellular matrix (ECM) and cytoskeleton architecture is a main factor
that is culpable for the transition of cardiomyocytes to a senescent state. In particular, as
cardiac cytoskeleton and ECM become stiffer and more organized and stable, it becomes
more difficult for cell division to occur [35]. This was confirmed in a recent study by
Notari and colleagues [27], in which the transcriptome of mice on the first and second
postnatal days were compared. The study revealed that P2 murine neonates could not
regenerate myocardium after resection of about 15% of the apex and responded with
fibrosis. Importantly, cardiomyocytes of P2 mice did not lose their proliferative capacity,
which indicates that the loss of regenerative ability was not associated with quiescence
of the cells. On the other hand, a transcriptome analysis found a significant difference
in the expression of genes related to ECM and cytoskeleton between P1 and P2 neonates.
Specifically, mice on the second postnatal day overexpressed the aforementioned genes [27].
These findings support the theory that ECM and cytoskeleton growth and development
are responsible for the loss of cardiac regenerative capacity shortly after birth.

2.2. Overview of Strategies to Enhance Cardiac Tissue Regeneration

Given the fact that poor cardiac regeneration lies in the root of the pathogenesis and
pathophysiology of many CVDs, multiple therapeutic strategies have been suggested in
order to enhance the regenerative capacity of the adult heart. A multitude of approaches
that were shown to improve cardiac repair and regeneration can be roughly divided
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into three main categories, namely, bioactive molecules and secretory factors, cell-based
strategies, and biomaterials. Paracrine effects of growth factors and cytokines were found
to improve the regeneration of cardiac tissue. For instance, vascular endothelial factor A
(VEGF-A) and fibroblast growth factor 2 (FGF2) enhanced cardiac repair by reducing scar
size and mediating angiogenesis in animal models of MI [36]. In addition to growth factors
and cytokines, microRNAs (miRNAs) have also been considered for regenerative therapy.
MiRNAs are highly conserved, short, single-stranded non-coding RNA molecules, which
control gene expression at the post-transcriptional level [18]. Since miRNAs are important
regulators of cardiomyocyte proliferation, it was proposed that their application could
promote cardiac regeneration in the adult heart. Specifically, this could be done by the
activation of miRNAs that upregulate cardiomyocyte proliferation such as miR-199a and
miR-590, or by suppression of miRNAs that inhibit cardiomyocyte division, namely, miR-
195, miR-15a, miR-15b, miR-16, and miR-497 [18,36,37]. However, the wide application of
growth factors and other secreted molecules for cardiac regeneration is limited by their
short half-life.

Early studies involving cell-based approaches for cardiac regeneration utilized skeletal
myocytes, resident cardiac-derived cells, bone marrow-derived cells, and mesenchymal
stem cells [36,38,39]. Despite certain success achieved by some research groups, the results
of preclinical studies with these cells were either inconsistent or failed to further translate
to clinical trials [36]. The next stage in the development of cellular therapy for cardiac
repair was the application of human embryonic stem cells (hESCs) and human induced
pluripotent stem cells (hiPSCs) [40]. In both cases, multiple animal studies reported positive
results, i.e., hESCs and hiPSCs differentiated into cardiomyocytes in vitro, survived after
transplantation to the injured heart and significantly enhanced cardiac function [38]. In
addition to direct benefits of cardiomyocyte replacement, hESCs and hiPSCs contributed to
the regeneration of cardiac tissue via paracrine mechanisms secreting factors that promoted
cardiomyocyte proliferation and angiogenesis, and inhibited apoptosis and fibrosis [8].
Despite the promising results of cell-based therapy observed in animals, there are a number
of challenges associated with its translation to human studies. Firstly, cell transplantation
could induce tumorigenesis and life-threatening arrhythmias [36,41]. In addition, it was
found that the efficiency of a cell-based approach is significantly limited because of low
survival and poor engraftment of the transplanted cells [38,41]. Rapid cell death following
transplantation was related to preparation techniques, harsh environment of the injured
heart and immune response [36,38]. Current studies involving cell-based strategies are,
therefore, focused on approaches that could address the hurdles mentioned above.

The major approaches utilized to optimize stem cell therapy for cardiac regeneration
are preconditioning, genetic manipulations, and use of biomaterials. Stem cell precondi-
tioning using hypoxia, chemical and pharmacologic agents, and bioactive molecules was
shown to significantly improve survival of the cells after transplantation as well as enhance
their beneficial effects on the heart [8,42,43]. The positive effects of preconditioning on stem
cells are related to induction of pro-survival and inhibition of apoptotic genes [42]. For
instance, hypoxia activates hypoxia-inducible factor-1α (HIF-1α), which in turn promotes
the expression of VEGF and angiotensin, two molecules that stimulate angiogenesis [44,45].
At the same time, it suppresses the expression of apoptosis-related proteins Bcl-2 and Bcl-
xL [8]. Biomaterials such as nanoparticles, hydrogels, cryogels, coacervate, and scaffolds
were also utilized to deliver various cytokines and growth factors for improving tissue
regeneration [46–49] and to enhance the efficiency of cell therapy for cardiac diseases [50].
In multiple preclinical studies on MI, the use of biomaterials combined with stem cells was
associated with enhanced survival and engraftment of the cell [7]. Moreover, stem cells
combined with biomaterials stimulated cardiomyogenesis and angiogenesis as well as the
release of factors that are important for cardiomyocyte survival and proliferation [7,51]. An-
other strategy to improve cellular therapy for cardiac regeneration is genetic manipulation,
which will be further discussed in the upcoming sections of the paper.
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Overall, adult cardiac tissue in humans has an extremely low ability to regenerate and
because of this, injury to myocardium results in the formation of non-contractile fibrotic
tissue eventually leading to higher morbidity and mortality. Cardiac regeneration strategies
involving bioactive molecules, cells, and biomaterials attempt to improve the regenerative
capacity of adult myocardium.

3. Gene Therapy for Cardiac Tissue Regeneration
3.1. Gene Therapy with Growth Factors for Improving Angiogenesis

Therapeutic angiogenesis can be a potential treatment option for improving cardiac
tissue functioning by stimulating blood vessel growth, increasing tissue perfusion and
recovery [52]. In this regard, gene-based therapy with a qualitative gene delivery system (a
plasmid or viral origin) in combination with adequate pro-angiogenic genes can serve as a
promising tool for successful cardiac tissue regeneration (Figure 1). A well-developed gene-
based system must include the following requirements: sustained long-term therapeutic
effect, ability to target specific cell types and a decreased risk of systemic side-effects
as compared to regular pharmacotherapy. To date, gene transfer systems include two
approaches such as direct tissue injection and intravascular infusion with or without
surgical or catheter-mediated interventions [53]. In addition, for gene therapy in heart
diseases, the goal in most cases is to deliver genetic material directly to the myocardium.
Expression of the targeted gene needs to be sustained over an extended period of time
unless therapy is meant to repair a specific structural defect. Most importantly, the gene
must encode a molecule that plays a critical role in the disease pathogenesis such that by
altering expression of that gene alone, cardiac function will be improved sufficiently or
will favorably alter the disease flow [54]. Thus, gene therapy using appropriate delivery
systems, which meet the aforementioned requirements, and pro-angiogenic factors that
act in processes such as blood flow, metabolic activity, and cardiac functioning are being
applied for cardiac angiogenesis [55]. Among these factors are VEGF, FGF, and hepatocyte
growth factor (HGF). In this section, we will focus on the insights from recent growth factor
gene-based therapy approaches.

Among the pro-angiogenic factors, VEGF has been the most extensively studied. It is
a 45-kD homodimeric glycoprotein that has four main isoforms: VEGF-A (possesses the
ability to bind heparin), -B, -C, and -D. There are additional isoforms in VEGF-A: VEGF121,
VEGF165, which is the most biologically active, VEGF189 and VEGF206 [56]. Many other
known angiogenic factors act at least partly via VEGF-A. VEGF-B has some exceptional fea-
tures compared to other VEGFs since it induces myocardium-specific angiogenesis without
the risk of hyperpermeability and edema. Interestingly, it also seems to alter myocardial
energy metabolism and fatty acid uptake and promote cell survival and compensatory
hypertrophy [57]. The receptors for VEGF are FLT-1 and FLK-1, which activate intracellular
tyrosine kinase. Neuropilin 1 (NP-1) is another receptor for VEGF that binds VEGF165.
NP-1 and FLK-1 are key mediators of the phosphoinositide-3-kinase, and Akt (PI3K/Akt)
and mitogen-activated protein kinase (MAPK) kinase pathways [58].

145



Int. J. Mol. Sci. 2021, 22, 9206

Figure 1. Gene therapy and therapeutic outcomes in CVDs treatment.

VEGF-A isoform has been well studied in a number of preclinical studies and several
clinical trials. However, VEGF-B and VEGF-D isoforms have attracted much attention from
scientists in the past few years [59]. In this regard, Nurro and colleagues demonstrated an
angiogenic capacity of new members of the VEGF family, VEGF-B186 and VEGF-D∆N∆C,
in porcine myocardium [60]. Both adenovirus-mediated VEGF-B186 (AdVEGF-B186)
and AdVEGF-D∆N∆C gene transfers induced efficient angiogenesis in the myocardium,
possibly due to their high solubility in tissues since they do not bind effectively to heparan
sulfates, suggesting that they could be suitable candidates for the induction of therapeutic
angiogenesis for the treatment of refractory angina. In a study by Huusko and colleagues,
it was demonstrated that VEGF-C and VEGF-D are associated with the compensatory
ventricular hypertrophy and that adeno-associated virus subtype 9 (AAV9)-VEGF-B186
gene transfer can rescue the function of the failing heart and postpone the transition
towards HF in mice [61]. Another strategy of gene therapy is based on the concept of a
combined approach using a simultaneous delivery of VEGF165 and HGF genes to alleviate
the symptoms of MI in rats [62]. Combined application of these genes resulted in an increase
of the number of cardiac stem cells in the peri-infarct area and sporadic proliferation of
mature cardiomyocytes. These effects may be explained by the activation of VEGFRs and
c-Met (HGF receptor) that initiate mitogenic signaling cascades. Furthermore, it is reported
that VEGF-D stimulates both angiogenesis and lymphangiogenesis, which has been also
tested in animal models and confirmed by a phase I/IIa clinical study with one-year
follow-up [63]. Another clinical study investigated a novel VEGF-D, a new member of the
VEGF family called VEGF-D∆N∆C, in 30 patients with refractory angina. This phase I/IIa
randomized clinical trial used increasing doses of endocardial adenoviral (ad)-injections
with electroanatomical targeting of injections using a NOGA catheter system. AdVEGF-
D∆N∆C gene therapy is considered to be safe and well tolerated, and confirmed by a
consistent report that lipoprotein (a) level in 50% of patients with refractory angina was
significantly decreased [64].

FGF is another angiogenic factor that has been studied in CVDs. FGF is related to a
family of 22 identified members of pleiotropic proteins in human and mouse and regulates
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crucial functions in the heart, ranging from development to homeostasis and disease,
and is considered a cardiomyokine [65,66]. The mechanism of action of FGF proteins
is based on FGF/FGFR signaling, which plays an important role in angiogenesis and
lymphangiogenesis. FGF signaling can influence the whole process of angiogenesis and
cardiomyocyte mitosis. Activation of FGFR1 or FGFR2 has been demonstrated to have a
positive effect on vascular endothelial proliferation. The first step of angiogenesis is ECM
degradation. For instance, FGF1, FGF2, and FGF4 promote the expression of matrix metallo-
proteinases (MMPs) in endothelium cells. The second step in angiogenesis is endothelium
migration. FGF1, FGF2, FGF8, and FGF10 were demonstrated to stimulate endothelium
chemotaxis [67]. In clinical studies, FGF4 showed positive results in patients with stable
angina following a series of AGENT-trials representing a single intracoronary infusion
of adenovirus type 5 vector (Ad5FGF-4) [68]. In an ASPIRE trial, a single intracoronary
infusion of Ad5FGF-4 using catheter-based administration was compared to standard care
without a placebo group. It was planned to recruit 100 participants; however, the study
was terminated apparently due to a low number of patients [69].

Another promising pro-angiogenic factor is HGF. It participates in mediation of
angiogenesis by inducing endothelial cell proliferation, migration and survival. The
HGF receptor c-Met is reported to be expressed on vascular endothelial cells. HGF/c-
Met signaling induces endothelial cell proliferation through the MAPK/ERK and STAT3
pathways. In addition to the direct effect on stimulating endothelial cells to form tubular
structures, HGF can recruit bone marrow endothelial progenitor cells to participate in
angiogenesis in the ischemic area [70]. For cardiac tissue regeneration, HGF either in
plasmid or adenoviral constructs has been tested but only in a small number of studies.
Preclinical studies demonstrated the therapeutic effects of adenovirus carrying the HGF
gene (Ad-HGF) in a minipig model of chronic myocardium ischemia in which an Ameroid
constrictor was placed around the left circumflex branch of the coronary artery. The
data showed that Ad-HGF significantly improves the heart function and blood supply in
chronic myocardium ischemia models [71]. Furthermore, a catheter-based intramyocardial
delivery (NavX) of Ad-HGF was proved to be safe and feasible for Ad-HGF delivery in
pigs [70,72]. In a study by Rong and colleagues, skeletal myoblasts were transduced with
Ad-HGF. Transplantation of HGF-engineered skeletal myoblasts results in reduced infarct
size and collagen deposition, increased vessel density and improved cardiac function
in a rat MI model [73]. The effect might be explained by the overexpression of HGF in
skeletal myoblasts that confers resistance to ischemia in MI. Based on preclinical studies,
the safe application of Ad-HGF was additionally confirmed by clinical trials. One such
application is the use of two delivery approaches: an intramuscular myocardium direct
injection while performing coronary artery bypass surgery (CABG) and a catheter-based
intramyocardial injection guided by the NavX system. An open-label safety trial of Ad-HGF
by a direct multipoint injection into the myocardium of patients, who suffer from coronary
heart disease, showed that no subjective or objective adverse reactions were detected.
Furthermore, there was evidence of revascularization in ischemic regions confirmed by
instrumental examination and physical symptoms [71].

Additionally, some studies have reported the use of the stem cell factor (SCF), which is
a ligand for the c-kit that is a receptor tyrosine kinase. SCF binding to c-kit leads to receptor
dimerization and activation of multiple signaling pathways related to cell recruitment,
differentiation, angiogenesis, and survival [74]. It has been shown that local overexpression
of SCF post-MI induces the recruitment of c-kit+ cells at the infarct border area. Moreover,
gene transfer of membrane-bound human SCF improved cardiac function in the model of
ischemic cardiomyopathy in Yorkshire pigs [75].

The poor angiogenic nature of the adult heart prompted scientists to establish new
therapeutic approaches for cardiac tissue regeneration. Thus, the effectiveness of gene-
based therapy using pro-angiogenic factors may represent a promising therapeutic strategy
to improve cardiac function. However, even though some clinical trials have shown
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promising results, further large-scale clinical trials need to be performed to clarify their
efficacy and potential clinical application.

3.2. Gene Therapy for Scar Tissue Remodeling

Scar tissue forming after MI has a profound impact on the physiology of cardiac
tissue. Since post-infarction scar is comprised of non-contractile fibrotic tissue, the scarred
region of the heart can no longer contract and relax, leading to systolic and diastolic dys-
functions [76,77]. In addition, the fibrotic area becomes the source of various arrhythmias
because it interferes with the conductive system of the heart [76,77]. Therefore, patients
surviving MI are at a greater risk for morbidity and mortality due to cardiac dysfunction
and arrhythmogenicity caused by the scar tissue.

Several gene therapy strategies have been successfully utilized for scar tissue remod-
eling (Figure 1). One of which is the direct reprogramming of cardiac fibroblasts into
functional cardiomyocytes using a set of specific transcription factors. In vitro studies
found that such a transformation required just three factors—such as Gata4, Mef2c and
Tbx5, which were collectively designated as GMT [78]. Further studies identified that
the use of combinations of 3–4 of the following factors—GATA4, MEF2C, TBX5, HAND2,
MESP1, NKX2.5, and MYOCD—could be as efficient as or even better than the original
GMT combination [79]. Cardiac reprogramming using this gene transfer was further
accomplished in murine MI models using retroviral and lentiviral vectors. The in vivo
reprogramming induced the formation of more mature cardiomyocytes compared to the
same procedure in vitro. In addition, it led to the reduction of fibrosis and improved
cardiac contractility of the injured heart. Despite the fact that early preclinical studies using
cardiac reprogramming have achieved formation of new cardiomyocytes, the efficiency of
this transformation was relatively low, frequently less than 30–40% [79]. Therefore, recent
studies have attempted to combine cardiac reprogramming with other strategies to enhance
cardiac repair [80]. In one of the studies, E-twenty-six Variant transcription factor 2 (ETV2)
was introduced along with GMT genes into the genome of rat MI models using adenoviral
and retroviral vectors, respectively [81]. ETV2 is crucial for the development of new blood
vessels both during embryonic development and repair after injury [82]. Genetic therapy
with a combination of ETV2 and GMT had positive effects on the recovery of the infarcted
hearts. Namely, it induced the formation of new myocardium and blood vessels, reduced
scar size and improved left ventricular function. Notably, the combinational gene transfer
of GMT and ETV2 exhibited synergistic effects, i.e., the beneficial effects of the dual therapy
were significantly more pronounced compared to individual gene transfers.

Direct cardiac reprogramming using conventional retroviral and lentiviral vectors
possesses several limitations, such as low efficiency of fibroblast to cardiomyocyte transd-
ifferentiation as well as potential insertional mutagenesis [83]. In order to address these
obstacles, alternative gene transfer strategies for reprogramming of fibroblasts in the scar
tissue have been considered. Isomi and colleagues have used Sendai virus as a vector to
introduce GMT genes into cardiac fibroblasts of a mouse MI model [84]. The gene transfer
induced the differentiation of fibroblasts into cardiomyocytes which in turn led to reduction
of scar tissue and improved contractile function of the heart for 12 weeks. Importantly,
this is the first study which observed long-term effects of the GMT-Sendai virus vector-
based reprogramming. Another alternative gene carrier for direct cardiac reprogramming
is nanoparticles. In a study by Chang and colleagues [83], cationic gold nanoparticles
loaded with GMT transcription factor genes effectively induced transdifferentiation of
mouse and human fibroblasts into cardiomyocytes in vitro, which was confirmed by their
morphology and expression of cardiac-specific genes. Moreover, the direct injection of
a gold nanoparticles-GMT construct into the infarct area of the murine heart generated
more mature cardiomyocytes compared to in vitro experiments. In addition, the treatment
resulted in a significant decrease in the scar dimensions two weeks after MI in mice. Impor-
tantly, it was shown in this study that the gold nanoparticles-carrier system did not cause
integration of the delivered DNA into the host genome [83].
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Besides direct cardiac reprogramming, gene therapy to attenuate fibrosis and scar
tissue was also accomplished via ablation of genes regulating fibrosis. In a recent study,
Adapala and colleagues [85] investigated the function of the transient receptor potential
vanilloid 4 (TRPV4) mechanosensitive ion channel in cardiac remodeling after MI using
TRPV4-knockout mice. The absence of TRPV4 was associated with a significant reduction
in scar size and, remarkably, the presence of viable myocardium in the infarction area eight
weeks after MI. Consequently, TRPV4-KO mice had a higher survival rate, and preserved
systolic and diastolic function. The study also demonstrated that TRPV4 mediated differen-
tiation of cardiac fibroblasts into myofibroblasts via a Rho/Rho kinase/MRTF-A pathway.
This was evidenced by the observations that inhibition of TRPV4 caused reduced activity
of Rho kinase as well as activation of TRPV4 with transforming growth factor-β1 (TGF-β1)
or GSK (TRPV4 agonist) that led to the increased expression of MRTF-A. In another study,
genetic ablation of Cullin-RING E3 ubiquitin ligase 7 (CRL7) was performed in order to
attenuate fibrosis caused by pressure overload [86]. In particular, DNA recombination
using Cre-recombinase transferred by AAV9 vector was utilized to obtain CRL7-knockout
mice. Next, the mice were subjected to transverse aortic constriction, which is used to
model chronic pressure overload and consequent fibrosis. CRL7 knock-out resulted in a
50% decrease in myocardial interstitial fibrosis and enhanced survival of cardiomyocytes.
The observed beneficial effects of CRL7 genetic ablation were probably due to enhanced
activation of a phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) signaling path-
way, which regulates cell growth, proliferation, and apoptosis among other processes.
In fact, the authors claim that the study is the first one that elucidated the role of CRL7
in PI3K/Akt regulation in cardiac tissue. Another signaling pathway that was found to
be regulated by CRL7 was related to TGF-β1. Thus, the absence of CRL7 led to lower
expression of TGF-β1 that confirms the pro-fibrotic role of CRL7. In another study, the
role of low-density lipoprotein receptor-related protein 6 (LRP6) in cardiac repair after MI
was investigated using miRNA-mediated cardiomyocyte-specific knock-down of the corre-
sponding gene [87]. The depletion of LRP6 was found to be associated with a significantly
smaller scar size and improved cardiac function in a mouse model of MI. Remarkably, it
also caused enhanced proliferation of cardiomyocytes via the ING5/P21 pathway. It is
important to note that the new cardiomyocytes originated from the existing cardiomyocytes
rather than cardiac progenitor cells. This study is one of the first reports on the functions of
LRP6 in cardiomyocyte proliferation in the adult heart. In summary, scar tissue remodeling
using gene therapy can be accomplished by direct cardiac reprogramming as well as by
ablation of fibrosis-related genes.

