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Background-—Myocardial infarction results in a large-scale cardiomyocyte loss and heart failure due to subsequent pathological
remodeling. Whereas zebrafish and neonatal mice have evident cardiomyocyte expansion following injury, adult mammalian
cardiomyocytes are principally nonproliferative. Despite historical presumptions of stem cell–mediated cardiac regeneration,
numerous recent studies using advanced lineage-tracing methods demonstrated that the only source of cardiomyocyte renewal
originates from the extant myocardium; thus, the augmented proliferation of preexisting adult cardiomyocytes remains a leading
therapeutic approach toward cardiac regeneration. In the present study we investigate the significance of suppressing cell cycle
inhibitors Rb1 and Meis2 to promote adult cardiomyocyte reentry to the cell cycle.

Methods and Results-—In vitro experiments with small interfering RNA–mediated simultaneous knockdown of Rb1 and Meis2 in
both adult rat cardiomyocytes, isolated from 12-week-old Fischer rats, and human induced pluripotent stem cell–derived
cardiomyocytes showed a significant increase in cell number, a decrease in cell size, and an increase in mononucleated
cardiomyocytes. In vivo, a hydrogel-based delivery method for small interfering RNA–mediated silencing of Rb1 and Meis2 is
utilized following myocardial infarction. Immunofluorescent imaging analysis revealed a significant increase in proliferation markers
5-ethynyl-20-deoxyuridine, PH3, KI67, and Aurora B in adult cardiomyocytes as well as improved cell survivability with the additional
benefit of enhanced peri-infarct angiogenesis. Together, this intervention resulted in a reduced infarct size and improved cardiac
function post–myocardial infarction.

Conclusions-—Silencing of senescence-inducing pathways in adult cardiomyocytes via inhibition of Rb1 and Meis2 results in
marked cardiomyocyte proliferation and increased protection of cardiac function in the setting of ischemic injury. ( J Am Heart
Assoc. 2019;8:e012089. DOI: 10.1161/JAHA.119.012089.)
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T he massive loss of adult cardiomyocytes (ACMs) is the
leading cause of heart failure after myocardial ischemic

injury, resulting in the replacement of cardiac tissue with a
nonfunctional scar, restricting cardiac output and heart
function.1 Although there has been extensive research
effort in the field of regenerative medicine to repair the
infarcted myocardium, the challenge of replenishing lost

cardiomyocytes has persisted to this date with limited
success, and many previously promising avenues that led to
clinical trials are now deemed ineffective.2 For example,
nearly 20 years of research aimed at harnessing the alleged
endogenous regenerative potential of mammalian heart by
generating de novo cardiomyocytes from an elusive resident
cardiac stem cell population appears to have now been
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debunked with accruing evidence, not only showing lack of
endogenous regeneration from stem cells but no cardiomy-
ocyte replacement from any noncardiomyocyte source.3,4

Mammalian ACMs are terminally differentiated cells with
minimal endogenous proliferative capacity following myocar-
dial infarction (MI),5 whereas several lower organisms such as
zebrafish, newts, and even neonatal mice can regenerate
damaged myocardium through the proliferation of preexisting
cardiomyocytes.6-8 Therefore, the development of novel
therapeutic interventions to regenerate ischemic myocardium
by inducing proliferation of preexisting ACMs has become an
even more critical area of research.9-12 A significant limitation
on cardiomyocyte proliferation stems from ACMs acquiring a
senescent phenotype during postnatal development with
extensive cellular remodeling followed by elevated gene
expression levels of cell cycle inhibitors (Rb1, p16, p53,
IL6).13-16 Therefore, senescent ACMs are presumed unable to
proliferate during physiological or disease conditions, even
though experimental external stimuli such as hypoxia or
microRNA overexpression have been shown to trigger ACMs
to reenter the cell cycle.12,17-19

In our recent publication we identified miR-1825 as a
proliferation-inducing microRNA with Retinoblastoma1 (Rb1)

and Meis homeobox 2 (Meis2) as its downstream targets of
inhibition. In the heart these cell cycle inhibitors have a gene
expression pattern restricted to postnatal development20-23

during which upregulation of Rb1 leads to oxidative phospho-
rylation and associates with prosenescent phenotypic
changes.21,24 Briefly, unphosphorylated Rb1 acts as a nega-
tive regulator of the cell cycle by binding and inhibiting the
E2F family transcription factors, which restrict cell cycle
progression at G1-S phase.23,25 On phosphorylation, Rb1
becomes inactive and allows E2F-driven cell cycle progres-
sion,26,27 while also acting through the downregulation of cell
cycle inhibitors p21Waf1/Cip1 and p27Kip1.28 Moreover,
Rb1-mediated E2F activity can control cell proliferation
beyond cell cycle regulation by inducing DNA synthesis and
blocking apoptosis through p53-dependent/independent
pathways.29,30 Similarly, Meis2 acts as a transcription regu-
lator of the differentiated state in which high levels of MEIS
expression are associated with reduced proliferation,
increased cell-cell adhesion, and a more mature differentiated
state.31 On the other hand, inhibition of Meis2 expression
leads to decreased expression of p15, a cell cycle inhibitor,
and thereby supports cell cycle progression.32

These findings suggest that the Rb1/Meis2-mediated cell
cycle arrest may have a central role in the senescent
phenotype of adult cardiomyocytes for which we hypothesized
that simultaneous inhibition of Rb1 and Meis2 would lead to
cell cycle reentry of adult cardiomyocytes and promote
cardiac repair post-MI. Here we show that, with small
interfering (si)RNA-based repression of Rb1 and Meis2, we
can sufficiently induce proliferation of adult rat cardiomy-
ocytes and human induced pluripotent stem cell–derived
cardiomyocytes (hiPSc-CMs). Furthermore, we have observed
a cardiomyocyte-mediated proangiogenic stimulation of
endothelial cells through cytokine secretion from proliferating
cardiomyocytes, together resulting in improved wound healing
and cardioprotection against ischemia-induced heart failure
in vivo.

Methods

Data Availability
The authors declare that all supporting data are available
within the article and its online supplementary files. For
purposes of reproducibility, additional technical information
and data that support the findings of this study are available
from the corresponding authors on reasonable request.

Animal Studies
Young 12-week-old male Fischer-344 rats (n=42) acquired
from Charles River (Wilmington, MA) were used in this study.

Clinical Perspective

What Is New?

• This is the first study to show the clinical potential of
hydrogel-based delivery of small interfering RNAs to knock
down cell cycle inhibitors Rb1 and Meis2, which effectively
prevents cell death, induces cardiomyocyte reentry to the cell
cycle, and stimulates secretion of proangiogenic cardiokines.

• In vivo studies showed improved cardioprotection with a
decreased infarct size and improved cardiac function in
comparison to control.

• Our study reveals that the enhanced peri-infarct angiogen-
esis is stimulated directly by cytokines secreted from
cycling small interfering RNA transfected cardiomyocytes.

What Are the Clinical Implications?

• The senescent nature of adult mammalian cardiomyocytes
is a major limiting factor that prevents regeneration
resulting in heart failure.

