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Aims Myocardial fibrosis is associated with profound changes in ventricular architecture and geometry, resulting in diminished
cardiac function. There is currently no information on the role of the delta-like homologue 1 (Dlk1) in the regulation of
the fibrotic response. Here, we investigated whether Dlk1 is involved in cardiac fibroblast-to-myofibroblast differenti-
ation and regulates myocardial fibrosis and explored the molecular mechanism underpinning its effects in this process.

Methods Using Dlk1-knockout mice and adenoviral gene delivery, we demonstrate that overexpression of DIk1 in cardio-

and results fibroblasts resulted in inhibition of fibroblast proliferation and differentiation into myofibroblasts. This process is medi-
ated by TGF-B1 signalling, since isolated fibroblasts lacking Dlk1 exhibited a higher activation of the TGF-f1/Smad-3
pathway at baseline, leading to an earlier acquisition of a myofibroblast phenotype. Likewise, DIk 1-null mice displayed
increased TGF-f31/Smad3 cardiac activity, resulting in infiltration/accumulation of myofibroblasts, induction and depos-
ition of extra-domain A-fibronectin isoform and collagen, and activation of pro-fibrotic markers. Furthermore, these
profibrotic events were associated with disrupted myofibril integrity, myocyte hypertrophy, and cardiac dysfunction.
Interestingly, DIk expression was down-regulated in ischaemic human and porcine heart tissues. Mechanistically, miR-
370 mediated Dlk1’s regulation of cardiac fibroblast-myofibroblast differentiation by directly targeting TGFf-R2/Smad-
3 signalling, while the DIk canonical target, Notch pathway, does not seem to play a role in this process.

Conclusion These findings are the first to demonstrate an inhibitory role of Dlk1 of cardiac fibroblast-to-myofibroblast differ-
entiation by interfering with TGFf/Smad-3 signalling in the myocardium. Given the deleterious effects of continuous
activation of this pathway, we propose DIk as a new potential candidate for therapy in cases where aberrant
TGFP signalling leads to chronic fibrosis.

Keywords Cardiac fibrosis ¢ Fibroblast-myofibroblast transdifferentiation e Dlk1 e miR-370 e TGF-p signalling
Tr.anslational perspective ventricular remodelling occurs, and prior to heart failure progression.
. However, the molecular factors that control progression of the
Myocardial fibrosis is a major determinant of clinical outcomes in pa- fibrotic response are still unclear. In this regard, delta-like
tients with heart failure. In fact, accumulating experimental and clinical  : homologue-1 (DIkT) is demonstrated to negatively regulate cardiac
evidences suggest that emergence of myoﬁbrob[asts and ear[y activa- ﬁbroblast-to-myoﬁbroblast differentiation and control myocardial
tion of pro-fibrotic signalling pathways occur before adverse : fibrosis. These novel anti-fibrogenic properties of Dk epitomize a
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potential intervention strategy in cases where aberrant signalling
leads to chronic cardiac fibrosis.

Introduction

Cardiac fibrosis, characterized by excess deposition of extracellular
matrix (ECM) and myofibroblast accumulation, is an integral feature
of the remodelling of the failing heart."* Cardiac fibroblasts, accur-
ately estimated to comprise <20% of the total cell population in the
adult murine heart,? play a critical role in the repair and remodelling
of the heart that occurs following myocardial infarction (M) because
of their exceptional plasticity to undergo conversions into myofibro-
blasts. Myofibroblasts, typically not present in the healthy heart, are
highly specialized cells that regulate ECM turnover and remodel tis-
sue due to their contractile capacity. Following an infarction insult,
myofibroblasts initially promote the formation of a protective fibrotic
scar that prevents wall rupture; however, their persistent presence in
the heart can lead to chronic cardiac fibrosis and subsequent dysfunc-
tion.> Secreted TGF-P1 and activation of Smad-dependent canonical
pathway upon injury is the main inducer of ECM production and
fibroblast-to-myofibroblast conversion.* Current overwhelming evi-
dence indicates that activation of the Smad2/3 cascade, more specific-
ally Smad-3, is essential for the development of cardiac fibrosis; as
such, TGF-B1/Smad-3 signalling is activated in the border zone of
healing infarcts leading to fibrotic remodelling of the infarcted
ventricle.*®

Delta-like homologue 1 (DIk?) is a paternally imprinted gene that
encodes a transmembrane protein belonging to the epidermal
growth factor (EGF)-like family, which includes Notch receptors and
their ligands.® Delta-like homologue 1 is alternatively spliced, with
transcripts encoding a large, soluble secreted isoform containing a tu-
mour necrosis factor converting enzyme (TACE) cleavage site, and
membrane-bound isoform lacking the protease cleavage region.”
Delta-like homologue 1 has been shown to play a critical role in con-
trolling cell differentiation processes including adipogenesis, muscular
and neuronal differentiation, bone differentiation, and haematopoie-
sis throughout embryonic and adulthood.®” Intriguingly, several stud-
ies have documented different biological roles for DIk variants; for
instance soluble DIk1 inhibits adipocyte differentiation,’® whereas
membrane-bound Dlk1 regulates neural stem cell number via a
mechanism that requires soluble DIk1."!

