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Adult mammalian hearts have a very limited regeneration
capacity, due largely to a lack of cardiomyocyte (CM) prolifer-
ation. It was recently reported that epicardial, but not myocar-
dial, follistatin-like 1 (Fstl1) activates CM proliferation and
cardiac regeneration after myocardial infarction (MI). Further-
more, bacterially synthesized human FSTL 1 (hFSTL1) was
found to induce CMproliferation, whereas hFSTL1 synthesized
in mammals did not, suggesting that post-translational modi-
fications (e.g., glycosylation) of the hFSTL1 protein affect its
regenerative activity. We used modified mRNA (modRNA)
technology to investigate the possible role of specific hFSTL1
N-glycosylation sites in the induction, by hFSTL1, of CM pro-
liferation and cardiac regeneration. We found that the muta-
tion of a single site (N180Q) was sufficient and necessary to
increase the proliferation of rat neonatal and mouse adult
CMs in vitro and after MI in vivo, respectively. A single admin-
istration of the modRNA construct encoding the N180Q
mutant significantly increased cardiac function, decreased
scar size, and increased capillary density 28 days post-MI. Over-
all, our data suggest that the delivery of N180Q hFSTL1 mod-
RNA to the myocardium can mimic the beneficial effect of
epicardial hFSTL1, triggering marked CM proliferation and
cardiac regeneration in a mouse MI model.
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INTRODUCTION
Most patients now survive their first myocardial infarction (MI),
largely due to the use of coronary artery reperfusion technologies
within hours of infarction. The high mortality traditionally associated
with heart attacks has been replaced by an increase in the prevalence
of chronic heart failure (HF) and its medical complications, disability
and soaring costs.1 Thus, success in the treatment of heart attacks (or
acute MI), coupled with the rising prevalence of obesity, diabetes, and
hypertension, has dramatically increased the burden of HF, which
now accounts for over 13% of all deaths worldwide and is projected
to cost over $70 billion in the US alone by 2030.2

The pathophysiology of HF due toMI includes the injury and death of
cardiomyocytes (CMs) and blood vessels, followed by their replace-
ment with non-contractile scar tissue, in a process called cardiac
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remodeling. No current therapy, not even revascularization by
coronary artery reperfusion, can promote the regeneration of lost
CMs or blood vessels or prevent progression to HF.

The reactivation of CM proliferation is a key element in cardiac
regeneration strategies. In zebrafish and newt, cardiac regeneration
is mostly mediated by CM proliferation.3–6 In mammals, CM prolif-
eration is a distinct pathway for heart growth and regeneration during
fetal development.7,8 It has been shown that a subset of fetal genes
is upregulated in adult CMs after injury, which suggests that adult
CMs are not terminally differentiated and retain some degree of
plasticity.7,9 Several studies have shown that adult CMs can be
induced to re-enter the cell cycle, by proteins,10–15 viruses,12,13,16–18

microRNAs,19–23 long non-coding RNAs,24 small molecules,25 or
transgenesis with pro-proliferation genes in mouse models.26–31

Using adenovirus-mediated transformation with a dominant-nega-
tive (DN) p38 MAP kinase, Engel et al.12 showed that inhibiting
p38 MAP kinase and adding fibroblast growth factor 1 (FGF1), either
alone or together with neuregulin 1 (NRG1) or interleukin-1b
(IL-1b), reactivated the proliferation of neonatal and adult mamma-
lian CMs. Similarly, the addition of periostin13 or NRG111 induces
cardiac repair via CM proliferation, but this effect is restricted to
mononuclear cells in rodents. Viruses, such adenovirus or adeno-
associated virus (AAV), have been used to inhibit proteins, such
as p73, through a DN approach,16 or to deliver proteins, such as
YAP,17 to increase CM proliferation. A recent screen of cell-cycle
regulators showed that cyclin-dependent kinase 1 (CDK1), CDK4,
cyclin B1, and cyclin D1 efficiently induced cell division in post-
mitotic mouse, rat, and human CMs.18

Non-coding RNAs, such as microRNAs (miRs) and long non-coding
RNAs (lincRNAs) also induce CM proliferation. A systematic screen
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with miR mimics showed that both miR-199a and miR-590 induce
CM proliferation in neonatal and adult CMs when delivered by
AAV or as a single-stranded RNA.19–21 Non-coding RNAs of the
miR-15 family have been shown to inhibit the proliferation of
neonatal CMs in vitro.22 In addition, miR-99/100 and Let-7a/c have
been shown to regulate CM proliferation and cardiac regeneration
in both zebrafish and mouse hearts.23 See et al.24 showed that
lincRNA regulates the dedifferentiation of CMs and their entry into
the cell cycle in vivo. A screening of chemical-compound libraries
with a Fucci-based CM system to assess passage through the cell cycle
in CMs identified carbacyclin as an inducer of neonatal and post-natal
CM proliferation via PPARd activation.25

