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Abstract

Rationale—Endocardial fibroelastosis (EFE) is a unique form of fibrosis which forms a de novo
subendocardial tissue layer encapsulating the myocardium and stunting its growth, and which is
typically associated with congenital heart diseases of heterogeneous origin, such as hypoplastic
left heart syndrome. Relevance of EFE was only recently highlighted through establishment of
staged biventricular repair surgery in HLHS infant patients, where surgical removal of EFE tissue
has resulted in improvement in the restrictive physiology leading to growth of the left ventricle in
parallel with somatic growth. However, pathomechanisms underlying EFE formation are still
scarce and specific therapeutic targets are not yet known.

Objective—Here we aimed to investigate the cellular origins of EFE tissue and to gain insights
into underlying molecular mechanisms to ultimately develop novel therapeutic strategies.
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Methods and Results—By utilizing a novel EFE model of heterotopic transplantation of hearts
from newborn reporter mice and by analyzing human EFE tissue, we demonstrate for the first time
that fibrogenic cells within EFE tissue originate from endocardial endothelial cells via aberrant
endothelial mesenchymal transition (EndMT). We further demonstrate that such aberrant EndMT
involving endocardial endothelial cells is caused by dysregulated TGFB/BMP signaling and that
this imbalance is at least in part caused by aberrant promoter methylation and subsequent
transcriptional suppression of BMP5 and BMP7. Finally, we provide evidence that
supplementation of exogenous recombinant BMP7 effectively ameliorates EndMT and
experimental EFE in rats.

Conclusions—In summary our data point to aberrant EndMT as a common denominator of
infant EFE development in heterogeneous, congenital heart diseases, and to BMP7 as an effective
treatment for EFE and its restriction of heart growth.

Keywords

Endocardial fibroelastosis; hypoplastic left heart syndrome; endothelial mesenchymal transition;
endocardium; fibrosis; endothelial cell; congenital heart disease

INTRODUCTION

Endocardial fibroelastosis refers to a pronounced, fibro-elastic thickening of the ventricular
endocardium?. The term endocardial fibroelastosis (EFE) was introduced by Weinberg and
Himelfarb in 1943, when EFE presented as unexplained heart failure and common cause of
death in infants and children®: 2. While, for unknown reasons, the primary form, which is not
associated with any significant structural anomaly of the heart has become rare, EFE is still
a major feature of several congenital heart diseases, most notably lesions with left heart
obstructions including hypoplastic left heart syndrome (HLHS).

HLHS is a term to describe a spectrum of congenital heart disease, which is lethal if it is not
treated3. Children diagnosed with HLHS suffer from left ventricular outflow tract
obstruction with various degrees of left ventricular hypoplasia3. To prevent the evolution of
the full syndrome, balloon aortic valvotomy was introduced to reestablish flow through the
LV outflow tract which led to renewed LV growth in some fetuses*=5. In untreated children,
as well as in non-responders, a thick endocardial layer of cellular fibroelastic tissue, termed
endocardial fibroelastosis (EFE) forms, which restricts growth of the LV. Clinical
observation indicates a direct observation between LV growth in the fetus and the extent of
EFE present at the time of the intervention on the valve* 7. Thus, fetal intervention was
combined with post-natal surgical removal of EFE tissue®. Technically successful EFE
removal in both previously untreated children as well as in the fetal non-responders to
valvotomy resulted in catch-up growth of left-sided structures of the heart, restoring
biventricular physiology in a subset of cases, whereas in the children, where EFE could not
be removed surgically, there was limited LV growth 8 . These clinical findings underscore
the likely fundamental role of EFE in HLHS. Therefore, preventive measures to inhibit
formation of EFE tissue would be highly desirable. However, pathomechanisms underlying
EFE formation are still scarce and specific therapeutic targets are not yet known. Here we
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aimed to investigate the cellular origins of EFE tissue and to gain insights into underlying
molecular mechanisms.