Currently there is no information on the role of Dlk1 in the heart.
In the present study, we found that DIk1 is a critical determinant of
fibroblast-to-myofibroblast differentiation as deletion of DIk leads to
down-regulation of miR-370 and increased TGFf/Smad3 pro-fibrotic
activity, resulting in myofibroblast infiltration, increased ECM depos-
ition and cardiac dysfunction. Restoration of DIk 1 or miR-370 expres-
sion suppressed TGFfB/Smad-3 activation. To our knowledge, these
findings are the first to demonstrate an inhibitory role of Dk in the
process of cardiac fibroblast-to-myofibroblast conversion by interfer-
ing with TGFB/Smad-3 signalling in the myocardium.

Methods

An extended methods section is provided in Supplementary material
online.

Animals and echocardiography
The Mount Sinai Institutional Animal Care and Use Committees
approved handling of animals in accordance with the ‘Principles of
Laboratory Animal Care by the National Society for Medical research
and the Guide for the Care and Use of Laboratory Animals’ (NIH
Publication No. 86-23, revised 1996).

Homozygous male Dik1~'~ mice (mix background Sv}129xC57BL/6)° and
wild types were anesthetized with intraperitoneal ketamine (100 pg/g) for
echocardiographic analysis at 7, 13, and 19 weeks of age using GE Vivid 7.

Isolation of mouse cardiac myocytes, cardiac
fibroblasts, adenoviral infection, and
microRNA mimics and anti-miRs

transfection

Cardiomyocytes and fibroblasts were enzymatically isolated from wild-
type and Dlk1”" mice hearts and processed as detailed in the extended
methods section in Supplementary material online.

Cell proliferation assays

Cardiac fibroblasts were seeded in a 96 multi-well plate at a density of
2000 cells/well. Incorporation of BrdU was assessed at 16, 20, and 24h
following manufactures’ instructions (Roche). Cell proliferation was
assayed in the presence of 10% FBS.

Results

Cardiac myocytes and fibroblasts express

different delta-like homologue 1 isoforms
We first evaluated the DIk1 expression pattern in the heart. We
found that isolated cardiac fibroblasts and cardiomyocytes express
different Dlk1 isoforms with fibroblasts displaying higher expression
levels. Using primers designed to amplify the protease encoding site-
only present in soluble/cleaved-producing DlkT mRNA isoforms-and
primers designed against exons 4 and 5 of DIk to detect all variants,
we identified membrane-bound encoding DIk variants as the most
abundant in cardiomyocytes (Figure 1A), whereas fibroblasts ex-
pressed the larger DIk mRNA variant, encoding for a secreted pro-
tein as the predominant isoform (Figure 1B). Supporting these results,
an antibody against Dlk1 identified all isoforms based on their differ-
ent molecular weights (Figure 1C).

Lack of delta-like homologue 1 promotes
fibroblast to myofibroblast

differentiation in vitro

Since DIk1 plays a critical role in the differentiation of various cell
types,®” we hypothesized that Dik1 will be implicated in the process
of cardiac fibroblast-to-myofibroblast conversion, a crucial mechan-
ism during the remodelling of the heart after MI. Previous reports
have shown that cardio-fibroblasts spontaneously differentiate into
myofibroblasts under standard culture conditions'”; therefore, we
performed our studies with no-passage fibroblasts maintained in 1%
serum. Using these conditions, the fibroblastic phenotype was re-
tained, as indicated by the low presence of stress fibres and low ex-
pression of a-smooth muscle actin (aSMA) and non-muscle myosin
heavy chain (Smemb), along with the maintenance of the elongated
shape characteristic of fibroblasts (Figure 1D, E). Indeed, we found
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Figure | Cardiac cells express different delta-like homologue 1 (Dlk1) isoforms with delta-like homologue 1 expression decreasing in fibroblasts
differentiating into myofibroblasts. Real time RT-PCR of total delta-like homologue 1 isoform (A) and delta-like homologue 1 soluble/cleaved (B)
encoding mRNA variants from cardiac myocytes (CM) and fibroblasts (CF). (C) Representative western blot of delta-like homologue 1 reveals bands
of different molecular weights corresponding to delta-like homologue 1 isoforms in cardiac myocytes and fibroblasts. GAPDH is a loading control.
(D) Representative images of mouse cardiac fibroblasts maintained in 1% or 10% serum showing the effect on morphology and stress fibre expression
(F-actin, red). (E) Western blot for a-smooth muscle actin, Smemb and delta-like homologue 1; GAPDH is a loading control. Graphs represent
delta-like homologue 1 mRNA expression and protein densitometric analysis of delta-like homologue 1. (F) Representative images from non-treated
(Cont) and treated (TGF-B1) fibroblasts cultured without serum. Top panel displays the change of fibroblast morphology after 24 h with TGF-$1.
Middle (a-smooth muscle actin, green) and lower (merged) panels show an enhanced a-smooth muscle actin expression in TGF-f31-treated fibro-
blasts. (G) gRT-PCR of a-smooth muscle actin, fibronectin, collagen 1, connective tissue growth factor (CTGF), and delta-like homologue 1 in non-

treated and TGF-f31-treated fibroblasts. Scale bars: 40 um.