Several transgenic mouse models overexpressing pro-proliferative
genes or with conditional knockouts have been used to investigate
the roles of various genes in CM proliferation after injury. In trans-
genic mouse models of MI and HF, constitutively active ERBB2
(caERBB2) was found to promote cardiac regeneration through the
induction of CM proliferation.26 In addition, studies of transgenic
mice have shown that Meis1 loss of function in adult CMs induces
adult CM proliferation, whereas Meis1 overexpression in these cells
limits mouse neonatal heart regeneration following MI.29 Similarly,
Martin and colleagues27,30 identified Hippo signaling as an endoge-
nous repressor of adult CM renewal and regeneration. Transgenic
mouse models with conditional knockouts of cell-cycle-inducer
genes, such as the c-myc and cyclin D2 genes, display significant
proliferation of adult CMs after activation;28,31 however, these studies
also clearly showed that the long-term expression of pro-proliferative
genes resulted in cardiac hypertrophy.31

In 2015,Wei et al.14 showed that follistatin-like 1 protein (Fstl1) levels
decline in the epicardium but increase in the myocardium after
MI. Epicardial Fstl1 promotes CM proliferation and cardiac regener-
ation, whereas myocardial Fstl1 does not. In addition, bacterially syn-
thesized human FSTL 1 (hFSTL1) promotes regeneration after MI in
rodent and pig models, improving animal survival, decreasing scar
size, and leading to a recovery of cardiac function and the formation
of new CMs and blood vessels.14 Bacterially synthesized hFSTL1 in-
duces CM proliferation in vitro and in vivo, whereas the same protein
produced in mammals does not.14

FSTL1 (also known as FRP1, FSL1, OCC1, and Tsc36) is only
distantly related to follistatin. FSTL1 belongs to the FS calcium-
binding domain protein family. All members of this family contain
a signal peptide, FS domains (one such domain in FSTL1) and
consensus N-glycosylation sites (three for FSTL1, N180, N175, and
N144).32

Several studies have shown that the delivery of specific genes can in-
crease CM proliferation, but several obstacles to this approach
remain: the choice of delivery method,33–35 the persistence of expres-
sion (too short for protein, or too long for AAV), and difficulties
relating to local administration or dosing. These challenges highlight
the need for an efficient gene delivery approach capable of delivering
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genes safely and locally to the heart in a transient, efficient, and
controlled manner. We and others have shown that gene transfer
with modRNA technology is a highly efficient approach to the rapid
transient transfection of heart cells, without the induction of innate
immunity.33,36–40 We recently showed that modRNA in which all
the uridine residues were replaced with N1-methylpseudouridine-
50-triphosphate (1-mcU) was less immunogenic, more resistant to
RNase, and more efficiently translated than unmodified mRNA in
cardiac cells and tissue.40 The delivery of modRNA to cardiac cells
and tissue leads to the immediate transient production of large
amounts of protein, with pulse-like kinetics (duration of �5–7 days
in vitro and �10 days in vivo) in several cell types in the heart,
including CMs.40

In this study, we used modRNA technology to investigate the impact
of N-glycosylation on the regenerative activity of hFSTL1 in vitro and
in vivo. We found that single replacement of asparagine (N) with
glutamine (Q) in the N-glycosylation site at position 180 of hFSTL1
were sufficient and necessary to activate CM proliferation and limit
cardiac remodeling post-MI, following the delivery of the modRNA
to the myocardium.

RESULTS
It has recently been shown14 that bacterially synthesized hFSTL1 or
epicardial Fstl1 increases CM proliferation and promotes cardiac
regeneration, whereas hFSTL1 synthesized in mammals or myocar-
dial Fstl1 does not. These findings suggested a possible role for
glycosylation in the function of hFSTL1 in cardiac regeneration.
We first confirmed these observations by culturing neonatal
rat CMs in the presence of mammalian or bacterially synthesized
hFSTL1 (Figures 1A and 1B). Our results were consistent with
the previous report,14 showing that only bacterially synthesized
hFSTL1 significantly increased the expression of classical markers
of CM proliferation (bromodeoxyuridine [BrdU], phosphohistone
H3 [pH3], Aurora B).

We investigated whether a lack of glycosylation of the bacterially syn-
thesized hFSTL1 was responsible for its pro-proliferative effect on
CMs. We used an established modRNA system, developed in our
laboratory, to generate two control modRNAs: the luciferase mod-
RNA, which has no biological activity (modRNA control genes37,38),
and the hFSTL1 modRNA, which has all three of the identified
N-glycosylation sites.32 We compared the induction of proliferation
between the control modRNAs and (1) hFSTL1 modRNAs with sin-
gle point mutations converting the asparagine resiudues of the indi-
vidual N-glycosylation sites to glutamines (N180Q [Mut-1], N175Q
[Mut-2], or N144Q [Mut-3]), (2) a mutated hFSTL1 modRNA in
which all three N-glycosylation sites were mutated (N180Q,
N175Q, and N144Q [Mut-(1–3)]) (Figures 1C and S1). We checked
that the mutation of the N-glycosylation sites in the various mutant
modRNAs did indeed impair glycosylation in the resulting proteins,
by comparing the migration of the proteins generated with those
of the mammalian and bacterially generated hFSTL1 proteins on
SDS-polyacrylamide gels.