3.3. Gene Therapy to Regulate Reactive Oxygen Species

MI is one of the most common causes of death around the world. MI causes death
of cardiomyocytes and irreversible damage to the heart tissue forming an infarcted zone,
which is remodeled into fibrotic/scar tissue [88]. Mitochondrial damage is directly as-
sociated with cardiomyocyte death and myocardial dysfunction by inducing oxidative
stress [89,90]. In addition, hypoxic stress resulting from MI leads to accumulation of reac-
tive oxygen species (ROS), which causes apoptosis of cardiomyocytes and cardiac tissue
injury. Most of the MI therapies aim to restore blood flow using CABG and percutaneous
coronary intervention, which leads to an increase in the concentration of oxygen in ischemic
cells [91]. This sharp increase in the amount of oxygen also induces the high production
of ROS, causing cardiomyocyte injury. This process is called ischemia reperfusion in-
jury (IRI) [92]. Moreover, regeneration of adult cardiomyocytes is limited and results in
post-infarction cardiac dysfunction [91].

Most gene therapies aimed to eliminate post-infarction ROS are interested in the
activation of antioxidant genes or inhibition of ROS producing genes. One of those studies
investigated the effect of brahma-related gene 1 (BRG1), which regulates the chromatin
structure and cardiac gene expression in Nuclear erythroid 2-related factor 2/Heme oxyge-
nase 1 (Nrf2/HO-1) pathway [93]. Nrf2/HO-1 pathway is known to be a main regulator

149



Int. J. Mol. Sci. 2021, 22, 9206

of cellular antioxidant responses. Translocation of Nrf2 to the nucleus activates the HO-1
and downstream oxidative stress pathway (HO1, glutathionetransferase p1 (GSTP1) or
NAD (P)H:quinone oxidoreductase 1 (NQO1)) [94]. According to Liu and colleagues, over-
expression of BRG1 gene by intramyocardial injection of adenoviral vectors induces the
translocation of Nrf2 and attenuates the oxidative damage in cardiomyocytes. Moreover,
the conducted studies demonstrated that Nrf2 expression, which was induced by BRG1,
increased the activity of HO-1 promoters. On the other hand, Lenti-Brg1 shRNA injection,
which inhibits the BRG1, showed adverse effects decreasing HO-1 expression [93]. Overall,
BRG1 overexpression reduced the size of the infarct scar and improved the function of the
cardiac tissue by decreasing oxidative damage and cell apoptosis. The HO-1 antioxidant
molecule is also regulated by HIF-1α. HIF-1α overexpression with the help of a plasmid
transfection encapsulated in 20-mer peptide-conjugated carboxymethylchitosan nanopar-
ticle in MI mice upregulated the HO-1 activation and expression, which decreased ROS
accumulation both in vitro and in vivo. Moreover, findings proved that downregulation of
ROS-mediated oxidative stress inhibits the expression of BNIP3, which is responsible for
cardiomyocyte apoptosis [95].

Another group of scientists investigated the effect of Zinc finger protein ZBTB20 in the
treatment of post-infarction cardiac tissue. ZBTB20 was delivered with the help of AAV9
system [96]. Based on the results, overexpression of ZBTB20 in post-MI heart increased the
superoxide dismutase (SOD) enzymatic activity, an important antioxidant that converts
superoxide radicals to molecular oxygen, provided cellular defense and inhibited the
activity of malondialdehyde (MDA) and NADPH oxidase [96,97].

Some of recent findings focus on the amelioration of mitochondrial dysfunction to
eliminate ROS and to improve post-infarct cardiac function. Transverse aortic constriction
(TAC) preconditioning of mice before the left coronary artery ligation induced MI showed
a significant reduction in oxidative stress and decreased mitochondrial ROS production.
TAC preconditioning can also be mimicked by the cardiac overexpression of SIRT3 in vivo
with the help of AAV-SIRT3 transfection. Both TAC preconditioning and SIRT3 gene overex-
pression considerably increased the contractile function of heart and, in contrast, decreased
the myocardial scar area and death of cardiomyocytes [98]. In addition, expression of
deacetylated isocitrate dehydrogenase 2, a protein that regulates mitochondrial redox,
reduced the production of mitochondrial ROS and alleviated post-MI injury [98,99].

Furthermore, there has been much research done recently to study the effects of
miRNA, an important regulator in the development and pathophysiology of the cardio-
vascular system, on oxidative stress after MI [100]. Expression of miR-323-3p, Bax, Bcl-2,
SOD1, and SOD2 genes and oxidative stress in cardiomyocytes (H9c2 cells) of miR-323-3p
transfected mice were compared to mice without transfection and with miR-323-3p trans-
fected and H2O2 treated group at seventh day after MI. Results indicated that miR-323-3p
was downregulated in MI heart and overexpression of miR-323-3p decreased Bax and
significantly increased Bcl-2, SOD1, and SOD2, consequently decreasing ROS production.
Moreover, apoptosis of H9c2 cells decreased and cardiac function of mice improved consid-
erably by targeting the TGF-β2/c-Jun N-terminal kinase (JNK) pathway [101]. Overexpres-
sion of miRNA-187 also attenuated the production of ROS by increasing the expression
of SOD and reducing the intracellular MDA level, while inhibition of miRNA-187 had
an inverse effect under the hypoxia/reoxygenation conditions of cardiomyocytes. This
was achieved by the inhibition of DYRK2, a critical regulator of cell cycle and apoptosis,
using miRNA-187, which consequently reversed the oxidative stress and apoptosis induced
by cardiomyocyte hypoxia/reoxygenation conditions [102]. In addition, upregulation of
miR-340-5p, which has an inhibitory effect on apoptosis, could suppress oxidative stress
and apoptosis after hypoxia/reoxygenation of H9c2 cardiomyocytes by regulating the
expression of Akt1 that upregulates the JNK and NF-κB signaling pathways, the main
mediators of cell apoptosis [103]. Similarly, an aging-regulated long non-coding RNA
(lncRNA) Sarrah demonstrated a protective effect against cardiomyocyte apoptosis by
directly targeting nuclear factor erythroid 2-related factor 2 (NRF2) gene, which regulates
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the expression of antioxidant proteins that protect against oxidative damage. In an MI
mouse model, overexpression of lncRNA Sarrah reduced cardiomyocyte apoptosis, while
inducing endothelial cell proliferation and augmenting cardiac contractile function [104].
In contrast, other studies demonstrated that miRNA-124 is upregulated after MI under
oxidative stress [105,106]. Application of antisense inhibitor oligodeoxyribonucleotides
(AMO-124) alleviated the oxidative stress by neutralizing the miRNA-124, whose main
target is STAT3, a key cellular survival factor that suppresses the apoptosis pathway [105].
Overall, gene therapy, specifically the application of various miRNAs, antioxidant gene
activators and molecules, whose target is oxidative stress, is a very promising approach
to eliminate ROS after MI and hypoxia/reoxygenation conditions and to improve cardiac
function.

3.4. Gene Therapy to Reduce Apoptosis

Apoptosis has a significant impact on the regeneration of myocardial cells. Excessive
apoptosis following hypoxia, oxidative stress and endoplasmic reticulum stress can con-
tribute to the development of myocardial ischemia, IRI, cardiac remodeling, and atheroscle-
rosis [107]. It also significantly increases the death of cardiomyocytes in ischemic heart
disease (IHD) [108]. Therefore, targeting apoptotic agents and pathways can be an efficient
strategy to promote cardiac tissue regeneration after CVDs. In the previous chapter, al-
leviation of oxidative stress using gene therapy to prevent apoptosis was discussed. In
this section, other strategies to suppress apoptosis, namely, those that target molecular
pathways involved in cellular death and survival will be covered.

Non-coding RNAs (ncRNAs) such as miRNAs, lncRNAs and circular RNAs (circR-
NAs), play an important role in the regulation of physiologic and pathologic signaling
pathways in cardiomyocytes and can be used to regulate apoptosis in CVDs and im-
prove cardiac tissue regeneration [109]. Yan and colleagues demonstrated that in vitro
overexpression of miR-31a-5p, a leading member of the miRNA-31 family, can protect
against apoptosis and increase myocardial cell survival through suppression of angiotensin
II-induced apoptotic pathway and caspase-3 activity by targeting Tp53 [110]. Another miR-
NAs, miR378 *, demonstrated a cardioprotective effect by inhibiting endoplasmic reticulum
stress-induced cell apoptosis via controlling expression of calcium-binding protein called
calumenin in doxorubicin (Dox)-induced cardiomyopathic mouse hearts [111]. Moreover,
another miRNA, miR-181c, was found to be suppressed in a mouse model of Dox-induced
HF and its overexpression impeded cardiomyocyte apoptosis via PI3K/Akt pathway [112].
At the same time, it was reported that lncRNA UCA1 protects rat cardiomyocytes against
hypoxia/reoxygenation induced apoptosis by inhibiting miR-143/MDM2/p53 signaling
axis [113]. Moreover, adenovirus mediated expression of lncRNA GAS5 also decreases
cardiomyocyte apoptosis through downregulation of transmembrane protein sema3a in
an MI mouse model [114]. LncRNA FTX is also downregulated after IRI injury and en-
hanced expression of FTX attenuates cardiomyocyte apoptosis by targeting miR-29b-1-5p
and Bcl2l2 [115]. Finally, a circRNA circ-Amotl1 demonstrated its ability to facilitate
the cardio-protective nuclear translocation of pAkt by binding to both phosphoinositide
dependent kinase-1 (PDK1) and Akt1. Injection of a circ-Amotl1 plasmid resulted in in-
creased cardiomyocyte survival, decreased apoptosis and demonstrated a protective effect
against Dox-induced cardiomyopathy in mice [116]. Zhu and colleagues also reported
that AAV9 mediated cardiac overexpression of circRNA SNRK can target miR-103-3p by
promoting cardiac repair via GSK3β/β-catenin pathway in rats with MI. Particularly, it
reduced apoptosis, promoted cardiomyocyte proliferation, improved cardiac functions and
increased angiogenesis [117]. Furthermore, Garikipati and colleagues demonstrated that
AAV9 mediated delivery of circRNA CircFndc3b decreased cardiac apoptosis, enhanced
neovascularization and left ventricle (LV) functions by interacting with the RNA binding
protein fused in Sarcoma to regulate expression of VEGFs [118]. Therefore, these findings
demonstrate that gene therapy with ncRNAs has great potential as a therapeutic strategy
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to protect against apoptosis in CVDs. However, further preclinical studies are needed to
determine the anti-apoptotic effects of ncRNAs in large animal models.

Another strategy against cardiac apoptosis is to target genes encoding S100 family
proteins. S100 proteins are highly acidic calcium-binding proteins involved in intracellular
calcium homeostasis in different tissues and organs. Several members of this family are also
expressed in cardiac tissue and their impairment can lead to the development of HF [119].
S100A1, a predominant member of the S100 protein family, is a crucial regulator of cardiac
contractility. Due to its ability to enhance sarcoplasmic reticulum Ca2+ fluxes and increase
SERCA2a enzyme activity, it can lead to the significant limitation of myocardial necrosis
and development of HF [120]. A recent study conducted by Jungi and colleagues reported
that S100A1 gene overexpression through the AAV9 vector can have cardioprotective
effects in male Lewis rats after IRI. Particularly, S100A1 overexpressing hearts demonstrated
improvement in LV functions, whereas the presence of necrotic markers, including troponin
T (TnT), lactate dehydrogenase (LDH), and FoxO pro-apoptotic transcription factor were
decreased [121]. Furthermore, a new liquid chromatography tandem mass spectrometry
(LC-MS/MS)-based bioanalytical method was utilized for simultaneous quantitation of
high homologous human and pig S100A1 proteins (only a single amino acid difference
between the sequences). Therefore, the ability to accurately measure human S100A1 in
pig hearts can enable future gene therapy studies in large animals [122]. Another member
of the S100 family, S100A6, increases in the peri-infarct zone after MI in rats and protects
cardiomyocytes from TNF-α-induced apoptosis by binding to p53 and decreasing its
phosphorylation [123]. It was recently demonstrated that S100A6 gene delivery and its
further cardiac overexpression attenuates cardiomyocyte apoptosis and reduces infarct
size after myocardial IRI in both in vitro and in vivo models [124]. Thus, these results
demonstrate that gene therapy mediated S100 protein expression can be an efficient method
to attenuate cardiac apoptosis and protect cardiomyocytes against IRI injury.

Genetically modified stem cells can also be applied to protect against apoptosis by
enhancing expression of various anti-apoptotic genes and factors. Cho and colleagues
demonstrated that overexpression of lymphoid enhancer-binding factor-1 (LEF1) gene in
human umbilical cord blood-derived mesenchymal stem cells (hUCB-MSCs) increased
their cell proliferation and protected from hydrogen peroxide-induced apoptosis in in vitro
experiments. Moreover, construction of hUCB-MSCs with overexpressed LEF1 using
CRISPR/Cas9 system and further transplantation, demonstrated an enhanced cell survival
rate and increased cardio-protective effects in an animal model of MI [125]. In another
recent study, interleukin (IL)-10 gene was transfected into the genomic locus of amni-
otic mesenchymal stem cells (AMM) using transcription activator–like effector nucleases
(TALEN). Further transplantation of IL-10 gene-edited AMM in an MI mouse model de-
creased the number of apoptotic cells and increased capillary density in an ischemic heart
and as a result, increased LV functions and reduced infarct size [126]. At the same time,
transplantation of bone marrow derived MSCs edited by CRISPR activation system to
overexpress IL-10 also decreased apoptosis of cardiac cells, increased angiogenesis, and
inhibited infiltration and production of proinflammatory factors in a diabetic MI mouse
model [127]. Therefore, the therapeutic effects of genetically modified stem cells can be
beneficial against apoptosis caused by cardiac ischemia. In summary, gene therapy with
ncRNAs, S100 proteins or modified stem cells can be a potential and efficient strategy
against cardiomyocyte death by targeting molecular pathways involved in apoptosis and
cell survival in heart diseases.

4. Recent Ongoing Clinical Trials

Currently, several ongoing clinical trials are investigating the effects of various gene
therapies on cardiac regeneration in CVDs. According to the ClinicalTrials.gov (accessed
on 12 July 2021), there are a total of seven gene therapy trials, including six studies that are
actively recruiting (EXACT, ReGenHeart, Korean trial, NAN-CS101) or planning to recruit
(AFFIRM, CUPID-3) and one active clinical trial (EPICCURE).
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The EXACT Trial is a phase I/II, first-in-human, multicenter, open-label, single arm
dose escalation study recruiting 44 patients with refractory angina caused by CAD to
evaluate the induction of therapeutic angiogenesis in ischemic myocardium by XC001
(AdVEGFXC1) [NCT04125732]. AdVEGFXC1 is an adenovirus type-5 vector expressing
the hybrid VEGF with its three major isoforms (121, 165, and 189) [128]. In this trial,
administration is at various doses by transthoracic epicardial procedure to 12 patients,
followed by an increase in the maximum tolerated dose with 32 additional patients, and
the main outcome measurements will be safety and side effect assessment.

ReGenHeart is a randomized, double-blinded, placebo-controlled multicenter phase
II study enrolling patients with refractory angina pectoris to evaluate safety and efficacy
of AdVEGF-D gene transfer [NCT03039751]. The trial is recruiting 180 participants in
six different centers to whom revascularization cannot be performed. AdVEGF-D will
be injected into myocardium through a catheter at 10 different sites and compared with
a similar placebo treatment. The primary endpoint is to assess improvement in exercise
tolerance and relief of angina symptoms at six months after injection.

EPICCURE is a randomized, placebo-controlled, double-blind, multicenter, phase
II clinical trial testing the effect of VEGF-A165 mRNA loaded in biocompatible citrate-
buffered saline (AZD8601) in patients with decreased LV function and undergoing CABG
[NCT03370887] [129]. AZD8601 will be injected during the surgery as 30 epicardial injec-
tions in a 10-min extension of cardioplegia under the control of quantitative 15O-water
positron emission tomography (PET) imaging. At the moment, 11 patients are enrolled in
the study, and the primary endpoint is to investigate safety and tolerability of the gene ther-
apy up to six months after the surgery. MRNA-based technology used in the EPICCURE
trial is a novel revolutionizing approach for gene delivery that can be utilized for a variety
of purposes such as protein replacement, gene editing, infectious diseases, cancer vaccines,
and others [130]. There are multiple advantages of using an mRNA approach over conven-
tional DNA-based strategies [131]. Firstly, unlike DNA, mRNA does not require entering
the nucleus to be functional, making it more efficient. Secondly, mRNA-based strategy is
much safer compared to DNA delivery with viral vectors since mRNA does not integrate
into the host genome, eliminating the risk of insertional mutagenesis. Finally, as it has
been proven by SARS-CoV-2 mRNA-based vaccines, mRNA production can be very rapid
and capable of adapting to even high emergency conditions like pandemics. Indeed, two
SARS-CoV-2 mRNA-based vaccines approved by the US Food and Drug Administration,
Pfizer/BioNTech (BNT162b2), and Moderna (mRNA-1273), have been shown to be highly
efficient in protecting against COVID-19 with 90–95% efficiency [132]. Moreover, a recent
study published in Nature found that the two mRNA vaccines induced a persistent and ro-
bust germinal center response indicating that these vaccines produced strong and efficient
humoral immune responses [133]. The benefits of mRNA-based technology have been
utilized for cardiovascular gene therapy as well [134]. Specifically, mRNA therapeutics
using genes for VEGF, IGF-1, and other proteins for heart regeneration were shown to be
safe and effective in various animal models.

The AFFIRM study is a phase III clinical trial designed to determine the effect of
intracoronary infusion of the human FGF-4 DNA sequence encoded in Ad5FGF-4 on
ameliorating refractory angina symptoms and improving patient quality of life. This study
will enroll 160 patients with refractory angina and the primary endpoint is the change of
exercise tolerance test (ETT) duration over six months after intervention (NCT02928094).
However, previous clinical trials with Ad5FGF-4 have demonstrated specific beneficial
effects of this gene therapy only in females, while no difference was observed between
placebo and treatment groups among male patients [68].