that DIkT expression significantly decreased when fibroblasts,
exposed to 10% serum, differentiate into myofibroblasts, identified as
large cells expressing stress fibres and aSMA (Figure 1D, E). TGF-1is
a potent inducer of ECM production and fibroblast-to-myofibroblast
differentiation. We therefore treated fibroblasts with TGF-f31 for 24-
h and, as expected, we observed a drastic change in cell morphology
and up-regulation of aSMA, collagen-1a, fibronectin, and connective
tissue growth factor (CTGF), all major markers of myofibroblasts
(Figure 1F, G). Similarly, TGF-p1-treated fibroblasts (i.e. myofibro-
blasts) showed a significant down-regulation of DIk expression com-
pared to non-treated fibroblasts (Figure 1G).

To further confirm Dlk1 with  fibroblast-to-
myofibroblast conversion, we used cardiac fibroblasts isolated from

association

Dlk1-knockout mice. Delta-like homologue 1-deficient fibroblasts ex-
hibited an early increase in cell size, appearance of stress fibres and
increased oSMA expression compared to wild-type fibroblasts, even
under low serum conditions (Figure 2A). Of notice, we observed sig-
nificant traces of aSMA that have been incorporated into the stress
fibres in Dlk1-deficient fibroblasts, indicating that these cells were al-
On the contrary, wild-type
fibroblasts still display a more elongated phenotype, reduced aSMA

ready differentiated into myofibroblasts."?

expression and absence of stress fibres (Figure 2A). Furthermore, in
the presence of 10% serum, Dlk-null fibroblasts displayed a remark-
able further increase in cell size, a well-organized polymerized actin
cytoskeleton (Figure 2B), and lower proliferative capacity (Figure 2C),

all features of fully differentiated myofibroblasts."* Taken together,
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Figure 2 Lack of delta-like homologue 1 promotes fibroblast-to-myofibroblast conversion in cardiac fibroblasts. (A) Representative images exhibit-
ing elongated wild-type fibroblasts vs. large, polygonal-shaped delta-like homologue 1-null fibroblasts cultured in the presence of 1% serum (left panel).
Immunostaining of a-smooth muscle actin (middle panels, green) and F-actin (right panels, red) in wild-type and delta-like homologue 1-null fibroblasts
with a-smooth muscle actin staining quantification (right panel; n=5 different staining with 10-25 cells/field). Arrows point to co-localization of
a-smooth muscle actin and stress fibres. (B) Images from wild-type and delta-like homologue 1-null fibroblasts cultured in the presence of 10% serum
with fibroblasts lacking delta-like homologue 1 appearing large with a better organized actin cytoskeleton. Right panel shows cells at higher magnifica-
tion with size quantification (n = 16 different fields with 5-10 cells/field. (C) Cell proliferation analysis assessed by incorporation of BrdU at 16, 20, and
24 h from wild-type and delta-like homologue 1-null fibroblasts. Scale bars: (A) 40 um; (B) 40 pm (left images), 25 pm (right images).

these data indicate that the absence of DIk T induces profound changes
in fibroblasts related to the acquisition of an early myofibroblast
phenotype in vitro.

To determine whether activated fibroblasts expressing Dlk1
required down-regulation of DIlk1 expression to differentiate into
myofibroblasts, we overexpressed Dk 1 in fibroblasts using an adeno-
virus encoding the large soluble DIk isoform (Ad.Dlk1). As shown in
Supplementary material online, Figure STA, non-infected and Ad.GFP-
infected fibroblasts spontaneously differentiated into myofibroblasts
in the presence of 10% serum, as indicated by the polygonal shape of
the cells and expression of aSMA and Smemb. However, Ad.Dlk1-
infected fibroblasts retained a more elongated phenotype and
reduced aSMA and Smemb expression, suggesting that DIk1 expres-
sion partially prevented differentiation into myofibroblasts under
these conditions in vitro. Moreover, isolated Dlk1-null fibroblasts al-
most immediately differentiated to myofibroblasts (within 1-2 days),
and thus they become insensitive to the overexpression of Ad.Dlk1

(Supplementary material online, Figure S1B). This observation is in
agreement with a previous report claiming that fully differentiated
myofibroblasts have reached an irreversible steady-state insensitive
to changes in external factors.?