Figure 1. Bacterially Synthesized hFSTL1 Induces the Proliferation of Rat Neonatal CMs In Vitro, Whereas Mammalian-Synthesized hFSTL1 Does Not

(A) Representative images of proliferation marker (BrdU or PH3) levels in neonatal rat CMs cultured for 3 days in the presence of bacterially synthesized or mammalian-

synthesized hFSTL1. (B) Quantification of classical markers of proliferation (BrdU, PH3, and Aurora B) in neonatal rat CMs cultured for 3 days in the presence of bacterially

synthesized or mammalian-synthesized hFSTL1. (C) Design of different modRNAs with mutations of different N-glycosylation sites. (D and E) Western blot analysis of

bacterially synthesized hFSTL1, mammalian-synthesized hFSTL1 (D) or the various hFSTL1 N-glycosylation mutants with or without tunicamycin (E). Representative results

from three independent experiments are shown; **p < 0.01; N.S., not significant, n = 3, one-way ANOVA with Bonferroni post-hoc tests to correct for multiple testing. Scale

bars, 50 mm.

www.moleculartherapy.org
Consistent with reported findings,14 the glycosylated mammalian-
synthesized hFSTL1 (�50 kD) migrated significantly more slowly
than the non-glycosylated bacterially synthesized hFSTL1 (�35 kD)
(Figure 1D). We showed, with mutated hFSTL1 modRNAs translated
in 3T3 mammalian cells, that the hFSTL1 modRNA protein obtained
had a molecular weight of �50 kD and that each of the modRNAs
with a single N-glycosylation site mutation (N180Q, N175Q, or
N144Q) generated a smaller hFSTL1 protein. Furthermore, the
triple-mutant variant migrated to a position corresponding to
�35 kD, a molecular weight similar to that for the bacterially synthe-
sized hFSTL1. Finally, we confirmed that the differences in protein
size were due to a lack of N-glycosylation by transfecting cells with
the various hFSTL1 modRNAs in the presence of the N-glycosylation
inhibitor tunicamycin. Tunicamycin treatment eliminated the size
differences between the mutated and non-mutated hFSTL1 proteins
generated from the different hFSTL1 modRNAs (all were �35 kD
in size; Figure 1E).

We assessed the ability of the various mutated hFSTL1 modRNAs to
induce the proliferation of neonatal rat CMs in vitro. We first
confirmed the successful translation of these modRNAs in neonatal
rat CMs 1 day post-transfection (Figures 2A and 2B). We then
assessed neonatal rat CM proliferation 3 days post-transfection.
We found that only the mutated hFSTL1 modRNAs (with mutations
at a single N-glycosylation site or at all three sites) significantly
increased the proliferation of rat neonatal CMs 3 days post-modRNA
transfection (Figures 2C and 2D). We then assessed the ability of
mutated hFSTL1 modRNAs to increase the proliferation of adult
mouse CMs in vivo. We used our mouse model of short-term MI,
in which we ligate the mouse left anterior descending (LAD) coronary
artery in the heart and immediate delivery of the control (Luc) or
mutated hFSTL1 modRNAs. 7 days post-MI and modRNA delivery
hearts were collected and evaluated (Figure 3A). Seven days post-
transfection, hFSTL1 expression was detected in the heart (Figure 3B)
and was associated with a significant enhancement of CM prolifera-
tion relative to control constructs for a single mutant hFSTL1
(N180Q, hereafter, Mut-1) or the triple mutant hFSTL1 (N180Q
and N175Q and N144Q, hereafter, Mut-(1–3)) modRNAs delivered
in vivo. The other mutated hFSTL1 (N175Q [Mut-2] or N144Q
[Mut-3]) modRNAs and the hFSTL1 modRNA had no significant
increment of CM proliferation in vivo (Figures 3C–3E). CM prolifer-
ation in vivo was validated by confocal microscopy, which showed
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 135
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Figure 2. N-Glycosylation-Deficient hFSTL1 modRNA Induces Rat Neonatal CM Proliferation In Vitro

(A) Experimental timeline for evaluation of the ability of different hFSTL1 modRNAs with mutations of different N-glycosylation sites to increase neonatal rat CM proliferation

in vitro 3 days post-transfection. (B) Immunostaining of neonatal rat CMs 1 day post-transfection with the Luc control, hFSTL1, or various hFSTL1 mutant modRNAs.

(C) Representative images of the expression of classical proliferationmarkers (BrdU, Ki67, PH3, and Aurora B) in neonatal rat CMs 3 days post-transfection with Luc control or

Mut-1 modRNA. Yellow arrowheads indicate proliferating CMs. (D) Quantification of classical markers of proliferation in rat CMs 3 days post-treatment with various

modRNAs. Representative results from three independent experiments are shown; ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; N.S., not significant, n = 3, one-way

ANOVA with Bonferroni post-hoc correction for multiple testing. Scale bar, 20 mm.

