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Aims Pathological cardiac remodelling and subsequent heart failure represents an unmet clinical need. Long non-coding
RNAs (IncRNAs) are emerging as crucial molecular orchestrators of disease processes, including that of heart dis-
eases. Here, we report on the powerful therapeutic potential of the conserved IncRNA H19 in the treatment of
pathological cardiac hypertrophy.

Method Pressure overload-induced left ventricular cardiac remodelling revealed an up-regulation of H19 in the early
and results phase but strong sustained repression upon reaching the decompensated phase of heart failure. The translation-
al potential of H19 is highlighted by its repression in a large animal (pig) model of left ventricular hypertrophy,
in diseased human heart samples, in human stem cell-derived cardiomyocytes and in human engineered heart
tissue in response to afterload enhancement. Pressure overload-induced cardiac hypertrophy in H19 knock-out
mice was aggravated compared to wild-type mice. In contrast, vector-based, cardiomyocyte-directed gene
therapy using murine and human H19 strongly attenuated heart failure even when cardiac hypertrophy was
already established. Mechanistically, using microarray, gene set enrichment analyses and Chromatin
ImmunoPrecipitation DNA-Sequencing, we identified a link between H19 and pro-hypertrophic nuclear factor
of activated T cells (NFAT) signalling. H19 physically interacts with the polycomb repressive complex 2 to
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suppress H3K27 tri-methylation of the anti-hypertrophic Tescalcin locus which in turn leads to reduced NFAT

expression and activity.

H19 is highly conserved and down-regulated in failing hearts from mice, pigs and humans. H19 gene therapy pre-

vents and reverses experimental pressure-overload-induced heart failure. H19 acts as an anti-hypertrophic IncRNA

and represents a promising therapeutic target to combat pathological cardiac remodelling.
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Translational perspective

Pathological cardiac hypertrophy is an abnormal increase in cardiomyocyte size, leading to an enlargement of the heart muscle with
functional deterioration. Therapeutic options to halt or reverse cardiac hypertrophy are extremely limited. Long non-coding RNAs are
emerging as key regulators of pathological processes including heart disease and represent novel, druggable molecules. In a step to-
wards translation of non-coding RNA therapeutics, this study presents the preclinical development of murine and human IncRNA H19
for the treatment of cardiac hypertrophy. First toxicological assessments of tailored cardiomyocyte-directed H19 gene therapy vectors
are promising, opening up pathways for clinical development of H19-based cardiac therapeutics.

Introduction

Pathological hypertrophy caused by chronic hypertension, genetic
predisposition, or aortic stenosis leads to maladaptive remodelling
and is often followed by ventricular dysfunction and subsequently
cardiac heart failure and death." Current treatments with anti-
hypertensive drugs, such as P-blockers, calcium antagonists, or
angiotensin-converting enzyme (ACE) inhibitors,” are rather symp-
tomatic approaches and patients with cardiac hypertrophy face an
unfavourable prognosis, emphasizing the need for novel therapeutic
options.

During the past few decades, several genes have been identified
which are involved in cardiac hypertrophy; however, the precise
underlying molecular mechanisms for this disease remain ill-
understood. In addition to protein-coding transcripts, in the past
years, a few long non-coding RNAs (IncRNAs) have been described

that are critically involved in cardiac hypertrophy.>™ For instance,
IncRNA  cardiac-hypertrophy-associated transcript (Chast) promotes
hypertrophy by disrupting beneficial autophagic processes via down-
regulation of Plekhm1, a regulator of autophagy located on the op-
posite strand of Chast.® LncRNA cardiac-hypertrophy-associated epigen-
etic regulator (Chaer), that is also pro-hypertrophic, physically
interacts with polycomb repressive complex 2 (PRC2). Chaer func-
tions as a decoy for PRC2, thus preventing spreading of repressive
chromatin marks at the promoter regions of genes involved in cardiac
hypertrophy.” Another example is INcRNA maternally expressed gene
3 (Meg3) which promotes cardiac fibrosis, a hallmark of prolonged
hypertensive stress.® Pharmacological inhibition of both Chast and
Meg3 in a mouse model of pressure overload-induced cardiac hyper-
trophy was sufficient to prevent cardiac remodelling and fibrosis, re-
spectively, highlighting IncRNAs as valid targets for therapeutic
strategies.
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Moreover, INcRNA H19 which is transcribed from a highly con-
served and paternally imprinted gene locus’ has been demonstrated
to play important roles in foetal and early postnatal growth control in
mice.'® A number of studies linked H19 to various types of cancer,
where it can sponge different microRNAs, serve as host gene for
microRNA-675 (miR-675), or interacts with different chromatin
remodelling complexes."’ H19 has been previously associated with
cardiac diseases. Nevertheless, the current literature is controversial
and it remains unclear whether H19 is cardioprotective or whether it
promotes heart diseases. For instance, in a rat model of adriamycin-
induced dilated cardiomyopathy H19 was described to promote
apoptosis, ' while another report proposes H19 as a negative regula-
tor of left ventricular hypertrophy through a mechanism involving
H19-encoded miR-675."> A potential explanation for this discrep-
ancy is the well-known fact that IncRNAs can be differentially
expressed in different cell types to exert distinct cell type-specific
functions.>"*