A phase II trial is ongoing in Korea to test the safety and efficacy of VM202RY, which
is a DNA plasmid loaded with two isoforms of HGFs (723 and 728) (NCT03404024). A
previous phase I trial demonstrated that VM202RY can improve cardiac perfusion and
inhibit cardiac remodeling in patients with MI and angina [135]. Now they are recruiting
108 patients with acute MI for transendocardial injection of VM202RY through catheter
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to evaluate its safety, tolerability, and efficacy compared with placebo. Primary outcome
measurements are to determine the maximum tolerated dose and assess LV ejection fraction
after six months. Estimated study completion date was April, 2020, however, no results
have yet been reported in English.

The CUPID-3 study is a randomized, double-blind, placebo-controlled phase I/II
trial investigating the effect of SRD-001, an adeno-associated virus serotype 1 vector
expressing the transgene for sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 2a isoform
(SERCA2a), on patients with cardiomyopathy and HF with reduced ejection fraction
(NCT04703842). According to the authors, targeting SERCA2a enzyme expression by SRD-
001 can correct defective intracellular Ca2+ hemostasis, subsequently improving cardiac
contractility. In addition, SRD-001 can also correct the impaired endothelium-dependent
vasodilatation, improve coronary blood flow and prevent further progression of HF. To
determine this, 56 participants will be enrolled in the study until June 2021 and SRD-001
will be delivered through one-time intracoronary infusion. As a primary endpoint, change
from baseline in symptomatic parameters (quality of life, HF severity), physical parameters,
LV function/remodeling, and rate of recurrent and adverse events will be measured up to
12 months (NCT04703842).

NAN-CS101 is a phase I, prospective, multi-center, open-label, sequential dose escala-
tion study to test the safety and efficacy of one dose intracoronary infusion of BNP116.sc-
CMV.I1c in patients with HF (NYHA class III) (NCT04179643). BNP116.sc-CMV.I1c is an
AAV vector with a chimeric AAV2/AAV8 capsid containing an active inhibitor of protein
phosphatase-1 (I-1) transgene. Previous preclinical studies on large animals demonstrated
that chimeric AAV vectors can selectively target cardiac muscle, while I-1 inhibits expres-
sion of protein phosphatase-1 and increases cardiac expression of SERCA2a enzyme leading
to the improvement of cardiac functions [136,137]. In this small phase I study, 12 partici-
pants will be enrolled and injected intracoronary with different doses of BNP116.sc-CMV.I1.
Primary endpoints will be the safety indicators measured by adverse events, mortality, and
hospitalization up to 12 months after the procedure.

Lastly, another randomized, double-blind, placebo-controlled, phase II clinical trial
has tested the effect of intracoronary delivery of adenovirus 5 encoding adenylyl cyclase
6 (Ad5.hAC6/RT100) in patients with HF. Adenylyl cyclase 6 (AC) is an enzyme that
catalyzes the conversion of adenosine triphosphate to cyclic adenosine monophosphate
and can have beneficial effects on cardiac myocytes and eventually improving LV function.
Fifty-six subjects received intracoronary administration of Ad5.hAC6 or placebo and
were followed up to 1 year. AC6 gene transfer safely increased LV function compared
to a standard single-dose HF therapy and decreased admission rate in the treatment
group [138]. A larger phase III trial (FLOURISH) with the same drug was recently registered
in clinicaltrials.gov (accessed on 12 July 2021); however, the current status of the study
is withdrawn due to the reevaluation of “clinical development plans and strategy for
RT-100” (NCT03360448). Therefore, despite its withdrawn status, a newly designed trial
with Ad5.hAC6/RT100 can be conducted in the future. Table 1 summarizes the ongoing
clinical trials.

Overall, most ongoing trials related to cardiac regeneration are focused on gene ther-
apy targeting the expression of different growth factors and their isoforms to improve
angiogenesis. This might be justified by the fact that extended angiogenesis effectively
improves vascular and cardiac tissue regeneration leading to the enhancement of cardiac
functions. However, there are still two gene therapy studies targeting the enzyme expres-
sion (CUPID-3 and NAN-CS101). Thus, this data demonstrates that gene therapy can be an
efficient and safe approach to improve cardiac regeneration and further implementation of
this strategy into clinical trials has the potential to develop into novel methods of treatment
for CVDs.
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Table 1. Ongoing clinical trials in gene therapy for cardiac tissue regeneration in CVDs.

# Study Title Disease Treatment Mechanism
(Intervention)

Estimated
Enrollment

Current Status
and Phase Trial Number

1

Epicardial Delivery
of XC001 Gene

Therapy for
Refractory Angina

Coronary
Treatment (EXACT)

Coronary
Artery Disease,

Ischemia,
Angina

Refractory,
Cardiovascular
Diseases, Heart

Diseases

Subjects in this study
will receive one of four
intramyocardial doses
of XC001 that expresses

human VEGF

44 participants Recruiting,
Phase I/II NCT04125732

2

Adenovirus
Vascular

Endothelial Growth
Factor D

(AdvVEGF-D)
Therapy for
Treatment of

Refractory Angina
Pectoris

(ReGenHeart)

Refractory
Angina Pectoris,

Coronary
Artery Disease

A catheter mediated
endocardial

adenovirus-mediated
VEGF-D (AdVEGF-D)

regenerative gene
transfer in patients

with refractory angina
to whom

revascularization
cannot be performed

180 participants Recruiting,
Phase II NCT03039751

3
AZD8601 Study in

CABG Patients
(EPICCURE)

Heart Failure

Epicardial injections of
VEGF-A165 mRNA

formulated in
biocompatible

citrate-buffered saline
(AZD8601) in a 10-min

extension of
cardioplegia during the
CABG surgery under

PET imaging

11 participants
Active, not
recruiting,
Phase II

NCT03370887

4

Ad5FGF-4 In
Patients with

Refractory Angina
Due to Myocardial
Ischemia (AFFIRM)

Angina, Stable

A single intracoronary
infusion of an

adenovirus serotype 5
virus expressing the

gene for human FGF-4
(Ad5FGF-4)

160 participants
Not yet

recruiting,
Phase III

NCT02928094

5

Safety and Efficacy
Study of Gene

Therapy for Acute
Myocardial
Infarction

Ischemic Heart
Disease, Acute

Myocardial
Infarction

VM202RY injected via
transendocardial route

using C-Cathez®

catheter in subjects
with acute MI

108 participants Recruiting,
Phase II NCT03404024

6

Calcium
Up-Regulation by

Percutaneous
Administration of
Gene Therapy in
Cardiac Disease

(CUPID-3)

Congestive
Heart Failure,
Systolic Heart

Failure

A single intracoronary
infusion of

adeno-associated virus
serotype 1 vector

expressing the
transgene for

sarco(endo)plasmic
reticulum Ca2+ ATPase
2a isoform (SRD-001)

56 participants
Not yet

recruiting,
Phase I/II

NCT04703842

7

NAN-101 in
Patients with Class

III Heart Failure
(NAN-CS101)

Heart Failure,
Heart Disease,

Ischemic
Cardiovascular
Diseases, Heart

Arrhythmia

A single intracoronary
infusion of chimeric

adeno-associated virus
serotype 2/8 with an
active I-1 transgene

12 participants Recruiting,
Phase I NCT04179643
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5. Conclusions

The substantial health and economic burden of CVDs could be alleviated in the
future with the advancement of novel therapeutic strategies that target pathogenetic
mechanisms of the diseases. Gene therapy has been considered as a promising treatment
option for a variety of CVDs. As it was reviewed in this paper, multiple preclinical studies
have succeeded in reversing the outcomes of ischemic heart disease and MI by targeting
angiogenesis, stimulating regeneration of cardiomyocytes, and alleviating oxidative stress
and apoptosis. However, it will likely take many years for the translation of these beneficial
effects from animal models to human patients. Many clinical trials of gene replacement
therapy did not achieve efficiency, which might be associated with concentration of the
replaced gene and its product at the target site and/or insufficient knowledge about
pathogenetic mechanisms of CVDs. Moreover, safety considerations including potential
off-target effects, tumorigenesis of certain viral vectors and arrhythmogenesis should
be addressed before implementation of gene therapy in clinical practice. In addition,
it is important to mention that individual use of the strategies described in this paper
will most likely be insufficient in achieving complete heart regeneration after injury in
humans. The main reason for this is that the pathways activated during cardiac injury
are diverse and complex involving multiple cells and signaling cascades. Therefore, an
efficient gene therapy for clinical use will likely combine several approaches described in
this review—including but not limited to—strategies targeting fibrosis, oxidative stress,
apoptosis, angiogenesis, and other processes.
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Abstract: Cardiac tissue engineering is very much in a current focus of regenerative medicine
research as it represents a promising strategy for cardiac disease modelling, cardiotoxicity testing and
cardiovascular repair. Advances in this field over the last two decades have enabled the generation
of human engineered cardiac tissue constructs with progressively increased functional capabilities.
However, reproducing tissue-like properties is still a pending issue, as constructs generated to date
remain immature relative to native adult heart. Moreover, there is a high degree of heterogeneity in
the methodologies used to assess the functionality and cardiac maturation state of engineered cardiac
tissue constructs, which further complicates the comparison of constructs generated in different
ways. Here, we present an overview of the general approaches developed to generate functional
cardiac tissues, discussing the different cell sources, biomaterials, and types of engineering strategies
utilized to date. Moreover, we discuss the main functional assays used to evaluate the cardiac
maturation state of the constructs, both at the cellular and the tissue levels. We trust that researchers
interested in developing engineered cardiac tissue constructs will find the information reviewed here
useful. Furthermore, we believe that providing a unified framework for comparison will further the
development of human engineered cardiac tissue constructs displaying the specific properties best
suited for each particular application.

Keywords: pluripotent stem cells; cardiomyocytes; cardiac tissue engineering; human heart;
tissue maturation

1. Introduction

Cardiovascular diseases (CVD) remain the main cause of morbidity and mortality world-
wide despite many advances in preventive cardiology. According to 2017 estimates, CVD
accounted for over 420 million cases every year and resulted in close to 18 million deaths [1].
Acute myocardial infarction (MI) and subsequent heart failure continue to have high prevalence
worldwide [2] and are among the major health issues. As the human adult heart has minimal
regenerative capacity [3], cardiomyocytes (CMs) that are lost during ischemic injuries are usually
replaced with fibrotic scar tissue leading to the partial or total cardiac dysfunction [4]. Today
the only curative option for patients with end-stage heart failure is heart transplantation, which
is usually limited due to the scarcity of donor hearts [5]. Preclinical research studies have
demonstrated that cell therapy can attenuate myocardial damage and reduce the progression of
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cardiac remodeling to heart failure [6]. However, clinical studies have failed to show significant
improvements and preliminary data indicate that stem cells have the potential to enhance
tissue perfusion and contractile performance [7]. Numerous studies have demonstrated that
the therapeutic benefits exerted by cells are mainly attributable to the release of complementary
paracrine factors and the efficacy is limited as only a small percentage of transplanted cells
engrafted in the infarcted tissue [8]. Studies on animal models showed that combining cell
therapy with tissue engineering techniques for the creation of cell sheets and patches, can
increase stem cell survival and boost therapeutic action [9]. Therefore, tissue engineering has
been considered as a potential approach for cardiac regeneration after MI. Current research
in the field is, to a large extent, aimed towards the development of functional heart tissue for
application in cell-based regenerative therapies [10,11], cardiac disease modeling [12–15] and
drug screening [16]. In particular, the application of cardiac tissue engineering (CTE) systems for
investigating mechanisms of disease has been recently reviewed [17] and will not be specifically
covered here. Despite the evident progress realized to date, engineered cardiac tissues (ECT)
remain immature and still differ from the adult human heart. One of the major challenges in
CTE is the organization of stem-cell derived CMs into a functional tissue of large dimensions
suitable for the intended therapeutic use, and that recapitulates the main physiological prop-
erties of the real heart. In this review, we describe the main approaches undertaken toward
the development of ECT constructs, along with the methodologies utilized for assessing their
functionality, and discuss the current state and future directions.

2. Cell Sources

The heart muscle is composed of electrically and mechanically connected CMs closely
surrounded by endothelial cells (ECs), fibroblasts (FBs), smooth muscle cells (SMCs), pericytes,
and heart resident immune cells [18]. Even though CMs constitute approximately 70–85%
of the heart by volume [19], non-myocyte cells are more abundant by cell number and
bear critical roles in heart homeostasis, supporting the extracellular matrix, intercellular
communication, and vascular supply essential for CM survival and contraction [19,20]. Thus,
the most advanced current CTE approaches aim at generating 3-dimensional (3D) constructs
that incorporate CMs as well as non-myocyte cardiac cells to reproduce the myocardial niche
and allow the creation of a functional mature structure (Figure 1 and Table 1).
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Figure 1. Main types of cell sources, cardiac constructs and maturation methods used in CTE. The cell types most frequently
used as source for CTE include neonatal rodent cardiomyocytes, ESC-or iPSC-derived endothelial cells, cardiomyocytes
and fibroblasts, and mesenchymal stromal cells derived from bone marrow or adipose tissue. Different systems have
been developed to generate ECT including cell sheets, scaffolds, hydrogels, bundles, spheroids, heart-on-a-chip, and
3D-bioprinted constructs. The main methods used to increase maturation of cardiac constructs comprise mechanical and/or
electrical stimulation, co-culturing with non-myocyte cells and continuous perfusion within bioreactors. See main text for
details. Figure created with BioRender.com and smart.servier.com.
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2.1. Neonatal Rodent Myocytes

The first studies on cardiac engineering in the late 1990s used cells derived from neona-
tal rat hearts since human CMs were not readily available and could not be expanded from
cardiac biopsies [60–62]. Moreover, while human embryonic stem cells (hESC) were first
derived in 1998, robust protocols to guide cardiac differentiation took another decade to be
perfected and yield human CMs with the desired purity and reproducibility [63–65]. On the
other hand, the use of adult ventricular myocytes from both rats and mice showed low via-
bility and proliferation rate in long-term cultures which made them useless for CTE [66,67].
Thus, by this period of time neonatal rat cardiac myocytes (NRCMs) became the preferred
cell source for CTE as they could be isolated with high yield and quality and presented
comparably long-term viability in culture. Therefore, NRCMs were used to generate 3D
functional cardiac tissue constructs in which cells underwent progressive electromechanical
maturation over time in static conditions [22,35,38,41,48,57,60,68] while culturing these 3D
constructs in dynamic systems further enhanced their functionality [24–26,28,34,41,69–72].

2.2. Pluripotent Stem Cells

Pluripotent stem cells (PSCs), including embryonic and induced pluripotent stem
cells (ESC and iPSCs), show promise for CTE as they can be expanded indefinitely in vitro
and differentiated into multiple cell types including CMs. Robust protocols have been
developed for cardiac differentiation of PSCs allowing to obtain high yield of CMs [63,73,74].
The therapeutic potential of both human ESC- and iPSCs-derived CMs has been previously
demonstrated in different animal models of MI including mice [75], rats [76–78], guinea
pigs [79], pigs [80], and non-human primates [81]. Remarkably, Shiba et al. demonstrated in
2016 that allogeneic transplantation of iPSC-CMs can regenerate the damaged heart in a non-
human primate MI model. The authors generated iPSCs from an animal homozygous for a
specific major histocompatibility complex haplotype (HT4), which were then differentiated
into CMs. A total of 4 × 108 iPSC-CMs were injected in the infarcted heart of HT4-
heterozygous primates. Cells survived and engrafted for at least 12 weeks with no evidence
of immune rejection. However, some grafts remained isolated from the host tissue and the
incidence of arrhythmias increased after cell transplantation, although the incidence was
transient and decreased gradually over time [82].

Transplantation of ECT constructs comprising human PSC-derived CMs has been
shown to enhance cell survival and engraftment, promote tissue revascularization and
improve functional properties of the injured heart. The Murry laboratory generated ECT
constructs using hESC-CMs or hiPSC-CMs together with human umbilical vein ECs, and
mesenchymal stromal cells (MSCs) in a type I collagen hydrogel and subjected them to
uniaxial mechanical loading [36]. One week after transplantation onto injured hearts of
athymic rats, the ECT constructs survived and formed grafts containing a microvascular
network that was perfused by the host coronary circulation. Kawamura et al. used the
cell sheet method to deliver hiPSC-CMs onto infarcted swine hearts. This procedure
significantly improved contractile function, promoted vascularization and attenuated left
ventricular remodeling. However, poor level of engraftment was detectable 8 weeks
post-transplantation [83]. Transplantation of ECT constructs from hESC-CMs in a chronic
rodent MI model has been shown to enhance engraftment rate, leading to increased long-
term survival, and progressive maturation of the human CMs [30]. Engineered tissues
containing hiPSC-derived vascular cells (ECs and SMCs) without CMs have also been
associated with significant functional improvement, reduction of infarct size, increase in
neovascularization, and recruitment of endogenous cardiac progenitor cells in a MI swine
model [84]. Cardiac repair has also been reported after implantation of ECT constructs
comprising hiPSC-derived cells in guinea pigs [45] and pigs [85].

Representative publications on CTE, indicating the sources and types of cells used, the
type and dimension of the constructs generated, the culture conditions, and the functional
analyses performed. CM, cardiomyocytes; iPSC-CM, cardiomyocytes derived from induced
pluripotent stem cells; ESC-CM, cardiomyocytes derived from embryonic stem cells; EC,
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endothelial cells; HUVEC, human umbilical vein endothelial cells; FB, fibroblasts; hcFB,
human cardiac fibroblasts; SMC, smooth muscle cells; MSC, mesenchymal stromal cells;
n/a, information not available.

Notably, Menasché et al. reported the first clinical use of hESC-derived cardiovascular
progenitor cells in a fibrin patch of 20 cm2, which was delivered to the heart of a patient
suffering from severe ischemic left ventricular dysfunction. The study demonstrated the
feasibility of generating a clinical-grade population of hESC-derived cardiovascular pro-
genitors and improved the patient’s functional outcome after a 3-month follow-up [86]. In
a subsequent study, the group tested the safety of this approach on 6 patients with up to
one year follow-up, during which the patients did not present any clinically significant
arrhythmias and showed an increase in systolic function. One patient died after surgery
from treatment-unrelated comorbidities and another one at 22 months due to heart fail-
ure [87]. No tumors were detected during the follow-up period, demonstrating the safety
of this approach at 1 year.

2.3. Mesenchymal Stromal Cells

Mesenchymal stromal cells (MSCs) are multipotent cells that have the potential to
differentiate into a variety of cell types like adipocytes, chondrocytes and osteocytes,
limited self-renewal capacity, and low immunogenicity [88]. Despite the adipocyte tissue
and bone marrow being the most common sources for MSCs [89], they can be also isolated
from synovial tissue, umbilical cord and peripheral blood [90]. MSCs were considered in
autologous and allogeneic therapies for cardiac injuries due to their high expansion rate
and immunomodulatory properties. In particular, numerous preclinical trials have shown
that MSCs have the potential to promote cardiac repair in heart injury models through
paracrine effects [91–95]. Moreover, engineered constructs containing MSCs have also been
evaluated in preclinical models of MI. Patches consisting of autologous porcine MSCs in a
fibrin hydrogel were transplanted onto infarcted swine hearts and resulted in improvement
in contractile function and increase in neovascularization in the patch covered area [96].
Later, human MSCs cultured in a scaffold made of decellularized human myocardium
with fibrin hydrogel were transplanted in nude rat models of acute and chronic MI. The
treatments showed cardiac functional improvement 4 weeks after transplantation that was
associated with the release of proangiogenic factors by MSCs [97]. Moreover, researchers
have found an important structural role of MSCs for the organization of cardiac tissues. In
particular, co-culture of human MSCs with hPSC-derived CMs and vascular cells within
ECT constructs markedly improved their self-organization, vascular network formation
and stabilization [36,59]. Finally, cell heterogeneity in ECT constructs due to the presence
of MSCs has also been reported to influence successful engraftment [36] and to aid in the
generation of human in vitro disease models of high pathophysiological relevance [59].