• Our study demonstrates that the simultaneous inhibition of
Rb1 and Meis2 could be a novel and potential therapeutic
intervention to improve cardiac repair, and function post–
myocardial infarction.

• The hydrogel-based in vivo delivery of small interfering RNAs
utilized in this study shows promising results for applica-
tions with a gene-silencing approach, especially highlighting
the site-specific, sustained gene repression as an effective
and potential therapeutic method.
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All experiments in this study involving rats were approved by
the Institutional Animal Care and Use Committee at the
University of Cincinnati.

Isolation and Culture of ACM
ACMs were isolated from 12-week-old Fischer rats using the
standard Langendorff procedure as described previously.11,33

Briefly, we dissected rat hearts and perfused with Krebs-
Henseleit bicarbonate buffer, followed by perfusion with
digestion buffer E until the heart became flaccid. Next, we
transferred the heart from the Langendorff apparatus to a
sterile laminar flow hood where we performed the remaining
portion of the procedure. We dissected the atria from the
heart, and the remaining ventricular tissue was then minced in
digestion buffer. This cell suspension was then filtered
through a 100-lm cell strainer (BD Biosciences, Franklin
Lakes, NJ) followed by centrifugation at 20g for 3 minutes.
The supernatant was discarded, and cells were resuspended
in 25 mL of buffer B and allowed to settle down via gravity.
The procedure was repeated with 25 mL of fresh buffer B.
Isolated ACMs were then cultured in DMEM (GE Healthcare,
Little Chalfont, UK) supplemented with 10% fetal bovine
serum (FBS) (Fisher Scientific, Waltham, MA) and 5 mmol/L
penicillin/streptomycin (Fisher Scientific), at 37°C in a 5%
CO2 incubator for 24 hours before transfection. Compositions
of all the solutions are provided in Table S1.

Transfection of ACM
siRNAs against Rb1 and Meis2 were used in an equimolar
combination (50 nmol/L each), designated as “siRNA-cock-
tail” to simultaneously inhibit Rb1 and Meis2. ACMs were
transfected 24 hours after isolation using Lipofectamine
RNAiMAX (Thermo Fisher Scientific, Waltham, MA) according
to the manufacturer’s protocol. Caenorhabditis elegans-miR-
67 (Cel-miR-67) (Dharmacon, Lafayette, CO) was used as the
transfection control. We used Cel-miR-67 as scrambled
control for all experiments34,35 because it has minimal
sequence identity with microRNAs present in human, mouse,
and rat and has the same design and modifications as the
other siRNAs. Cel-miR-67 has been widely utilized as a
scrambled control in cardiovascular studies and shown to
have no cardioprotective effect either in vitro in isolated
cardiomyocytes or in vivo experiments after cardiac injury.34-
36 In this and our previous studies we also conducted
extensive optimization experiments with control groups such
as “no transfection” along with “Cel-miR-67 scrambled
transfection” using both cardiomyocytes and noncardiomy-
ocyte cell populations and showed no change in cell
morphology, proliferation rate, viability, or gene expression
(data not shown).34,35 Therefore, Cel-miR-67 scrambled

control is used as the standard negative control for all of
our in vitro experiments. All siRNAs variants were procured
from Ambion, Thermo Fisher Scientific (Waltham, MA). Cells
were cultured for 7 days. Every 24 hours following transfec-
tion, the medium was refreshed with culture medium
containing 0.5% of 5-ethynyl-20-deoxyuridine (EdU) (Life
Technologies, Carlsbad, CA). Posttransfection assays were
performed on day 7 after transfection.11,34 Transfection
efficiency was determined using the siRNAs labeled with
cy547 and siUbC as previously described.37 Sequences for
siRNAs are provided in Table S2. The specificity of siRNAs was
analyzed through sequence homology analysis. We observed a
significant homology for siRb1 and siMeis2, only with Rb1
(Figure S18 and Table S3) and Meis2 (Figure S19 and
Table S4) genes, respectively. Immunocytochemical and
molecular analyses were performed on day 7 after
transfection.

Immunocytochemistry
On day 7, cardiomyocytes were fixed with 4% (w/v)
paraformaldehyde, followed by permeabilization with 0.1%
Triton X-100 for 15 minutes at room temperature. Cells were
then washed 3 times with PBS and blocked with CAS-Block
(Life Technologies, Carlsbad, CA) for 1 hour at room temper-
ature. Next, cells were incubated overnight at 4°C with
specific primary antibodies (1:200 diluted) in CAS-Block.
Following this, cells were washed 3 times with PBS and
incubated for 1 hour at room temperature with a fluorophore-
linked secondary antibody diluted (1:200) in CAS-Block. The
nucleus was then stained with 40,6-diamidino-2-phenylindole
(DAPI) through a 20-minute incubation at room temperature.
A cardiac-specific marker, Troponin I (TnI), was used to stain
ACMs. In addition, we also used a nuclear cardiac-specific
marker, NKx2.5, for validation. The images were taken using a
fluorescence microscope (Olympus) at various magnifications.
Details of the antibodies used are provided in Table S5.

ACM Proliferation
To evaluate ACM proliferation we used specific markers to
track different stages of the cell cycle. DNA synthesis was
detected through EdU staining by culturing ACMs in 5 lmol/L
of an EdU (a nucleoside analogue of thymidine)-supplemented
medium, which results in EdU incorporation into newly
synthesized DNA strands. EdU incorporation was visualized
by Click-iT EdU labeling kit (Invitrogen, Carlsbad, CA) accord-
ing to the manufacturer’s protocol. Moreover, the synthesis,
mitosis, and cytokinesis phases of proliferation were identi-
fied by immunostaining for KI67, PH3, and Aurora B,
respectively, as described earlier.35,37 In addition to prolifer-
ation markers, ACMs were stained for the cardiac-specific
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marker TnI and scored for dual-positive ACMs to quantify the
proliferation rate. All of the experiments were performed in
triplicate.

Human Induced Pluripotent Stem Cell–Derived
Cardiomyocyte Proliferation
We used hiPSc-CMs to evaluate the siRNA-cocktail-mediated
proliferation in human cardiomyocytes. The hiPSc-CMs were
procured from Cellular Dynamics International (Madison, WI)
and cultured in iCell cardiomyocyte maintenance medium
(Cellular Dynamics International) as per the manufacturer’s
protocol. Transfection of hiPSc-CMs with siRNA-cocktail and
the quantification of the proliferation rate were performed as
described above but with the analyses performed on day 5
posttransfection instead of day 7 for rat ACMs.

ACM Survival
To evaluate the ACM survival rate, we measured apoptosis in
both the siRNA-cocktail and Cel-miR-67–transfected groups
using terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay (Roche, Switzerland). ACMs were fixed
and permeabilized, and apoptosis was measured through
TUNEL assay per the manufacturer’s protocol. All the
experiments were performed in triplicate.