TGF-31 signalling is enhanced in delta-
like homologue 1-null fibroblasts in vitro
To obtain insight on how Dlk1 stimulates fibroblast-to-
myofibroblast differentiation, we examined the effect of DIk dele-
tion on TGF-B1-induced myofibroblast phenotype. TGF-B1
increased myofibroblasts cell size (Figure 3A) and enhanced the ex-
pression of aSMA, lysyl oxidase (LOX), CTGF, and tissue inhibitor
of metalloproteinase-1 (TIMP-1) in fibroblasts lacking DlkT com-
pared to wild-type cells (Figure 3B). Interestingly, even non-TGF-
B1-treated Dlk1-null cells displayed higher expression of aSMA,
LOX, and TIMP-1 compared to non-treated wild-type fibroblasts
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Figure 3 Deletion of delta-like homologue 1 leads to activation of TGF-B1 signalling. (A) Representative images of wild-type and delta-like homologue
1-null fibroblasts + TGF-B1 for 24 h (10 ng/mL). Scale bars: 40 um. (B) gRT-PCR for TIMP-1, a-smooth muscle actin, connective tissue growth factor,
and lysyl oxidase from wild-type and delta-like homologue 1-null fibroblasts + TGF-B1 (upper panel) with representative western blots of a-smooth
muscle actin and lysyl oxidase (lower panel). The numbers indicate o-smooth muscle actin and lysyl oxidase densitometric analyses normalized to tubulin
and GAPDH loading, respectively. (C) Western blot analysis of phosphorylated Smad-3 in wild-type and delta-like homologue 1-null fibroblasts £+ TGF-
B1 for 30 and 90 min. Time O shows basal levels of phospho-Smad3. Graph represents the ratio of phospho-Smad3/total Smad3 at 0, 30, and 90 min.

(Figure 3B), suggesting increased basal level of active TGF-B1 sig-
nalling in DIk7-null fibroblasts. Since TGF-B1 pro-fibrotic effects
are largely attributed to Smad3-mediated signalling, we deter-
mined TGF-B1 activation of Smad3 phosphorylation. Interestingly,
whereas phosphorylation in wild-type cells reached its maximal
level by 30 min following TGF-B1 stimulation, Smad3 in DIk 7-null
fibroblasts was further phosphorylated and reached a significantly
higher level compared to wild-type cells after 90 min of TGF-p1
incubation (Figure 3C). Taken together, these data suggest that
Dlk1 negatively regulates the TGF-31/Smad3 pathway.

Delta-like homologue 1-null mice exhibit
hyperactivation of the TGF-1/Smad3
pathway and extra-domain A-fibronectin
splicing in vivo

We then investigated if DIk deficiency also promotes fibroblast-to-
myofibroblast differentiation in vivo. As shown in Figure 4A, TGF-p1
activation, reflected by Smad3 phosphorylation, was enhanced in car-
diac tissues from Dlk7-null mice compared to wild types.

Furthermore, confocal immunohistochemistry revealed the presence
of phospho-Smad3 nuclear localization (i.e. activation) in myocytes
(white arrows) and fibroblasts (yellow arrows) from mice lacking
Dlk1 (Figure 4A). TGF-B1 is a potent inducer of fibronectin extra-
domain A (EDA-FN) splicing, a necessary ECM mediator of TGF-$31
promotion of fibroblast differentiation."*"* Accordingly, immunoblot
analysis of DlkT-null cardiac lysates showed a remarkable up-
regulation of EDA-FN expression compared to wild-type lysates
(Figure 4B). Intriguingly, confocal images of ventricular tissue demon-
strated deposition of EDA-FN around cardiomyocytes in mice lack-
ing Dlk1, whereas no EDA-FN was found in wild types (Figure 4B).
Moreover, co-immunostaining with aSMA antibody to localize myofi-
broblasts, revealed the presence of myofibroblasts within an EDA-
FN-rich extracellular network (Figure 4B, lower right panel).
Supporting these results, expression of mTOR and SF2, upstream
molecules involved in EDA-FN splicing* (Figure 4C), and expression
of aSMA (Figure 4D) are enhanced in DIk7-null mice. Altogether,
these findings point to an important role of Dik1 in the process of
fibroblast differentiation in vitro and in vivo by interfering with TGF-$1
signalling.
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Figure 4 Deletion of delta-like homologue 1 (Dlk1) promotes TGF-1/Smad3 activation and induction of extra-domain A-fibronectin in mice. (A)
(upper panel) Phosphorylated Smad-3 immunostaining (green) in wild-type and delta-like homologue 1-null myocardium. WGA (magenta) stains
membrane/extracellular matrix. White arrows indicate cardiomyocyte Smad-3 activation. Yellow arrows point to non-myocyte (i.e. fibroblast)
Smad-3 activation. Representative western blots and ratio quantification of phosphorylated Smad-3/total Smad-3 in heart lysates (lower panel). (B)
Extra-domain A-fibronectin immunostaining (red) in wild-type and delta-like homologue 1-null cardiac tissues. Double immunostaining for extra-
domain A (red) and a-smooth muscle actin (green) identified a group of a-smooth muscle actin-positive cells (i.e. myofibroblasts) embedded in an
extra-domain A-rich extracellular matrix (lower panel, right image). (C) Western blots and ratio quantification of extra-domain A fibronectin, o-
smooth muscle actin, mTOR, and SF2 from wild-type and delta-like homologue 1-null hearts. Calsequestrin, actin, and Ponceau Red are loading
controls. (D) gRT-PCR showing up-regulation of a-smooth muscle actin mRNA in delta-like homologue 1-null hearts. Scale bars: (A) 20 um; (B)
40 um (left panel), 20 um (right panel). gRT-PCR, quantitative real time polymerase chain reaction; GAPDH, Glyceraldehyde 3-phosphate dehydro-
genase; TGF, Transforming growth factor; WGA, Wheat germ agglutinin; MMP9, Matrix metallopeptidase 9.