Molecular Therapy: Nucleic Acids
that Ki67+ CM nuclei were surrounded on all sides by a single CM
(a-actinin+; Figure 3D). The CM proliferation induced by mutated
hFSTL1 (Mut-1 or Mut-(1–3)) modRNAs was not associated with
an increase in CM size or cardiac hypertrophy (Figure S2). Neverthe-
less, all hFSTL1 modRNAs, whether or not they carried mutations,
induced a significant increase in leukocyte (CD45+) infiltration (Fig-
ures S3A–S3C) and non-CM proliferation (Figures S3D–S3F) when
delivered to the heart 7 days post-MI.

After confirming that the Mut-1 and Mut-(1–3) modRNAs induced
CM proliferation in vivo post-injury, we evaluated their ability to pre-
vent cardiac remodeling post-MI. We used our model of long-term
MI in mice, in which mice were kept for 28 days post-MI and mod-
RNA delivery. Echography was used to evaluate cardiac function
(delta % ejection fraction [EF] and fractional shortening [FS]).
136 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
Cardiac function was found to have improved significantly 28 days
post-MI and -Mut-1 modRNA treatment, relative to treatment with
the luciferase control, as shown by the significant increase in
delta of %EF (from Luc control to Mut-1 at day 28 post-MI) or
delta of %FS (from baseline to day 2 post-MI and day 28 post-MI)
(Figures 4A–4C). Left ventricular internal diameter at the end of dias-
tole and systole was not significantly modified by the various mod-
RNAs (Figures 4D and 4E). Masson trichrome staining was used to
evaluate the scar size in hearts on day 28 (Figures 4F and 4G). Scars
were significantly smaller after treatment with Mut-1 than after treat-
ment with the control Luc modRNA (Figure 4G). Hearts expressing
the Mut-1 modRNA post-MI had a significantly higher heart
weight-to-body weight ratio (Figure 4H). The increase in heart weight
was not due to changes in CM size (hypertrophy), as no such change
in size was detected in Mut-1 modRNA-expressing CMs 28 days



Figure 3. A Point Mutation Affecting a Single hFSTL1 N-Glycosylation Site (N180Q) Increases CM Proliferation Post-MI

(A) Experimental timeline for evaluation of the ability of hFSTL1 modRNAs with mutations of different N-glycosylation sites to increase CM proliferation in vivo 7 days post-MI.

(B) Representative in vivo immunostaining of hFSTL1 post-modRNA delivery and MI. (C) Representative images of the expression of classical markers of proliferation (BrdU,

Ki67, PH3, and Aurora B) in vivo 7 days post-MI. (D) Representative confocal microscopy images of Ki 67 and a-actinin expression in vivo 7 days post-MI. (E) Quantification

of classical proliferation markers in CMs 7 days post-MI and treatment with various modRNAs. Representative results from two independent experiments are shown;

****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; N.S., not significant, n = 5, one-way ANOVA with Bonferroni post-hoc correction for multiple testing. Scale bars, 50 mm

(B and C) or 5 mm (D).
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post-MI (Figures 4I and 4J). CM proliferation 28 days post-MI did
not differ betweenMut-1 and control hearts (Figure 4K), but capillary
density in the left ventricle was significantly higher in Mut-1 hearts
than in control hearts (Figures 4L and 4M). No significant increase
in the number of leukocytes (CD45+; Figures 4N and 4O) or CMs
(Figure 4P) was detected 28 days post-MI for any of the treatments.

Overall, our functional data suggest that a single injection of Mut-1
modRNA significantly improves cardiac function, increases angio-
genesis, and decreases scar size 28 days post-MI.We then investigated
whether a second administration of Mut-1, immediately, or 10 days
post-MI, further increased the regenerative effect. We observed no
significant difference in the change in cardiac function, scar size,
CM proliferation, capillary density, or CM size relative control. The
double administration Mut-1 therefore had no additive or synergistic
effect on the heart post-MI (Figure S4).