Since H19 expression peaks early after the induction of pressure
overload-induced left ventricular heart failure by transverse aortic
constriction (TAC) but is strongly repressed in the decompensated
phase of hypertrophic cardiac remodelling, we hypothesized that
H19 may have cardiomyocyte-specific protective functions and
therefore, may be exploited as a therapeutic target.

Methods

Detailed methods are provided in the Supplementary material online.

Human tissue sampling

This study was performed with the approval of the institutional ethics
committees of the University of Wiirzburg, Germany, Medical College of
Wisconsin, Milwaukee, USA, the University Medical Center Hamburg-
Eppendorf, Germany, and the Hannover Medical School, Germany. For
details, see Supplementary material online.

Animal procedures and analysis of cardiac

function

All procedures involving animals have been reviewed and approved by
local animal welfare bodies of the Hannover Medical School. For details,
see Supplementary material online. At indicated endpoints post-TAC sur-
gery, echocardiographic measurements were performed with a Vevo
2100 (VisualSonics Inc., Toronto, Canada) and analysed using the Vevo
LAB software (VisualSonics Inc., Toronto, Canada).

Cell culture, treatments, and cellular assays
HL-1 cardiomyocyte-like cells were cultured according to standard pro-
tocols. Directed differentiation of human-induced pluripotent stem cells
(hiPSC) towards cardiomyocytes was achieved according to published
protocols. Cell transfection and treatments, as well as subsequent cellular
assays, were performed as indicated the Supplementary material online.

Gene and protein expression analysis

Total RNA was isolated applying TriFast method (Peglab, Erlangen,
Germany) or miRNeasy Mini Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. Between 100 to 1000 ng was reverse
transcribed into complementary cDNA and assessed by quantitative real-
time PCR analysis (qRT-PCRs) or used for transcriptome profiling.

Proteins were analysed by standard immunoblotting using specific pri-
mary and secondary antibodies (Supplementary material online).

RNA immunoprecipitation

RNA immunoprecipitation (RIP) was performed in nuclear lysates
according to previous established protocols (Supplementary material
online).

ChiPSeq and ChiP-qRT-PCR

ChiPSeq sampling, analysis, and validation using qRT-PCRs were per-
formed according to standard laboratory protocols as indicated the
Supplementary material online.

Statistics

Data are displayed as means + SD. Statistical analysis was carried out
using GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA).
Comparison among two groups was made by two-tailed unpaired
Student’s t-test. For comparison of three or more than two groups, one-
way analysis of variance (ANOVA) corrected by the Bonferroni post-test
was applied. In all cases, P <0.05 was considered as statistically significant.

Results

Muscle-enriched H19 is dysregulated in
experimental cardiac hypertrophy in
mice, pigs, and in human diseased heart