EFE is a special type of fibrosis, which forms a de novo subendocardial tissue layer
encapsulating the myocardium. It can be surgically removed without myocardial
contamination, suggesting that it is derived from the endocardium and not from the
myocardial stroma®. Furthermore, during embryonic heart development, the endocardial
endothelium plays a significant role in the development of the valves and septa. Through a
process termed endothelial to mesenchymal transition (EndMT), the endocardial endothelial
cells form the (mesenchymal) endocardial cushion, which later gives rise to the valves and
septum?® Thus, we hypothesized that fibroblasts within the EFE layer originate from the
endothelial cells of the endocardium via EndMT. Here we demonstrate that the fibroblasts
within the EFE layer indeed derive from endocardial endothelial cells via EndMT. While
several of the mutations which have been linked to HLHS directly impact EndMT, previous
studies detected no genetic mutation in the vast majority of patients. We therefore explored
if transcription level of affected genes could be regulated by the epigenetic mechanism of
promoter hypermethylation. We demonstrate here that transcriptional suppression of BMP7
through promoter methylation contributes to EndMT and thus EFE formation and that
supplementation with exogenous recombinant BMP7 impedes EFE formation.

METHODS

Ethics statement

Subjects

This research was approved by and conducted in accordance with the standards of the local
institutional review committees of the Boston Children’s Hospital and the Beth Israel
Deaconess Medical Center. All studies with human tissue were performed with approval of
the institutional review board of Boston Children’s Hospital.

All animals received humane care from the Animal Resources of Boston Children’s Hospital
or the Beth Israel Deaconess Medical Center respectively, and all protocols were reviewed
and approved by the Institutional Animal Care and Use Committee at Boston Children’s
Hospital or Beth Israel Deaconess Medical Center.

EFE tissue form patients with HLHS were obtained as discarded material during open heart
surgery between May 2009 and June 2010 at the Boston Children’s Hospital, and snap
frozen for further analysis. Left ventricular control tissue was obtained from autopsy of
infants who have passed away for reasons other than congenital heart disease.

Statistical analysis

All gPCR data for RNA expression analysis (two or more biological replicates) were
calculated using the AACT method. Student t-test (GraphPad Prism 5.1) was used to obtain
calculations of statistical significance. For multiple parameter comparison, One-way Anova
was used with Bonferroni adjustment for the VE-Cadherin luciferase experiment.

All further methods are described in detail in the supplementary information.
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RESULTS
Evidence for EndMT in EFE tissue from HLHS patients

In young infants with HLHS, the endocardial fibroelastic tissue forms a distinct
subendocardial tissue layer with high collagen and elastin content encapsulating the
underlying myocardium (Figure 1A, B). This EFE layer is removed from the underlying
myocardium to allow the left ventricle to grow, as part of the operative therapy during
biventricular repairll, enabling us to directly analyze fresh EFE tissue (for RNA, DNA and
microscopic analysis) without “contamination” from myocardial tissue. The main cell
population in patients’ EFE tissue is fibroblasts. In order to gain insights into possible
endocardial origin of EFE fibroblasts, we performed confocal analysis of the EndMT marker
TWIST as well as of double immunofluorescence for fibroblast markers FSP1 and aSMA
and the endothelial marker CD31, and expression analysis of the EndMT marker genes
SNAIL, TWIST and SLUG2. In 27 out of 30 patients we detected both FSP1+/CD31+ and
aSMA+/CD31+ double positive cells as well as twist-positive cells. 54.4% of FSP1-positive
fibroblasts and 30.3% of aSMA-positive fibroblasts also expressed CD31, suggesting that
they are transitioning from endocardial cells into fibroblasts via EndMT (Figure 1C, D and
Online Figure ). SNAIL, TWIST and SLUG as well as mesenchymal markers aSMA and
FSP1 were all significantly upregulated in EFE tissue as compared to healthy control
samples, whereas endothelial markers CD31 and VE-Cadherin were downregulated (Figure
1E), suggesting that fibroblasts within EFE tissue possibly derive from the endocardium via
undergoing EndMT.