2.4. Non-Myocytes

Within the native heart, CMs are never alone but rather organize in a complex 3D tis-
sue with intimately coupled non-myocyte cells. Moreover, heart homeostasis and response
to disease strongly depends on the interaction between non-myocytes and cardiomyocytes.
It therefore follows that recapitulating the normal heart tissue organization in the laboratory
would necessitate including CMs along with non-myocytes [3,98]. Liau et al. generated
two types of patches containing mouse ESC-derived CMs alone, or in combination with
different ranges of cardiac FBs (3%, 6% and 12%). Based on their results, patches containing
only ESC-CMs failed to form a functional syncytium, while the presence of cardiac FBs
allowed the generation of synchronously contractile constructs with functional properties
close to the native heart [99]. Building on those findings, Zhang et al. generated cardiac
patches using human ESC-derived CMs with varying purity (49–90%) together with car-
diac FBs, endothelial cells, and vascular SMCs, which inadvertently arose during cardiac
differentiation. Interestingly, the conduction velocity in patches linearly increased with
CMs purity, and when compared to matched 2D monolayers, 3D tissues showed higher
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conduction velocities but not different action potential duration or maximum capture rates.
Moreover, the authors found that inclusion of non-myocytes increased the survival and
the maturation level of CMs [100]. Tiburcy et al. also demonstrated the critical impor-
tance of defining the non-myocyte fraction for engineering force-generating cardiac tissues.
Specifically, these authors found that the ratio of 70% hPSC-derived CMs and 30% human
foreskin FBs was optimal for promoting maturation at the cellular and tissue levels [51].
Many subsequent studies have confirmed the significance of including non-myocytes in
engineered cardiac constructs [32,36,51,53,55,101–104].

3. Cardiac Tissue Engineering Systems

A wide variety of 3D ECT constructs with different shapes and sizes/thicknesses have
been fabricated with the purpose of being used as model systems for drug/toxicity testing
or for application in regenerative medicine strategies [45,105]. The main categories of ECT
constructs are depicted in Figure 1, with representative publications listed in Table 1 and
described below.

3.1. Cell Sheets

The cell sheet technique was first reported by Shimizu et al. in 2002 for creating
a transplantable 3D cell patch [57]. Cell sheet technology, also referred to as scaffold-
free system or “Cell Sheet Engineering” [57,106,107], is based on stacking monolayers (or
sheets) of CMs cultured to confluency to form 3D tissue-like structures. By using cell culture
surfaces coated with the temperature-responsive polymer poly(N-isopropylacrylamide)
(PIPAAm), it is possible to readily detach intact cellular monolayers of CMs as cell sheets
by lowering the temperature, without any enzymatic treatments. Overlaying these thin
2D monolayers then results in 3D cardiac constructs [108]. The benefits of this system
have been analyzed in vivo in murine animal models of MI showing improvements in cell
survival, cardiac function and tissue remodeling [109]. The use of cell sheets created new
opportunities for in vitro tissue engineering and helped exploring new therapies and drugs
for heart diseases [58,59]. Interestingly, Sekine et al. produced in vitro vascularized cardiac
tissues with perfusable blood vessels by overlaying additional triple-layer cell sheets made
by NRCMs cocultured with endothelial cells. Such sheets were then transplanted under
the neck skin of nude rats and connected to the local vasculature. Constructs with vessel
anastomoses survived and maintained their vascular structure up to two weeks after
transplantation. However, the thickness of the constructs decreased over time indicating
that uniform perfusion was insufficient for whole tissue survival. Moreover, no functional
analyses were performed in the study to evaluate maturation at tissue level [58]. More
recently, Kawatou et al. developed an in vitro drug-induced Torsade de Pointes arrhythmia
model using 3D cardiac tissue sheets. Importantly, the authors showed the importance of
using multi-layered 3D structures containing a hiPSC-derived heterogeneous cell mixture
(CMs and non-myocytes) in order to recapitulate disease-related phenotypes in vitro [59].
In addition, phase II clinical trials have been performed by Japanese scientists to evaluate
the efficacy and safety of autologous skeletal myoblast sheet transplantation in patients with
advanced heart failure. They demonstrated that the transplantation of engineered tissue
promoted left ventricular remodeling, improved the heart failure symptoms and prevented
cardiac death with a 2 year follow-up period [110]. Also, the potential use of cell-sheets
that contain allogeneic hiPSC-CMs for clinical transplantation is under investigation [111].

A clear advantage of cell sheet technology for therapeutic applications is the absence of
biomaterials, which reduces the risk of immune rejection that could arise from xenobiotic or
non-autologous materials, and that no suture is needed to ligate the construct to the injured
heart. Moreover, sheet technology enables direct cell-to-cell communications between
cells in the transplanted sheets and the host tissue, facilitating electrical communication
and vascular network formation within the cell sheet structure. On the downside, it has
been argued that the fragility of these sheets makes them difficult to manipulate during
implantation onto the heart [112]. Although cardiac tissue sheets have many advantages
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over other tissue engineering methods, these structures are not thick enough to reproduce
the high complexity of the native myocardial tissue.

3.2. Scaffolds

ECT constructs made by repopulating cell-free scaffolds with suitable cells are usually
referred to as cardiac patches. Scaffolds for CTE usually consist on a 3D polymeric porous
structure that contributes to cell attachment and leads to the desirable cell interaction
for further tissue formation [11,23,25–27,69,113–115]. Many different materials have been
tested for the fabrication of scaffolds suitable for CTE, including natural and synthetic
biomaterials. A commonly used synthetic material is polylactic acid (PLA), which is
easily degradable forming lactic acid. PLA scaffolds were tested in some cardiovascular
studies [116,117]. Another example is polyglycolic acid (PGA) and its copolymer with
PLA poly(D,L-lactic-co-glycolic acid) (PLGA), an FDA approved biomaterial among the
first tested for CTE due to its high porosity, biodegradability and processability [69,70,118].
However, it has been noted that the high stiffness of PLGA may limit the capacity of CMs to
remodel the scaffold and ultimately impinge on their maturation [112]. Collagen, being the
most abundant protein in the cardiac extracellular matrix (ECM), has a fibrillar structure
that facilitates CM scaffolding. In addition to good biocompatibility, biodegradability
and permeability, collagen also elicits low immunogenicity and can be engineered in
various formats including high porosity scaffolds, all of which make of collagen the
most commonly used biomaterial in scaffold-based CTE [21–25,28,119]. Other natural
biomaterials used in this context include alginate, a polysaccharide derived from algae
used in ECT constructs [26,120] due its high biocompatibility and appropriate chemical
and mechanical properties [121], and albumin fibers, which have been used to create
biocompatible scaffolds of high porosity and elasticity [29,122].

The combination of different approaches has enabled the development of scaffold
systems of increasing complexity, thus bringing them morphologically closer to heart tissue.
For example, researchers have generated fibrous scaffold with spatially distributed cues that
enabled CM alignment within the patch [29,123,124]. However, major limitations of CTE
still remain the generation of thick constructs (over ~100 µm in thickness) and the lack of
electromechanical coupling between the cardiac patch and the host myocardium [100,112].
The generation of ECT constructs with a clinically relevant size requires ensuring that
appropriate levels of oxygen and nutrients are maintained within the construct to satisfy
the metabolic demand of CMs. Perfusion bioreactor systems pioneered by the Vunjak-
Novakovic laboratory have proven to be of great value for the generation of thick ECT
constructs full of viable cells with aerobic metabolism. In this case, cells were seeded
and cultured in porous collagen scaffolds (11 mm in diameter, 1.5 mm in thickness) under
continuous perfusion for 7 to 14 days, which led to the formation of contractile thick cardiac
tissues [113,125]. More complex bioreactor systems designed to perfuse ECT constructs
while also delivering electrical signals mimicking those in the native heart have also been
developed [26,27,32]. Maidhof et al. used NRCMs seeded under perfusion into porous
poly(glycerol sebacate) (PGS) scaffolds (8 mm in diameter, 1 mm in thickness), which
were maintained under continuous perfusion at a flow rate of 18 µL/min and electrically
stimulated at a frequency of 3 Hz. After 8 days, the combination of perfusion and electrical
stimulation resulted in cell elongation, structural organization and improved contractility
of ECT constructs [27]. Recently, our laboratories have reported the generation of 3D engi-
neered thick human cardiac macrotissues (CardioSlices). Human iPSC-CMs were seeded
together with human FBs into large 3D porous collagen/elastin scaffolds and cultured
under perfusion and electrical stimulation in a custom-made bioreactor. Two weeks after
culture, stimulated ECT constructs exhibited contractile and electrophysiological properties
close to those of working human myocardium [32].

In addition to scaffolds made from synthetic or natural biomaterials, the use of matri-
ces obtained by decellularizing native tissues has gained popularity for CTE. The process of
decellularization allows obtaining natural ECM that can be used to mimic the native tissue
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structure. In essence, decellularized ECM could be recellularized with CMs or mixtures
of CMs and other cell types, or with PSCs that would be differentiated in situ toward the
desired cell types [126]. Tissues from a wide variety of sources including human, animals
and plants have been used for this purpose [112]. The porcine heart is a prime example
of tissue source for animal-derived decellularized scaffolds, due to its large size and to
it being a preferred experimental model for cardiovascular research. In this case, it has
been reported that the decellularization procedure allows obtaining a cardiac scaffold with
preserved vasculature, mechanical integrity and biocompatibility [127]. Nevertheless, limi-
tations noted with this approach include the extent of preservation of the ECM composition
(which can be altered by the decellularization process), the difficulty in recellularizing the
scaffold with clinically relevant numbers of CMs (in the order of billions), and the risk
of eliciting immune rejection [112]. The issue of immune intolerance of animal-derived
decellularized scaffolds has prompted research on plant-derived biomaterials as a source
for ECT constructs [128]. Even though promising results have been reported using bio-
materials derived from decellularized apple [129,130], spinach and parsley leaves [131],
along with other cellulose-based scaffolds [132,133], further evaluation will be necessary
to assess the usefulness of this type of materials for in vitro bioengineering and in vivo
therapeutic applications.

Alternatively, human tissue might be a more appropriate source for decellularized
ECM for therapeutic purposes, as it would address some of the limitations of animal-
and/or plant-sourced materials described above [134–137]. In this respect, studies by
Sanchez et al. demonstrated that the human acellular heart matrix can serve as a biocom-
patible scaffold for recellularization with parenchymal and vascular cells [138]. Moreover,
Guyete et al. also used human decellularized heart tissue, which was in this case re-
cellularized with iPSC-CMs and maintained in a custom-made bioreactor that provided
coronary perfusion and mechanical stimulation. After 14 days in culture, the recellularized
cardiac segment presented high metabolic activity and contractile function but exhibited
low maturation state [139].

3.3. Hydrogels

Embedding suitable cells in hydrogels provide important 3D information cues and, in
the context of CTE, the constructs generated in manner are typically known as cardiac grafts.
Hydrogels are among the most widely studied types of biomaterials in CTE (see Table 1).
In particular, hydrogel-based materials have been shown to provide structural/mechanical
support to cells [140], promote vascularization [141] and cell migration, differentiation
and proliferation [142], and to improve cardiac function after implantation in murine and
porcine models of MI [30,45,103]. Hydrogels can be made from different biomaterials that
are usually classified into three types: natural (type I collagen, fibrin, gelatin, alginate,
keratin, among other), synthetic [polycaprolactone (PCL), polyethylene-glycol (PEG), PLA,
PGA and their co-polymer PLGA], and hybrid hydrogels, which are made by combining
natural and synthetic polymers [143,144]. Natural-based hydrogels are often preferred
for generating ECT constructs because of their high bioactivity, biocompatibility and
biodegradability [142].

Cardiac “bundles” are the most common structures generated when using hydrogel-
based systems and are cylindrical ECT constructs in the form of cables, ribbons or rings [112].
These structures are usually formed by embedding CMs from various sources within hy-
drogels made up of fibrin, type I collagen or other biomaterials, and maintaining them
in culture until constructs become spontaneously contractile. The formation of these
bundles results in self-alignment and anisotropic organization of CMs, which is a hall-
mark of cell maturation. Moreover, these constructs provide an easy way to analyze
the electrical and mechanical properties of CMs, thus enabling the readily evaluation of
their maturation state and facilitating their use in drug screening and toxicity assessment
platforms [16,36,40,48,50,51,55,145–147].
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In a pioneering approach, Eschenhagen and Zimmermann generated cardiac bundles
(which they termed engineered heart tissues, or EHTs) by casting a mixture of NRCMs and
a blend of type I collagen type I and Matrigel into cylindrical molds. Under conditions of
mechanical stretching, the resulting ring-shaped constructs exhibited improved contractile
function and a high degree of cardiac myocyte differentiation [33]. In subsequent work,
five of such rings were stacked on a custom-made structure creating multiloop tissue
constructs that survived after implantation and improved the cardiac function of infarcted
rats [103]. Using the same principle, Kensah et al. produced cardiac bundles by seeding
NRCMs with FBs in a collagen/Matrigel hydrogel into a Teflon casting mold between two
titanium rods and subjected to mechanical and/or chemical stimulation [34]. Similarly,
human ECT constructs have also been generated by casting a cell/hydrogel suspension in
different types of molds between or around flexible posts. Schaaf et al. used hESC-CMs
in a fibrin hydrogel seeded into an agarose casting mold between 2 elastic silicone posts
for 5 weeks [37]. Controlling the 3D microenvironment has been further reported to in-
duce spatial organization and promote CM maturation in hydrogel-based systems. In a
study by Thavandiran et al., hESC-CMs and hESC-derived cardiac FBs were seeded in
a collagen/Matrigel hydrogel into polydimethylsiloxane (PDMS) microwells with inte-
grated posts. The authors compared two-well designs side by side: an elongated microwell
containing posts in both extremes (capable of inducing uniaxial mechanical stress) and
a square well containing posts around the edges (thus effecting biaxial mechanical con-
ditioning). These studies demonstrated that constructs on elongated microwells showed
comparatively better aligned sarcomeres and more elongated and longitudinally oriented
CMs [38]. In turn, the Bursac laboratory created thin (~70 µm in thickness) 3D sheet-like
constructs of large surface dimensions (7 × 7 mm) by casting hESC-derived CMs in fibrin
hydrogels into PDMS molds with hexagonal posts, resulting in improved maturation at the
functional (conduction velocities of up to 25 cm/s and contractile forces and stresses of 3.0
mN and 11.8 mN/mm2, respectively) and structural (increased sarcomeric organization
and expression of cardiac genes) level [100]. Similarly, Turnbull et al. generated human ECT
constructs with hESC-derived cells mixed in a collagen/Matrigel hydrogel in rectangular
PDMS casting molds with integrated posts at each end and removable inserts. Forty-eight
hours after casting, the inserts were removed from the mold, allowing the self-assembly
of the tissues between the two flexible posts, which were used as force sensors. The re-
sulting tissues exhibited typical features of human newborn myocardium tissue including
contractile, structural and molecular characteristics [42].

Similar to hESC-CMs, iPSC-CMs also have been successfully cultured in hydrogel-
based structures [11,40,46,47,49–51,53,55] (see Table 1). The Radisic laboratory pioneered
the use of hiPSC-CMs to generate human ECT constructs by developing a platform in
which cells in a collagen hydrogel organized around a surgical suture in a PDMS channel.
The resulting 3D microstructures (3 mm2) were termed Biowires and contained aligned
CMs that exhibited well-developed striations and showed improved cardiac tissue function
after electrical stimulation [40]. A further improvement to this platform was the use of
a polytetrafluoroethylene tube that allowed perfusion of the ECT microstructures and
facilitated their use for drug toxicity testing [41]. More importantly, three independent
studies reported in 2017 on the generation of clinical-size cardiac tissues by using hydrogel-
based systems and hiPSC-CMs. Shadrin et al. generated human cardiac tissues of 36 ×
36 mm that showed electromechanical properties close to those of working myocardium
(conduction velocity of 30 cm/s and specific forces of 20 mN/mm2) by seeding hiPSC-CMs
in a fibrin hydrogel into square PDMS molds [11]. Using a mixture of type I collagen
and Matrigel with hiPSC-derived CMs and endothelial and vascular cells (in a 3:1:1 ratio),
Nakane et al. generated rectangular ECT constructs with different shapes (bundles and
mesh junctions, parallel bundles, plain sheets) and sizes (from 15 × 15 mm to 30 × 30 mm).
They analyzed the association of CM orientation and survival with construct architecture
and found that bundles and mesh junctions resulted in the highest myofiber alignment
and lowest percentage of dead cells. Moreover, functional integration was observed after
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4 weeks of transplantation onto rat uninjured hearts [50]. Large ECT constructs (35 × 34
mm) were also generated in the Zimmermann laboratory by seeding hiPSC-CMs and FBs
in a collagen hydrogel on a 3D-printed construct holder with flexible poles in a hexagonal
casting mold [51]. In a further refinement of this approach, Gao et al. generated human
ECT constructs of 4 × 2 cm comprising hiPSC-derived CMs, SMCs, and ECs (3:1:1 ratio) in
a fibrin hydrogel and maintained them in culture on a rocking platform. After 7 days of
culture, the constructs showed improved electromechanical coupling, calcium-handling,
and force generation [53].

Synthetic hydrogels have received comparatively less attention for CTE than those
of natural origin. Ma et al. used PEG to create cardiac microchambers (100 to 300 µm in
height) that induced spatial organization of hESCs and hiPSCs and directed their cardiac
differentiation [43,44]. In addition, hybrid hydrogels have a great potential for CTE as they
can mimic biological properties of the ECM and, at the same time, be tuned to suit the
mechanical properties expected or desired for cardiac constructs [148]. Despite their great
potential, much research is still needed to ascertain the specific advantages that synthetic
and hybrid hydrogels may have over commonly used natural hydrogels in the context of
CTE. At any rate, irrespective of the type of hydrogel used, current 3D cardiac grafts are
constrained in maximum thickness by the ~300 µm limit of oxygen diffusion in passive
culture systems and, therefore, while ideal for miniature structures with some tissue-like
functionalities, they may not be suited for applications that require fully capturing the high
complexity of the native heart tissue structure.

3.4. Cardiac Spheroids (and ‘Organoids’)

Spheroids are scaffold-free 3D cell constructs that rely on cell aggregation or self-
organization and simulate aspects of the native cell microenvironment [149]. Cardiac
spheroids can be constructed with CMs [150,151] and also include other cardiac resident
cells such as FBs [152] or ECs [104]. Different percentages of various cell types have
been tested for the generation of cardiac spheroids [153,154]. Spheroid-based systems are
attractive to scientists for studying heterocellular interactions and drug effects because they
only need low cell numbers to be formed. On the other hand, the absence of functional
architecture limits the physiological analyses of the cells, like force generation and electrical
conduction. Nevertheless, using the spheroid-based systems to deliver CMs into the
damaged region of the heart has been reported. For instance, intramyocardial injection
of cardiac spheroids in mice resulted in higher engraftment rates and improved electrical
coupling with host myocardium, compared to single cell injection, which reveals potential
for future clinical applications [155,156]. Moreover, several research groups are working
on the generation of thicker functional structures using multicellular spheroids for further
clinical testing. Noguchi et al. created a scaffold-free 3D tissue construct based on self-
organization of 1 × 104 spheroids. The individual spheroids were, in turn, obtained by
combining 3 cell sources: NRCMs, hECs and hFBs in a 7:1.5: 1.5 ratio. ECT constructs
generated in this way remained adherent and presented signs of vascularization seven
days after transplantation onto the heart of nude rats [157]. In a related approach, scientists
created a biomaterial-free cardiac tissue by 3D printing multicellular cardiac spheroids
that displayed spontaneous beating and ventricular-like action potentials, which were
engrafted as well into the rat heart tissue [158]. A final example of this approach is the
study by Kim et al., who generated elongated 3D heterocellular microtissues by fusing
together multicellular cardiac spheroids containing CMs and cardiac FBs. The authors
demonstrated that such microtissues formed an electrical syncytium after seven hours in
culture [159].