RNA Extraction and cDNA Synthesis
Total RNA was isolated using trizol reagent (Thermo Fisher
Scientific, Waltham, MA) per the standard protocol. In brief,
ACMs were harvested on day 7 after transfection and washed
twice with PBS. Cells were suspended in 1 mL of trizol
reagent and pipetted several times to homogenize. Likewise,
the heart tissue homogenate was prepared in 1 mL of trizol
reagent. The solution was kept at room temperature for
5 minutes, and then 0.2 mL of chloroform per 1 mL of trizol
was added, which was followed by 2 to 3 minutes of
incubation at room temperature and centrifugation at
12 000g for 20 minutes at 4°C. The resulting aqueous phase
was separated out into a new tube, and RNA was precipitated
by adding 0.5 mL of isopropanol. The precipitate was
incubated for 10 minutes at room temperature and cen-
trifuged at 12 000g for 20 minutes at 4°C. The supernatant
was discarded, and the pellet was washed with 1 mL of 75%
ethanol and air dried for 10 to 15 minutes. The pellet was
dissolved in 30 to 50 lL of Tris 10 mmol/L + EDTA 1 mmol/
L), and RNA concentration was measured by a NanoVue Plus
Spectrophotometer (GE Healthcare, Little Chalfont, UK). cDNA
synthesis was performed with 1 lg of total RNA, using
Omniscript Reverse Transcription kit (QIAGEN, Germantown,
MD) per the manufacturer’s protocol.

Real-Time PCR
Real-time polymerase chain reaction (RT-PCR) was performed by
using specific primer pairs for respective genes as listed in
Table S6. RT-PCR primers were synthesized using Primer3web
version 4.0.0 (http://bioinfo.ut.ee/primer3/). Amplification
reactions were performed in triplicate in CFX Connect Real-Time
PCR Detection System (Bio-Rad, Hercules, CA) by using Applied
Biosystems SYBR Green PCR Master Mix (Thermo Fisher
Scientific, Waltham, MA). Quantification of RT-PCR was per-
formed by the DDCt method with b-actin serving as the control.

Western Blot
For Western blotting, the total protein was isolated using a
radioimmunoprecipitation assay buffer (Thermo Fisher Scien-
tific, Waltham, MA), following the standard protocol. Protein
from neonatal rat cardiomyocytes was isolated from 24- to 48-
hour-old rat hearts, whereas ACM protein was isolated from 12-
week-old rat hearts. Heart tissue homogenates were prepared
in radioimmunoprecipitation assay buffer, and digestion was
performed through a 1-hour incubation on a rocking shaker at
4°C. Lysates were centrifuged at 12450g for 15 minutes at
4°C, and the supernatant was collected in fresh tubes. Protein
concentration was estimated by the bicinchoninic acid method,
using a bicinchoninic acid protein assay kit (Sigma Aldrich, St.
Louis, MO). Fifty micrograms of protein was separated on 10%
SDS-PAGE gel and transferred to a polyvinylidene fluoride
membrane. Blocking was performed by incubating the mem-
brane with 5% skimmed milk in Tris-buffered saline with Tween
20 for 1 hour at room temperature. Proteins of interest were
detected by overnight incubation of membranes with specific
primary antibodies (diluted in 5% skimmed milk in Tris-buffered
saline with Tween 20) at 4°C, followed by a 1-hour incubation
with horseradish peroxidase–conjugated secondary antibody at
room temperature. Protein bands were visualized by treating
themembrane with Super Signal W FemtoMaximum Sensitivity
Enhanced Chemiluminescence (Thermo Fisher, Waltham, MA)
and developed onto a chemiluminescence film.

Preparation of Hydrogel With siRNA-Cocktail
We utilized a nanocomposite hydrogel to deliver siRNA-
cocktail in the infarcted adult rat heart. We obtained the
injectable nanocomposite hydrogels from our collaborator, Dr
Arghya Paul at the University of Kansas (Lawrence, KS).38 The
hydrogel had been previously characterized for the advantage
of controlled and site-specific cardiac drug delivery.38-40 A
lipid emulsion of siRNAs was prepared by mixing siRNAs with
MaxSuppressor In Vivo RNA-LANCEr II (PerkinElmer, Waltham,
MA) reagent, by following the manufacturer’s protocol. In
brief, we mixed equal amounts of siRb1 and siMeis2 with
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MaxSuppressor In Vivo RNA-LANCEr II reagent followed by a
5-minute sonication on a high power setting. Next, equal
volumes of lipid emulsion siRNA-cocktail and nanocomposite
hydrogel were mixed to prepare the final siRNA complex for
intramyocardial injection. We used 12-week-old rats and
divided our animals into 3 study groups: (1) no treatment: LAD
ligation without any treatment (N=6); (2) hydrogel: LAD
ligation and 100 lL of nanocomposite hydrogel, which was
injected at multiple sites in the infarcted area (N=6); (3)
hydrogel+siRNA-cocktail: LAD ligation and 100 lL of
nanocomposite hydrogel infused with siRNA-cocktail was
injected at various locations in the infarcted area (N=6). The
animals were maintained on buprinex after surgery for
24 hours. For heart function studies, transthoracic echocar-
diography was performed at day 3 and day 21 after surgery,
and subsequently, animals were euthanized, and their hearts
were harvested for molecular and histological analyses.

Myocardial Infarction
A model of myocardial infarction was used in adult (12-week-
old) male Fischer 344 rats by left anterior descending coronary
artery (LAD) ligation. Animals were anesthetized with isoflurane
gas followed by tracheal intubation and ventilation using a
rodent ventilator (Minivent, Type 845, Hugo Sachs Elektronik,
March-Hugstetten, Germany). Animal body temperature was
maintained at 37°C during the surgery. Hearts were exposed by
minimal left-sided thoracotomy. Myocardial infarction was
created by ligation with permanent occlusion of the LAD, per
our standardized protocol.35,37,38 After LAD ligation, 100 lL of
nanocomposite biocompatible hydrogel (5.0% [w/v] gelatin,
2.0% [w/v] silicate nanoparticles, dissolved in PBS) or hydrogel
with siRNA-cocktail were intramyocardially injected at multiple
sites in the infarcted area (3-4 sites/heart on average).38

In Vivo Assessment of Cardiac Function
Cardiac function was assessed by transthoracic echocardiogra-
phy onday 3 andday 21 after surgery, using a Vevo 2100 Imaging
System (VisualSonics, Toronto, Canada) with a 24-MHz trans-
ducer, MS250. Animals were anesthetized with isoflurane gas,
and 2-dimensional imaging of their hearts was performed and
recorded for M-mode through the anterior and posterior left
ventricle (LV) walls. Anterior and posterior wall thickness (end-
diastolic and end-systolic) and LV internal dimensions were
measured from at least 3 consecutive cardiac cycles. Indices of
the LV systolic function, includingLVejection fraction and cardiac
output, were calculated as LVejection fraction (%)=[(LV end-
diastolic dimension)3�(LV end-systolic dimension)3/(LV end-
diastolic dimension )3]9100; cardiac output=heart rate9stroke
volume. Furthermore, a speckle tracking–based, detailed wall
function analysis was performed by VevoStrain analysis tool

(VisualSonics, Toronto, Canada). Images acquired from long-axis
echoes were used to analyze the radial strain, radial strain rate,
radial displacement, and radial velocity. Six myocardial wall
segments were imaged: posterior basal, posterior middle,
posterior apex, anterior basal, anterior middle, and anterior apex.
Of these, the anterior middle, anterior apex, and posterior apex
segments were considered as the area under infarct, and, thus,
the average of these segments was used for the aforementioned
myocardial deformation analysis (Figure S16A and S16B).