BMP7 promoter is hypermethylated in EFE tissue

During normal embryonic heart development, the endocardial endothelial cells which line
the AV canal undergo an endothelial to mesenchymal transition to form the endocardial
mesenchymal cushion which later gives rise to the septum and mitral and tricuspid valvesl?,
prompting us to hypothesize that the EndMT observed in EFE formation is a reflection of
the unique susceptibility of the embryonic endocardial endothelium to undergo EndMT.
Because EndMT during embryonic heart development is regulated to a great extent by the
TGFpB/BMP signaling pathways!3-18, we hypothesized that aberrant TGFS/BMP signaling
contributes to aberrant EndMT associated with EFE. We performed a gPCR array, which
included 84 genes of the TGFB/BMP signaling family, and we compared EFE tissue to
normal neonatal left ventricular myocardium without heart disease (Figure 2A). Select
regulated genes were then validated by real time PCR (Figure 2B). Among the most
regulated genes, we found BMP7, BMP5 and their signaling molecule smad5 downregulated
(Figure 2B). In contrast, BMP2 and Noggin as well as collagen1A1 (the main constituent of
cardiac matrix) were markedly upregulated in EFE tissue (Figure 2B). TGF1 was similarly
significantly upregulated albeit less pronounced (Figure 2B). In addition, we tested relevant
genes in the TGFp/signaling pathway ID1-3 (as target genes for BMP signals) as well as
TGFB3 (which were not included in the PCR array) by real time analysis. Both ID1 and 1D2
were downregulated in EFE, whereas ID3 and TGF3 were not significantly regulated in
EFE as compared to healthy control tissue (Figure 2B).
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We next aimed to gain insights into the mechanisms underlying the persistent transcriptional
suppression of select members of the BMP/TGF signaling family. Because BMP7, BMP5
and SMADS all contain CpG rich motifs within their promoter regions, we hypothesized
that observed persistent transcriptional suppression could be due to promoter
hypermethylation. To explore if decreased expression of BMP7, BMP5 and SMADS in EFE
tissue is associated with promoter hypermethylation of these genes, a common epigenetic
mechanism to reduce gene expression, we performed immunoprecipitation of methylated
DNA, followed by PCRs for the BMP7, BMP5 and SMADS5 promoters (MeDIP assay,
Figures 2C-D and Online Figure Il). Results revealed higher BMP7 and BMP5 promoter
methylation in EFE tissue compared to controls, whereas SMAD5 promoter methylation
levels were unchanged in EFE tissue (Figures 2C-D and Online Figure I1). In order to
validate MeDIP results, we also performed methylation-sensitive high resolution melting
analysis (MS-HRM, Figure 2E and Online Figure V) as well as bisulfite genomic
sequencing (BGS, Figure 2F) for the BMP7 promoter, which both confirmed significantly
increased both relative as well as absolute BMP7 promoter CpG methylation in EFE as
compared to healthy control tissue (Figure 2E-F).

In order to test the biological impact of BMP7 promoter methylation we cloned the BMP7
promoter into a CpG free backbone and performed an in vitro methylation luciferase assay,
demonstrating that hypermethylation of BMP7 promoter leads to reduced BMP7 expression
(Figure 2G). This result suggests that the observed BMP7 promoter hypermethylation in
EFE tissue likely causally contributes to the similarly documented decrease of BMP7
expression.

BMP7 blocks TGFB-induced EndMT through regulation of VE-Cadherin promoter activity

Because analysis of EFE tissues revealed that observed EndMT is associated with persistent
suppression of BMP signaling and increased TGFp signaling we next aimed to gain further
insights into the impact of BMP/TGFf dysregulation on EndMT. While BMP7 antagonizes
TGFpR1-induced EndMT (Figure 3A), the molecular level of this mechanism has not yet been
addressed. BMP7 and TGFB1 each bind to distinct type Il receptors, which then form
complexes with specific type | serine-threonine kinase receptors (ALK receptors)19-22,
BMP7 binds specifically to ALK3 and ALKG6 receptors, whereas TGFB1 binds to ALK2 and
ALKS receptors!?® 20. 22 Complex formation between BMP7 or TGFp1 with type 11 and
ALK type I receptors then leads to the intracellular signaling pathway mediated by SMAD
proteins. SMAD1, SMAD5 and SMADS transduce BMP7 action, whereas SMAD2 and
SMAD3 mediate TGFp action in epithelial cells. SMAD4 is common to both pathways
(Figure 3B).

We therefore transfected endothelial cells with a VE-cadherin luciferase construct and
mimicked TGFB1 and BMP7 signaling by additionally transfecting endothelial cells with
constitutively active ALK3 (to mimic BMP7) and ALK5 (to mimic TGF(1) receptors or
with SMAD3, SMADS5 or SMAD4. Mimicry of the BMP7 signaling pathway increased the
activity of full-length VE-cadherin promoter in HCAEC. In contrast, transfection with CA-
ALKS5 and SMAD3 (TGFp pathway) resulted in a >50% decrease in VE-cadherin promoter
activity (Figure 3B-C). Additional transfection in the same cells with CA-ALK3 and
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SMADS (BMP7 pathway) stimulated re-induction of VVE-cadherin promoter activity by
about 2fold, restoring it back to the basal level (Figure 3C).