samples

We first demonstrated in a wide range of different tissues of adult
mice that H19 is muscle specific with the highest expression in skel-
etal muscle and a ~10-fold enrichment of cardiac H19 over all other
tissues (Figure 1A). Within the major cardiac cell types, the expression
in cardiomyocytes is lower compared to endothelial cells, but higher
than in cardiac fibroblasts (Figure 1B). H19 is strongly down-regulated
during cardiac development in postnatal mice and further repressed
in aged mice (>2 years) (Figure 1C). Since the activation of a foetal
gene program is a hallmark of heart failure,” we reasoned that H19
may play a role in the development of cardiac hypertrophy and sub-
sequent heart failure. We monitored the cardiac expression of H19
in mice for 13 weeks after the initiation of pressure overload-induced
left ventricular hypertrophy by TAC. Consistent with previous
reports, H19 expression increased in the initial phase (2 weeks post-
TAC).*"® Nonetheless, during the progression from the compen-
sated stage to the decompensated stage of heart failure (4—6 weeks
after TAC) H19 expression was significantly down-regulated and
remained low until the experimental endpoint 13 weeks after TAC
(Figure 1D and Supplementary material online, Table ST for full echo-
cardiographic evaluation during HF development). During the de-
compensated phase, H19 is regulated on the transcriptional level, as
shown by a significant down-regulation of the H19 precursor RNA, 6
and 13 weeks post-TAC (Supplementary material online, Figure S1A).
Importantly, miR-675, which was suggested to play a role in cardiac
hypertrophy,'® did not follow the expression pattern of H19 and
remained relatively constant throughout the TAC-time course
(Supplementary material online, Figure S1B). MiR-675 was far less
abundant compared to the expression of the H19 host gene
(Supplementary material online, Figure S1C). Additionally, Camk2d
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Figure | Cardiac hypertrophy-associated repression of H19 is conserved among mice, humans, and pigs. (A) Abundance of H19 in various mouse
organs (n=3). (B) Distribution of H19 in a cardiac fraction of murine hearts (CM, cardiomyocytes; CF, cardiac fibroblasts; EC, endothelial cells;
n=8). (C) H19 in stages of murine heart development (n =4-5). (D) H19 expression levels, heart weight-to-tibia-length ratio (HW/TL), and ejection
fraction (EF) over the time course of heart failure progression (TAC, transverse aortic constriction; n=5-8). (E) H19 gene expression in human
induced pluripotent stem cell (iPSC)-derived cardiomyocytes after pro-hypertrophic stimulation (lIso, isoproterenol; n= 3). (F) Contractile force
measurements and human H19 levels in human engineered heart tissue with and without afterload enhancement (AE; n= 6-8). (G) Expression of
human H19 in patient-derived cardiac material compared to corresponding control tissues (indicated as dashed line) (HOCM, hypertrophic ob-
structive cardiomyopathy; LVAD, left ventricular assist device). (H) H19 Expression in different heart segments of hypertrophic pigs and Sham ani-
mals. Data are means * SD. P-values were determined by two-tailed unpaired Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001.

which was the suggested downstream mediator of miR-675 in hyper-
trophy was post-TAC
(Supplementary material online, Figure S1D). In contrast to most
IncRNAs, H19 is not only locus but also highly sequence-conserved

also not regulated until 13weeks

among mammals (Supplementary material online, Figure S2A,B) imply-
ing an important functional role and also making H19 a potential
therapeutic target in human cardiovascular disease. To elucidate this
possibility, we first measured the expression of H19 in human iPSC-
derived cardiomyocytes. Disease modelling with pro-hypertrophic
agents such as isoproterenol led to rapid and sustained repression of
H19 (Figure 1E). Next, we tested H19 in human engineered heart tis-
sue (hEHT), which was exposed to increased afterload to model
pathological hyper‘trophy.17 Afterload enhancement led to significant
contractile force reduction compared to control hEHTS, paralleled

by a strong reduction of H19 expression after 7 days of afterload en-
hancement (Figure 1F).

Of high translational importance, H19 was found to be repressed
in human heart samples from patients with different diseases includ-
ing aortic stenosis, hypertrophic cardiomyopathy, and failing hearts
compared to cardiac tissue from healthy individuals (Figure 1G,
Supplementary material online, Table S2). In line with high expression
levels of H19 during murine heart development, H19 was also highly
expressed in human foetal heart tissue (Figure 1G, Supplementary ma-
terial online, Table S2). Moreover, since H19 is also well conserved in
pigs (Supplementary material online, Figure S2B), we tested the regu-
lation of H19 in hypertrophic pig hearts representing a clinically rele-
vant large animal model. Cardiac hypertrophy in pigs was induced by
percutaneous implantation of undersized bare-metal stents in the
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Figure 2 H19 knock-out exacerbates cardiac hypertrophy in vivo. (A) Schematic representation of the experimental design. (B) Heart weight-to-
tibia-length ratio (HW/TL) of H19 KO and wild-type littermates (Wt) and (C) cardiomyocyte size (n=6; DAPI =4 ,6-diamidino-2-phenylindole;
TAC, transverse aortic constriction; WGA, wheat germ agglutinin coupled to Alexa Flour 488). (D) Expression of hypertrophic marker genes Nppb
(natriuretic peptide B) and Mcip1.4 (myocyte-enriched calcineurin-interacting protein 1.4). (E) Microarray analysis of fractionated cardiomyocytes
from H19 KO and Wt animals (n = 3) 6 weeks after TAC represented as heatmaps of indicated gene sets. Data are means + SD. P-values were deter-

mined by one-way ANOVA with Bonferroni correction.

descending aorta of growing pigs resulting in a gradual increase in
afterload during the growth of the animals (Supplementary material
online, Figure $20)."® Importantly, H19 levels were strongly
decreased in various sections of the hypertrophic left ventricle com-
pared with healthy (Sham) hearts (Figure 1H).