In Vivo Experiments, Anesthesia, and Euthanasia
All experimental procedures performed on rodents followed
National Institutes of Health guidelines and protocols approved
by the Institutional Animal Care and Use Committee at the
University of Cincinnati. The experimental rats were maintained
and housed under specific, pathogen-free conditions established
by the Laboratory Animal Medical Services at the University of
Cincinnati. All the experiments were performed in a dedicated
procedure room approved by the Institutional Animal Care and
Use Committee for performing animal surgeries.We followed the
Institutional Animal Care and Use Committee and Laboratory
Animal Medical Services approved guidelines for euthanasia. We
anesthetized the rats by administering 100% O2 with 4%
isoflurane. The animals were maintained under anesthesia by
continuous administration of 100% O2 together with 2.5%
isoflurane throughout the surgery. After 21 days following
surgery, we euthanized the rats by an overdose of sodium
pentobarbital followed by thoracotomy to isolate the hearts.

Histological Examination and
Immunohistochemistry
For immunostaining, paraffin-embedded heart sections were
deparaffinized first by xylene, followed by 100%, 90%, and
80% ethanol washes (5 minutes each). For antigen retrieval,
we heated the slides in a pressure cooker for 3 minutes in
0.1 mol/L citrate buffer (pH 6.0) followed by cooling for
45 minutes. Heart sections were then blocked with CAS-
block (Thermo Fisher Scientific, Waltham, MA) for 1 hour at
room temperature followed by 3 PBS washes for 5 minutes
each. Primary antibodies were used in a working dilution of
1:200 with CAS-Block and were individually incubated
overnight at 4°C followed by 3 PBS washes for 5 minutes
each. The corresponding fluorophore-linked secondary anti-
bodies linked with Alexa Fluor (Thermo Fisher, Waltham, MA)
were used in a working dilution of 1:200 with CAS-Block and
were incubated for 2 hours at room temperature, followed by
3 PBS washes for 5 minutes each. The nucleus was stained
with DAPI (Sigma-Aldrich, St. Louis, MO). We used fluores-
cence and confocal microscopes to visualize and capture the
images.

DOI: 10.1161/JAHA.119.012089 Journal of the American Heart Association 5

Rb1 and Meis2 Regulate Cardiomyocyte Proliferation Alam et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



Tube Formation Assay

To perform the endothelial tube formation assay, human
umbilical vein endothelial cells (HUVECs) were cultured with
conditionedmedium fromACMs transfected with siRNA-cocktail
(CMe-siRNA-cocktail) or Cel-miR-67 (CMe-control) on matrigel
(Geltrex Reduced Growth Factor Basement Membrane Matrix,

Invitrogen, Carlsbad, CA). Then, 48-well culture plates were
precoatedwith 50 lL ofMatrigel/well and incubated at 37°C for
30 minutes. HUVECs were seeded at a density of 42 000 cells/
cm2 in each well of a 48-well plate. Endothelial tube formation
study was performed in 3 groups: (1) control: HUVECs were
seeded with conditioned medium, collected from Cel-miR-67–
transfected ACMs; (2) CMe-siRNA-cocktail: HUVECs were
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Figure 1. Simultaneous inhibition of Rb1 and Meis2 leads to ACM proliferation. A, The expression
analysis of Rb1 and Meis2 was performed through Western blot showing a significant increase in the
expression of Rb1 and Meis2 in ACM when compared with NRCM. N=3 rats per group. B, Schematic
representation of in vitro experimental design, illustrating ACM isolation, transfection with Cel-miR-67
(control) and siRNA-cocktail on day 1, followed by ACM proliferation and survival assays on day 7. C,
Representative immunoblots for Rb1 and Meis2. Immunoblotting was performed with cell lysate from
ACMs, transfected with siRNA-cocktail and control. D and E, Densitometric analysis showed regulation
in the expression of cell cycle regulators in the siRNA-cocktail–transfected group in comparison to
control. F andG, Representative immunostained images of ACMs showing an increase in cell number in
the siRNA-cocktail–transfected group on day 7 after transfection vs control. H, Quantification of ACM
size shows a significant decrease in ACM size in the siRNA-cocktail–transfected group vs control.
Immunostaining shows a significant increase in (I and J) EdU-positive ACMs, (K and L) KI67-positive
ACMs, (M and N) PH3-positive ACMs, and (O and P) Aurora B–positive ACMs in siRNA-cocktail–
transfected groups vs control. We used ACMs, isolated from adult rats (�12 weeks old) for all in vitro
experiments. N=3 rats, n=8 experimental replicates each, and n=3 images each. Scale bar=100 lm or
as cited in the image. Panels in White rectangles represent respective enlarged sections. Yellow arrows
indicate the ACMs labeledwith the indicated proliferativemarkers. ACM indicates adult cardiomyocyte;
DAPI, 40,6-diamidino-2-phenylindole; EdU, 5-ethynyl-20-deoxyuridine; NRCM, neonatal rat cardiomy-
ocyte; PH3, phosphor histone 3; siRNA, short interfering RNA; TnI, Troponin I. Results are presented as
mean�SEM; *P≤0.05. P≤0.05 was considered statistically significant.
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seeded with conditioned medium collected from ACMs trans-
fected with Rb1/Meis2 siRNA-cocktail; and (3) positive control:
HUVECs were seeded with serum-free endothelial medium
supplemented with vascular endothelial growth factor (30 ng/
mL media). HUVECs were cultured for 8 hours before analysis.
Analysis of endothelial tube formation assay for total tube length
and branching points was performed by Wimasis (2017) image
analysis tool (WimTube: Tube Formation Assay Image Analysis
Solution, Release 4.0; Onimagin Technologies, C�ordoba, Spain).
At least 3 images from each group were analyzed for endothelial
tube formation assay.

Statistical Analyses
All reported values are expressed as mean�standard error of
the mean. We used GraphPad Prism 8 software (GraphPad,
San Diego, CA) to evaluate the validity of our sample size and
the normal distribution using the Shapiro-Wilk test for each
experimental group when comparing only 2 groups. Normally
distributed data were analyzed using a 2-way, unpaired t test.
A value of P<0.05 was considered statistically significant.
Additionally, we performed a 1-way ANOVA with Tukey HSD
post hoc analysis to calculate the statistical significance
among the groups for in vivo studies.