Because Smad signaling pathways are not entirely specific for BMP7 and TGFp, similar
cross talk by other members of the TGFB-superfamily is possible. Nevertheless, these results
provide evidence for a direct SMAD-dependent counteraction of the TGFp pathway by
BMP?7 signaling, and vice versa, in cardiac endothelial cells.

In order to investigate potential therapeutic efficacy of exogenous recombinant human
BMP7 (rhBMP7) in HLHS we analyzed presence of BMP7 type 1 (ALK3) and type 2
(BMPR2) receptors in human EFE tissue by immunofluorescence labeling. Both receptors
were present abundantly in all human EFE tissues. An average of 91% of fibroblasts co-
expressed ALK3 and 71% BMPRII. An average of 44% of CD31-positive endothelial cells
also co-expressed ALK3 and 65% BMPRII (Online Figures 111 and 1V).

EFE in the Tie2Cre;Rosa-Stop-YFP reporter mouse is derived from EndMT

In order to clarify the origin of EFE tissue in the left ventricle, a rodent model was
developed in which neonatal hearts were heterotopically transplanted in the abdomen of
adult animals 23, The rationale for this heterotopic transplantation was that human EFE
develops in the fetus and in association with reduced blood flow, and this surgical technique
allows to mimic this situation, by using immature donor hearts where intracavitary blood
flow is reduced. Implantation of the heart was performed as a heterotopic infrarenal graft
unloaded with aorta to aorta and pulmonary artery (PA) to inferior vena cava (IVC)
anastomoses (Figure 4A, B). These “unloaded” neonatal rodent hearts develop EFE tissue
resembling human EFE tissue observed in HLHS patients (Figure 4A). We have applied this
technique, which was originally developed in rats to transgenic Tie2Cre;Rosa-Stop-YFP
reporter mice (Figure 4C, D). In these mice, cells of (Tie2-positive) endothelial origin
express YFP, and they continue to express YFP, even if they change their phenotype. These
neonatal donor reporter mouse hearts developed massive EFE two weeks after surgery,
similar to the previously used neonatal rat hearts. Confocal analysis of the thickened
endocardium revealed presence of YFP throughout the endocardium, revealing that cells
within the EFE tissue are of endocardial origin (Figure 4C, D), whereas neonatal control
reporter mouse hearts display only one thin (YFP-expressing) layer of endocardium (Figure
4C). Co-labeling of these hearts with the fibroblast markers FSP1 and aSMA showed that
the FSP1- and aSMA-positive cells co-expressed YFP, indicating the endothelial origin of
the fibroblasts (Figure 4D).

Because Tie2 is also expressed on hematopoietic cells, we aimed to address if immune cells
infiltrate into the fibroelastic endocardium (and thereby account for YFP-labeling not
derived from Tie2-positive endocardial cells but from Tie2-positive hematopoietic
progenitor cells). We therefore obtained ubiquitous EGFP rats, where all cells are labeled
green (Figure 4E, upper panel) and performed additional transplantation experiments,
engrafting wildtype donor hearts into ubiquitously EGFP-positive recipient rats. No EGFP-
positive cells are detected in the newly formed EFE tissue of the donor heart, indicating that
immune cells from the recipient do not contribute to EFE formation (Figure 4E, lower
panel).

Circ Res. Author manuscript; available in PMC 2016 February 27.
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Exogenous BMP7 ameliorates experimental EFE

We next sought to test the in vivo effect of rhBMP7 on inhibition of EFE. Because of the
substantially bigger size of neonatal rat hearts as compared to neonatal mice we chose to use
the rat heart transplantation model for the BMP7 treatment study in order to decrease impact
due to handling artifacts. Wild type neonatal rat hearts were unloaded by heterotopic heart
transplantation into wild type adult rats as previously described. Recipient rats were
administered 30pg/kg rhBMP7 or vehicle buffer i.p. every other day, starting on the day of
surgery, with n=6 in each group. Transplanted hearts were harvested 2 weeks after surgery;
sectioned from base to apex and analyzed for fibrosis with Masson’s Trichrome stains
(Figure 5A-D, Online Figure VI1I). The fibrotic area was significantly reduced, and
cardiomyocyte area was significantly increased in BMP7 administered rats as compared to
vehicle-treated animals (Figure 5AD).