Similar to spheroids, organoids are scaffold-free 3D cell constructs that simulate as-
pects of the native environmental conditions. However, a critically important characteristic
of organoids that sets them apart from spheroids, is that organoids contain organ-specific
cell types that self-organize in a way that is architecturally similar to that of the native
organ [160]. While some researchers may use the terms organoids and spheroids inter-
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changeably, there are important differences between them. Both spheroids and organoids
can be generated from PSCs, PSC derivatives, or tissue-specific stem/progenitor cells.
When using PSCs, the technique of organoid formation is inspired in the embryoid body
system [160], 3D aggregates of PSCs where cells undergo specification and differentiation
into cell derivatives of the three main embryo germ layers [161]. In contrast, spheroids
are much simpler than organoids in terms of the cell types that conform them, do not
self-organize into organ-like patterns or structures, and depend to a lesser extent on ECM
properties and composition [162]. Even though several published reports describe the gen-
eration of human “cardiac organoids”, these rely on direct cardiac differentiation of hiPSC-
derived embryoid bodies [163] or aggregation of cardiac cell types (CMs, cardiac FBs and
cardiac ECs) [164–168], which actually represent typical examples of spheroids [160,161].
We believe that the use of the term “cardiac organoids” in this context is misleading since
the structures generated in those studies lacked the organ-like complexity characteristic
of true organoids. Very recently, Lee et al. have described the generation of bona fide
cardiac organoids in the mouse system that showed atrium- and ventricular-like structures
highly reminiscent of the native embryonic heart. For this purpose, the authors induced
sequential morphological changes in PSC-derived cells by including a laminin-entactin
complex in the ECM and FGF-4 in serum-free medium [169]. Perhaps the application of
similar approaches to hiPSC derivatives could lead to the generation of true human cardiac
organoids containing relevant organ-specific cell types with the capacity to self-organize in
organ-like structures.

3.5. Heart-on-a-Chip

Microfluidic cell culture technologies enable researchers to create in vitro cell mi-
croenvironments that mimic organ-level physiology [170]. The term ‘organ-on-a-chip’ is
generally applied to a microphysiological system, including the slides or plates that are
connected to microfluidic devices to control perfusion of culture medium and exposure
of defined stimuli [171]. Heart-on-a-chip technology refers specifically to microphysio-
logical systems mimicking the function of heart tissue. In vivo-like cardiac cell culture
systems could lead to a better understanding of (1) cardiac cell physiology; (2) cardiotoxic-
ity of drugs intended for human used; (3) personalized treatments for CVD patients; and
(3) mechanisms of heart regeneration [39,172,173]. In physiological conditions, the heart
tissue is in direct contact with body fluids such as blood and lymph that exert physical
forces (shear stress) on the cells. This continuous flow stimulation determines the cardiac
cells structure, phenotype, intra- and extracellular interactions [174]. In vivo-like cardiac
cell culture systems try to replicate these conditions in vitro. Thus, the heart-on-a-chip
system provides suitable conditions to imitate biochemical, mechanical, and physical sig-
nals characteristic of heart tissue [175–177]. For example, it was shown that continuous
perfusion enhances cell proliferation and parallel alignment of cells compared to static
conditions [178]. In addition to perfusion, integrating mechanical and electrical stimulation
into heart-on-a-chip devices also improves the maturation state of CMs [54,179–181], one
of the key features for successful modeling of cardiac diseases [182]. Moreover, heart-on-
a-chip systems are amenable to parallelization and thus to be used in high-throughput
assays for drug screening and cardiotoxicity testing [173,183]. Particularly, the possibil-
ity of using hPSC-CMs brings an additional level of personalization to heart-on-a-chip
systems [46,54,104,184–187]. For example, the Radisic laboratory developed a powerful
platform, dubbed AngioChip, that integrated tissue engineering and organ-on-a-chip tech-
nologies to produce vascularized polymer-based microfluidic cardiac scaffolds. Such a
platform can be used to generate both in vitro heart tissue models and in vivo implants for
potential clinical application [186].

3.6. 3D Bioprinting

3D bioprinting is one of the latest additions to the tissue engineering toolbox, and
one that could be used to create complex and large vascularized tissues [188,189]. Several
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methods of 3D bioprinting have been used in the context of CTE, including cell-laden
hydrogel 3D structures [190], inkjet bioprinting [191], laser-assisted bioprinting [192], and
extrusion-based bioprinting [193]. Biomaterials used in 3D bioprinting are based on piezo-
resistive, high-conductance, and biocompatible soft materials. Gaetani et al. bioprinted a
2 × 2 cm ECT construct using human cardiac progenitor cells and alginate matrices, which
was maintained for 2 weeks in vitro [120] or transplanted onto rat infarcted hearts where it
led to cell engraftment [194]. Generation of 3D-bioprinted vascularized heart tissues using
mouse iPSC-CMs with human ECs in a PEG/fibrin hydrogel has been recently reported
showing improved connectivity to the host vasculature after subcutaneous transplantation
in mice [195]. Despite the early stage of development, 3D bioprinting is a very promising
technology for recapitulating the complex structure of heart tissue and already shows
enormous potential in CTE. In a recent study, Noor et al. succeeded in bioprinting thick
(2 mm) 3D vascularized and perfused ECT constructs that had high cell viability using an
extrusion-based bioprinter. As bioinks, the authors used an ECM-based hydrogel derived
from human decellularized omentum containing hiPSC-CMs, and gelatin containing iPSC-
derived ECs and FBs. Computerized tomography of a patient’s heart was used to reproduce
in vitro the structure and orientation of the blood vessels into the tissue. Bioprinted ECT
constructs were transplanted into the omentum of rats and analyzed after seven days,
when elongated and well-aligned CMs with massive striations were observed [56]. This
study demonstrated that the possibility of using fully personalized materials makes 3D
bioprinting technology very promising for clinical application by reducing the risk of
immune rejection after transplantation. However, the system is still limited and further
analyses should be performed to evaluate if heart tissue bioprinted in this manner could
sustain normal blood pressure levels after transplantation [56].

3D bioprinting can also be combined with microfluidic systems to provide superior
organ-level response with greater prediction of drug-induced capability [196]. On the
other hand, recent advances in nanomaterial technology present an attractive platform for
the creation of ECT constructs for biomedical applications. Electrospinning technology
allows creating nanofibers with controlled dimensions and further development of 3D
structures [197]. In addition, the nanofibrous structure provides appropriate conditions for
pluripotent cells to anchor, migrate and differentiate [198]. Increasing attention is being
given to these types of structures due to their distinct mechanical properties, high porosity
and potential to induce formation of aligned tissues that can be successfully implanted to
the heart [199].

3.7. Other Structures

So far, we have described the variety of approaches undertaken for the generation
of ECT constructs that reproduce increasingly complex features of the human myocardial
tissue. However, several groups have pursued approaches intended to model whole
heart chambers. In an early attempt in 2007, scientists created a “pouch-like” single
ventricle using a mixture of hydrogel composed of type I collagen and Matrigel and
NRCMs, which was cultured in an agarose casting mold with the dimensions of a rat
ventricle. After formation, it was transplanted onto the rat heart showing limited functional
integration [200]. One year later, Lee et al. created a “cardiac organoid chamber” by seeding
NRCMs mixed with a collagen/Matrigel hydrogel around a balloon-like shaped mold
with a thickness of 0.65 mm and sizes of 4.5 to 9 mm for the unloaded outer diameter,
equivalent to the sizes of embryonic rat hearts at 9.5–11 days of development. The authors
succeeded in the creation of a heart ventricle but with a moderate contractile capacity [201].
In subsequent work, the same group used a similar method to produce a functional human
cardiac chamber using hESC-CMs embedded in collagen-based hydrogel. They proved
that such technology could facilitate drug discovery as it provides the capacity to measure
clinically meaningful parameters of the heart like ejection fraction and developed pressure,
as well as electrophysiological properties [202]. The Parker laboratory has also recently
generated tissue-engineered ventricles by using nanofibrous scaffolds composed of PCL
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and gelatin seeded with either NRCMs or hiPSC-CMs on a rotating ellipsoidal collector. The
authors showed that cells aligned following the fiber orientation, thus recapitulating the
orientation of the native myocardium, although the contractile function was much smaller
than those of the native rat/human ventricles most likely owing to the small thickness of
the chamber [203]. Notably, the Feinberg group printed human cardiac ventricles in 2019
using the freeform embedding of suspended hydrogels (FRESH) method. In this case, type
I collagen was used as a support material to create an ellipsoidal shell that was filled with
hESC-CMs in a fibrinogen suspension. These engineered tissues displayed synchronized
functional activity [204]. Finally, Kupfer et al. have very recently generated a 3D bioprinted
chambered muscle pump using an optimized bioink formulation of ECM proteins that
allowed hiPSC proliferation prior to differentiation. In this way, 3D bioprinted hiPSCs
underwent cell expansion and differentiated into CMs in situ, yielding contiguous muscle
walls of up to 500 µm in thickness. The resulting human chambered organoids showed
macroscale contractions and continuous action potential propagation and were responsive
to drugs and to external pacing [205].

4. Maturation of Engineered Cardiac Tissues

Regardless of the cell source or type chosen, biomaterial used, or method employed
to generate ECT constructs, a critical aspect common to all of them is the requirement to
promote or maintain the maturation state of CMs in culture. The application of biophysical
stimuli mimicking those experienced by CMs in the native heart has been investigated in
greatest detail and found to be among the most efficient ways to obtain highly mature ECT
constructs. Thus, a variety of existing CTE technologies have incorporated the means to
apply relevant biophysical stimuli during culture to promote cellular growth, orientation
and/or maturation, and are reviewed below and summarized in Figures 1 and 2.

4.1. Mechanical Stimulation

Mechanical cues are among the most important stimuli during heart development,
ultimately determining the overall size and architecture of the organ, as well as regu-
lating physiological postnatal changes in the heart resulting from the growth process,
pregnancy, sports or injury [206]. Building on this notion, early studies investigated the
importance of mechanical stimulation for CM maturation using embryonic chick cells [207]
and NRCMs [60] embedded in collagen gels that were subjected to cyclic stretching. In
later work, Zimmermann et al. used linear cyclic stretching to generate ECT constructs
that exhibited contractile and electrophysiological properties similar to those of the rat
native tissue. Specifically, the authors used circular molds to cast collagen-based con-
structs that, after 7 days in culture, were transferred to a device applying circular cyclic
stretching. Transplantation of the constructs generated in this way to the healthy rat heart
showed its fast integration and the high percentage of terminal cardiac differentiation
achieved [33]. The positive role of mechanical stimulation for CM maturation was also
reported by Kensah et al. [34]. In this case, cyclic mechanical stretching together with
electrical stimulation of NRCMs resulted in improved maturation at the cell and tissue lev-
els, which was proved by the increased cardiac gene expression and improved functional
properties of the construct [34]. Similar results were obtained in another study where ECT
constructs were subjected to mechanical compression and to the shear stress induced by
medium perfusion in a bioreactor system. Additionally, elevated levels of bFGF and TGF-β
and higher expression of Cx43 were observed under intermittent compression, which
suggested improvement in cell-cell communication [28]. Moreover, combining mechanical
stimulation with other strategies such as co-culturing CMs with ECs [36] or using highly
defined media based on specific growth factors (FGF-2, IGF-1, TGF-β1, VEGF) [51] fur-
ther increased the structural and functional maturation of ECT constructs derived from
hESC and hiPSC [31,36,51]. Overall, the application of mechanical stimulation improves
sarcomere organization, cardiomyocyte contractility, increases tensile stiffness and cell size.
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On the other hand, the application of mechanical stimulation alone may not be enough
for obtaining mature cardiac tissues. During heart development, CMs experience mechan-
ical forces and electrical fields resulting from the synchronized contraction of the organ
itself, which greatly influence their further differentiation and maturation [208,209]. For
this reason, recent CTE studies used the combination of these two stimuli [35,38]. For
example, Ruan et al. compared the influence of mechanical stimulation on the maturation
of cardiac constructs alone or in combination with electrical stimulation. The authors
created hiPSC-derived collagen-based 3D scaffolds that either underwent static stress
conditioning for 2 weeks or were subjected to mechanical stimulation for one week fol-
lowed by a second week with additional electrical stimulation. They demonstrated that,
in response to mechanical loading alone, the engineered tissue showed increase in CM
alignment and size, and improved contractility, force generation and passive stiffness of
the constructs. The addition of electrical stimulation further improved force generation
and increased expression of Ca-handling proteins but without further changes in cell size
and alignment [47].
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Figure 2. General features of cardiac maturation at the cellular and tissue levels. Cardiac maturation at the level of
cardiomyocytes (blue-shaded background) can be experimentally ascertained by a more adult-like cardiac gene expression
profile, changes in sarcomeric ultrastructure resulting in sarcomere elongation and alignment, increased mitochondrial
density to accommodate for higher energy demand, and massive growth in cardiomyocyte size (hypertrophy) with increased
percentage of polyploid cells. Electrophysiologically, cardiomyocyte maturation results in a more negative resting membrane
potential and increased duration and amplitude of action potential. Cardiac maturation at the tissue level (pink-shaded
background) is characterized by elongated cardiomyocytes preferentially aligned along a specific axis, increased expression
of Cx43 and distinct localization of gap junction proteins, and improvements in impulse propagation and synchronization
of cardiac contraction, leading to cardiomyocytes performing as a functional syncytium. Maturation at the tissue level
results in increased contractility and force generation and, electrophysiologically can be registered as compound action
potentials reminiscent of surface ECG recordings. Figure created with BioRender.com and smart.servier.com.

4.2. Electrical Stimulation

Electromechanical coupling is one of the major characteristics of mature CMs resulting
in their synchronous response to the electrical pacing signals following with contractile
function and pumping. The process of cardiac muscle contraction is generated by the
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depolarization of the CM membrane, which in the end leads to calcium release from
the sarcoplasmic reticulum and subsequent contraction of the myofibrils [210]. Thus,
researchers began to test the effects of electrical stimulation to train cardiac constructs.
The Vunjak-Novakovic laboratory pioneered the application of electrical stimulation to
ECT constructs by culturing NRCMs on thick collagen sponges and subjecting them to
electrical pulses at 1 Hz for up to 8 days. They observed that electrical field stimulation
induced cell alignment and improved ultrastructure organization along with an increase in
the amplitude of synchronous contractions, whereas non-stimulated constructs displayed
poorly developed ultrastructural features [23]. For the purpose of electrical stimulation,
the group initially developed a simple electrical stimulation chamber with two carbon rod
electrodes placed lengthwise along the bottom of a Petri dish that also allowed to evaluate
the functional properties of the constructs [25]. In further refinements, more complex
systems were developed that better mimicked conditions in the native heart, including a
bioreactor system that allowed simultaneous perfusion and electrical stimulation of the ECT
constructs [27]. The benefits of this combined system were highlighted by the presence of
elongated CMs with marked striations, a well-defined intracellular structure, high levels of
expression and proper localization Cx43, and increased conduction velocity and enhanced
contractility of the construct. The combination of perfusion and continuous electrical
stimulation has been extensively used by other research groups to promote functional
maturity. For instance, Barash et al. integrated custom-made stimulating electrodes in
a bioreactor system to electrically stimulate thick rat ECT constructs under perfusion.
After 4 days in culture in this system, the constructs showed enhanced levels of Cx43
and improved cell striation and elongation [26]. In another study, Xiao et al. designed a
microfabricated bioreactor with integrated electrodes to engineer mature rat microtissues
for assessing in vitro pharmacological effects [41].

The positive effect of electric stimulation on CM maturation has been validated for
human cells using hESC- and hiPSC-derived ECT constructs. Nunes et al. were the first
to use a daily step-up protocol to test the effect of increasing stimulation frequency on
human 3D self-assembled cardiac bundles (Biowires). Specifically, ramping up stimulation
frequency over a 1-week period enhanced maturation, with a 1 to 6 Hz paradigm resulting
in better results than a 1 to 3 Hz, as judged by improved sarcomeric organization, increased
number of desmosomes and subsequent higher conduction velocities, and overall more
mature Ca-handling and electrophysiological properties [40]. More recently, Ronaldson-
Bouchard et al. generated ECT constructs of early-stage hiPSC-CMs (immediately after
the initiation of spontaneous contraction) in fibrin hydrogels and maintained them in
culture for one month while increasing the frequency of electric stimulation from 2 Hz
to 6 Hz at a rate of 0.33 Hz per day. Tissues cultured under these conditions displayed
a remarkably advanced state of maturation including adult-like cardiac gene expression
and tissue ultrastructure, a positive force-frequency relationship, and functional calcium
handling [55].

While the effects of electric stimulation have been analyzed in detail on the maturation
of human ECT microconstructs and of perfused rat macroconstructs, perfusion bioreac-
tors incorporating electrical stimulation have been more rarely employed to generate
human ECT macroconstructs [43,51,52]. Indeed, only recently have hiPSC-derived cells
and 3D thick scaffolds been combined with continuous electrical stimulation to develop
macrotissues of human CMs. For this purpose, the group of one the authors developed
a parallelized perfusion bioreactor with custom-made culture chambers endowed with
electrostimulation capabilities. We showed that hiPSC-CMs readily survive and mature
after long-term culture within large (10 mm in diameter by 2 mm in thickness) 3D porous
scaffolds, giving rise to macroscopically contractile tissues, which we termed ‘CardioSlices’.
More importantly, we found that continuous electrical stimulation of these large ECT
constructs for 2 weeks promoted the alignment and synchronization of CMs, and the
emergence of complex cardiac tissue-like behaviors, including the spontaneous generation
of electrophysiological signals strikingly similar to human electrocardiograms, which could
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be readily registered from the construct surface, and a response to proarrhythmic drugs
that was predictive of their effect in humans [32].

4.3. Coculture with Non-CMs

Since cardiac cells other than CMs play important roles in heart homeostasis, several
groups have explored whether their incorporation into ECT constructs improved cardiac
maturation. Indeed, epicardial cells closely interact with CMs and regulate myocardial
wall development [211] and, through paracrine mechanisms, influence heart electrophysi-
ology [212,213]. Cardiac endocardial cells are found in direct contact with CMs, supporting
their metabolic activity and regulating their contractility via paracrine signals [214]. Studies
on neonatal and fetal CMs have shown that inclusion of cardiac FBs and/or ECs into ECT
constructs improved the morphological and functional maturation of CMs [113,215,216].
Thavandiran et al. directly tested whether the cell composition of ECT constructs affected
their functionality. For this purpose, the authors incorporated ESC-derived CMs and CFs
in different ratios into collagen based microtissues, and found that the 3:1 (CMs:CFs) ratio
provided the best microenvironment based on increased expression of cardiac maturation
genes [38]. Similarly, Gao et al. generated a clinical size human ECT construct using
hiPSC-CMs, -ECs and -SMC (2:1:1) in a fibrin hydrogel and reported a significant functional
maturation of the construct in vitro and high engraftment rates in vivo [53]. Thus, the
combination of more than one cell type within the ECT constructs can also aid in promoting
their morphological and functional maturation [36,51,58,59].