Lack of H19 augments cardiac
hypertrophy in vivo

We next investigated whether H19 is functionally involved in the de-
velopment of cardiac hypertrophy in vivo using H19 knock-out (KO)
mice,'” which underwent TAC surgery and were monitored for

6 weeks (Figure 2A). Indeed, cardiac mass was significantly increased
in H19-KO mice after TAC compared to wild-type mice concomitant
with a trend towards increased cardiac dimensions (Supplementary
material online, Table S3). The increase in cardiac hypertrophy in H19
KO mice was paralleled by increased cardiomyocyte size and higher
Mcip1.4 expression in comparison to wild-type mice after TAC
(Figure 2B-D). Interestingly, under basal conditions (Sham-operated
mice), a trend towards a higher expression of pro-hypertrophic
marker genes Nppb and Mcip1.4 in H19 KO compared to wild-type
littermates was already observed (Figure 2D). The moderately
increased HW/TL ratio in Sham KO mice can be explained by the
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known overgrowth phenotype of these mice'® as suggested by higher
body weight but similar heart to body weight ratios compared to
wild-type controls (Supplementary material online, Figure S3A,B).

To study cardiomyocyte-specific molecular changes underlying the
observed effects of H19, we performed mRNA expression profiling
on purified cardiomyocytes from wild-type and H19 KO hearts
6 weeks after TAC surgery. To identify coordinated changes in the
expression of functionally related genes, we performed gene set en-
richment analysis.>%?" A total of 347 gene sets were enriched in H19
KO cardiomyocytes. Amongst them, we found several pathways
associated with cardiac disease and hypertrophy such as the NFATc3
and transforming growth factor (TGF)-beta signalling pathways as
well as cardiac hypertrophy-related genes (Figure 2E). In contrast,
only four gene sets, all related to inflammatory response pathways,
were enriched in wild-type hearts. (Supplementary material online,
Table S4 provides a complete list of interrogated gene sets.)

Supplementary material online, Figure S4A,B shows a volcano plot of
all genes and the 50 most up- or down-regulated genes in single-gene
comparison between H19 KO and wild-type cardiomyocytes.