DISCUSSION

“Fibroelastosis of the endocardium is a congenital condition of unknown etiology in which
there occurs a diffuse thickening of the mural endocardium associated in most cases with
myocardial hypertrophy, and leading to early death.” This definition by Gowing from 1953
is still valid today 1. Since then various attempts have been made to unravel its etiology, but
until now a definite mechanism of EFE development could not be identified. Genetic
predispositions have been proposed as well as infectious causes or hypoxia during fetal
cardiac development?4-30, Today, most forms of EFE are associated with congenital heart
disease, most notably with hypoplastic left heart syndrome (HLHS), where clinical data
suggest that EFE plays a role in the pathogenesis of the disease and is functionally most
relevant® % 31, Here we provide evidence that EFE tissue derives from the endocardial
endothelium involving aberrant EndMT associated with epigenetically induced BMP/TGFp
signaling dysregulation. We also provide evidence that such insight can be utilized to inhibit
EndMT and EFE formation through supplementation of exogenous recombinant BMP7.

Our finding that EFE tissue derives via aberrant EndMT from the endocardial endothelium
is in agreement with several independent lines of research: EFE comprises a distinct tissue
layer which encapsulates the myocardium and which can be surgically removed without
affecting the myocardial tissue, suggesting that it is of endocardial and not of myocardial
stroma origin. Furthermore, clinical observations suggest that EFE development is directly
associated with reduction of blood flow through the left ventricular cavity (in case of HLHS
due to obstruction of the aortic valve), which further suggests that EFE formation is sensed
and initiated in the endocardium and not within the myocardial compartment* 9 31, During
embryonic heart development the endocardial endothelial cells of the AV canal undergo an
endothelial-mesenchymal transition to form the mesenchymal endocardial cushion, which
later develops into the septum and the valves of the heart suggesting that even in later stages
the endocardial endothelial cells retain a unique propensity to undergo EndMT20: 32, |n this
regard previous studies demonstrated that endocardial cells generate the endothelial cells of
coronary arteries32, which may explain, why human coronary endothelial cells retain the
capacity to undergo EndMT33, A recent study which questioned contribution of EndMT to
cardiac fibrosis also reported presence of fibroblasts of endocardial ancestry within
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myocardial fibrosis34. In this regard, our findings of EndMT involving endocardial
endothelial cells provide additional evidence that heterogeneous embryonic ancestry of
endothelial cells impacts their susceptibility to undergo EndMT and that the clinical context
of EFE highlights the unique propensity of endocardial endothelial cells to undergo EndMT.
Causal contribution of EndMT involving endocardial endothelial cells in formation of EFE
is also compatible with several lines of research which went alternate routes to identify
underlying mechanisms: Several genetic mutations or copy number variations found in
HLHS patients this far, while overall rare, are in genes which regulate EndMT via different
pathways (e.g. Notch1, Smad3, GJA1, NR2F2, GATA4)26-30. 35-38 Hypoxia, another
possible factor in development of EFE is also a strong inducer of EMT and EndMT in cell
culture experiments3® 49, Various viruses have been suspected to cause primary EFE
without other associated cardiac anomaly, and frequency of primary EFE has declined in
association with eradication of the mumps virus through vaccination?®. Several viruses have
been shown to induce EMT which makes viruses potential inducers of aberrant

EndMT 4143, Of note, it has been described that in patients with primary EFE, adventitial
perivascular hyperelastosis and fibrosis are often found in medium-sized and small arteries
of parenchymatous organs other than the heart, suggesting a generalized activation of
EndMT in these patients2.

We further provide evidence that observed EndMT in EFE tissue is at least in part caused by
imbalance of TGF3 /BMP signaling (TGFp is increased and BMP signaling is impaired) and
that EndMT and ultimately formation of EFE can be ameliorated through supplementation
of exogenous recombinant BMP7. Through utilization of a ligand free cell culture system,
we demonstrate that TGF and BMP signaling directly counteract each other in the regulation
of EndMT. Our studies further suggest that impaired BMP signaling in the context of
HLHS-associated EFE is directly linked to transcriptional suppression of BMP5 and BMP7.
During mouse development, BMP5 and BMP7 are co-expressed in the heart, and they can
substitute for each other. The simultaneous lack of both BMP5 and BMP7 leads to
embryonic lethality with endocardial cushion defects whereas the individual BMP5 or
BMP7 mutants have negligible developmental defects*4. BMP2, which is not downregulated
in EFE tissue, on the other hand is necessary and sufficient to drive EndMT of endocardial
cells to form the endocardial cushion 4°.