Delta-like homologue 1 deletion
promotes collagen deposition, myocyte
hypertrophy, and impairs heart function
Excess ECM deposition leads to fibrotic disorders and, eventually,
cardiac dysfunction.”>"® We assessed left ventricular (LV) function
and dimensions in DIk T-deficient mice and age-matched wild types by
serial echocardiography at 7, 13, and 19 weeks of age. Delta-like
homologue 1-null mice demonstrated clear posterior LV wall thin-
ning and a substantial LV chamber dilatation, and exhibited signifi-
cantly reduced contractility compared to wild-type mice, as assessed
by the fractional shortening (FS$%) which, surprisingly, did not worsen
over time (Figure 5A and Table 1). Gross cardiac examination indi-
cated modest heart size increase in DIk T-null mice and post-mortem

cross-sectional areas analysis revealed increased cardiomyocyte size
(Figure 5B; Supplementary material online, Figure S2) along enhanced
foetal cardiac stress gene expression compared to wild types
(Supplementary material online, Figure $2).

Furthermore, Masson’s histological analysis showed deposition of
interstitial collagen vs. perivascular collagen, and reduced myofibrils and
disorganized cardiomyocytes in mice lacking DIk1 (Figure 5G
Supplementary material online, Figures S3 and $4). This pattern was paral-
leled by an enhancement in mRNA expression of the pro-fibrotic
markers/ECM components such as procollagen-1, CTGF, LOX, MMP-9,
and TIMP-1 in the DIk 1-null mice (Figure 5D). These data indicate that the
absence of DIk1 triggers myofibroblasts accumulation, resulting in excess
ECM deposition leading to pathological fibrosis and cardiac dysfunction.
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Figure 5 Ablation of delta-like homologue 1 leads to extracellular matrix remodelling and cardiac dysfunction. (A) Representative H&E staining of
whole hearts and raw tracings of M-mode echocardiography of 13 week-old wild-type and Dik1~/~ mice. Measurements of left ventricular fractional
shortening and left ventricular end-diastolic/systolic diameter are shown. (B) Representative epifluorescence images of left ventricular histological
sections stained with actinin (cardiomyocytes) and DAPI (nuclei). Top panel represents longitudinal section; lower panel shows cross-section. White
drawing indicates myocyte sizes. Scale bar: 20 um. (C) Representative Masson’s trichrome-stained left ventricular sections and quantification of fibro-
sis area from wild-type (WT) and DIk~ mice at 13 weeks. (D) qRT-PCR mRNA expression of the different pro-fibrotic genes indicated normalized

to 185 RNA and expressed as fold change vs. wild type.

Delta-like homologue 1 expression is
down-regulated in ischaemic human
hearts and within the scar of infarcted
pigs’ myocardium

To obtain translational potential, we determined the expression of
Dlk1 in ischaemic cardiac tissues from human patients and from pigs
subjected to Ml for 1 month. Delta-like homologue 1 mRNA (Figure
6A; upper panel) and protein (Figure 6A; lower panel) expression was
down-regulated in ischaemic tissues from human patients compared
to healthy individuals. Similarly, Dk T mRNA (Figure 6B; upper panel)
and protein (Figure 6B; lower panel) levels were decreased in the bor-
der and scar zones of infarcted pigs’ hearts compared to the remote
area or sham hearts (Figure 6B). The mRNA expression of pro-
fibrotic molecules, collagen1a, LOX and aSMA was significantly up-
regulated in the scar area (Figure 6C), confirming the phenotype seen

in porcine tissues. Interestingly, membrane-bound Dlk1 isoforms
were the predominant variants in both, healthy humans (Figure 6A)
and sham pigs (Figure 6B), since primers designed against the protease
site barely detected any soluble isoforms.

Delta-like homologue 1 regulates TGFf
signalling and cardiac fibrotic response
through activation of miR-370

We next attempted to determine the potential molecular mechan-
ism(s) underlying DIk 1’s effects on TGFp signalling and myocardial fi-
brosis. Considering that we have previously demonstrated a direct
interaction between Dlk1 and Notch1 and that Dlk 1 inhibits Notch
signalling in different cell systems,®'®"” we examined the potential
significance of Notch activity in this case. Cardiac Notch signalling