Results

In Vitro Inhibition of Rb1 and Meis2 in Adult
Cardiomyocytes Induces Proliferation
First, we analyzed the differential expression of Rb1 and
Meis2 between adult and neonatal hearts by Western blotting

to evaluate the correlation of higher expression of Rb1 and
Meis2 with the mature postmitotic state of cardiomyocytes.
As expected from previous reports, both Rb1 and Meis2 were
highly expressed in ACMs (12-week-old rats) compared with
neonatal rat cardiomyocytes (24- to 48-hour-old rats) showing
a 2.2- and a 2.9-fold increase, respectively (Figure 1A). Next,
we optimized an isolation and culture protocol for ACMs from
rats and validated a reproducible healthy culture efficacy
assessed by quantifying live cardiomyocytes daily up to
7 days after the lipofectamine 2000 treatment (Figure 1B).
Results showed that ACMs could be reliably cultured and
maintained with over 59.57% of the total isolated ACMs
remaining alive by day 7 after transfection (Figure S1).
Similarly, to ensure a sufficient siRNA inhibition, we optimized
our transfection protocol efficacy for ACMs using a scrambled
control conjugated with the Dy547 fluorophore in a time
course experiment. Utilizing the Dy547-conjugated C. ele-
gans-miR-67 (Cel-miR-67), we were able to achieve over
70.16% transfection efficiency in ACMs at 24 hours after
transfection (Figure S2) and observed over 70.0% transfection
retention in ACMs by the siUBC-mediated transfection
efficacy analysis at 48 hours (Figure S3). Following 7 days
of specific siRNA knockdown against Rb1 and Meis2, we
observed protein levels reduced by 43% and 28%, respectively
(Figure 1C through 1E). Individual and combinatory knock-
downs of Rb1 or Meis2 revealed that the Rb1 and Meis2
combined knockdown approach, henceforth referred to as the
“siRNA-cocktail” transfection, is necessary for the efficient
induction of ACM proliferation with over 6-fold increase in
EdU incorporation of ACMs in the siRNA-cocktail group
compared with the individual Rb1 and Meis2 knockdown
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experiments (Figure S4A). Further in vitro analysis of ACMs
after simultaneous inhibition of Rb1 and Meis2 revealed a
significant increase in cell numbers (32.8%) (Figure 1F and
1G) as well as a decrease in cell size (13.0%) (Figure 1H) when
compared with controls. Additional analyses using all permu-
tations of 3 independent sets of siRNAs against each Rb1 and
Meis2 determined the optimum dose and set of siRNAs used
in this study (Figure S4B). Moreover, time course analysis of
nuclear composition of cultured cardiomyocytes between
siRNA-cocktail–transfected group versus controls showed a
significant increase in mononucleated ACMs (20.8% versus
14.4%) and a decrease in binucleated ACMs (75.1% versus
83.3%) (Figure S5A and S5B). Surprisingly, there was no
significant difference in the number of multinucleated cells
between the groups (Figure S5C). Because binucleated and

multinucleated cardiomyocytes represent the terminally dif-
ferentiated state,41 the increase in mononucleated cardiomy-
ocytes in the in vitro knockdown Rb1 and Meis2 experiments
indicates newly formed cardiomyocytes.

Further time course analyses were performed based on the
incorporation of EdU staining, indicating DNA synthesis, to
evaluate the reentry of ACMs to the cell cycle. Results show
that until day 5 after siRNA knockdown there is no detectable
difference in the number of EdU-positive ACMs between
experimental groups; however, on days 6 and 7, siRNA-
cocktail–transfected groups have increased EdU labeling as
opposed to control (32.7% versus 3.4% by day 7) (Figure 1I
and 1J; Figure S6A and S6B). To ensure scoring proliferation
specifically in ACM, triple antibody labeling was performed
utilizing cardiomyocyte-specific markers, Nkx2.5 and TnI,
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Figure 2. Simultaneous inhibition of Rb1 and Meis2 leads to hiPSc-CM proliferation. Representative
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RNA; TnI, Troponin I. Results are presented as mean�SEM; *P≤0.05. P≤0.05 was considered statistically
significant.
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along with the EdU staining, and the cell cycle state in ACMs
was determined. Immunostaining showed 26.05�1.28% of
siRNA-cocktail–transfected ACMs with copositivity for cardiac
markers and EdU, similar to the above data acquired by EdU
counts alone (Figure S7).

To assess cell cycle progression to cytokinesis, siRNA-
cocktail–transfected ACMs were labeled with a series of
antibodies against cardiomyocyte marker TnI, DNA synthesis
marker KI67, mitotic marker PH3, and cytokinesis marker
Aurora B. Consistent with previous observations, transfected
ACMs showed a significant increase in labeling for KI67 (19.8%
versus 0.4%) (Figure 1K and 1L), PH3 (3.8% versus 0.2%)
(Figure 1M and 1N), and Aurora B (3.3% versus 0%) (Figure 1O
and 1P) in siRNA-cocktail–transfected groups compared with
controls. Quantification of EdU, PH3, and TnI triple-labeled
cardiomyocytes showed that all of the PH3-positive ACMs were
also positive for EdU, andmore than 82% of PH3-positive siRNA-
transfected ACMs were, in fact, mononucleated, which is the
evidence of completed cytokinesis (Figure S8).

Inhibition of Rb1 and Meis2 in ACMs Protects
Against Cell Death
On evaluation of apoptotic cell death using the TUNEL
assay, siRNA-cocktail–transfected ACMs showed a higher
survival rate versus control group starting on day 3 and
onward. In fact, by day 7, the siRNA-cocktail–transfected
group maintains a significant decrease in TUNEL+ ACMs
(2.7�0.60%) compared with controls (6.13�0.68%) (Fig-
ure S9A and S9B). Additional cell death analysis is
performed using Western blotting for a critical regulator
of the apoptotic process, Bax, which was 0.56�0.10-fold
lower in the proliferating ACMs (Figure S9C and S9D),
validating the improved cell survival after siRNA-cocktail–
mediated inhibition of Rb1 and Meis2. Moreover, individual
knockdown experiments in comparison to control or siRNA-
cocktail transfection revealed that Rb1 knockdown alone
significantly protects ACM against cell death, as shown with
the TUNEL assay (Figure S9E).

Rb1 and Meis2 Combined Inhibition Enhances
Proliferation in hiPSc-CMs
In a parallel experiment hiPSc-CMs were transfected with
siRNA-cocktail or Cel-miR-67 control and analyzed for prolif-
eration on day 5 after transfection. Human cardiomyocytes
transfected with siRNAs showed a significant increase in EdU+

labeling compared with controls (44.8% versus 14%) (Fig-
ure 2A and 2B). Moreover, a substantial number of hiPSc-CMs
were positive for both KI67 (35.2% versus 9.4%) (Figure 2C
and 2D), and Aurora B (6.7% versus 1.4%) (Figure 2E and 2F)
in siRNA-cocktail transfected groups.

Rb1 and Meis2 Specific Inhibition Regulate Other
Cell Cycle–Associated Genes In Vitro
RT-PCR and Western blot analyses in Rb1/Meis2-inhibited
cells revealed that several cell cycle regulatory gene expres-
sions were altered toward a proliferative state (Figure S10A).
Genes inhibited by Rb1 such as the E2F family members,
transcription factors that are required for cell cycle progres-
sion, were upregulated, such as E2F2 (4.1-fold) and E2F3 (2.7-
fold), in siRNA-cocktail–transfected ACMs (Figure S10A).
Other critical cell cycle regulators such as Cyclin D1 and
Aurora B had significantly elevated expression levels (1.8- and
2.2-fold, respectively), whereas the expression of IL6, which is
1 of the most prominent cytokines to induce cell senescence
by promoting DNA damage response, leading to cell cycle
exit,42 was reduced 0.2-fold in the siRNA-cocktail–transfected
group (Figure S10A). Similarly, the expression level of a
master regulator of proliferation such as b-catenin was up
(1.9-fold) (Figure S10B and S10C), whereas the expression of
a master regulator of senescence such as P16 was down (0.7-
fold) (Figure S10B and S10D) in the Rb1/Meis2 knockdown
group as shown by Western blot analyses.