DISCUSSION
Regenerative processes can occur in the mammalian heart immedi-
ately after birth and are mostly mediated by the proliferation of
CMs.41 Over the last few decades, several groups have attempted to
enhance CM proliferation with secreted proteins as a means of
inducing cardiac regeneration and repair.11–13 This approach has
several disadvantages, including a nonspecific organ distribution of
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 137
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the proteins used, due to their systemic delivery via intravenous injec-
tion. Protein delivery specifically to the heart was recently achieved by
direct injection into themyocardium, and epicardial delivery has been
achieved with a patch.14,15 These approaches enhance the biological
effects of the proteins, as secreted proteins usually have a very short
half-life, and their local delivery accelerates the activation of CM
proliferation and renders this process more efficient. However, it is
clear that methods for longer-term expression and for controllable
cardiac delivery are required. We recently optimized the delivery of
modRNA into the heart40 and showed that it led to about 10 days
of protein expression in various cell types, including CMs, endothelial
cells, smooth muscle cells, and cardiac fibroblasts.37,38,40 The effect of
non-glycosylated bacterially synthesized hFSTL1 on CM proliferation
observed here (Figures 1A and 1B) is consistent with previous
reports14 and justifies our investigation of the role of hFSTL1 glyco-
sylation in inducing CM proliferation. This work provides insight
into the structural or functional determinants of CM proliferation
present in FTSL1. Using a modRNA delivery method (Figure 1C),
we show here that the mutation of all three N-glycosylation sites in
hFSTL1 results in faster migration on SDS-polyacrylamide gels at a
molecular weight similar to that for non-glycosylated bacterially syn-
thesized hFSTL1 (Figures 1D and 1E), suggesting that these muta-
tions abolish the glycosylation of the protein. The mutation of just
one of these sites in the hFSTL1 protein also increased migration
on SDS-polyacrylamide gels, albeit to a lesser extent, suggesting
that the glycosylation state of hFSTL1 may determine its cardiac
regeneration capacity. We also show that the pro-proliferative effects
of hFSTL1 are dependent on a lack of N-glycosylation at a particular
hFSTL1 glycosylation site (N180Q, Mut-1 modRNA). Mut-1 induced
higher levels of proliferation than the other twomodRNAs with single
mutations of N-glycosylation sites (N175Q and N144Q; Mut-2 and
Mut-3; Figures 2C and 2D). Moreover, in adult mouse CMs, only
Mut-1 and Mut-(1–3) (which includes the N180Q mutation) mod-
RNAs significantly enhanced CM proliferation post-MI without
inducing CM hypertrophy (Figures 3C–3E and S2), highlighting the
importance of the N180 glycosylation site for the pro-proliferative
effect observed in vivo. In the mouse model of long-term MI, only
the Mut-1 modRNA significantly increased heart function and
reduced scar size 28 days post-MI (Figure 4). We suggest that the
lack of a functional N180 glycosylation site modifies the glycosylation
pattern of hFSTL1 and, possibly, its secondary structure, allowing it to
Figure 4. A Point Mutation Affecting a Single hFSTL1 N-Glycosylation Site (N18

(A) Experimental timeline for evaluation of cardiac function and outcome post-MI and the

a single N-glycosylation site [N180Q, Mut-1] or all three N-glycosylation sites [N180Q, N

post-MI and modRNA delivery. (C) Echographic evaluation of the change in the percen

Echography was used to evaluate left ventricular internal diameter at end diastole (D), LV

of Masson trichrome staining to evaluate scar size 28 days post-MI. (G and H) Quantifi

image of wheatgerm agglutinin (WGA) staining to evaluate CM size. (J and K) Quantificat

staining to evaluate capillary density. (M) Quantification of capillary density. (N) Represe

(O and P) Quantification of CD45 cells in the left ventricle (O) and of the number of CMs p

the loss of a single N-glycosylation site (N180Q) of hFSTL1 on the induction of CM

Representative results from two independent experiments are shown; ****p < 0.0001, *

n = 6 for hFSTL1 and Mut-(1–3). One-way ANOVA, with Bonferroni correction for mult
activate unknown receptors inducing CM proliferation and cardiac
regeneration. Our data also suggest that double mutants of N180
and another N-glycosylation site on hFSTL1 (N175 or N144) reduce
the proliferative and regenerative activity of this protein. Further
studies are required to investigate the interplay between structure
and function. It will also be interesting to investigate the role of the
N180 glycosylation site of hFSTL1 in other species with and without
cardiac regeneration capacity. The impact of Mut-1 remained signif-
icant even in the presence of an undesirable increase in non-CM
proliferation and an inflammatory response observed with hFSTL1
or any of the mutated hFSTL1 modRNAs post-MI (Figure S3). These
findings are consistent with those of Chaly et al.42 demonstrating a
pro-inflammatory effect of Fstl1 in mice. They raise the possibility
that we may be able to increase the beneficial effect of Mut-1 mod-
RNA on cardiac regeneration by attenuating the inflammatory envi-
ronment in the heart (e.g., by administering anti-inflammatory drugs
or by expressing anti-inflammatory genes via the same modRNA
delivery system). No additive effect on cardiac function was observed
with two administrations of mut-1 modRNA, possibly due to the
compromising effects of the inflammatory environment or other
parameters, such as the opening of the chest for a second time and
physiological injury to the heart due to the injection (Figure S4).
This work extends previous findings14 by showing that Mut-1 mod-
RNA induces cardiac regeneration when delivered directly into the
myocardium by the modRNA delivery method, rather than only after
its delivery to the epicardium. In summary, hFSTL1 has a limited but
significant effect on CM proliferation and cardiac regeneration post-
MI, which is dependent on its N180 glycosylation site. A single
mutation of this glycosylation site, converting the asparagine residue
to a glutamine, increases the ability of hFSTL1 to enhance CM prolif-
eration and to improve cardiac regeneration post-MI (Figure 4Q).
This study has several important implications for basic research,
methodology research, and treatment. The identification of a specific
hFSTL1 N-glycosylation site responsible for CM proliferation will
pave the way for further investigations of the role of N-glycosylation
in proliferation or in other cell functions related to regeneration. Such
studies could be performed in CMs or other cell types or organs with,
or even without, regenerative capacity. Moreover, as only the Mut-1
modRNA-induced CM proliferation, it should be possible to identify
the cognate receptor of hFSTL1. In terms of methodology, this study
describes faster and easier methods for evaluating N-glycosylation
0Q) Improves Cardiac Function and Outcome Post-MI

delivery of Luc (modRNA control), hFSTL1, or mutated hFSTL1modRNAs (affecting

175Q, N144Q; Mut-(1–3)]). (B) Echographic evaluation of % ejection fraction 28 days

tage fractional shortening between day 2 (baseline) and day 28 post-MI. (D and E)