didn’t seem to be affected by the absence of Dlk1. As shown in
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Table I Left ventricular (LV) function and dimensions were measured by serial echocardiography at 7, 13, and
19 weeks in wild-type (WT) and delta-like homologue 1-null (KO) mice
7 weeks old 13 weeks old 19 weeks old
W kg 5 W kg 5 W g
n=9) (n=10) (n=9) (n=10) (n=9) (n=9)?
IVSd (mm) 0.97+0.03 091+0.14 0.3078 1.00£0.05 0.94+0.13 0.1452  1.04£0.07 0.90+0.13 0.0378
LVIDd (mm) 294+0.22 3.29+£0.37 0.0270 3.08+0.18 3.7+£042 0.0011  3.24£0.16 3.67+£0.22 0.0006
LVPWd (mm) 1.06 £0.04 1.09+0.10 0.1055 1.07 £0.04 0.96 £0.08 0.0818  1.11+£0.07 0.98+0.11 0.0244
IVSs (mm) 1.87£0.09 1.76 £0.12 0.0442 1.83+£0.09 1.73+£0.16 0.1610  1.89+£0.09 1.74£0.15 0.0328
LVIDs (mm) 1.05+£0.09 1.61+0.26 0.0071 1.07+£0.13 1.82+0.32 0.010 1.21+£0.13 1.8+0.19 0.0001
LVPWs (mm) 1.84+£0.11 1.56+0.31 0.0199 1.81+£0.31 1.53+0.07 0.0222 1.82+0.11 1.58+0.13 0.0017
FS (%) 64.25+1.40 51.21+3.98 0.0001 65.3£3.09 50.9+4.36 0.0001 62.6+2.78 51.05+3.01 0.0003
Weight (g) 22.35+1.19 2243+ 1.61 0.9104 26.7+1.32 258+1.7 05937 29.6+1.87 28.0+2.37 0.1341
Heart rate (bpm)  550.9+£29.05 543.8+43.21 0.6802 533.65+37.77 5303+3744 0.8553 531+5461 5253+3399 0.7984

FS, fractional shortening; IVSd/s, intraventricular septum thickness in diastole/systole; LVIDd/s, left ventricular end-diastolic/systolic diameter; LVPWd/s, LV posterior wall thick-

ness in diastole/systole.

?One mouse unexpectedly died in the 19 weeks group. Two-tailed P-values are reported for each group. The echocardiography data were analysed with repeated measures

ANOVA test. Data reported are mean + SD.

Supplementary material online, Figure S5A, mRNA expression levels
of Notch receptors (1—4) and their downstream transcription fac-
tors, Hes1 and hey2, were unchanged in cardiac tissue from DIk 1-null
mice compared to wild-type hearts. Furthermore, using antibodies
against the active intracellular form of Notch [Notch intracellular do-
main (NICD)], we demonstrated that protein expression of NICD1
and NICD2 is not significantly different between DIk 7-null and wild-
type hearts (Supplementary material online, Figure S5B), suggesting a
Notch-independent action of DIk 1.

TGF receptor (TGFB-R) 1 and 2 protein expression levels were
significantly elevated in DIk1™'~ mice (Figure 7A), suggesting a tran-
scriptional regulation. Our bioinformatics target prediction interroga-
tion of Dlk1-Dio3 cluster-containing microRNAs that regulate
TGFB-R signalling identified miR-370 as a strong candidate that tar-
gets TGFB-R2. The mRNA sequence of Tgfb-R2 is predicted to con-
tain a conserved ‘seed” sequence complimentary to miR-370 in the
3’-untranslated region, which is conserved between rodents, human
and pig (Figure 7B). Evaluation of miR-370 expression in cardiac myo-
cytes from Dik1~'~ mice shows a significant down-regulation of miR-
370 compared to wild types (Figure 7C). Isolated cardio-fibroblasts
also expressed miR-370 but to a much lesser extent compared to
cardiomyocytes (Figure 7C). Interestingly, miR-370 was also
decreased in human ischaemic/fibrotic hearts and within the scar of
infarcted pig myocardium (Figure 7C), paralleling the expression of
Dlk1 in these tissues (Figure 6A, B). We next examined if DIk regu-
lates the expression of miR-370. Transfection of cardiomyocytes
from DIk1™'~ or wild-type hearts with Ad.DIk! virus showed
increased expression of miR-370 compared to control transfection
(Figure 7D), suggesting that DIk mediates the expression of miR-370
in cardiomyocytes.

To further characterize the function of miR-370 in TGFp signalling,
we examined the effects of miR-370 on myofibroblast differentiation
molecular program. The expression levels of TGFB-R2, aSMA,
CTGF, and LOX were all significantly reduced in fibroblasts isolated
from DIk1™"~ or wild-type hearts treated with miR-370 mimics

compared to fibroblasts treated with either control miR (miR-Cont)
or miR-370 inhibitor (AntimiR-370) (Figure 7E). Furthermore, miR-
370 mimics also attenuated the increase in Smad3 phosphorylation
induced by the absence of DIkT in cardio-fibroblasts (Figure 7F).
Interestingly, inhibition of miR-370 with AntimiR-370 in cardiac fibro-
blasts stimulated with 10% serum or TGF-B1 produced a myofibro-
blast phenotype very similar to DIk1~'~ fibroblasts (Supplementary
material online, Figure S6). Altogether, these data provide strong evi-
dence that DIk controls the fibrotic response through the regulation
of the miR-370/TGFB-R2 axis, highlighting new opportunities to tar-
get cardiac fibrosis.