H19 associates with PRC2 to control
NFAT signalling

To gain mechanistic insight into the molecular role of H19, we first
performed subcellular fractionation of murine cardiomyocytes. H19
was localized in the cytoplasmic as well as in the nuclear fraction,
with the majority of nuclear H19 being bound to chromatin
(Figure 3A), suggesting a potential involvement in epigenetic regulation
of cardiomyocyte gene expression. The cytoplasmic/nuclear distribu-
tion was not affected upon hypertrophic stimulation (Supplementary
material online, Figure S5). A common function of IncRNA:s is their as-
sociation with regulatory proteins (transcription factors, chromatin
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Figure 3 Nuclear H19 interacts with EZH2 to regulate NFAT signalling. (A) Cytoplasmatic, nuclear soluble, and chromatin-associated abundance
of H19 and controls in subcellular fractions of HL-1 cardiomyocytes (ActB, actin beta; Gapdh, glyceraldehyde-3-phosphate dehydrogenase;
Neat1, nuclear paraspeckle assembly transcript 1; Xist, X inactive specific transcript) (n = 3). (B) Interaction score and binding propensities for EZH2
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cleotide pairs. (C) Validation of the direct binding between H19 and EZH2 by RNA immunoprecipitation (RIP) in nuclear lysates of HL-1 cardiomyo-
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remodellers) to tether them as a ribonucleoprotein complex to their
target sites.” In this context, H19 was previously shown to interact
with Enhancer Of Zeste 2 (EZH2) in cancer cells, a component of
the histone methyltransferase polycomb repressive complex 2
(PRC2) that primarily tri-methylates lysine residue 27 on histone H3
(H3K27me3)*? establishing suppressive histone marks. Indeed, our in
silico analysis revealed a high interaction propensity between the cen-
tral region of H19 and EZH2 (Figure 3B). RNA immunoprecipitation
(RIP) with specific antibodies against EZH2 confirmed this interaction
in vitro as indicated by 200-fold enrichment of H19 over the IgG con-
trol and a stronger enrichment compared to IncRNA Neat 1, a known
EZH2 interactor.?® Knock-down of H19 by siRNA abolished the en-
richment suggesting that the interaction between H19 and EZH2 is
specific (Figure 3C). In addition, RIP with antibodies against the other
main subunits of PRC2, SUZ12, and embryonic ectoderm develop-
ment (EED), also pulled down H19 but not the IncRNA Nron which
served as a negative control (Figure 3D).>* To gain further insight into
the potential regulation of PRC2 by H19, we performed spike-in con-
trolled H3K27me3 ChlIP-Seq experiments in HL-1 cells after silencing
(siRNA) or overexpression (lentivirus) of H19 (Supplementary ma-
terial online, Figure S6A,B). Repression of H19 led to a global increase
of H3K27me3 as indicated by the emergence of 6386 ChIP-Seq peaks
that are unique to the siRNA condition. In contrast, H3K27me3 lev-
els upon H19 overexpression were comparable to controls suggest-
ing that high levels of H19 have no supra-dose effects on PRC2
(Figure 4A—C). Surprisingly, when interrogating the H3K27me3 signa-
tures in the individual loci, we found no changes in the Nfatc3 locus,
which was confirmed by ChlIP-Seq and ChIP-PCR (Supplementary
material online, Figure S6C-E). This suggests a non-direct regulation
of the Nfatc3 locus, by H19-mediated PRC2 regulation. Indeed,
among the most differentially affected loci we identified the anti-
hypertrophic NFAT mediator Tescalcin (Tesc)*>*® locus to be heavily
methylated upon H19 siRNA treatment (Figure 4D). This was con-
firmed in independent ChIP-qPCR experiments (Figure 4E). In line
with increased H3K27 tri-methylation, H19 siRNA treatment
resulted in lower Tesc mRNA levels which were partially rescued by
knock-down of EZH2 (Figure 4E, Supplementary material online,
Figure S6F). Overexpression of H19 under basal condition had no ef-
fect on Tesc H3K27 tri-methylation or mRNA expression (Figure 4F).
Tescalcin is known to act on NFAT signalling by inhibiting calci-
neurin®® and by keeping GSK3 in its active form to phosphorylate
NFAT for nuclear exclusion.> We therefore tested Nfatc3 expres-
sion and activity and found increased NFATc3 protein levels and
increased NFATc3 activity on its target promoters of Nppb and
Mcip 1.4 after H19 knock-down as demonstrated in western blot and
ChIP-PCR using specific NFATc3 antibodies (Figure 4G,H). In support
of the in vitro data, we found Tesc to be increasingly suppressed during
the course of TAC in mice while Nfatc3 mRNA expression was
increased (Supplementary material online, Figure S6G,H).

Altogether, this suggests H19 to function as a key suppressor of
NFAT signalling through preventing PRC2-mediated epigenetic re-
pression of the Tesc locus.

H19 is anti-hypertrophic in vitro

To test whether in contrast to the loss of H19, its overexpression
may ameliorate hypertrophic responses, we stably overexpressed
H19 in HL-1 cells. Similar to hiPSC-derived cardiomyocytes,

induction of cellular hypertrophy after treatment with phenyleph-
rine and isoproterenol (P+1) led to a reduction of H19 expres-
sion in these cells (Supplementary material online, Figure S7), while
overexpression of H19 blunted the hypertrophic response
(Figure 5A). This correlated with NFATc3 protein levels and, im-
portantly, also with the levels of nuclear translocation of NFATc3
which were both increased after P+ stimulation, but rescued by
H19 overexpression (Figure 5B,C). This was paralleled by lower
NFATCc3 activity as evidenced by lower expression of the molecu-
lar markers of hypertrophy (Nppa) and direct NFAT targets
(Nppb and Mcip1.4) (P=0.061 for Nppb) upon H19 overexpres-
sion (Figure 5D). To further confirm the H19-NFAT-Tesc-axis, we
designed Tesc-specific siRNAs. P+1 stimulation under simultan-
eous overexpression of H19 and repression of Tesc significantly
increased the direct NFAT targets Nppb and Mcip1.4 (Figure 5E).
Collectively, these data suggest that H19 acts upstream of Tesc.
Ectopic induction of H19 expression is sufficient to suppress cardi-
omyocyte hypertrophy in vitro highlighting a potential for thera-
peutic approaches in vivo.