IDd, and end systole (E), LVIDs, 28 days after LAD ligation. (F) Representative image

cation of scar size (G) and heart weight-to-body weight ratio (H). (I) Representative

ion of CM size (J) and PH3 expression in CMs (K). (L) Representative image of CD31

ntative image of CD45 staining to evaluate leukocyte infiltration in the left ventricle.

er heart (P) for the different treatments 28 days post-MI. (Q) Summary of the effect of

proliferation and cardiac regeneration following myocardial transfection post-MI.

**p < 0.001, **p < 0.01, *p < 0.05; N.S., not significant. n = 9 for Luc and Mut-1 and

iple testing. Scale bars, 1 mm (F) or 50 mm (I, L, and N).
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sites in proteins than those based on DNA plasmids, viruses, or puri-
fied proteins. Finally, to the best of our knowledge, this is the first
report of the induction of transient but sustained CM proliferation
by a modRNA. Our data suggest that Mut-1 modRNA is a strong
candidate therapy for the induction of CM proliferation and cardiac
regeneration post-MI. Mut-1 thus has potential clinical applications,
as modRNA is a safe, transient, and clinically applicable gene-delivery
method. Nevertheless, several questions remain unanswered. The
mechanism of action of hFSTL1 in CMs and the identity of its cognate
receptor remain unknown. In addition, the ability of Mut-1 to
enhance CM proliferation or cardiac regeneration in large animal
models (e.g., sheep or pigs) has not yet been assessed. As both
modRNA and myocardial delivery are clinically relevant, we plan to
investigate these issues further.

MATERIALS AND METHODS
Animals

We used age-matched male and female Swiss Webster mice (CFW).
Mice were anesthetized with a mixture of 1%–2% isoflurane in air.
Various modRNAs (100 mg/heart) in sucrose citrate buffer were
injected directly into the myocardium during open chest surgery
(please see “modRNA Transfection In Vitro and In Vivo” below for
additional technical information). Three to eight animals were used
for each experiment. Mice were reared in accordance with the guide-
lines of the Institutional Animal Care and Use Committee (IACUC)
of Icahn School of Medicine at Mount Sinai.

modRNA Synthesis

ModRNAs were synthesized in house. All DNA plasmid templates
used for modRNA production were purchased from GeneArt and
Invitrogen and were verified by sequencing. PCR-tailed DNA plas-
mids (120 poly(A) tail) were used for in vitro transcription to generate
modRNAs (see Table S1 for complete list of open reading frame
sequences used for modRNA synthesis in this study) with a custom-
ized ribonucleotide blend of anti-reverse cap analog, 30-O-Me-
m7G(50)ppp(50)G (6 mM, TriLink Biotechnologies), guanosine
triphosphate (1.5 mM, Life Technologies), adenosine triphosphate
(7.5 mM, Life Technologies), cytidine triphosphate (7.5 mM, Life
Technologies), and 1-mcU (7.5 mM, TriLink Biotechnologies), as
previously described.37–40 We purified the mRNA with the Megaclear
kit (Life Technologies) and treated it with Antarctic phosphatase
(New England Biolabs) for 1 hr, before repurification with the Mega-
clear kit. The mRNA was precipitated by incubation overnight with
ammonium acetate and ethanol at 4�C and resuspended in 10 mM
TrisHCl, 1 mM EDTA. We quantified the mRNA with a Nanodrop
spectrometer (Thermo Scientific) and checked its quality with a
bioanalyzer (Agilent Technologies). A more detailed description of
the protocol for modRNA synthesis is provided elsewhere.39

Transfection with modRNA In Vitro and In Vivo

Neonatal CMs were transfected in vitro in the presence of Lipofect-
amine RNAiMAX transfection reagent (Life Technologies), used
according to the manufacturer’s instructions. Cells were transfected
with modRNA in vitro in sucrose citrate buffer consisting of 20 mL
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of a 0.3 g/mL solution of sucrose (15% sucrose) in nuclease-free water,
20 mL of 0.1 M citrate (pH 7; Sigma), and 20 mL of modRNA solution
(various concentrations in saline), with the final volume made up
to 60 mL with nuclease-free water (5% sucrose and 0.03 M citrate
final concentration). The transfection mixture was injected
directly (three individual injections, 20 mL each) into the myocardium
at three different sites (two injections in the border zone and one
at the heart apex).