Discussion

Increasing evidence has demonstrated a role for Dik1 in inhibiting dif-
ferentiation of many cells, including adipocyte,” osteoblasts,'® chon-
drocytes,'” haematopoietic,”® and neuronal cells."" In line with this
rationale, we asked whether DIk may also be involved in cardiac
fibroblast-to-myofibroblast differentiation, a process initiated after Ml
and is critical for the remodelling of the injured heart.** Herein, we
report for the first time that cardiac myocytes and fibroblasts express
different DIk isoforms and its absence in fibroblasts accelerates the
process of differentiation into myofibroblasts. We demonstrate that
Dlk1-null mice myocardium exhibited activation of the pro-fibrotic
TGF-B1/Smad3 pathway and induction of the ECM EDA fibronectin
variant, resulting in infiltration/accumulation of myofibroblasts and
the formation of fibrotic areas. This is interesting as TGF-f1 expres-
sion upsurges in myocardium in experimental and human heart dis-
eases.”’ Specifically, activation of TGF-B1/Smad3 signalling in the
infarct border is critical in the pathogenesis of fibrotic cardiac remod-
elling, contributing to cardiac dysfunction.* We also show that mouse
cardiomyocytes lacking DIk 1 display abnormalities in the number and
arrangement of myofibrils, and overall reduction in cardiac perform-
ance and function. Additionally, our data demonstrate that DIk1
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Figure 6 Delta-like homologue 1 is down-regulated in human ischaemic/fibrotic hearts and within the scar of infarcted pigs’ myocardium. (A) gRT-
PCR of total delta-like homologue 1 and soluble/cleaved-encoding delta-like homologue 1 MRNA variants from healthy and ischaemic human cardiac
(upper panel), and representative western blot of DLK1 in ischaemic patients (lower panel). (B) qRT-PCR of total delta-like homologue 1 and sol-
uble/cleaved-encoding delta-like homologue 1 mRNA variants from sham pigs and from the remote, border and scar tissues of infarcted pigs” hearts
(upper panel) and western blot of delta-like homologue 1 in pigs’ scar lysates (lower panel). Commassie-blue staining is a loading control in A and B.
(©) gRT-PCR mRNA quantification of collagen-1a, lysyl oxidase and o-smooth muscle actin.

expression in cardiac tissue from human ischaemic patients was sig-
nificantly down-regulated compared to healthy donors, and in tissues
from the border and scar areas in a porcine model of MI. Again, these
observations reinforce our hypothesis that DIk may be required to
prevent cardiac tissue demise and cardiac performance decline.
Ischaemic stress activates cardiac fibroblasts, normally quiescent in
healthy hearts,”® and induces their migration (to the injured area),
proliferation, and differentiation into myofibroblasts,* resulting in
profound alterations in the composition of the ECM. Myofibroblasts,
morphologically and functionally different from fibroblasts, are char-
acterized by the presence of a contractile apparatus that contains
aSMA,™® and are the main source of ECM proteins in the infarcted
and remodelling heart; their appearance is a hallmark of the cardiac fi-
brotic response.z‘15 The most important factors that mediate fibro-
blast differentiation are: (i) TGF-f1, which induces aSMA expression
in fibroblasts through activation of Smad3® and (ii) alterations in the

mechanical properties and composition of ECM, such as de novo ex-
pression of EDA-FN.™*? Our results highlight a new candidate, DIk,
as a primary regulator of fibroblast-to-myofibroblast conversion. We
found that isolated, therefore activated, cardiac fibroblasts express
mostly soluble DIk1, but its expression was significantly down-regu-
lated when they differentiate to myofibroblasts. Furthermore, iso-
lated fibroblasts from Dlk1-null mice displayed a marked acceleration
in the process of fibroblasts conversion. These data are consistent
with our finding of accumulated myofibroblasts in the myocardium of
mice lacking DIk1. The fact that myofibroblasts are absent from
healthy heart prompted us to examine the TGF-B/Smad3 pathway.
Our data revealed higher Smad3 phosphorylation not only in fibro-
blasts/myofibroblasts, but also in cardiomyocytes from mice lacking
Dlk1. These findings suggest that DIk 1 acts as an inhibitor of TGF-f1
signalling; indeed, isolated DIk 1-null fibroblasts exhibited an enhanced
expression of TGF-fB1-induced pro-fibrotic genes in both basal
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Figure 7 Delta-like homologue 1 activates miR-370 and inhibits TGF-f1/Smad3 signaling. (A) Representative western blot analysis and densitom-
etry quantification of TGFB-R1 and 2 in wild-type and delta-like homologue 1-null hearts; Tubulin is a loading control. (B) Bioinformatics analysis
identified TGFB-R2 as putative target gene of miR-370. (C) gRT-PCR quantification of miR-370 in cardiac fibroblasts (CF) and cardiomyocytes (CM)
isolated from wild-type and delta-like homologue 1-null mice, in healthy human and ischaemic patients, and in scar area in pigs vs. sham hearts. (D)
gRT-PCR quantification of miR-370 following Ad.DIk1 infection of cardiomyocytes (MOI100) from wild-type and delta-like homologue 1-null mice.
(E) qRT-PCR quantification of TGFB-R2, a-smooth muscle actin, connective tissue growth factor, and lysyl oxidase in fibroblasts isolated from
Dik1~"~ or wild-type hearts treated with control miR (miR-Ctrl), miR-370 mimics (miR-370), control AntimiR (AntimiR-Ctrl), or miR-370 inhibitor/
antimiR (AntimiR-370). 10% FBS is a positive control. Multiple comparisons were performed by analysis of variance (ANOVA) with post hoc
Bonferroni’s test. (F) Western blot analysis and quantification of Smad3 phosphorylation (normalized to total Smad3) in wild-type and delta-like

homologue 1-null fibroblasts £ miR-370 mimics.