Adult Cardiomyocytes Treated With siRNA-
Cocktail In Vivo Following Ischemic Injury to the
Heart Reenter Cell Cycle and Resist Cell Death in
Peri-Infarct Areas
For all in vivo experiments, we used a model of myocardial
infarction in adult (12-week-old) male Fischer 344 rats,
performed by LAD ligation. siRNAs with nanocomposite
hydrogel were injected at multiple sites in and around the
infarcted area. We performed transthoracic echocardiography
to assess heart function on days 3 and 21 before animals
were euthanized on day 21, and heart samples were collected
for further analysis (Figure 3A).

At first glance, physiological compensatory responses to
injuries such as fibrosis in the infarcted area and the
hypertrophy in the peri-infarct region of injured hearts were
similar (Figure 3B). However, careful analyses and quantifica-
tion of ACM size in the border zone of hearts treated with
hydrogel+siRNA-cocktail showed a small but significant
reduction of the hypertrophic response, in which ACMs
remained smaller in size compared with no-treatment or
hydrogel-alone controls (Figure 3B and 3C). Because intramy-
ocardial injection treatment was administered at the site of
LAD ligation, we assessed the ACM proliferation in peri-infarct
areas of the adult rat heart through immunohistochemical
staining. Similar to the in vitro studies, cell cycle marker KI67
and cytokinesis-specific marker Aurora B showed a signifi-
cantly higher number of KI67-positive (0.85% versus no
treatment 0.15 and hydrogel 0.13) (Figure 3D and 3E) and
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Figure 3. Hydrogel-mediated delivery of siRNA-cocktail leads to ACM proliferation in adult hearts post-
MI. A, Schematic representation of in vivo experimental design, illustrating LAD ligation, intramyocardial
injection of hydrogel, and hydrogel+siRNA-cocktail. Animals were observed for 21 days; echocardio-
graphy was performed at day 3 and day 21, followed by euthanasia and sample collection for molecular
and histochemical analysis. B, Representative images for WGA staining (green) and troponin I (red)
immunostaining. C, Quantification showing a moderate but significant decrease in ACM size in the
siRNA-cocktail–transfected group when compared with controls. N=4 rats per group, n=5 nonserial
sections were imaged from each, and n>100 cardiomyocytes quantified from each confocal image. D,
Representative immunostaining images for TnI (green), KI67 (red), and DAPI (blue). E, Bar graphs show
a significant increase in KI67-positive ACMs in the siRNA-cocktail–transfected group vs control. F and
G, Representative images and bar graphs for immunostaining with Aurora B, showing a significant
increase in Aurora B–positive ACMs in the siRNA-cocktail–transfected group vs control. In vivo analysis
was performed in adult male rats (�12 weeks old). N=4 rats per group, n=5 nonserial sections were
imaged each, and n=8 confocal images from different regions quantified each. Scale bar=50 lm. ACM
indicates adult cardiomyocyte; DAPI, 40,6-diamidino-2-phenylindole; LAD, left anterior descending
coronary artery; MI, myocardial infarction; si, short interfering [RNA]; TnI, Troponin I; WGA, wheat germ
agglutinin. Results are presented as mean�SEM; *P≤0.05. P≤0.05 was considered as statistically
significant.
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Aurora B-positive (0.32% versus no treatment 0.04; and
hydrogel 0.05) (Figure 3F and 3G) ACMs in the animals
treated with hydrogel+siRNA-cocktail when compared with
controls.

We also observed a significant decrease in the TUNEL+

ACMs in the peri-infarcted area in the hydrogel+siRNA-
cocktail–treated group (0.47�0.03%) versus controls (0.47%
hydrogel+siRNA-cocktail versus 1.08% no treatment versus
0.98% hydrogel) (Figure S11A and 11B). These results
demonstrate the improved survivability of ACMs in adult rat
hearts treated with hydrogel+siRNA-cocktail when compared
with controls.

We further validated our results by RT-PCR and Western
blotting on heart tissue samples. The RT-PCR analysis
confirmed the siRNA-mediated silencing of Rb1 and Meis2,
shown by a decreased expression of Rb1 and Meis2 and an
increased expression of E2F2 and E2F3 in hydrogel+siRNA-
cocktail–treated hearts (Figure S12). Moreover, our RT-PCR
analysis revealed an elevated level of Aurora B and a
decreased level of IL6, whereas we could not find any
difference in Cyclin D1 expression in vivo (Figure S12).
Comparable results were obtained in our Western blot
analysis, in which we observed a reduced expression of
Meis2 and p16 in the hydrogel+siRNA-cocktail–treated group
in comparison to control groups, which further complements
our RT-PCR results (Figure S13A through S13C). The results
collectively ascertain that siRNA-mediated inhibition of Rb1
and Meis2 leads to ACM proliferation in adult rat hearts post-
MI.

Rb1 and Meis2 Knockdown in ACM Results in
Requisition of Cell-Autonomous Proangiogenic
Properties After MI or In Vitro
Previous studies have suggested a potential role for Rb1 in
angiogenesis during development and disease.43,44 In the
present study we evaluated the proangiogenic effects of
inhibiting Rb1 and Meis2 in adult animals following MI.

Histological analyses showed an increase in blood vessel
density in the hydrogel+siRNA-cocktail–treated group (21.8%
hydrogel+siRNA-cocktail versus 12.0% no treatment versus
15.0% hydrogel only) (Figure 4A and 4B). To determine
whether ACMs directly regulate this enhanced angiogenesis
after the inhibition of Rb1/Meis2, we performed endothelial
tube formation assays in vitro. Here, we cultured HUVECs with
conditioned medium from ACMs transfected with siRNA-
cocktail (CMe-siRNA-cocktail) and medium from ACMs trans-
fected with Cel-miR-67 (CMe-control) (Figure 4C). Interest-
ingly, we observed a significant increase in the total number
of tubes (136�12.1 versus 84�4.9) as well as the length
(20 973�404 lm versus 17 575�58 lm) and number of
branching points per tube formation (65.75�1.93 versus
51�1.6) in the HUVECs cultured with CMe-siRNA-cocktail in
comparison to CMe-control (Figure 4D through 4G). RT-PCR
and Western blot analyses of a critical angiogenic vascular
endothelial growth factor showed a significant increase in
expression in the hydrogel+siRNA-cocktail–treated group
compared with controls post-MI (Figure S12).

In contrast, cardiac fibroblasts and endothelial cells
transfected with either individual siRNAs or siRNA-cocktail
did not show any enhancements in proliferation or survival
and did not alter HUVEC cultures (Figure S14A through S14C).
Meanwhile, neonatal rat cardiomyocytes, which pose a
baseline proliferative capacity, acquired a significantly
improved proliferative state on siRNA-cocktail transfection
(Figure S14D).