H19 therapy attenuates cardiac
hypertrophy in vivo
We next tested whether H19 gene therapy may aid in prevent-
ing hypertrophy in vivo. We generated cardiotropic adeno-
associated viruses (AAV9) expressing H19 under the control of
the cardiomyocyte selective cardiac troponin T promoter (see
Supplementary material online, Figure S8A for vector map). We
administered 1.754E12 viral particles per mouse via a single tail
vein injection which led to a ~80-fold induction of H19 expres-
sion in the heart (Supplementary material online, Figure S8B).
Directly after TAC surgery, mice were injected with AAV9 to
ensure full exogenous expression of H19 once the endogenous
gene starts to get silenced (Figure 6A). Cardiomyocyte-specific
H19 gene therapy significantly ameliorated the development of
hypertrophy as demonstrated by reduced heart weight to tibia
length ratios and smaller cardiomyocyte sizes compared to mice
injected with AAV9-empty control virus (Figure 6B,C). This was
in line with significantly improved cardiac function parameters in
H19-treated mice (left ventricular volume and ejection fraction)
as determined by echocardiography (Figure 6D, Supplementary
material online, Table S5). We assessed potential adverse effects
in liver and kidney as primary off-targets of the viral-based H19
gene therapy. H19 expression in the kidney was not affected,
whereas the expression in the liver showed a slight but not sig-
nificant increase (Supplementary material online, Figure S8C).
Detailed histopathological analysis of liver and kidney tissue did
not reveal any abnormalities in response to AAV-H19 treatment
(Supplementary material online, Table S6). In addition, pre-clinical
laboratory chemistry analyses of standard kidney, liver, and in-
flammation markers revealed no detrimental effects in response
to H19 gene therapy (Supplementary material online, Figure S8D),
collectively suggesting that at least for the tested period of
6 weeks this therapy is safe.

To better mimic clinical situations, we next tested whether
H19 therapy is also effective when cardiac hypertrophy is already
established. Importantly, to further investigate the translational
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potential, we included an additional group which was treated with
H19 gene (AAV-hH19,
Supplementary material online, Figure S9A). Mice were injected
with murine or human AAV9-H19 4 weeks after the induction of
cardiac hypertrophy by TAC (Figure 7A). Strikingly, 4 weeks later

the human (in place of murine)

AAV9-H19 as well as AAV-hH19-treated mice presented with sig-
nificantly smaller hearts concomitant with smaller cardiomyocytes
sizes compared to AAV-empty-treated controls (Figure 7B,C). The
capillary density determined by CD31 immunostaining revealed no
differences

between groups suggesting cardiomyocyte-specific
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therapeutic effects (Supplementary material online, Figure S9B).
The number of immune cells (CD45+) was lower in H19-treated
mice, presumably reflecting on lower clearing demands of
stressed/dying cells (Supplementary material online, Figure S9C).
Cardiac functional parameters as determined by echocardiography
were improved in mice receiving either murine or human H19
(Figure 7D, Supplementary material online, Table S7). This observa-
tion was paralleled by significantly increased Tesc mRNA expres-
sion in H19-treated mice (Figure 7E) and further correlated with
lower mRNA expression of the H19-PRC2-Tesc target Nfatc3 and
the hypertrophy markers Nppb and Mcip1.4 in cardiac tissue
(Figure 7F). The gene therapy also provoked a slight increase in
miR-675 (relative to the induction of H19). Nevertheless, no
change in the expression of Camk2d, the putative downstream tar-
get of miR-675, was observed, suggesting that the gene therapy
effects are H19-specific (Supplementary material online, Figure
S9D,E). Finally, we infected human iPSC-derived cardiomyocytes
with  AAV6-hH19 and prepared three-dimensional hEHTs. We
observed a significantly increased force development over time in

comparison to control hEHTs (AAVé6-empty) (Figure 8A-C), again
highlighting H19’s translational potential.

In summary, these data suggest that not the initial peak of H19 ex-
pression, but its subsequent repression is detrimental in the develop-
ment of cardiac hypertrophy in various species. Murine and human
H19 gene therapy to prevent this repression during the decompen-
sated stage is not only sufficient to suppress the development of car-
diac hypertrophy but also its progression into heart failure when H19
is applied in a therapeutic approach.