In the vast majority of patients with hypoplastic left heart syndrome whole-exome
sequencing so far failed to detect causal mutations. Our studies demonstrate that the
observed imbalance of TGF3 /BMP in EFE tissue is at least in part due to aberrant promoter
hypermethylation of BMP7. Thus, our approach to link HLHS to epigenetic silencing of
select genes may provide an important new aspect of the molecular roots of this
heterogeneous congenital heart disease. Mechanisms why specific genes are subject to
aberrant hypermethylation in the context of EFE remain unclear, but to the best of our
knowledge this issue has not been solved in any disease context yet.

Finally, we provide evidence that EndMT involving endocardial endothelial cells and
formation of experimental EFE can be ameliorated through supplementation of exogenous
recombinant BMP7. This is in line with previous studies from our group which
demonstrated that aberrant EndMT of vascular endothelial cells contributes to adult cardiac
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fibrosis and that by counteraction of TGFj, BMP7 inhibits EndMT of adult cardiac
endothelial cells and thereby ameliorates cardiac fibrosis in several mouse models of cardiac
fibrosis33, suggesting that EndMT of coronary artery and of endocardial endothelial cells is
controlled by common mechanisms. Because the two BMP7 receptors ALK3 and BMPRII
are present on a significant portion of both endothelial cells and fibroblasts in EFE tissue, it
is conceivable that rhBMP7 could be effective in ameliorating EFE in HLHS patients.
Because the different pathways of EndMT ultimately all lead to VE-cadherin suppression,
and BMP7- induced SMADS activity is capable of reinducing VE-Cadherin expression
(even outside the TGF pathway), we believe that the ubiquitous rescue mechanism by
BMP7 is most relevant, irrespective of the underlying EndMT mechanism, which may be
not be same in all children with EFE. A schematic to illustrate the effect of BMP7 in
different settings of known EndMT pathways is shown in Figure 6. Of note, our data does
not exclude the possibility that other BMPs are equally effective in inhibiting EndMT and
EFE formation, but those to our knowledge have not yet been developed for systemic use,
(while recombinant pro-BMP7 is in clinical use for compound fractures).

We are aware of a few limitations of our studies: Because human endocardial endothelial
cells to our knowledge have not yet been successfully cultured, we have used primary
human coronary artery endothelial cells (HCAEC), which were isolated from the coronary
arteries from a single donor, in order to induce EndMT in vitro. Coronary artery endothelial
cells (unlike aortic) originate to a significant extent from endocardial cells®2, and, at least to
some degree retain similar biological potential as original endocardial cells, such as the
capability to undergo EndMT upon TGFp treatment. Thus we believe that HCAEC are well
suited to substitute for the lack of primary endocardial cells with respect to understanding
molecular mechanisms of both vascular and endocardial EndMT.

Furthermore, we induced EFE in neonatal Tie2Cre;Rosa-Stop-YFP mouse hearts and
demonstrate here that in this animal model cells of the EFE tissue are of endothelial origin.
Because Tie2, in addition to endothelial cells, is also expressed in hematopoietic progenitor
cells in the bone marrow, we also induced EFE in wildtype rats transplanted in recipient rats
with ubiquitous EGFP expression. No EGFP-positive cells were found in the donor heart
EFE tissue, ruling out contribution of bone marrow cells to EFE formation.

No EFE develops if two week old mouse hearts are used in this model of unloading,
suggesting that immaturity is a necessary factor during EndMT in EFE formation?3. We
therefore believe that most EndMT of endocardial cells happens during fetal EFE
development. On the other hand, we still detect a fraction of cells undergoing active EndMT
(by co-labeling of CD31 and mesenchymal markers or of CD31 and EndMT transcription
factors such as TWIST) in EFE tissue from children with HLHS, aged between a few days
until preschool, suggesting that part of EFE tissue is “maintained” by active EndMT even at
later developmental stages, while naturally, an absolute number of EndMT-derived
fibroblasts cannot be provided by this technique.

While we provide evidence that aberrant EndMT causes EFE, further studies are needed to
address how disturbed EndMT relates to abnormal valve formation and reduced ventricular
growth in HLHS and in other congenital heart diseases associated with EFE. Because
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aberrant EndMT also contributes to cardiac fibrosis in adult forms of heart disease, studying
EndMT in the context of fetal EFE may well contribute valuable knowledge to unravel
fibrogenesis in chronic heart disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What Is Known?