5. Functional Assessment of Engineered Cardiac Constructs

The development of CTE approaches to increase the cardiac maturity of ECT constructs
is necessarily mirrored by advances in the methodologies used to evaluate their degree
of maturation. As described in the previous sections, the vast majority of human ECT
constructs developed to date are hydrogel-based and do achieve measurable increases in
CM maturation when analyzed at the cellular level, both in miniature constructs and thin
sheets. Specific improvements in CM maturation were most frequently analyzed in terms
of gene/protein expression profile, sarcomeric structure and/or cell electrophysiological
properties being closer to those of adult CMs. Some studies also analyzed functional tissue-
like properties of the engineered constructs, such as force generation and contractility, and
a few studies also measured propagation of the electrical signals by analyzing calcium
transients or voltage-sensitive dyes (see Table 1). The advantages and limitations of the
technologies used to assess the functional maturation of ECT constructs are summarized in
Table 2 and discussed below.

Table 2. Main approaches to functional assessment of ECT constructs.

Approach Advantages Disadvantages Ref.

Patch-clamp
- Direct recording of action potentials
- Ideal for recording isolated CMs

- Requires specialized
equipment/personnel

- Requires direct cell visualization
- Not well suited for ECT constructs

[217]

Multielectrode arrays

- Allows assessment of single CMs
and ECT constructs

- Noninvasive method.
- Allows long-term recording

- Measurements restricted to small
area of the ECT construct.

- Incomplete information of action
potential propagation

[59,108,217–219]

Optical mapping

- Allows assessment of CM
monolayers and ECT constructs

- Noninvasive method
- Unsophisticated equipment

- Indirect measurement of
electrophysiological parameters

- Cytotoxicity of dyes may limit
measurement duration and
preclude sample reassessment

[29,35,39,48,55,118,220,221]

Force transducers

- Allows assessment of single CMs
and ECT constructs

- Allows measuring direct and
indirect contractile force

- Allows long-term measurements

- Unsuitable for assessing contractile
stress from single CMs within
ECT constructs

[36,39,42,47,48,50,57,217]
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5.1. Patch-Clamp and Microelectrodes

Patch-clamp is the gold standard technique used to study the electrophysiological
properties of excitable single cells such as PSC-CMs [37,40,49,51,55]. This technique allows
measuring transmembrane voltage and currents using pulled glass micropipettes [222]).
In addition, electrical coupling between two cells can be measured by applying patch
electrodes to each of them separately [223]. Changes in membrane potential like action
potentials can be measured by a whole-cell current clamp or using sharp microelectrodes
with narrow bores [33,49,224], which allow precise registering of action potentials due to
preservation of the true intracellular milieu [217]. While ideal for recording isolated CMs,
patch-clamp technology presents important limitations for the study of ECT constructs.
In addition to the inherent low throughput of the technique and the need for specialized
equipment and highly trained personnel, patch-clamp requires direct visualization of the
cell(s) being analyzed, which is not straightforward when cells are inside an ECT construct.
Moreover, patch-clamp measures the electrophysiological properties of CMs themselves,
rather than those of the construct as a tissue.

Functional assays used to evaluate the cardiac maturation state of the constructs, both
at the cellular and the tissue levels, indicating the main advantages and disadvantages of
each approach, as well as references to publications where those approaches were used in
the context of CTE. CM, cardiomyocyte; ECT, engineered cardiac tissue.

5.2. Multielectrode Arrays

Multielectrode arrays (MEAs) are devices that contain arrays of electrodes distributed
over a small surface on which cells can be cultured directly. MEAs are generally used for
millimeter-scale analysis of extracellular potential within beating clusters of CMs [43,225],
where they can measure extracellular field potential, spontaneous beating rate, repolariza-
tion characteristics, and conduction velocity and trajectories [226]. Unlike patch-clamp,
MEA technology can be used to assess the electrophysiological properties of CMs at both
the single-cell and tissue levels in cell monolayers or ECT constructs [59,108,218], and
allows long-term recording of electrophysiological parameters noninvasively [219]. The
main limitations of MEA technology for the functional evaluation of ECT constructs are
that measurements are restricted to the small areas detected by the electrodes, and that it
provides incomplete information about the shape of the propagated action potentials [217].

5.3. Optical Mapping

Optical mapping is a non-invasive method for the assessment of electrical activity that
is well established for the study of cell monolayers [227] and has also been applied to ECT
constructs [29,35,40,48,55,99,118,220]. This technique relies on the use of voltage-sensitive
(di-4-ANEPPS, di-8-ANEPPS and RH237) [228] or Ca2+-sensitive fluorescent dyes (rhod-2
and fluo-4). The main advantage of this technique is the ability to monitor the electrical
activity and shape of action potentials from many areas of the construct. On the other hand,
these dyes have cytotoxic effects that limit the maximum duration of experiments [221].
Moreover, the dyes are light-sensitive and subject to photobleaching, further limiting the
time of analysis and reassessment of the sample. Optical mapping has been combined
with MEA technology for the study of conduction velocity, direction of the signal and
visualization of arrhythmias [229].

5.4. Force Transducers

The mechanical force exerted by contracting CMs can be measured in single cells
as well as in whole ECT constructs [36,42,47,48,50,57,100]. For single-cell measurement,
one end of the CM is attached to a rigid steel needle and the other end to a piezo-electric
motor for its stretching. Force measurements are then taken by a sensitive force transducer
connected to the needle [230]. For tissue-level properties, the whole construct is connected
to a force transducer [36,47,48,100]. Here, the main disadvantage is the inability to measure
the contractile stress from each CM. Advantages, on the other hand, include the larger
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magnitude of the signals obtained and the possibility to measure the therapeutic potential
of ECT constructs before implantation [217].

To date, those are the most complex multicellular (tissue-level) behaviors analyzed in
the context of CTE. New methods with greater sensitivity will be needed for evaluating
tissue-like functional properties. Recently, the group of one the authors has explored
the use of surface electrodes to record the electrical activity of thick ECT constructs. The
bioelectrical signal detected in this way was extremely informative of the activity of
electrically-active cells within the construct and, most importantly, of the intercellular
coupling at the macro (whole construct) scale, resulting in complex waves very reminiscent
of surface ECG recording in humans. In our study, we showed that electrical stimulation of
the constructs resulted in improvements in tissue-like properties (shape of ECG-like signals
and response to drugs) that could not be predicted by the small increases in maturation
achieved at the CM level [32].

6. Summary and Future Directions

One of the most pressing current challenges in CTE is how to achieve a level of
cardiac maturation that resembles that of the adult human myocardium. This is even
more important for experimental approaches based on PSC-CMs that, while clearly taking
the center stage of CTE, are notoriously difficult to mature ex vivo [182,231]. The use of
immature cells/constructs could lead to the improper interpretation of in vitro drug testing
results and inaccurate prediction of their effect in vivo upon transplantation. We have
reviewed here the variety of imaginative approaches researchers have employed to obtain
mature CET constructs using mechanical and/or electrical stimulation and coculture with
non-myocyte cells, as well as biochemical interventions. These approaches have proven
successful in promoting CM maturation from an embryonic-like state to cells displaying
late fetal phenotypes. We have also reviewed how transplantation of such CET constructs
had positive impact in cardiac function in experimental animal models and even patients.
However, it should be noted that, to our knowledge, no approach has yet succeeded in
obtaining CMs with maturity features beyond those of early postnatal CMs. Moreover,
much of the earlier work attempting to obtain adult-like cardiac constructs concentrated on
increasing the degree of maturation at the CM cell level, and had limited success in achiev-
ing functional tissue-like properties [40,47,51,55]. Taking into account that the myocardial
tissue is a complex system that requires the synchronized operation of CMs as a functional
syncytium [232], we contend that improving high-order behaviors at the macroscale (tissue)
level could lead to more adult-like phenotypes, even when the maturation state of indi-
vidual CMs were only marginally improved [32,47]. Future research will be necessary to
explore whether the synergistic exploitation of approaches improving cardiac maturation
at both the CM and the tissue levels will result in ECT constructs with the features of
adult human myocardium. Moreover, pending issues such as improving the functional
integration of ECT constructs within the host myocardium, increasing their durability and
scalability, along with making them amenable to cryopreservation, surely warrant further
research. Considering the multidisciplinary nature of CTE, further developments in the
field will require the coordinated efforts from researchers with diverse backgrounds.
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Abstract: Nearly three decades ago, the Wilms’ tumor suppressor Wt1 was identified as a crucial
regulator of heart development. Wt1 is a zinc finger transcription factor with multiple biological
functions, implicated in the development of several organ systems, among them cardiovascular
structures. This review summarizes the results from many research groups which allowed to establish
a relevant function for Wt1 in cardiac development and disease. During development, Wt1 is involved
in fundamental processes as the formation of the epicardium, epicardial epithelial-mesenchymal
transition, coronary vessel development, valve formation, organization of the cardiac autonomous
nervous system, and formation of the cardiac ventricles. Wt1 is further implicated in cardiac disease
and repair in adult life. We summarize here the current knowledge about expression and function of
Wt1 in heart development and disease and point out controversies to further stimulate additional
research in the areas of cardiac development and pathophysiology. As re-activation of developmental
programs is considered as paradigm for regeneration in response to injury, understanding of these
processes and the molecules involved therein is essential for the development of therapeutic strategies,
which we discuss on the example of WT1.

Keywords: Wilms’ tumor suppressor 1 (Wt1); heart; cardiac development; coronary vessel formation;
transcriptional regulation; cardiac malformation; epicardium; epicardial derived cells (EPDCs);
epithelial mesenchymal transition (EMT); cardiac cell fate; regeneration

1. Introduction

The Wilms’ tumor 1 (WT1) gene was originally identified based on its mutational
inactivation in Wilms’ tumor (nephroblastoma) [1–3]. This first discovery of WT1 as the
responsible gene in an autosomal-recessive condition classified it as a tumor-suppressor
gene. Mutations of WT1 were associated with the development of kidney tumors and
urogenital defects. However, later it became clear that mutations of WT1 only occur in
a low frequency in nephroblastoma [4] and that most nephroblastomas [5] express high
levels of WT1. Based on the overexpression of WT1 in leukemia and most solid cancers
(reviewed in [6,7] and its cancer-promoting functions in the tumor stroma [8], WT1 is
nowadays considered as an oncogene and attractive candidate for cancer therapy.

WT1 encodes a zinc finger transcription factor and RNA-binding protein [9–12]. As
a transcriptional regulator, it can either activate or repress various target genes. Thus,
WT1 influences cellular differentiation, growth, apoptosis, and metabolism. WT1 exists in
multiple isoforms. Alternative splicing of exon 5 and exon 9 gives rise to major isoforms.
Splicing of exon 9 generates the KTS isoforms, which either include or exclude three amino
acids lysin, threonine, and serin (KTS) between zinc fingers 3 and 4 of the protein [13].
Although the majority of WT1 proteins are in the nucleus, some are present in the cytoplasm,
located on actively translating polysomes. WT1 isoforms shuttle between the nucleus
and cytoplasm [14]. The complexity of WT1 is further enhanced by post-translational
modifications and a plethora of binding partners. WT1 directs the development of several
organs and tissues, among them the heart.
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The heart develops mostly from embryonic mesodermal germ layer cells and to some
extent from ectoderm-derived cardiac neuronal crest (cushions of the outflow tract). The
cardiogenic mesoderm differentiates into proepicardial, endocardial, and myocardial cells.
The epicardium is formed from a subset of the proepicardial cells. Proepicardial cells
also contribute subepicardial cells, interstitial fibroblast, pericytes, and a subset of the
endothelial cells of the coronary vessels. The inner lining of the heart tube is formed by
endocardial cells. The vertebrate heart forms as two concentric epithelial cylinders of
myocardium and endocardium separated by an extended basement membrane matrix
commonly referred to as cardiac jelly. The primitive heart tube is formed at embryonic day
8.5 (E8.5) in the mouse [15]. The primitive tube elongates and undergoes rightward looping.
Further remodeling of the heart involves formation and expansion of the chambers, and
formation of valves and septa, resulting in a heart with two atria and two ventricles [16].
The heart is the first organ to develop and is already functional at an early stage of fetal
development, in line with its essential role for the distribution of oxygen and nutrients and
removal of waste products and carbon dioxide. Several excellent reviews have already
described cardiac development in detail [17–22]. Thus, we focus here only on the role of
Wt1. Wt1 expression was first observed in a transitory cluster of cells—the proepicardium
and the coelomic epithelium at E9.5. Wt1-expressing proepicardial cells contact the dorsal
wall of the heart from which the proepicardial cell migrate over the myocardium of the heart
tube to form the epicardial layer by E12.5 [23,24]. This view has been challenged recently
by the detection of a common progenitor cell population of epicardium and myocardium
using single-cell RNA sequencing [25]. How these common progenitors might migrate
during cardiac development is currently an open question.

A proportion of epicardial cells undergoes epithelial-to-mesenchymal transition
(EMT), which induces the formation of epicardial-derived cells (EPDCs), a population
of multipotent mesenchymal cardiac progenitor cells, which might differentiate into car-
diomyocytes, fibroblasts, smooth muscle, and endothelial cells [26–28], which is discussed
in detail later. First indications for the indispensable role of Wt1 in heart homeostasis came
from the observations made in Wt1 knockout embryonic mice which died at mid-gestation
due to cardiac malformations [29].

Here, we review the history of investigations characterizing the role of WT1 (i) in
cardiac development, (ii) in cardiac disease and regeneration, and (iii) in different cardiac
cell types and transcriptional regulatory mechanisms. We indicate emerging notions and
point out problems and promises in the field of development of therapeutic strategies for
cardiac repair.

2. WT1 in Heart Development

Nearly thirty years ago, Armstrong and colleagues, using in situ mRNA hybridization,
observed Wt1 expression in the differentiating heart mesothelium of the mouse embryo at
embryonic day 9 [23]. In the same year, the group of Jaenisch introduced a mutation into
the murine Wt1 gene by gene targeting in embryonic stem cells. The embryos homozygous
for this mutation died between days 13 and 15 of gestation. Besides the lack of kidney and
gonad formation in Wt1 mutant mice, the authors observed a severe heart hypoplasia with
thinned right ventricular walls, a rounded apex, and a reduction of size of the left ventricles,
signs of congestive heart failure, suggesting that cardiac malfunction was the cause of
early embryonic death [29]. As Wt1 has been described before only to be expressed in the
epicardium, but has not yet been observed in the myocardium, it remained unclear whether
these features of cardiac malformation were due to primary defects in the myocardial tissue
or a consequence of disturbed development in other tissues. A more detailed view on
Wt1 expression during murine heart development was achieved using a lacZ reporter
gene inserted into a YAC (yeast artificial chromosome) construct which demonstrated Wt1
expression in the early proepicardium, the epicardium, and subepicardial mesenchymal
cells (SEMCs) throughout development. In Wt1-deficient animals, the epicardium did not
form correctly, which results in disruption in the formation of the coronary vasculature,
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leading to pericardial bleeding and midgestational death of the embryo. Complementation
of Wt1 null embryos with a human WT1 transgene rescued both embryonic heart defects
and midgestational death, confirming that indeed heart failure causes the death of Wt1-
deficient embryos [24].

Wt1-expressing cell types during heart development in different species are summa-
rized in Table 1 and further described below. Of note, expression of Wt1 is limited to a
subset of the identified cells. Functional differences between Wt1-expressing cells and the
Wt1-negative counterparts remain mostly unknown at present.

Table 1. Wt1-expressing cell types during heart development.

Cell Type Species Reference

proepicardial cells mouse, bird, zebrafish [23,24,30,31]
epicardial cells mouse, bird, zebrafish, human [24,28,30–33]

endocardial cells bird, human [28,34]
subepicardial mesenchymal

cells (SEMC),
epicardial-derived cells

(EPDCs)

mouse, bird [24,28,31,32]

valvular interstitial cells bird [28]
smooth muscle cells bird [28]

endothelial cells bird, mouse, human [28,31,32,34,35]
fibroblasts bird, mouse [27,36]

cardiomyocytes mouse, human [26,33,37]

Studies in birds confirmed the expression of Wt1 in epicardium- and epicardial-
derived cells (EPDCs) during embryonic development [31]. Using normal avian and
quail-to-chick chimeric embryos, the origin and fate of Wt1-expressing EPDCs were later
described and the effects of epicardial ablation on cardiac development investigated [28].
Wt1-expressing EPDCs were found to populate the subepicardial space and to invade the
ventricular myocardium. Upon differentiation in smooth muscle and endothelial cells, Wt1
expression decreased in EPDCs. Undifferentiated EPDCs continued to express Wt1 and
invaded the ventricular myocardium and the atrio-ventricular (AV) valves. Disruption
of normal epicardial development either by proepicardial ablation or block reduced the
number of invasive Wt1-positive EPDCs, and provoked anomalies in the coronary vessels,
the ventricular myocardium, and the AV cushions. In addition to Wt1, EPDCs express
retinaldehyde-dehydrogenase (Raldh) 2 [38,39]. It had been demonstrated that in humans
WT1 transcriptionally regulates the retinoic acid receptor alpha (RAR-α) gene [40]. Tran-
scriptional target genes of WT1 with relevance in the heart are summarized in Table 2 and
discussed below.

The phenotype of the WT1-deficient mice further resembled that of retinoic acid
(RA)-depleted mice. Depletion of RA from the diet is known to severely disturb heart
development, causing hypoplasia of the ventricles [41]. The authors suggested therefore
that Wt1 maintains the EPDCs in an undifferentiated, RA-producing state to contribute
to ventricular myocardium compaction in the development of the myocardial wall [28].
Availability of retinoic acid during cardiac development is mediated by Raldh2. It has
been shown that Wt1 transcriptionally activates Raldh2 [42]. Pericardium and sinus horn
formation are coupled and are based on the expansion and exact temporal release of
pleuropericardial membranes (PPM) from the underlying subcoelomic mesenchyme. Wt1-
deficient mouse embryos displayed a failure to form myocardialized sinus horns and a
loss of Raldh2 expression in the subcoelomic mesenchyme, pointing to a crucial role of
Wt1 and downstream Raldh2/RA signaling in sinus horn development [43]. Furthermore,
Wt1-mutant mice were shown to display unilateral partial PPM absence in the dorsome-
dial region. Failure of PPM release affects the closure of the remaining communication
area between pericardial and pleural cavities, the bilateral pericardioperitoneal canals
(PPCs), which is disturbed in Wt1-deficient embryos, leading to pleuropericardial com-
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munication and lateralization of the cardinal veins [44]. The group of Muñoz -Chapuli
suggests that the proepicardium is an evolutionary derivative of the primordium of an
ancient external pronephric glomerulus, initially based on the epicardial development in
lampreys (Petromyzon), the most primitive living lineage of vertebrates [45]. Employing
chick proepicardium, they propound that Wt1 could repress the nephrogenic potential
of the proepicardium, while at the same time promote nephrogenesis in the intermediate
mesoderm. This paradoxical function could be explained by the dual role of Wt1, which
promotes mesenchymal to epithelial transition (MET) in the kidney and EMT in the epi-
cardium [46], through a mechanism known as chromatin flip–flop [47]. Promotion of EMT
in the developing epicardium and MET in the growing kidney is not only reflected by
morphological cellular changes, but also differential expression of podocyte markers. In
their study, the authors focused on podocalyxin, known to be transcriptionally regulated
by Wt1, and to be activated by Wt1 in kidney podocytes [48], which they found in contrast
to be upregulated in Wt1-deficient epicardium [46]. To further strengthen this theory it
appears interesting to investigate the expression of other Wt1 transcriptional targets in
kidney MET and epicardial EMT, such as nephrin [49], nestin [50], and podocin [51].