Echocardiography

We evaluated the dimensions and function of the left ventricle by per-
forming transthoracic two-dimensional echocardiography. In a dou-
ble-blind study (neither the surgeon nor the echography technician
was aware of the treatment), various modRNAs were injected into
CFWmice (8 to 12 weeks old). Animals underwent echography onsite
with a GE Cares machine (V7R5049) equipped with a 40-MHzmouse
ultrasound probe. Mice were anesthetized with a mixture of 1%–2%
isoflurane in air, and imaging was performed on days 2 and 28
post-LAD-ligation.43 The EF and FS were calculated as percentages
from the diastolic volume (EDV) and end systolic volume (ESV) di-
mensions on an M-mode ultrasound scan. The following formulas
were used: % EF = (EDV� ESV)/EDV*100, and % FS = (left ventric-
ular internal dimension at end-diastole (LVIDd)) � (left ventricular
internal dimension at end-systolic (LVIDs))/LVIDd*100. Echocar-
diograms were performed on six or nine hearts/treatment group.

Isolation of CMs from Adult Mice and Neonatal Rats

Adult mouse CMs were isolated by Langendorff’s method from CFW
mice 28 days after MI and modRNA injection, as previously
described.37 The number of CMs was calculated as the mean of three
to four different counts/sample of three hearts/group obtained with a
hemocytometer. CMs were isolated from the hearts of 4-day-old
(neonatal) rats as previously described.17 Ventricular CMs were iso-
lated from the harvested ventricles of 4-day-old Sprague-Dawley
rats (Jackson). The cells were isolated by multiple rounds of digestion
with 0.14 mg/mL collagenase II (Invitrogen). After each round of
digestion, the supernatant was collected in a tube containing horse
serum (Invitrogen). The total cell suspension was centrifuged at
300 g for 4–5 min. Supernatants were discarded and cells were resus-
pended in DMEM (Gibco) supplemented with 0.1 mM ascorbic
acid (Sigma), 0.5% insulin-transferrin-selenium (100�), penicillin
(100 U/mL), and streptomycin (100 mg/mL). CMs were separated
from the other cell types by plating on plastic culture dishes for
90 min. Most of the non-myocytes adhered to the dish, whereas
the CMs remained in suspension. The CMs were then collected
and used to seed 24-well plates at a density of 1 � 105 cells/well.
The isolated CMs were incubated for 48 hr in DMEM supplemented
with 5% horse serum plus ara-C. The medium was then replaced with
DMEM without antibiotics, and the cells were treated as described.

Confocal Microscopy

Confocal images were acquired on a TCS SP8 STED3� microscope
(Leica Microsystems) equipped with a tunable white-light laser.
Z stack images were acquired with a 63� 1.40-NA OIL HC PL
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APO objective and gated HyD detectors (0.3–6 ns). In total, 18 stacks
were obtained; x-y = 184.7 � 184.7 mm and z = 5.37 mm. Confocal
microscopy was performed at the Microscopy CoRE of the Icahn
School of Medicine at Mount Sinai.

Western Blot Analysis

3T3 (fibroblast) cells were transfected with 2 mg/mL luciferase,
hFSTL1, Mut-1, Mut-2, Mut-3, or Mut-(1–3) modRNA, in the pres-
ence of RNAiMAX transfection reagent (Life Technologies), with or
without tunicamycin. The medium was replaced with fresh DMEM
(Gibco) medium supplemented with 10% fetal bovine serum (FBS),
penicillin (100 U/mL), and streptomycin (100 mg/mL). We isolated
total protein from the cells 18 hr after transfection and used it for
western blots. In brief, equal amounts of protein were resolved by
electrophoresis in 4%–15% Mini-PROTEAN TGX stain-free gels
(Bio-Rad) and blotted onto polyvinylidene fluoride (PVDF) mem-
branes. The membranes were blocked (5% non-fat dry milk [DM]
in Tris-buffered saline (TBS; 50 mM Tris-HCl [pH 7.4], 150 mM
NaCl), for 1 hr at room temperature and were then incubated with
primary antibodies diluted in 5% milk in TBS (overnight, 4�C). We
used goat anti-hFSTL1 (1:1,000, AF1694) and mouse monoclonal
anti-B-actin (horseradish peroxidase [HRP] conjugate 1:3,000,
#12262; Cell Signaling) antibodies. Antigen or antibody complexes
were visualized with ChemiDoc Touch imaging system (Bio-Rad).

Mouse Model of MI and Histology

We anesthetized 8- to 12-week-old CFW mice with isoflurane. MI
was induced by permanent ligation of the LAD artery, as previously
described.43 In brief, the left thoracic region was shaved and sterilized.
After intubation, the heart was exposed by left thoracotomy. The LAD
was ligated with a suture, and the thoracotomy and skin were sutured
closed in layers. Excess air was removed from the thoracic cavity, and
the mouse was removed from ventilation once normal breathing had
been re-established.We investigated the effect of modRNA on cardio-
vascular outcome after MI by injecting modRNAs (100 mg/heart) into
the infarct border zone immediately after LAD ligation. The peri-
infarct zone near the apex was fixed in 4% paraformaldehyde (PFA)
for cryosectioning and immunostaining. In all experiments, the sur-
geon and the person analyzing the data were blind to treatment group.
For heart histology analyses, mice were weighed and their hearts were
collected at the time points indicated. The hearts were removed,
briefly washed in PBS, perfused with perfusion buffer, weighed, and
fixed by incubation in 4% PFA with PBS overnight on a shaker.
They were then washed with PBS for 1 hr and incubated overnight
in 30% sucrose in PBS at 4�C. The hearts were fixed in optimal cutting
temperature (OCT) compound and frozen at�80�C. Transverse sec-
tions of the heart (8- to 9-mm thick) were cut on a cryostat. The slides
were processed for immunostaining (see below) or histological scar
staining with Masson’s trichrome staining kit (Sigma), according to
standard procedures. We used MIQuant software for Masson’s tri-
chrome-stained heart scar analysis. The ratio of the weight of the
heart to total body weight, in grams, was calculated at the end of
the experiment (day 28 post-MI). Weight was determined on a
balance.
Immunostaining of Heart Sections

