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Abstract

Background: Substantial progress has been recently achieved that direct lineage reprogramming induced by
small molecule compounds was possible either in vitro or in vivo, which provided a promising cellular strategy for
regenerative therapy.

Method: A combination of an inhibitor of HDACs, valproic acid (V) and an inhibitor of TGF-$ pathway, tranilast
(T) were applied to identify the conversation of fibroblasts into induced cardiomyocyte-like cells (iCMs) in situ in mice
with myocardial infarction.

Result: We found that the combination of two small molecules, V&T could reprogram cardiac fibroblasts into iCMs
in vivo, which were co-labeled with vimentin and a-actin 4 weeks after myocardial infarction; while, the phenomenon
was found neither in mice with non-myocardial infarction nor in mice with myocardial infarction induced only by
physiological saline. And furthermore, these iCMs resembled mouse native cardiomyocytes regarding their specific
molecular phenotypes: a-MHC, c-TnT, connexin-43. However, the early marker of progenitor cells prior to cardiac
differentiation, Mesp1, wasn’t detected in the infarcted and border zone.

Conclusion: HDACs and TGF- inhibitors jointly could achieve direct cardiac reprogramming from cardiac
fibroblasts in vivo, without establishing a pluripotent state and thus, provide a new important therapeutic application
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for cardiac regeneration.
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Introduction

Reprogramming of resident support cells into alternative cells
holds great promise as a novel therapy for the treatment of some
diseases caused by irreversible loss of function within damaged organs.
Direct reprogramming of fibroblasts into Induced Cardiomyocyte-like
Cells (iCMs) provides a valuable cellular source for use in population
with Myocardial Infarction (MI) or heart failure. Although some
controversial issues about the effectiveness of cardiac reprogramming
need further research [1], great progress in the target organ has been
reported by several teams [2,3]. The main objective of present research
was to describe the first use of a combination of an inhibitor of HDACs,
Valproic acid (V) and an inhibitor of TGF-p pathway, Tranilast (T) as
a potential therapeutic tool for the conversion of adult mouse cardiac
reprogramming.

Methods

Normal C57BL/6] mice (20-25 g, male, 8 weeks; Slac Laboratory,
Shanghai, China) were housed under standard conditions in an
animal room with a 12/12 h day/night cycle with free access to
water and food. V&T were obtained from Sigma-Aldrich. And V&T
were diluted in normal (0.9%) saline to the desired concentration
immediately before administration. Surgery to induced myocardial
infarction was performed in the mice as described previously [4].
The mice were anesthetized by inhalation of 1.0-2.0% isoflurane gas
while being mechanically ventilated on a positive pressure ventilator.
Left thoracotomy was performed at the fourth intercostal space, and
the pericardium was stripped to expose the heart. The left descending
coronary artery was identified and occluded with an 8-0 silk ligature

that was placed around it. Subsequently, the chest cavity was closed, and
the animal was placed in a cage on a heating pad. Sham-operated mice
underwent the same surgical procedures except that the suture placed
under the left anterior descending artery was not tied. Three groups
were used: Groupl, Sham+Saline: each mouse received 1 mg/kg normal
(0.9%) saline (i.p.) 5 minutes before surgery and 60 minutes after
sham-operation; Group2, MI+Saline: 1 mg/kg normal (0.9%) saline
(i.p.) was administered 5 minutes before surgery and 60 minutes after
MI-operation; and group3, MI+V&T: mice received 300 mg/kg V and
200 mg/kg T (i.p.) 5 minutes before surgery and 60 minutes after MI-
operation. The protocol was approved by the Committee on the Ethics
of Animal Experiments of Fudan University. Each selected cardiac
fragment 4 weeks after operation was processed routinely with primary
antibody probing of a-actin (Abcam, ab5694), vimentin (Abcam,
ab92547, ab8978), a-MHC (Abcam, ab50967), c-TnT (Abcam, ab8295),
connexin-43 (Abcam, ab11370), and Mesp1 (Abcam, ab173011) at 4°C
overnight, respectively. Appropriate fluorophore-conjugated secondary
antibodies were used to visualize the expression in immunofluorescent
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images that were captured by a TCS SP2 confocal microscope (Leica
Microsystems, Wetzlar, Germany).

Results

Immunofluorescent staining for cardiomyocyte marker revealed
expression of a-actin, with sarcomere structure obviously visible; and
staining for vimentin, a marker labeling fibroblasts, was scattered around
cardiomyocytes (Figure 1A). High magnification view of white boxed
area in Figure 1A showed no dual-labeled cardiomyocyte-like cells
originated from fibroblasts in mice with non-MI (Figure 1B). No co-
expression of a-actin and vimentin was detected in the distant or border
zone of mice with MI; however, physiological structure of heart was
replaced with representatively pathological: cardiomyocytes disorder
and fibroblasts irregularly proliferated (Figure 2). While, in mice
treated with V&T 4 weeks post-MI, iCMs originated from fibroblasts
were identified that this population maintained vimentin expression
and was stained a-actin positive, with sarcomeric structures (Figures
3A-3C). Furthermore, besides a-actin, immunofluorescent staining for
cardiac markers, including a-MHC, ¢-TnT and connexin-43, also co-
labelled with vimentin in same sections from the border zone of cardiac
infarction (Figures 4A-4C). Nevertheless, only transiently responsible
for cardiac progenitors in the early stage, Mesp1, was not detected in the
same region, suggesting that the V&T-induced reprogramming process
did not involve a pluripotent stem cell intermediate (Figure 4D).