In addition, the relation between Wt1-expressing epicardial derivatives and the de-
velopment of compact ventricular myocardium has been investigated. The differences in
myocardial architecture specifically between the right ventricle (RV) and the left ventricle
(LV) in association to epicardial formation and distribution of Wt1-expressing cells were
studied. The authors demonstrated that the RV is less densely and later covered by the epi-
cardium than the LV. They also observed that compact myocardial layer formation occurred
in parallel with the presence of Wt1-expressing cells and was more pronounced in the LV
than in the RV, and within the RV more accentuated in the postero-lateral wall than in the
anterior wall, which might explain the lateralized differences in ventricular morphology of
the heart [52]. The same group was able to identify a function of the epicardium in cardiac
autonomic nervous system modulation, essential for proper cardiac activity by altering
heart rate, conduction velocity, and force of contraction. They revealed expression of
neuronal markers in the epicardium during early cardiac development, notably of tubulin
beta-3 chain (Tubb3), which was colocalized with Wt1 in epicardium and the nervous
system, neural cell adhesion molecule (Ncam), and the β2 adrenergic receptor (β2AR).
Adrenaline (epinephrine), a catecholamine, is known to modulate heart rate, velocity of
conduction, and contraction strength in the heart through its binding to β2AR. Inhibition
of the outgrowth of the epicardium abolished the response to adrenaline administration,
indicating that the epicardium is necessary for a normal response of the heart to adrenaline
during early cardiac development [53]. This report further confirmed a role of Wt1 in
neural function, as suggested by several studies [23,54–59].

In zebrafish, two orthologues of wt1 have been described: wt1a [60,61] and wt1b [62].
Both of them were found to be expressed in adult zebrafish hearts, but exhibited a differ-
ential expression level in other organs, as well as a differing temporal patterning during
development, suggesting distinctive functions during zebrafish development [62]. During
zebrafish cardiac development, Wt1 is required for the proper development of the proepi-
cardial organ and epicardial lineage [30]. A later study proposed that Wt1-interacting
protein (Wtip), a protein identified as a Wt1-interacting partner by a yeast two-hybrid
screen [63], signals in conjunction with WT1 for proepicardial organ specification and
cardiac left/right asymmetry in the zebrafish heart [64]. Two main cardiac cell types were
suggested to be involved in zebrafish heart regeneration using ex vivo cultures: epicardial
cells, displaying a larger, prismatic morphology and Wt1/Gata4 (Gata-binding protein
4) expression, and endocardial small, rounded cells, positive for Nfat2 (nuclear factor of
activated T-cells 2) and Gata4 [65].
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Table 2. WT1-target genes related to cardiac development and disease.

Gene Reference

Insulin like growth factor 1 receptor (IGF-1-R) [66]
Epidermal growth factor receptor (EGFR) [67]

Retinoic acid receptor alpha (RAR- α) [40]
Retinaldehyde-dehydrogenase (Raldh) 2 [42]

Insulin receptor (IR) [68]
Paired box gene 2 (Pax2) [69]

Platelet-derived growth factor A (PDGFA) [70,71]
Early growth response protein 1 (EGR-1) [72]

Insulin like growth factor 2 (IGF-2) [73]
Transforming growth factor beta (TGF-β) [74]

Colony-stimulating factor-1 (CSF-1) [75]
Syndecan 1 [76]

Midkine [77]
Vitamin D receptor (Vdr) [78,79]

Podocalyxin [48]
Nephrin (Nphs1) [49]
Podocin (Nphs2) [51]

Tyrosinkinase receptor (Trk)B [32]
Nestin [50]

Erythropoietin (EPO) [80]
α4 Integrin [81]

Vascular endothelial growth factor (VEGF) [82,83]
Vascular endothelial growth factor receptor

(Vegfr) 2 [84,85]

ETS proto-oncogene (ETS)-1 [84]
Snail (Snai1) [86]
Slug (Snai2) [87]
E-Cadherin [86,88]

VE-Cadherin [89]
Coronin1B [90]

Cxcl10 (C-X-C Motif Chemokine Ligand 10) [91]
Ccl5 (C-C Motif Chemokine Ligand 5) [91]

Interferon regulatory factor (Irf)7 [91]
c-Kit (tyrosine-protein kinase KIT) [8]

Pecam-1 (platelet and endothelial cell adhesion
molecule 1) [8]

Telomere repeat binding factor (Trf) 2 [92]
Bone morphogenetic protein (Bmp) 4 [93]

3. WT1 in the Adult Heart and Cardiac Pathologies

Already in 1994, Wt1 transcripts were detected by Northern blot in adult rat heart
tissues [94]. Whether modifications in Wt1 expression occur under pathophysiological
conditions and which cell types express the protein remained open questions. Our group
was the first to demonstrate that Wt1 is a useful early marker of myocardial infarction [95], a
finding later confirmed by others [96–98]. We focused on the de novo Wt1 expression in the
coronary vasculature of the ischemic myocardium. As Wt1 is essential for normal growth
of the heart during development, we originally reasoned that it might also play a role in
adult cardiac hypertrophy. To test this hypothesis, we analyzed the expression of Wt1 in
normal hearts and in the hypertrophied left ventricles of spontaneously hypertensive rats
(SHRs), with activation of the renin–angiotensin system by transgenic (over) expression
of human renin and angiotensinogen genes, and with postinfarct remodeling of the heart
after ligation of the left coronary artery (LAD). Interestingly, we detected an over two-fold
increase of cardiac Wt1 mRNA expression after LAD ligation, but no differences for the
two hypertrophy models compared to controls. Further experiments using LAD ligation
demonstrated a rapid increase of cardiac Wt1 levels already 24 h after LAD ligation, which
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remained elevated for nine weeks following the ischemic injury. Strikingly, in addition
to its expression in the epicardium, we observed Wt1 localized to the coronary vessels
in proximity to the infarcted tissue. Coronary vessels of non-infarcted animals did not
express Wt1. Wt1 was expressed in endothelial as well as in vascular smooth muscle
cells in the border zone of infarcted tissues. We confirmed this finding also in human
cardiac ischemic tissues (unpublished results). Interestingly, WT1 expression could also be
detected in healthy adult human myocardium by others [99]. Colocalization of Wt1 with
proliferating cell nuclear antigen (PCNA) and vascular endothelial growth factor (VEGF)
suggests a role of Wt1 in the proliferative response of the coronary vasculature to cardiac
hypoxia [95]. In a following study, we were the first to demonstrate that Wt1 expression is
indeed triggered by hypoxia, which involves transcriptional activation of the Wt1 promoter
by the hypoxia inducible factor 1 (HIF-1) [100]. Later studies confirmed our finding that
Wt1 is a hypoxia-regulated gene [83,101]. Interestingly, it had been demonstrated that
ischemia in vivo (through myocardial infarction in mice) or in vitro (hypoxia exposition
of epicardial human explants) induced an embryonic reprogramming of the epicardial
compartment, involving migration of epicardial-derived stem cell marker c-Kit expressing
Wt1-positive cells which contributed to re-vascularization and cardiac remodeling [102]. As
we identified c-Kit as a transcriptional target of Wt1 in the context of vascular formation [8],
it seems conceivable that mobilization of c-Kit precursor cells represents one mechanism of
Wt1-mediated cardiac neovascularization after ischemia. We further identified the telomere
repeat-binding factor (Trf) 2 to be regulated by Wt1 [92]. Down-regulation of Trf2 has been
demonstrated to provoke cardiomyocyte telomere erosion and apoptosis, linking telomere
dysfunction to heart failure [103].

Thymosin β4 (Tβ4), a 43-amino-acid G-actin-sequestering peptide which is expressed
in the embryonic heart and implicated in coronary vessel development in mice [104], has
been shown to activate cardiac regeneration through stimulation of the expression of
embryonic developmental genes in the adult epicardium, leading to de novo coronary
vessel formation after myocardial infarction. However, a significant increase could only
be reported for Vegf, Vegfr2, and TGFβ levels, whereas Wt1 levels were not significantly
altered 24 h after MI compared to vehicle-treated animals [105]. A later study additionally
revealed that adult Wt1+ GFP+ EPDCs cells obtained through Tβ4 priming and myocardial
infarction are a heterogeneous population expressing cardiac progenitor and mesenchymal
stem markers that can restore an embryonic gene program, but do not revert entirely to
adopt an embryonic phenotype [106].

First suspicions for a role of Wt1 in human cardiac pathologies originated in 2004,
with a case report from an adult XY karyotype patient with a N-terminal WT1 missense
mutation presenting a very unusual phenotype: ambiguous genitalia, but normal testos-
terone levels, absence of kidney disease, and an associated congenital heart defect [107].
Later, a role for WT1 in some cases of congenital diaphragmatic hernia associated with
the Meacham syndrome phenotype had been suggested [108]. Meacham syndrome is
a rare sporadically occurring multiple malformation syndrome characterized by male
pseudo-hermaphroditism with abnormal internal female genitalia, complex congenital
heart defects, including hypoplastic left hearts, and diaphragmatic abnormalities [109].
In a number of Meacham syndrome patients, heterozygous missense mutations in the
C–terminal zinc finger domains of WT1 could be identified, suggesting that at least some
cases displaying phenotypes of Meacham syndrome are caused by mutations at the WT1
locus [108]. We reported the case of a 4-month-old girl, who presented with end-stage renal
disease, nephroblastomatosis, thrombopenia, anemia, pericarditis, and cardiac hypertro-
phy accompanied by severe hypertension. Sequence analysis identified a heterozygous
nonsense mutation in exon 9 of WT1, which leads to a truncation of the WT1 protein at the
beginning of zinc finger 3 [110]. WT1 is a transcriptional regulator of erythropoietin, which
might explain the persistent anemia in this patient [80]. Evolution over time showed severe
and resistant high blood pressure, despite multi-drug therapy and bilateral nephrectomy,
which did not result in the normalization of the blood pressure values. Acute episodes of
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high blood pressure were associated with cardiogenic shock and anemia. The little patient
showed a severe concentric myocardial hypertrophy, with moderate signs of heart failure
and intermittent pericarditis [110]. Still awaiting kidney transplantation, the child died due
to myocardial infarction at the age of five years. Later, another case of cardiac pathology
in a patient with a WT1 mutation was reported: A 46, XY phenotypic male patient with
isolated nephrotic syndrome, end-stage renal disease, and hypertension, presented at the
age of 6.3 years. A mutation in exon 8 of the WT1 gene was identified. After starting
hemodialysis, manifestations of hypertension and renal failure improved, but he died at
6.8 years of age as a result of heart and respiratory failure [111]. Monozygotic twins with
congenital nephrotic syndrome caused by a WT1 mutation have been reported to have died
due to sepsis and extensive thrombosis of central venous system and sepsis and sudden
heart failure at ages 23 weeks/13.5 months, respectively [112]. WT1 misexpression has been
reported in autopsy findings from two human fetuses, displaying congenital pulmonary
airway malformation, bilateral renal agenesis, and congenital heart defects [113]. Shortly
after, re-evaluation of autopsy data from fourteen additional fetuses with combined renal
agenesis and cardiac anomalies revealed abnormalities of Wt1 expression, mostly in liver
mesenchymal cells. As WT1 is widely expressed in mesothelium, it had been suggested that
the defects could be caused by abnormal function of mesenchyme derived from mesothelial
cells [114]. WT1 is further expressed in cardiac angiosarcomas, which is the most common
malignant neoplasm of the heart in adults. As other primary cardiac malignancies such
as synovial sarcoma, leiomyosarcoma, and unclassified sarcomas are frequently negative
for WT1, this finding might be helpful for differential diagnosis. It further confirms the
implication of WT1 in vascular formation [115].

Interestingly, it has been shown recently using patient biopsies that the thickening
of the epicardium and migration of Wt1-positive EPDCs contributes to atrial fibro-fatty
infiltration, a source of atrial fibrillation. Employing Wt1 genetic lineage mouse lines,
the authors showed that adult EPDCs maintain an adipogenic potential in the epicardial
layer and can shift to a fibrotic phenotype in response to distinct stimuli, identifying the
epicardium as a central regulator of the balance between fat and fibrosis accumulation [116].
Additionally, the expression of TGFβ1 and FGFs (fibroblast growth factors) by EPDCs
has been suggested to contribute to the pathogenesis of myocardial fibrosis, apoptosis,
arrhythmias, and cardiac dysfunction in a mouse model of arrhythmogenic cardiomyopathy
(ACM) [117].

4. WT1 in the Heart–Focus on Different Cell Types and Regulatory Mechanisms

Table 3 summarizes WT1-expressing cell types in the adult heart. Reported functions
and regulatory mechanisms are discussed below.

Table 3. Wt1-expressing cell types in adult heart.

Cell Type Species Reference

epicardial cells rat, mouse, human [95,102]
endothelial cells rat (MI, ischemia), mouse (MI, ischemia) [95,118]

vascular smooth muscle cells rat (MI, ischemia) [95]

cardiomyocytes mouse (priming with Tβ4, followed by MI,
ischemia) [119]

mouse [37]
fibroblasts mouse (MI, ischemia) [118]
adipocytes mouse (MI, ischemia) [120]

macrophages zebrafish (cardiac injury) [121]

Although a relationship between Wt1 and myocardial blood vessel development had
already been suggested [24,28], it remained unclear whether Wt1 is indeed necessary for
normal vascularization of the heart. Coronary vessel formation is organized through a se-
ries of tightly regulated events. The epicardial cells undergo an epithelial-to-mesenchymal
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transition [122–124] to become subepicardial mesenchymal cells. The subepicardial mes-
enchymal cells then migrate into the myocardium, where they differentiate into endothelial
cells, smooth muscle cells, and perivascular fibroblasts of the coronary vessels [124,125].
Further steps in coronary vessel formation include stabilization of the newly formed ves-
sels and remodeling to connect the vessels to the main coronary arteries, originating from
the aorta (reviewed in [126]). In contrast to this classical view, mostly lineage tracing
experiments suggested an important contribution of sinus venosus-derived endothelial
cells [127,128] or the endocardium [129] for cardiac vessel endothelial cells, which has been
questioned later [130] (reviewed in [131,132]).

In addition to the epicardium, we clearly observed nuclear Wt1 protein expression in
the coronary vessels of mouse embryos at E12.5, E15.5, and E18.5. Notably, we detected
endogenous Wt1 protein but not reporter gene activity. Wt1-deficient embryos (E12.5)
failed to form subepicardial coronary vessels. To identify candidate target genes of Wt1
in the process of coronary vessel formation, we performed a transcriptome analysis of
differentially expressed genes from hearts of wild-type and Wt1-deficient mice. One of the
genes found to be differentially expressed was Ntrk2, the gene encoding for the tyrosine
kinase type B receptor (TrkB) [32]. TrkB is a tyrosine kinase receptor with high affinity
for brain-derived neurotrophic factor (BDNF) and neurotrophin 4/5 (NT4/5) (reviewed
in [133]). A role for BDNF signaling in coronary blood vessel formation had emerged
based on the observation that BDNF-deficient mice displayed abnormal myocardial vessel
formation due to endothelial cell apoptosis [134]. TrkB and Wt1 co-localized in the epi-
cardium and the coronary vessels of mouse embryonic hearts at E12.5. TrkB expression
was absent from Wt1-deficient embryonic hearts. TrkB-deficient mouse embryos revealed
a reduction of coronary vessel formation along with enhanced apoptosis. In addition
to these lines of evidence which suggested that Ntrk2, the gene encoding the TrkB neu-
rotrophin receptor, represents a target of Wt1 in the process of myocardial vascularization,
molecular approaches employing transient transfections, Dnase1 footprint analyses, and
electrophoretic mobility shift assays helped to identify a binding site for Wt1 in the Ntrk2
promoter. This binding site was necessary for transgenic expression of a lacZ reporter in the
developing myocardial vasculature and other known sites of Wt1 expression as the gonads
and the coelomic epithelium. Activation of TrkB expression by Wt1 appears therefore to
be a critical step for the proper development of the coronary vessels [32]. Another protein
that is expressed by newly forming vessels is the intermediate filament protein nestin [135].
We could demonstrate the regulation of nestin by Wt1; nestin further colocalized with
Wt1 in the epicardium and the forming coronary vessels, and was undetectable in Wt1
knockout hearts [50]. Nestin has been found to be highly expressed in proangiogenic
capillaries after myocardial infarction and has been proposed to play a role in remodeling
the cytoskeleton of cells in the human postinfarcted myocardium [136]. Moreover, the
transmembrane cell adhesion molecule α4 integrin has been identified to be a transcrip-
tional target of Wt1 in cardiac development [81]. α4-integrin-deficient mouse embryos
display epicardial and coronary vessel formation defects, similar to those observed in
Wt1 knockout embryos [137]. The transcriptional activation of the α4 integrin gene by
Wt1 could therefore be an additional regulatory mechanism for the formation of the epi-
cardium. We further identified the major podocyte protein nephrin as a transcriptional
target of Wt1 [49]. Nephrin is not only required for kidney podocyte function [138], but
also is crucial for cardiac vessel formation during development. We found nephrin to
be expressed during human and mouse cardiac development. Nephrin-deficient mice
displayed epicardial defects, a disturbed coronary vessel formation, and an increased
apoptosis predominantly in the developing epicardium. Direct interaction of nephrin with
the low affinity neurotrophin receptor p75NTR and subsidiary upregulation of p75NTR are
critically involved in the cardiac phenotype of nephrin-deficient embryos [139]. Cardiac
abnormalities have been reported in FinMajor nephrin mutation patients, which presented
mainly with mild cardiac hypertrophy [140–142]. Another protein critically involved in
cardiac vessel formation, which is transcriptionally regulated by Wt1, is the transcription
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factor Ets-1 [84]. Like Wt1, Ets-1 deficiency results in a failure of epicardial differentiation,
a disturbed coronary vessel formation, and myocardial defects [143]. Recently, extracardiac
septum transversum/proepicardium (ST/PE)-derived endothelial cells have been shown
to be required for proper coronary vascular morphogenesis. Conditional deletion of Wt1
from both, the ST/PE and the endothelium disrupted embryonic coronary transmural
patterning, leading to embryonic death. The ST/PE contributes a significant fraction of cells
(≈20%) to the coronary endothelium during embryogenesis required for proper coronary
vascular development [144].