» Endocardial fibroelastosis (EFE) is a unique form of subendocardial fibrosis that
complicates congenital heart disease.

« During embryonic heart development the endocardial endothelium undergoes an
endothelial to mesenchymal transition (EndMT) to form the mesenchymal
endocardial cushion.

What New Information Does This Article Contribute?

»  Fibroblasts contributing to EFE originate from the endocardium via an aberrant
EndMT.

e Hypermethylation of CpG island promoters of Bone Morphogenic Proteins
(BMP)-5 and -7 cause an imbalanced growth factor microenvironment and
subsequently aberrant EndMT.

e Inrodent models of EFE, administration of recombinant BMP-7 ameliorates
EndMT and the formation of EFE tissue.

Endocardial fibroelastosis (EFE) is a unique form of subendocardial fibrosis that
complicates congenital heart disease, including hypoplastic left heart syndrome (HLHS).
While surgical removal of EFE tissue improves outcome of HLHS, preventive measures
to inhibit EFE would be highly desirable. However, the mechanisms underlying EFE
formation remain unclear and specific therapeutic targets have not been identified.
During embryonic heart development the endocardial endothelium undergoes an
endothelial to mesenchymal transition (EndMT) to form the (mesenchymal) endocardial
cushion (which later gives rise to the valves and septum reference). Hence, we
hypothesized that fibroblasts within the EFE layer originate from the endothelial cells of
the endocardium via EndMT. Here we demonstrate that the fibroblasts within the EFE
layer derive from endocardial endothelial cells via EndMT. We also report that
transcriptional suppression of BMP7 through promoter methylation contributes to
EndMT and EFE formation and that supplementation with exogenous recombinant
BMP7 impedes EFE formation. Based on these findings, it might be useful to assess the
utility of intrauterine administration of BMP7 in fetuses diagnosed with HLHS.
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Figure 1. Evidence for EndMT in EFE tissue from HLHS patients
(A) Macroscopic pictures of EFE tissue lining the left ventricle of a human heart from an

HLHS patient at autopsy (upper panel) and resected from an HLHS patient during surgery
(lower panel). (B) Representative photomicrographs of HE and Masson’s Trichome stained
sections of human EFE tissue obtained during surgery. (C, D) Representative confocal
photomicrographs of surgically removed EFE tissue from HLHS patients (C) double stained
for endothelial (CD31) and fibroblast specific markers (aSMA) or (D) single stained with
EndMT transcription factor (TWIST). White arrows denote representative double positive
cells; dotted areas denote the regions were magnified in the lower panel. (E) Quantitative
real- time PCR analysis of the mRNA expression levels of EndMT transcriptional factors
(SNAIL, SLUG, and TWIST), mesenchymal markers (FSP-1, a-SMA) and endothelial
markers (CD31, VE-Cadherin) in healthy controls and EFE tissues. Results were normalized
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to reference gene GAPDH. The size of the scale bars represents as noted above. Data are
shown as the mean + SD of three experiments. ***, P<0.001.
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Figure 2. BMP7 promoter is hypermethylated in EFE
(A) TGF-B/BMP gPCR Array compared EFE with healthy control heart tissues. The black

arrow highlights the candidate genes which were altered in the EFE sample. (B) Quantitative
real-time PCR analysis to validate the candidate genes selected from the TGF-3/BMP gPCR
Array. (C, D) Methylated DNA immunoprecipitation (MeDIP) to assess BMP7 methylation
in healthy and EFE hearts. (C) Real-time PCR analysis quantitatively showed the
methylation levels in control and EFE samples and (D) virtual gel images of BMP7 PCR
products (upper panel) of immunoprecipitated 5mC DNA and the lower panel shows PCR
products of input DNA as loading controls. (E) BMP7 promoter methylation was determined
by methylation-sensitive high resolution melting (MS-HRM) analysis. (F) BMP7 promoter
methylation status of the individual CpG sites in the EFE samples and in healthy hearts by
bisulfite sequencing. Open and filled circles indicate unmethylated and methylated status,
respectively. (G) Luciferase assay assessed promoter activity of methylated human BMP7
promoter. Around 2.1kb (from 2271 to 161 upstream of transcriptional starting site) human
BMP7 promoter fragment was cloned into a CpG- free luciferase vector (upper panel). The
luciferase activity from the methylated BMP7 promoter construct was significantly reduced
as compared to unmethylated control construct. Data are shown as the mean + SD of three
experiments. n.s. no significance, **, P<0.01, ***, P<0.001.
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Fig_un_'e 3. BMP7 blocks TGFB-induced EndMT through regulation of VE-Cadherin promoter
activit