condition and following TGF-1 treatment. Furthermore, TGF-f31
stimulation of Smad3 phosphorylation was further increased in fibro-
blasts lacking Dlk1. Our results showing that gene transfer of Dlk1
prevents fibroblast-to-myofibroblast differentiation support the hy-
pothesis that Dlk1 is a negative mediator of this process. However,
fibroblasts lacking Dk T were somewhat less responsive to Dlk1 over-
expression. This discrepancy may be due to a remarkable acceler-
ation in reaching a steady-state of fully differentiated myofibroblasts
that makes them insensitive to changes to external factors.'
Additionally, mice lacking Dlk1 had high deposition of EDA-FN sur-
rounding myocytes, and indeed, myofibroblasts were found
embedded in this ECM. It is known that TGF-B1 increases total fibro-
nectin by promoting accumulation of the EDA variant,”* and the
presence of EDA TGF-p1 induce fibroblast

allows to

differentiation.’® These reports clearly support our hypothesis that
Dlk1 interferes with the TGF-B1 pathway. This is an important finding
because EDA fibronectin-deficient mice exhibited less fibrosis and
better heart function after MI.2* Therefore, our findings strongly
argue for a critical role for Dlk1 in maintaining an adequate ‘under-
control’ TGF-B1 signalling in the heart, since its absence results in a
phenotype clearly characterized by a hyperactive TGF-B1, with accu-
mulation of myofibroblasts, excessive EDA variant deposition, dilated
LV dimensions, and reduced myofibril integrity and organization, col-
lectively leading to cardiac dysfunction.

To gain molecular mechanistic insight regarding Dlk1’s effects on
TGFB signalling>® we examined the activation of the Notch pathway
since recent findings show that augmented Notch activity enhances
TGFB signalling. In addition, we have previously demonstrated a
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Take home figure In normal heart, DIk1 expression is high in cardiomyocytes (CM) leading to increased secretion of miR-370 likely via exo-
somes. miR-370 acts on cardiac fibroblasts (CF) to block TGFp signalling and transdifferentiation of myofibroblasts (MyFB) and fibrosis. However,
under stress condition (i.e. myocardial infarction), DIk1 expression is suppressed leading to downregulation of miR-370, stimulation of TGFf signal-

ling, and activation of myFB and induction of fibrosis and heart failure.

direct interaction between Dlk1 and Notch1 and that Dlk1 inhibits
Notch signalling in different cell systems.*'®"” However, to our sur-
prise, cardiac Notch signalling does not seem to be affected by the
absence of Dlk1. This may partially be explained by the fact that
Notch signalling is tightly regulated and is extremely age- and cell-
context dependent, and/or the time window at which we examined
Notch activity is characterized by a limited interaction between DIk
and Notch complexes. It is also possible that, unlike other cells types,
in the adult heart Notch signalling is essential for normal cardiac func-
tion and response to injury. Notch inhibition accelerates fibroblast-
to-myofibroblast transformation®® and leads to cardiac hypertrophy,
apoptosis and development of fibrosis®’; therefore, Dk 1’s inhibition
of Notch in this case may not be beneficial for the maintenance of
functional and structural integrity of the myocardium. This observa-
tion and the finding that enhanced TGF signalling stimulated by
increased TGFp receptor (TGFB-R) 1 and 2 expression levels in
Dlk1-knockout mice prompted us to explore potential transcrip-
tional regulation mediated by microRNAs, given the key roles these
molecules play in cardiac function and fibrosis.”® We focused our
search on microRNAs that target TGFf receptors and are at the
same time expressed within the mammalian DIk1-Dio3 genomic im-
printed region. We reasoned that the DIk? cluster and the
microRNAs it hosts may share a common regulatory program. miR-
370 was identified as a strong candidate since (i) its expression pat-
tern dovetails with that of Dlk1, (ii) Dlk1 appears to modulate the

expression of miR-370, (i) miR-370 directly targets TGFB-R2, and
(iv) miR-370 attenuated the myofibroblast differentiation molecular
signature while its inhibition accelerated it, providing evidence that
Dlk1 controls the fibrotic response through the regulation of the
miR-370/TGFB-R2 axis. How miR-370 expression varies depending
on the fibroblast differentiation stages, whether miR-370 is primarily
secreted by cardiomyocytes via exosomes and acts on fibroblasts in a
paracrine manner, and what is the role of miR-370 in the mainten-
ance of cardiac function and structure integrity are focus questions of
other ongoing investigations.

In summary, we have identified a novel role for Dlk1 in regulating
the process of cardiac fibroblast-to-myofibroblast differentiation.
Delta-like homologue 1 exerts these effects via activation of miR-370
leading to inhibition of TGF-f1/Smad3 signalling pathway. Given the
deleterious effects of continuous activation of this pathway, we pro-
pose Dlk1 as a new potential candidate for therapy in cases where ab-
errant TGF-B1 signalling leads to chronic fibrosis.

Supplementary material

Supplementary material is available at European Heart Journal online.
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