Discussion

As inhibition of HDAC activity prevents global deacetylation and
methylation at H3K9 residue at the promoters [5], treatment of cardiac
fibroblasts by using inhibitions of HDACs and TGF-p pathway might
lead to gain of global histone acetylation and lose of H3K9me in the
cells. In addition, since the levels of histone acetylation and H3K9
methylation are positively and negatively associated with accessible
chromatin state [6,7], cells treated with HDACs and TGF-p pathway
inhibitions are very likely to display a more open chromatin state,
which is strongly relative to the pluripotent state [8]. Interestingly,
as histone H3K9 methyltransferases recently have been shown to
be able to interact with DNA methyltransferases and maintain DNA
methylation at specific loci [9], blockade the chromatin binding of
H3K9 methyltransferases might reduce the recruitment of DNA
methyltransferases and further result loss of DNA methylation loci
specifically or globally. Therefore, investigation the levels of histone
acetylation, H3K9 methylation, as long as DNA methylation in the

Figure 1: Dual-labeled cardiomyocyte-like cells originated from fibroblasts
in mice with non-myocardial infarction. A: GFP conjugated second antibody
against the primary antibody a-actin, and RFP conjugated second antibody
against the primary antibody vimentin, as well as DAPI, in the cardiomyocytes
and fibroblasts, respectively. B: High magnification view of selectively boxed
area in Figure1.A showed no both a-actin GFP expression and positive
sarcomeric organization in fibroblasts (RFP). Scale bar represents 20 ym.

Figure 2: Dual-labeled cardiomyocyte-like cells originated from fibroblasts in
mice with myocardial infarction. GFP conjugated second antibody against the
primary antibody a-actin in the cardiomyocytes and RFP conjugated second
antibody against the primary antibody vimentin in the fibroblasts in mice with
myocardial infarction were shown. However, tissue structure of myocardial
infarcted zone was not physiological, instead of representatively pathological:
cardiomyocytes disorder and fibroblasts irregularly proliferated. Merge view
was from distant or border zones where endogenous cardiomyocytes were
labelled by a-actin, but were never co-localized with vimentin. Scale bar
represents 20 pm.

Figure 3: Dual-labeled VT-induced cardiomyocyte-like cells originated from
fibroblasts in mice with myocardial infarction. RFP conjugated second antibody
against the primary antibody vimentin and GFP conjugated second antibody
against the primary antibody a-actin in fibroblast-derived cardiomyocyte-like
cells induced by VT 4 weeks after myocardial infarction. A, B&C: White boxes
in the merged picture indicated induced cardiomyocyte-like cells maintained
vimentin expression, were co-localized with a-actin and had sarcomeric
structures. V: Valproic acid, T: Tranilast. Scale bar represents 20 pm.
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Figure 4: Dual-labeled VT-induced cardiomyocyte-like cells with vimentin and a-MHC, ¢-TnT, Connexin-43, Mesp1 in infarcted mice. A, B&C: Immunofluorescent
staining for cardiac markers, besides a-actin, including a-MHC, c-TnT and connexin-43, also co-labelled with vimentin and DAPI, in frozen sections from the
border zone of cardiac infarction. The white boxes inset in the merged figures displayed representative reprogrammed cardiomyocyte-like cells. D: Mesp1,
transiently responsible for cardiac progenitors, was not found co-expression with vimentin in fibroblasts induced by VT. V: Valproic acid, T: Tranilast. Scale bar

represents 20 ym.

cardiac fibroblasts treated with HDACs and TGF-p pathway inhibitions
might be a new direction to deeper understand the mechanisms that
underlying the reprogramming of these cells.

The present study focused on an optimized and convenient method
for the conversation of cardiac fibroblasts into iCMs under hypoxia,
and determined whether a combination of an inhibitor of HDACs,
valproic acid and an inhibitor of TGF-p pathway, tranilast was effective
at direct in situ reprogramming of cardiac fibroblasts. Our finding
demonstrated for the first time that iCMs remained vimentin, a marker of
cardiac fibroblasts, and concurrently expressed markers of cardiomyocytes,
a-actin, a-MHC, c-TnT and connexin-43, which was consistent with
previous research of reprogramming in fibroblasts [10,11]. Furthermore,
Mespl, expressing in the early stage of cardiac progenitors, was not
detected, suggesting that the chemical molecular induced reprogramming
process did not involve a pluripotent state. Besides, valporic acid is an
anti-epileptic drug widely used to treat partial and generalized seizures,
especially in children [12]. And tranilast, an anti-allergic drug, that has
been used for more than 30 years in clinical practice [13]. These evidences
gave us no doubt about the safety of in vivo reprogramming strategies.
Based on this evidence, a novel therapeutic action for cardiac diseases via
loss of function may be applied into future clinic medicine though further
and detailed research.
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