Inhibition of Rb1 and Meis2 Following MI Is
Cardioprotective
Echocardiographic measurement analyses of uninjured,
healthy adult rats that received an intramyocardial injection
of either 100 lL of hydrogel alone or PBS showed no baseline
functional improvement up to 3 weeks postinjection (Fig-
ure S15). Similarly, infarcted hearts that were injected with
Rb1/Meis2 siRNA-infused hydrogel following MI did not alter
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the heart weight/body weight ratio compared with both
hydrogel alone and PBS control groups (Figure 5A). However,
hearts receiving the Rb1/Meis2 siRNA-infused hydrogel
exhibited a substantially reduced infarct size measured by

Masson trichrome staining at 21 days postinjury (Figure 5B
and 5C). As expected, these siRNA-treated hearts displayed
improved cardiac function as seen from ejection fraction,
cardiac output, and LV systolic internal dimension values at
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Figure 4. Hydrogel-mediated delivery of siRNA-cocktail leads to increased vascularization in adult
animals post-MI. A, Representative immunostaining images for blood vessel density in different study
groups: the inner endothelial layer is visualized by von Willebrand factor (vWF) staining (red), whereas the
outer layer is visualized by smooth muscle actin (SMA) staining (green). B, Quantification of blood vessel
density shows a significant increase in the siRNA-cocktail–treated group when compared with controls.
N=4 rats per group, n=5 nonserial sections were imaged from each, and n=3 confocal images from different
regions quantified each. C, Schematic representation of tube formation assay, illustrating ACM transfection
and conditioned medium (CM) isolation, which was used to culture HUVECs and the subsequent tube
formation assay. D, Representative bright-field images for endothelial tube formation assay in HUVECs
illustrate the increase in total number of tubes, total tube length, and number of branching points in the
siRNA-cocktail group vs control. E-G, Quantification of endothelial tube formation was performed by
Wimasis image analysis tool (2017; WimTube: Tube Formation Assay Image Analysis Solution, Release 4.0;
Onimagin Technologies, C�ordoba, Spain). Significant increases in total number of tubes, total tube length,
and number of branching points were observed. Images represent N=3 rats, n=6 experimental replicates
each, and n=5 images quantified each. Scale bar=100 lm. ACM indicates adult cardiomyocytes; HUVEC,
human umbilical vein endothelial cells; siRNA, short interfering RNA; SMA, a-smooth muscle actin; vWF, von
Willebrand factor. Results are presented as mean�SEM; *P≤0.05. P≤0.05 was considered statistically
significant.
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day 21 compared with either control group (Figure 5D
through 5I). We also observed a significant improvement in
radial strain, radial strain rate, radial displacement, and radial
velocity within the siRNA-infused hydrogel-treated group
(Figure 5J through 5L, Figure S16). Interestingly, during the
early stages of injury recovery at day 3 after injury, hearts that
received hydrogel alone showed significant functional protec-
tion seen from early echocardiography measurements (Fig-
ure 5G through 5I); this was also apparent from the scar size
but lacked significance at day 21 post-MI (Figure 5B and 5C).
These results demonstrate that hydrogel-mediated delivery of
siRNA-cocktail following MI prevents cardiac remodeling and
improves heart function.

Discussion
In the present study,we highlight a promising cardioprotective
treatment approach by utilizing the siRNA-infused hydrogel
injection directly to the injury site after an ischemic heart
injury. More specifically, we inhibited a set of actively
expressed cell senescence inducers, Rb1, and Meis2, which
in return effectively induced terminally differentiated, postmi-
totic, ACMs to reenter the cell cycle. Remarkably, these
reactivated cycling ACMs acquired antiapoptotic and proan-
giogenic properties, provided significant cardioprotection, and
led to improved wound healing and cardiac function following
myocardial infarct. This study builds on top of our group’s
previous findings wherein we reported induced cardiomyocyte
proliferation on overexpressing miR-1825, which we sug-
gested to regulate a known proliferation-inducing miRNA, miR-
199a, with a potential mechanism of silencing Rb1 or Meis2
expression.37 We also showed that Rb1 and Meis2 are direct
targets of miR-199a with a specific binding site on 30UTR.37 In
our previous study we also explored the potential of direct

silencing of Rb1 and Meis2 in vitro and showed signs of
cardiomyocyte proliferation with a synergetic relation
between Rb1 and Meis2.37 The present study, now for the
first time, shows the efficacy of induced ACM proliferation
through the simultaneous repression of Rb1 and Meis2 using
a siRNA approach both in vitro transfection experiments and
in vivo by using a hydrogel-based delivery method that
remarkably improved cardiac function after MI.

Because Rb1 and Meis2 are associated with different
stages of the cell cycle,20,22,32,45,46 and on the basis of our
previous observations, we proposed a simultaneous inhibi-
tion protocol for Rb1 and Meis2 to induce ACM proliferation
and to avoid mitotic catastrophe.42 Mitotic catastrophe is a
phenomenon in which karyokinesis occurs with incomplete
cytokinesis leading to ACM apoptosis.47 As reported before,
isolated and cultured adult rat cardiac myocytes exhibit
changes in their external and internal structural properties
differentiating from their typical in vivo rod shape to a more
pleiomorphic, flattened, and adherent neonatal-like pheno-
type.48 Our in vitro studies using developmentally mature
ACMs isolated from adult male rats also showed a
remarkable morphological change but retained their physi-
ological and contractile characteristics in culture even up
until day 7 (Video S1). During that time window we were
able to achieve a transfection efficiency of >70% in the
ACMs, resulting in over 50% reduction in mRNA expression
of both targeted genes. Consequently, we observed a
remarkable increase in mononucleated ACM numbers with
a decrease in cell size in the siRNA-cocktail–transfected
group. Surprisingly the induced ACM proliferation was only
possible with simultaneous inhibition of Rb1 and Meis2,
whereas separate inhibition of these genes did not result in
much proliferation. This was interesting because simple
knockout of a previously identified transcription factor,
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Figure 5. Hydrogel-mediated delivery of siRNA-cocktail leads to a reduction in infarct size and
improved cardiac function post-MI.A, No significant difference was observed in heart weight–to–body
weight ratio between the groups. B and C, Representative images for Masson trichrome staining show
a significant reduction in infarct size after siRNA-cocktail treatment in adult animals post-MI. N=6 rats
per group; n=5 nonserial sections were imaged each. D through F, Representative echocardiography
images of heart function analysis at the long axis and M-mode. G through L, Quantification of
echocardiography shows significantly improved EF, CO, LVIDs, radial strain, radial strain rate, and
radial displacement in the siRNA-cocktail–treated group in comparison to controls. In vivo analysis of
cardiac function was performed in adult male rats (�12 weeks old). Results represent N=6 rats per
group. BW indicates body weight; CO, cardiac output; EF, ejection fraction; HW, heart weight; LVIDd,
left ventricular internal dimension, diastole (mm); LVIDs, left ventricular internal dimension, systole
(mm); NS, nonsignificant; siRNA, short interfering RNA. Results are presented as mean�SEM;
*P≤0.05. NS=P≥0.05. P≤0.05 was considered as statistically significant.
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Meis1, which had been determined to be the master
activator of the cyclin-dependent kinase inhibitors, results
in a dramatic enhancement of ACM proliferation.49 The
difference in the mechanism by which Meis1 and Rb1/Meis2
induces ACM proliferation revealed an alternative cardiopro-
tective phenomenon in our study.