Discussion

LncRNA H19 suppresses pro-
hypertrophic signalling

Non-coding RNAs including microRNAs and IncRNAs are emerging
as key mediators of developmental and pathological cues. In particu-
lar, IncRNAs have a wide spectrum of functions and can interact with
regulatory proteins to orchestrate gene expression at any level to
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(AAV9-H19, AAV9-hH19 compared to empty vector AAV9-empty). (B) Heart-weight-to-Tibia-length ratios (HW/TL) of Sham- or TAC-operated
mice and (c) cardiomyocyte size (n=6; DAPI =4’ 6-diamidino-2-phenylindole; TAC, transverse aortic constriction; WGA, wheat germ agglutinin
coupled to Alexa Flour 488). (D) Echocardiographic analysis. (E) Tesc expression levels. (F) Expression levels of Nfatc3, Nppb, and Mcip1.4. Data are
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regulate these processes.*> Here, we report on the highly con-
served and muscle-enriched IncRNA H19 which suppresses pro-
hypertrophic signalling in mice after pressure overload-induced
left ventricular cardiac failure. Experimental pressure overload of
the left ventricle induced a transient increase of H19, which was
followed by sustained repression of upon the transition to the
decompensated stage of heart failure, suggesting that loss of H19
is detrimental. As hypothesized, the hypertrophy phenotype
6 weeks post-TAC in H19 KO mice was significantly worsened
in comparison to wild-type controls as demonstrated on the

histopathological level as well as on the molecular level using
microarray analysis on isolated cardiomyocytes.

H19 interacts with PRC2 to control
NFAT signalling via epigenetic control

of the Tescalcin locus

Mechanistically, different IncRNAs were shown to interact with the
epigenetic remodelling complex PRC2 to favour or to prevent bind-
ing and methylation of chromatin at specific subsets of genes.”*”2®
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H19 was demonstrated to associate with the PRC2 subunit EZH2 in
the setting of cancer cells.**?’ Since it was unknown whether this link
exists in cardiac cells, we performed in silico and in vitro binding assays
that demonstrated that H19 physically interacts with all major subu-
nits of PRC2. Moreover, we found that H19 cooperates with EZH2/
PRC2 to suppress pro-hypertrophic NFAT signalling. This is in con-
trast to previous studies suggesting that inhibition of EZH2 leads to
cardiac hypertrophy.>®*' However, in our study PRC2 remains intact
as a complex and our ChIP-seq experiments revealed that the H19-
PRC2 complex controls only a subset of genes. As highly relevant for
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Figure 8 Administration of human H19 (hH19) improves con-
tractile force of human engineered heart tissues. (A) AAV6-medi-
ated overexpression of H19 in human engineered heart tissue
(EHT) compared to control (AAV6-empty). (B) Increased contract-
ile force 28days after EHT preparation. (C). Force development
over time. Data are means + SD. P-values were determined by two-
tailed unpaired Student’s t-test or one-way with Bonferroni
correction.

cardiac hypertrophy, we identified that in the absence of H19, PRC2
binds and hyper-methylates the anti-hypertrophic Tesc locus.
Tescalcin is a known negative regulator of NFAT. Accordingly, our
data show that loss of H19 leads to repression of Tesc in vitro and
in vivo, which in turn increases NFATc3 levels and activity on its
hypertrophy-related target genes Nppb and Mcip1.4. In contrast,
increased NFAT signalling by hypertrophic stimuli in vitro (P+1) and
in vivo (TAC) was abrogated in cells or cardiac tissue overexpressing
H19 which further corroborates the suggested H19-PRC2-Tesc axis
to suppress hypertrophic signalling (Take home figure). Importantly,
we did not find any evidence for the previously described anti-
hypertrophic effect of miR-675, which is encoded within the H19
locus.”® MiR-675 and its postulated downstream target Camk2d re-
main unaffected in the development of pressure overload-induced
cardiac hypertrophy. Neither repression nor overexpression of H19
has an influence on the expression levels of Camk2d, reinforcing that
the anti-hypertrophic effects described here are H19-specific and in-
dependent of miR-675. A possible explanation is the early time point
(2 weeks post-TAC) which was analysed by Lantao and co-workers.
In line, Camk2d levels increase early after TAC, peak at Day 4, and
start to decrease as early as 7 days post-TAC surgery.>> Moreover,
in vivo inhibition of miR-675 by miRNA inhibitors, which exacerbated
cardiac hypertrophy,'® is not cell-type specific. This is in marked con-
trast to our cardiomyocyte-specific, therapeutic approach to prevent
or reverse left ventricular heart failure, which seems to be independ-
ent of miR-675. With regards to H19 manipulation, cell-type specifi-
city is extremely important since H19 also fulfils an important role in
the vasculature. For example, while H19 is beneficial for endothelial
cell function in a hind limb ischaemia model,** it drives the progres-
sion of abdominal aortic aneurysm via smooth muscle cell-specific
functions.>* Importantly, and in support of our findings, in both stud-
ies H19 functions independently of miR-675.