Frozen sections of mouse heart were rehydrated in PBS for 5–10 min
and permeabilized by incubation in 0.1% Triton X-100 in PBS
(PBST) for 7 min. The sections were treated with 3% H2O2 for
5 min and washed three times with PBST for 5 min each. The sam-
ples were blocked with PBS + 5% normal donkey serum + 0.1%
Triton X-100 (PBSST) for 1–2 hr at room temperature, and primary
antibodies (see complete list of primary antibodies used for this
study in Table S1) diluted in PBSST were then added. The sections
were incubated overnight at 4�C. They were then washed with PBST
(five times, for 4 min each) and incubated with the secondary anti-
body (Invitrogen, 1:200) diluted in PBST for 2 hr at room tempera-
ture. The samples were washed with PBST (three times, for 5 min
each) and stained with Hoechst 33342 (1 mg/mL) diluted in PBST
for 7 min. After five washes with PBST and one wash in tap water
(for 4 min each), the sections were mounted in mounting medium
(VECTASHIELD) for imaging. Stained slides were stored at 4�C.
All staining reactions were performed on two to three sections/heart
and six or nine hearts/group. For BrdU analysis by immunostaining,
BrdU (1 mg/mL, Sigma) was added to the drinking water of adult
mice (2–3 months old) for 7 days before the hearts were harvested.
BrdU-containing water bottles were shielded from the light to pre-
vent BrdU degradation, and the water was replaced twice weekly.
Quantitative analyses of CMs positive for Ki 67, phosphohistone
H3 (PH3), BrdU, and Aurora B were performed on multiple fields
for three independent samples per group and three sections/heart.
We counted a total of �1–2 � 103 CMs per section. For the immu-
nostaining of neonatal CMs in vitro, modRNA-transfected neonatal
CMs were fixed on coverslips by incubation with 3.7% PFA for
15 min at room temperature and washed three times with PBS for
5 minutes each. The cells were permeabilized by incubation with
0.5% Triton X-100 in PBS for 10 min at room temperature and
blocked by incubation with 5% normal donkey serum + 0.5% Tween
20 for 30 min. The coverslips bearing the cells were incubated with
primary antibodies (see Table S1) in a humid chamber for 1 hr
at room temperature. The cells were washed three times in PBS
and incubated with the corresponding secondary antibodies conju-
gated to Alexa Fluor 488, Alexa Fluor 555, and Alexa Fluor 647, and
Hoechst 33342 staining was performed to visualize the nuclei
(all from Invitrogen). Fluorescence was assessed on images obtained
with 10�, 20�, and 40� objectives on a Zeiss fluorescence
microscope.

Capillary Density Measurement

We analyzed angiogenesis in the left ventricle 28 days post-MI by im-
munostaining with an antibody directed against CD31 (also known as
platelet endothelial cell adhesion molecule 1 [PECAM-1]; R&D Bio-
systems). Frozen heart sections were stained as described above. Im-
ages were obtained from the stained slides with a 20� objective, and
counts of CD31-positive cells per 145 mm2 area in the left ventricle
were obtained. Quantitative analyses were performed with the count-
ing of multiple fields from six or nine independent hearts per group,
and three sections/heart (�50–100 cells per field assessed, with up to
�300–600 cells per sample in total).
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The cross-sectional area of the CMs was determined by washing frozen
heart sections twice in PBS for 5 min each and then incubating them
for 1 hr at room temperature with an Alexa Fluor 488-conjugated
primary antibody against wheatgerm agglutinin (WGA) (50 mg/mL,
Invitrogen). The sections were washed in PBS and mounted on slides
in DAPI-supplemented Vectashield (Vector Labs, CA). The images
were captured with a 20� objective and ImageJ software was used to
determine the area of each cell. Quantitative analyses were performed
by counting cells onmultiple fields from six or nine independent hearts
per group, and three sections/heart (�50 cells per field assessed, with a
total of up to �250 cells per sample).

Statistical Analysis

Statistical significance was determined by one-way ANOVA, with
Bonferroni post-hoc tests. We considered p values < 0.05 to be signif-
icant. All graphs show mean values, and values are reported as the
mean ± SEM. We quantified CD31 luminal structures, WGA,
CD45, BrdU+, Ki67+, pH3+ or Aurora B+ CMs, on at least three heart
sections per heart, for three to nine mice per group. For in vitro
immunofluorescence analyses, we used 50 CMs in five to eight
random fields, for two different subpopulations per experiment (total,
500 CMs).
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