(A) R:presentative confocal photomicrographs of HCAEC double stained for CD31 and
FSP1. In non-treated HCAEC (left), the endothelial specific marker CD31 is visible (red),
while there is FSP1 expression (green) detectable. Upon TGFp1-treatment (middle), CD31
expression is reduced whereas expression of FSP1 is induced. Addition of BMP7 to TGFS1
(right) leads to loss of FSP1 and re-induction of CD31. (B) Human telomerase reverse
transcriptase ("nTERT) immortalized HCAEC cells were transfected with VE-Cadherin
luciferase reporter construct and control Renilla expression vector. To mimic TGFp1 and
BMP?7 signaling, the cells were also transfected with expression vectors encoding
constitutively active type 1 receptor (ALK5 or ALK3) or SMAD3, SMAD4 or SMADS. (C)
Different plasmid combinations (+) or with empty control vector (-) were used to co-
transfect the cells. The bar graphs display relative VE-Cadherin promoter activities
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presented as ratio to Renilla control activities. ***, P<0.001. The size of the scale bars
represents as noted above.
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Figure 4. EFE in the Tie2Cre;Rosa-Stop-YFP reporter mouse is derived from EndMT
(A) Representative macroscopic picture and photomicrographs of Masson’s Trichome and

HE stained sections of unloaded rodent hearts after heterotopic transplantation. (B) Sketch
of the rodent unloaded heterotopic heart transplant model, the bold line indicates the
position of the cross-sections (C) Sketch of heart cross-section, dotted line rectangle
indicates the area used for confocal microscopy (left panel). Representative confocal
photomicrographs of heart sections from neonatal unloaded Tie2Cre; Rosa-Stop-YFP mice
two weeks after heterotopic transplantation (right panel) and Tie2Cre; Rosa-Stop-YFP
control hearts (middle panel). (D) Representative confocal photomicrographs of sections
from neonatal unloaded heterotopic transplanted Tie2Cre; Rosa-Stop-YFP mouse heart
stained for mesenchymal marker FSP1 (red, upper panel) or aSMA (red, bottom panel).
Endogenous YFP expression is shown in green. Dotted areas denote the region which is
shown magnified in the middle panel; white arrows denote representative double positive
cells. (E) Representative confocal photomicrographs of sections from loaded control UBC-
EGFP rat heart and unloaded rat heart. M, myocardium; E, endocardium; LV, left
ventricular lumen.
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(A) Representative photomicrographs of Masson’s Trichrome—stained sections from rat
hearts two weeks after heterotopic transplantation without (left) and after rhBMP7 treatment
(right) and (B) Quantification of fibrotic and cardiomyocyte area in control and rhBMP7
treated hearts. (C, D) Measurement of the EFE area of slices located from the base to the
apex of rat hearts from the left ventricle and the valvular endocardium after heterotopic
transplantation. The left picture shows the anatomic position of the slices. The Graph shows
the measurement of the mean EFE area in mm?2. Each data point reflects at least six
measured slices. Data series of slices from hearts without rhBMP7 treatment are highlighted
in red; those from slices of hearts after rhBMP7 treatment are highlighted in green.

(*p<0.05).
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Figure 6. BMP7 inhibits EndMT induced by different pathways
(A) Schematic representation of EndMT regulated by different signaling pathways. Extrinsic

signals stimulate endothelial cells to undergo EndMT through ligands binding to various
receptors such as receptor tyrosine kinases (RTK), transforming growth factor receptor
(TGFBR), and NOTCH receptor. Once getting activated, these pathways either
independently trigger unknown mechanisms or work in concert through common pathway
intermediates like SMAD2/3, thereby activating EndMT transcription factor, which leads to
loss of endothelial cell characteristics, i.e. expression of VE-Cadherin. The presence of
BMP7 can activate the BMP pathway through binding to bone morphogenetic protein
receptors (BMPR), thereby activating SMAD1/5/8 which can block the EndMT-inducing
signals to ultimately maintain endothelial cell characteristics.
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