H19 gene therapy attenuates cardiac
hypertrophy

Importantly, our in vitro rescue experiments indicated that exogenous
H19 expression results in restored or gain of function. While this is

Cardiac Hypertrophy

Cytoplasm |Nucleus

H19 Therapy
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Caleineurin ™
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Take home figure H19 gene therapy blocks PRC2-mediated methylation of the Tescalcin promoter and disrupts NFAT signaling which subse-

quently prevents and reverses cardiac hypertrophy-mediated heart failure.
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prerequisite for therapeutic approaches in vivo, ectopic overexpres-
sion of the IncRNA transcript does not necessarily replace the en-
dogenous function for reasons that are not fully understood to date.
Based on the in vitro data, we designed AAV9 vectors for in vivo
cardiomyocyte-specific H19 therapy, which significantly attenuated
cardiac hypertrophy after TAC on the pathological and functional
level. Importantly, in our therapeutic approach the viral particles
were administered 4 weeks post-TAC when hypertrophy was al-
ready developed, and heart function declined. To further stress the
translational perspective, we also performed gene therapy using the
human H19 gene. Comparison of echocardiography assessment at
this time point and at the experimental endpoint indicates that both
murine and human H19 delivery is sufficient to stall the progression
of hypertrophy. These results demonstrate that viral-based gene
therapy may indeed be a therapeutic strategy to target IncRNA re-
constitution to the heart, and specifically hypertrophic cardiomyo-
cytes. However, based on our results further studies with longer
post-TAC periods and more frequent echocardiography assessments
are warranted. In contrast to inhibitory strategies, targeted delivery
of IncRNAs is technically more challenging and this branch is less
advanced. Thus, further research is needed to gain deeper insights
into the potentially broad functional involvement of IncRNAs in car-
diac homeostasis and disease as well as into their therapeutic exploit-
ation. With regards to H19, future studies should also address the
cell type-specific and potentially distinct roles in endothelial cells and
cardiac fibroblasts.

LncRNA H19 as a translational

therapeutic target

Although often locus conserved, IncRNAs generally show a poor de-
gree of sequence conservation even among closely related species,
which raised the question about the translation of results from pre-
clinical models to humans. However, H19 is remarkably well con-
served among higher vertebrates and we found H19 consistently
down-regulated in murine and human cardiomyocytes after the
hypertrophic stimulus, in hEHTs exposed to afterload enhancement,
as well in vivo in diverse human diseased heart tissues, and in hyper-
trophic murine and pig hearts. Thus, these data are encouraging and
further testing of an H19 therapy in large animals is justified. With re-
gard to H19 expression in human heart tissue it should be noted that,
due to differences in mean age between diseased and healthy hearts,
lower levels of H19 may be partially attributed to an age-related re-
duction. Nevertheless, consistent repression of H19 in age-matched
hypertrophic pig hearts and hEHTs clearly identify hypertrophy as
the driving force for H19 repression.

H19 has also been termed as oncofetal IncRNA owing to its ele-
vated expression in the embryo and in different human tumours.
Cautions with regards to enforced H19 overexpression is therefore
warranted."" It remains unclear to date whether H19 alone can drive
tumour initiation. Our H19 gene therapy approach used cardiotropic
AAV9 particles in combination with the cardiomyocyte-specific
c¢TNT promoter to restrict H19 expression to cardiomyocytes. After
a maximum of 6 weeks of enforced H19 expression, we did not ob-
serve any signs of increased cancer formation or any abnormalities in
the histopathological analysis of liver and kidney tissue (the most
probable off-target sites of the gene therapy). In addition, toxicological

assessments of plasma markers in mice showed no adverse effects.
Nevertheless, further Tox studies in additional animal species (e.g. rat
and pig) are required to complete preclinical development.

In summary, our data highlight H19 as an anti-hypertrophic
IncRNA, which through genetic restoration attenuated cardiac
hypertrophy in mice. H19 is highly conserved and dysregulated in
hypertrophic hearts of pigs and humans. Thus, our study paves the
way for further pre-clinical and clinical development of H19 therapies
for the treatment of pathological cardiac hypertrophy.
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