Using Wt1GFPCre and inducible Wt1CreERT2 mouse lines, the group of William Pu
suggested in 2008 that Wt1-expressing epicardial cells contribute to the cardiomyocyte
lineage during normal heart development. Wt1 epicardial cells located on the heart at
E10.5–E11.5 differentiated in vivo into fully functional cardiomyocytes, as evidenced ex
vivo by spontaneous contractility and calcium oscillations with kinetics, amplitude, and
frequency characteristic of cardiomyocytes [26]. Moreover, in 2008, Cai and colleagues
reported the identification of a cardiac myocyte lineage that derives from the proepicardial
organ. These T-box transcription factor (Tbx) 18-expressing progenitor cells migrated onto
the outer cardiac surface to form the epicardium, and then contributed to myocytes in the
ventricular septum and the atrial and ventricular walls [145]. Shortly after, Christoffels et al.
showed that Tbx18 is expressed in left ventricular and interventricular septum cardiomy-
ocytes independent of a epicardial contribution [146]. Both groups used independent Tbx18
Cre knock-in lines, which differed considerably in sensitivity and specificity. The results
of the Tbx18 reporter system used by Christoffels et al. correspond to endogenous Tbx18
expression data reported earlier [147]. Studying in detail the migration and differentiation
of epicardium-derived cells, the group of Poelman already observed in 1998 that EPDCs mi-
grated to the subendocardium, myocardium, and atrioventricular cushions. The functional
role of these novel EPDCs remained however unclear [148]. Employing chick proepicardial
explant cultures, it had further been demonstrated that proepicardial cells were able to
differentiate into cardiac muscle cells in vitro, reflecting the pluripotency of the pericardial
mesoderm [149]. In 2011, a reactivation of Wt1 expression after myocardial infarction
resulting in cardiomyocyte restitution has been proposed. Using Wt1CreEGFP and inducible
Wt1CreERT2 lines, the authors observed only a mild increase in Wt1 expression upon cardiac
injury and no initiation of cardiac vessel formation, which is in contrast to our previous
findings [95]. Only by using thymosin β4 (Tβ4) priming which had before been reported to
initiate expression of embryonic developmental genes in the epicardium [105], a significant
reactivation of Wt1 expression after myocardial infarction was achieved resulting in the
appearance of some Wt1-positive cardiomyocytes in the border zone of the infarcted area.
These findings suggest a contribution of Wt1-positive EPDCs to the myocardium after
myocardial infarction in the artificial setting of thymosin β4 priming before infarction [119].
However, co-authors from this study showed one year later, using the epicardium genetic
lineage tracing line Wt1CreERT2/+ and double reporter line Rosa26mTmG/+, that epicardial
cells do not differentiate into cardiomyocytes following myocardial infarction and Tβ4
treatment. Their study clearly raises cautions regarding a potential clinical use of Tβ4 with
the goal to increase cardiac repair [150]. An additional Wt1 Cre using a BAC clone has been
described, which again gave different results. Without using Tβ4, the authors observed
a significant increase of Wt1 expression and proliferation in the epicardium shortly after
myocardial infarction, leading to the formation of a Wt1-lineage-positive subepicardial
mesenchyme until two weeks post-infarction. These mesenchymal cells were shown to
contribute to the fibroblast population, myofibroblasts, and coronary endothelium in the
infarct zone, a few of them later also differentiated into cardiomyocytes [118]. C. Rudat and
A. Kispert undertook a substantial effort to identify Wt1-expressing cardiac cell types and
to clarify the contribution of Wt1-expressing progenitor cells to differentiated cardiac cells.
Using in situ hybridization and immunofluorescence, they revealed expression of Wt1
mRNA and protein not before E9.5 in the (pro)epicardium and endothelial cells throughout
development. They further determined that neither Wt1CreEGFP nor Wt1CreERT2 lineage trac-
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ing systems are reliable epicardial fate-defining approaches due to ectopic recombination
and poor recombination efficiency. Endogenous expression of Wt1 in the endothelium and
eventually the myocardium in the developing heart eliminates Wt1-based Cre lines to trace
the epicardial contribution to myocardial, and endothelial cells in the murine heart. The
proposed epicardial origin of myocardial and endothelial cells in the heart using Wt1-based
Cre/loxP lines appears therefore not justified [35]. Accordingly, Wt1 had already been ex-
cluded from epicardial cell fate mapping approaches in zebrafish due to its non-epicardial
expression in the fish hearts [151]. A population of adult cardiac resident colony forming
unit fibroblasts (cCFUs), most likely originating from the proepicardium/epicardium has
been identified, giving rise mainly to cellular components of the coronary vasculature. A
differentiation into cardiomyocytes in vivo could, however, not be supported [152]. Our
group found Wt1 to be expressed in cardiomyocytes during development (first time point
studied E10.5) and throughout lifespan. The number of Wt1-positive cardiomyocytes as
well as the individual cellular intranuclear Wt1 expression decreased during development
and was very low in adulthood, but we propose that low levels of Wt1 expression are
sufficient to maintain a cardiac progenitor subset from terminal differentiation. Myocardial
infarction strongly up-regulated Wt1-expressing cardiomyocytes, as well as individual
nuclear Wt1 expression in cardiomyocytes. Interestingly, in contrast to the expression
pattern in epicardial cells, Wt1 was expressed in a speckled manner in cardiomyocytes [37],
suggesting the presence of the Wt1 + KTS variant [153]. We detected Wt1+ cardiomyocytes
already 48 h after myocardial infarction. Given the distance to the epicardium and the
differing expression pattern of Wt1, speckled in the nucleus in cardiomyocytes versus
diffuse nuclear expression in epicardial cells, it is unlikely that these cardiomyocytes are
epicardium-derived [37]. It has been shown that de novo cardiomyocytes arise in adjacent
areas of a myocardial infarction [154,155]. This could support cardiac tissue regeneration
by Wt1 reactivation in response to stimuli as hypoxia/inflammation, inducing progenitor
cell proliferation and cell survival. We observed that upon cardiac differentiation of mouse
embryonic stem cells (mESCs), Wt1 expression increased. Overexpression of Wt1 in mESCs
reduced phenotypic cardiomyocyte differentiation in vitro keeping the cells in a more
progenitor-like stage [37]. Recently, a common progenitor pool of the epicardium and
myocardium has been identified by single cell transcriptomic analyses. Most of the clusters
expressed Wt1, which explains expression in some cardiomyocytes and epicardium later
in life [25], suggesting that these few cells with low level Wt1 expression are sufficient
to maintain a cardiac progenitor subset from terminal differentiation, which becomes
reactivated in cardiac repair.

It is necessary to underline, that the initial proposition of the importance of the
epicardium in the formation of fibroblasts was based on experimental studies using avian
model systems [36,156] until differentiation of Wt1-expressing EPDCs in cardiac fibroblasts
in the mouse has been demonstrated in 2012. By employing a mWt1/IRES/GFP-Cre
(Wt1Cre) mouse line, Wessels and coworkers proposed that Wt1+EPDCs contribute to the
majority of cardiac fibroblasts [27]. It has further been shown that epicardial knockout using
an inducible Wt1CreERT2 mouse line of serum response factor (Srf) or myocardin related
transcription factors (Mrtfs), which function as Srf co-activators, disrupts EPDC migration
in development, leading to subepicardial hemorrhage probably due to a reduction in
EPDC-derived pericytes which stabilize the coronary vessels [157]. Pericytes are mural
cells and are found residing within the basement membrane in microvessels, they are able
to differentiate in adipocytes, vascular smooth muscle cells (VSMCs), and myofibroblasts,
and consequently modulate the vascular network [158]. However, a clear indication that
Wt1 marks pericytes, is still missing until now. This is also because there is no single
molecular marker that unequivocally identifies pericytes and distinguishes them from
vascular smooth muscle or other mesenchymal cells. In adult mice following myocardial
infarction, epicardial specific deletion of Srf or Mrtfs resulted in an improved functional
outcome after MI and decreased left ventricular fibrosis [159]. In line with this, Zhang
and coworkers suggested that the embryonic epicardium and derived mesenchymal cells
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were the major source of fibroblasts in endocardial fibroelastosis (EFE), a pathological
condition characterized by diffuse profound thickening of the endocardium with abnormal
deposition of collagen and elastin predominantly in the left ventricle, often associated with
hypoplastic left heart syndrome (HLHS) [160]. The developmental origins and activation
of cardiac fibroblasts in response to injury have been reviewed recently [161].

Regarding a possible implication of epicardial-derived Wt1-expressing progenitor cells
for cardiac repair, the opinions are diverging. Some studies suggest an important role after
myocardial infarction [118,119,162–164], while others did not confirm these results [150].
These controversial results derive from the different experimental approaches, staining
procedures, and limitations of the Wt1-Cre mouse models used [35,165]. Re-activated
epicardium is heterogenous and different from developmental epicardial cells [106], only
a few cells in adult epicardium express Wt1 and are reliable targeted by the Wt1Cre
lines [35,166].

Epicardial epithelial-mesenchymal transition (EMT) generates the formation of epicardial-
derived cells (EPDCs), a population of multipotent mesenchymal cardiac progenitor cells,
that may differentiate into various cardiac cell types. The concrete role of Wt1 in this process
remained to be elucidated. Martinez-Estrada and colleagues demonstrated that an epicardial
specific knockout of Wt1 resulted in a reduction of mesenchymal progenitor cells and their
resultant differentiated cell types in the heart. Using immortalized tamoxifen-inducible WT1-
knockout epicardial cells, the authors identified direct transcriptional regulation of Snail (Snai1),
a master regulator of EMT (reviewed in [167]) and E-Cadherin by Wt1 as the underlying
molecular mechanism of EMT. Wt1 activated the Snail promoter while epithelial E-Cadherin
appears to be repressed through a double mechanism: first, through direct inhibition by Wt1,
second, through repression by Snail, which itself is activated by Wt1 [86]. However, in a
study investigating the cardiovascular defects in platelet-derived growth factor receptor (Pdgfr)
α-deficient mice, the authors observed a significant increase of Wt1 expression both in Pdgfrα-
deficient hearts as well as in small-hairpin RNA PDGFRα-transduced human adult epicardial
cells which was not accompanied by an altered expression of E-Cadherin [168]. Accordingly,
the effect of WT1 overexpression on E-cadherin expression seems not directly correlated to
the effect of WT1 knockdown as described by Martinez-Estrada. Further discrepancies to the
findings of Martinez-Estrada emerged from a following study investigating EMT in human
epicardial cells. Human adult epicardial cells lost their epithelial character and gained α

smooth actin (α SMA) expression when stimulated by transforming growth factor receptor β
(TGFβ). This TGFβ-induced EMT was accompanied by a decrease of WT1 and E-Cadherin
expression, and an increase of Snail and PDGFRα expression. Similar results were obtained
using WT1 knockdown in the human epicardial cells. The contradiction between these data and
the findings from Martinez-Estrada and colleagues might be due to the differences in the EMT
process of human adult epicardial cells and mouse embryonic epicardial cells [169]. However,
Casanova and colleagues established an epicardial-specific knockout model for Snail, which
neither demonstrated any cardiac abnormalities nor abnormalities in epicardial EMT, indicating
that Snail is simply not required for cardiac epicardial EMT [170]. Using primary murine
epicardial cells, Takeichi and colleagues suggested that epicardial EMT is regulated through
the bi-directional regulation of Slug (Snai2) by Wt1 and Tbx18 (T-box18). Tbx18 upregulated,
Wt1 downregulated Slug by binding to its promoter and affecting its activity [87]. However,
no epicardial defects have been reported in Tbx18 knockout or transgenic overexpression
models [171], which questions the relevance for Tbx18 in epicardial EMT.

The group of W. Pu did not observe any alterations of E-Cadherin expression in
Wt1-deficient epicardium compared to control epicardium. They evidenced in contrast a
reduction of Lef1 and Ctnnb1 (β-catenin), components of the Wnt/β signaling pathway, as
well as decreased Wnt5 and Raldh2 expression in the epicardium of Wt1 knockout animals,
suggesting that Wt1 regulates EMT through β-catenin and retinoic acid signaling [172].
In a very nice study, the group of Kispert took advantage of the expression of Wt1 in
the mesothelial lining of the heart and analyzed the mechanisms of mesothelial mobi-
lization in cardiac development by inducible genetic lineage tracing. They observed that
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epicardial mobilization occurs from E12.5 to E14.5 at relatively constant rates. To exclude
that proepicardial and eventually myocardial activity of the Cre driver lines influenced
extra-epicardial lineages which in turn could affect the epicardium, they activated the
Wt1CreERT2 driver line in a way that enabled to achieve epicardial recombination at E10.5,
when the mesothelial lining has just completed its formation. Using this approach, they
demonstrated a functional requirement of platelet-derived growth factor receptor (Pdgfr)α,
fibroblast growth factor receptor (Fgfr) 1/2, Hedgehog (Hh), and Smoothened (Smo), but
not for Notch, canonical Wnt, and Tgf-β/bone morphogenetic protein (Bmp) signaling in
this process [173]. Expression analysis of five epicardial markers, Wt1, Transcription factor
(Tcf) 21, Tbx18, Semaphorin (Sema) 3d, and Scleraxis BHLH Transcription Factor (Scx) in de-
velopment revealed overlapping expression in the proepicardial organ and the epicardium
until E13.5, suggesting that epicardium-derived cell fate is specified after EMT [174]. A
microarray-based expression analysis of transcriptional changes associated with Wt1 dele-
tion in Cre+ embryonic epicardial cells and subsequent molecular approaches identified
the chemokines Ccl5, Cxcl10, and the interferon regulatory factor Irf7 as transcriptional
targets of Wt1 in the heart. Cxcl 10 was shown to inhibit epicardial cell migration and Ccl5
impaired cardiomyocyte proliferation, which could partially explain the reduced number
of EPDCs and the thinned myocardium of Wt1-deficient animals. The regulation of Irf7
by Wt1 was proposed to be implied in cardiac repair mechanisms [91]. Transcriptional
regulation of bone morphogenetic protein (Bmp) 4 by Wt1 is required for the transition of
epicardial cells from a cuboidal morphology to a squamous, flattened cell shape [93]. A
very recent study identified the proteoglycan agrin and its receptor dystroglycan, compo-
nents of the extracellular matrix (ECM) to be required for proper epicardial EMT. Agrin
deficiency impaired EMT and disturbed development of the epicardium, also reflected by
a down-regulation of Wt1 [175].

Mesothelium, including epicardium, had been shown to contribute to visceral fat [176].
In line with this finding, it had been demonstrated that epicardial progenitors contribute
to adipocytes during development, a process termed epicardium to fat transition (EFT).
In adult, this programming is quiescent, but can be reactivated by cardiac injury [120].
An elegant study focused on how mechanical stimuli in cardiomyocytes can influence
cardiomyocyte cell fates to transdifferentiate into adipose tissue. They demonstrated that
Wt1, although not sufficient to provoke the myocyte-to-adipocyte switch, is essential for
the conversion process induced by peroxisome proliferator receptor (PPAR)γ. Further, a
physical co-interaction of WT1 and PPARγ in the nucleus of myocyte–adipocyte converting
cells has been measured, suggesting a cooperative role of the two transcription factors in
regulating the adipogenic program [177]. Tang and colleagues reported an up- regulation
of Wt1 expression in the pericardial adipose tissue following myocardial infarction. They
further characterized Wt1-expressing pericardial adipose-derived stem cells (pADSCs) for
cardiac repair. In vitro experiments demonstrated the capability of Wt1+ pADSCs to differ-
entiate into vessel-like structures and contracting cardiomyocytes. In vivo transplantation
of Wt1+ pADSCs into infarcted hearts resulted in significant cardiac benefits through Hgf
(hepatocyte growth factor) mediated proangiogenic and antiapoptotic effects [178].

Only recently, a function of Wt1 for immune cell regulation in the heart emerged. Wt1
expression in the epicardium seems to be required for the establishment of macrophages
originating from fetal yolk sac which reside below and within the epicardium, which later
become cardiac resident macrophages [179], implicated in cardiac repair and homeosta-
sis [180,181]. Whether Wt1 acts as a transcriptional regulator of the epicardial program
required for fetal yolk sac macrophage recruitment to the heart or if Wt1 impacts recruit-
ment indirectly through its prominent role in the formation of the epicardial structure
remains to be further elucidated [179]. Wt1+ stromal cells in peritoneal, pleural, and peri-
cardial organs, through retinoic acid metabolism, assure homeostasis of resident large
cavity macrophages which are involved in tissue repair [182]. In zebrafish, a subpopulation
of Wt1b-expressing macrophages could be identified, which contributed to organ repair,
especially in the context of cardiac injury [121]. Given our observation that Wt1 is expressed
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in immune cells in the context of cancer [8], it will be interesting to further identify an
implication of Wt1 in immune responses in the context of cardiovascular diseases.

Not much is known how Wt1 is regulated in the heart. Apart from hypoxia and
direct transcriptional activation by HIF-1 [100], which are likely to be involved in cardiac
development and repair, Hippo signaling components have been proposed to regulate
Wt1 expression, epicardial EMT and epicardial cell proliferation and differentiation into
coronary endothelial cells [183]. Vieira and colleagues identified an epigenetic mechanism
implicating chromatin remodeling of the Wt1 locus as a critical event in epicardial activity
in the developing and adult heart after cardiac injury. They suggested that Wt1 is dynam-
ically controlled by SWItch/sucrose nonfermentable (SWI/SNF) chromatin-remodeling
complexes containing Brahma-related gene 1 (BRG1) and Tβ4 [184].

Identification of WT1-modulating factors is of great interest regarding a potential role
for cardiac repair in vivo, which is limited due to the lack of techniques to isolate, expand,
differentiate, and transfer Wt1+ progenitor cells. However, Wt1 upregulation to enhance
cardiac repair might promote tumor growth in patients at risk and should be cautiously
monitored. Further research is necessary to delineate the intricacies of modulating WT1 for
an optimized therapeutic benefit.

5. Conclusions

Wt1 has now been firmly established as a key player in cardiovascular development. It
regulates critical steps in heart development, such as formation of the epicardium from the
proepicardium, epithelial to mesenchymal transition of epicardial cells, establishment of the
coronary vessels, cardiac autonomic nervous system modulation, and the compaction of the
ventricles. A very important clinical task remains to establish a profound cardiac evaluation
of patients presenting WT1 mutations; WT1 has long regarded as a gene implicated solely in
kidney disorders. We are convinced that WT1 is implicated apart from cardiac diseases also
in neurological, ophthalmological, as well as hematological disorders. A function for Wt1
in cardiac repair and regeneration has been proposed based on the finding that it is strongly
re-expressed in epicardial, endothelial, and myocardial cells after myocardial infarction.
However, to translate these expression patterns in potential therapeutic approaches, more
knowledge about the different cardiac cell types and the consequences of the upregulation
of WT1 is required. Finally, caution must be taken regarding the tumor-promoting role of
this protein in patients susceptible to cancer.
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Abbreviations

ACM Arrhythmogenic cardiomyopathy
αSMA α smooth actin
AV Atrio-ventricular
β2AR β2 adrenergic receptor
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BDNF Brain-derived neurotrophic factor
Bmp Bone morphogenetic protein
Brg1 Brahma-related gene 1
Ccl5 C-C motif chemokine ligand 5
C-Kit Tyrosine-protein kinase KIT
CSF-1 Colony-stimulating factor-1
Ctnnb1 β-catenin
Cxcl10 C-X-C motif chemokine ligand 10
E Embryonic day
EFE Endocardial fibroelastosis
EFT Epicardium to fat transition
EMT Epithelial mesenchymal transition
EPDCs Epicardial-derived cells
EGFR Epidermal growth factor receptor
Egr 1 Early growth response protein 1
EPO Erythropoietin
Ets ETS proto-oncogene
Fgf Fibroblast growth factor
Fgfr Fibroblast growth factor receptor
Gata Gata-binding protein
HH Hedgehog
Hif-1 Hypoxia inducible factor 1
HLHS Hypoplastic left heart syndrome
IGF-1-R Insulin like growth factor 1 receptor
IGF 2 Insulin like growth factor 2
Irf Interferon regulatory factor
IR Insulin receptor
LAD Ligation of the left coronary artery
LV Left ventricle
MESCs Mouse embryonic stem cells
MET Mesenchymal epithelial transition
MI Myocardial infarction
Mrtfs Myocardin related transcription factors
Ncam Neural cell adhesion molecule
Nfat Nuclear factor of activated T cells
Nphs1 Nephrin
Nphs2 Podocin
NT Neurotrophin
P Postnatal day
pADSCs Pericardial adipose-derived stem cells
Pax 2 Paired box gene 2
Pdgfa Platelet-derived growth factor A
Pdgfr Platelet-derived growth factor receptor
Pecam-1 Platelet and endothelial cell adhesion molecule 1
Ppar Peroxisome proliferator receptor
PPC Pericardioperitoneal canal
PPM Pleuropericardial membrane
Raldh Retinaldehyde-dehydrogenase
RA Retinoic acid
RAR Retinoic acid receptor
RV Right ventricle
Scx Scleraxis BHLH transcription factor
Sema Semaphorin
SEMCs Subepicardial mesenchymal cells
SHR Spontaneously hypertensive rat
Smo Smoothened
Snai1 Snail
Snai2 Slug
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Srf Serum response factor
ST/PE Septum transversum/proepicardium
SWI/SNF SWItch/sucrose nonfermentable
Tbx T-box transcription factor
Tcf Transcription factor
Tgf-β Transforming growth factor beta
Tβ4 Thymosin β4
Trf Telomere repeat binding factor
Trk Tyrosinkinase receptor
Tubb3 Tubulin beta-3 chain
Vdr Vitamin D receptor
Vegf Vascular endothelial growth factor
Vegfr Vascular endothelial growth factor receptor
Wt1 Wilms’ tumor suppressor 1
Wtip Wt1 interacting protein
YAC Yeast artificial chromosome
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