Rb1 negatively regulates the cell cycle by interacting with
transcription factors E2F2 and E2F3 and thus inhibiting the
synthesis phase.26,27 After siRNA-cocktail–mediated inhibition
of Rb1, we observed a significant increase in the expression of

E2F2 and E2F3 along with an increase in DNA synthesis
marked by a 10-fold increase in EdU incorporation. Our
results here specifically focus on the cardiomyocyte prolifer-
ation with a triple colabeling of cardiomyocyte-specific
markers Nkx2.5 and TnI along with the EdU, Ph3, KI67, and
Aurora B to present compelling evidence for cardiomyocyte
reentry to the cell cycle. Compiling accounts of upregulation
in cell cycle promoters such as cyclin D1 and b-catenin and
downregulation of cell cycle inhibitors p16 and IL6, as a result
of siRNA-mediated inhibition of Rb1 and Meis2, the almost
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Figure 6. Simultaneous inhibition of Rb1 and Meis2 leads to ACM cell cycle progression and
cardioprotection post-MI. A, Schematic representation of siRNA-mediated simultaneous inhibition of Rb1
and Meis2, showing induced entry to S phase by siRb1-mediated silencing Rb1. Mies2 inhibition facilitates
mitosis, which collectively leads to induced ACM proliferation. The differential expression of Aurora B, b-
catenin, cyclin D1, and p16 are complementary to the induced ACM proliferation after Rb1 and Meis2
inhibition. B, The cascade of events that occur when an ischemic injury to the heart that leads to heart
failure is significantly reversed or prevented by an Rb1 and Meis2 knockdown approach. More significant
than ACM proliferation, protection against cardiomyocyte death and cardiomyocyte-mediated enhanced
angiogenesis protect the heart from progressive myocardial loss, reduce fibrosis, and restore function in an
adult animal post-MI. ACM indicates adult cardiomyocytes; MI, myocardial infarction; si-, short interfering
[RNA].

DOI: 10.1161/JAHA.119.012089 Journal of the American Heart Association 15

Rb1 and Meis2 Regulate Cardiomyocyte Proliferation Alam et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



perfect colocalization of the synthesis marker EdU with
mitotic marker PH3 in mononucleated ACM (Figure S8), and
live cell imaging (Figure S17) all verified adult cardiomyocyte
cytokinesis. As an additional benefit, siRNA-cocktail–trans-
fected ACMs showed a 2-fold decrease in apoptosis, which
may give the ACMs a boost in their ability to enter the cell
cycle with increased survivability. Together, our in vitro results
indicate that siRNA mediated simultaneous inhibition of Rb1-
and Meis2-induced ACM proliferation and increased ACM
survivability.

In addition to our data within murine cardiomyocytes, we
also showed substantial induction of proliferation in hiPSc-CM
with the same siRNA-cocktail transfection, documenting a
conserved mechanism between species and highlighting the
clinical relevance of siRNA-cocktail–induced inhibition of Rb1
and Meis2 as therapeutics.

In this study we evaluated the therapeutic significance of
exogenous induction of ACM proliferation in a murine model
of acute ischemic myocardial infarction through a permanent
ligation surgery on the left anterior descending artery (LAD) in
adult rats.50,51 Immediately after LAD ligation, siRNA cocktail
was injected into the peri-infarct area surrounding the injury
site. Currently, localized drug delivery in heart disease is a
challenging task, and common delivery routes have limitations
such as off-target effects and low retention. To overcome
these limitations, we used a chemically modified nanocom-
posite hydrogel as the delivery vehicle for intramyocardial
injection of the siRNA cocktail. Nanocomposite hydrogels
have been emerging as an advanced tool in tissue engineering
and regenerative medicine for their ability to carry drugs and
growth factors.52-55 Moreover, hydrogel injection has the
advantage of site-specific delivery of even minimal amounts of
drugs with a sustained-release property, making them more
efficient and feasible compared with tail vein injections.56-58

Our chemically modified biocompatible silicate-based hydro-
gel was designed and characterized for biocompatibility and
sustained-release kinetics, which was described earlier.38,39

The present study further analyzes the in vivo application of
this hydrogel and its delivery properties to evaluate its
employment toward intramyocardial injection treatment both
in uninjured and injured myocardium. Our biocompatible
hydrogel, when injected into healthy adult rats, showed no
consequence to the function or morphology of the hearts,
which was promising for the accurate assessment of the
potential effects of siRNAs. Interestingly, however, if hydrogel
alone, without any siRNAs, is injected into the infarct region
after injury, we observed a robust but transient cardiopro-
tection most apparent during the early acute phase of
myocardial remodeling. In agreement with our observation,
several other studies recently report beneficial effects of
intramyocardial injection of biomaterials that are thought to
provide mechanical support to the myocardium after injury or

after a massive loss of cardiomyocytes.59-61 However, the
manner by which hydrogels act as a cardioprotection will be
determined with careful cell-specific interrogations on hydro-
gel injection; it remains to be determined in our and other
future studies.

Even so, hydrogel-mediated delivery of siRNA-cocktail
knocking down Rb1 and Meis2 revealed a much more
significant reduction in infarct size compared with hydrogel
alone that lasted past 3 weeks post-MI with an all-around
recovery of cardiac function. Advanced echocardiographic
measurement analyses with global and regional strain and
strain rate imaging showed a considerable improvement in LV
systolic internal dimension, ejection fraction, radial strain,
radial strain rate, radial displacement, and radial velocity, and
thus, improved cardiac output in siRNA-cocktail–treated adult
rat post-MI. As expected from our in vitro data, immunohis-
tochemical analysis revealed a significant increase in ACMs in
the cell cycle, as detected by a larger number of ACMs
positive for KI67 and Aurora B in siRNA-cocktail–treated
animal hearts post-MI. RT-PCR and Western blot analyses for
proliferation markers support the induced proliferation of
ACMs in hearts after MI in the Rb1/Meis2 siRNA-cocktail–
treated group. Modest changes detected in the expression
levels for cell cycle–associated genes in RT-PCR and Western
blot analyses compared with the substantial increase in cell
proliferation scored in histological assessment result from the
difference in sample preparation and scoring methods. RT-
PCR and Western blot analyses were performed on whole-
heart tissue digests; meanwhile, immunofluorescent analysis
was performed within the peri-infarct region. This observation
is indicative of a successful injury site–specific silencing of
Rb1 and Meis2, which spares the uninjured areas of the heart
from unintended, possibly pathological hyperplasia, poten-
tially permitting repeated treatments with the lack of off-
target and off-site effects.

The principal aim of this study was to induce cardiomy-
ocyte proliferation in order to replenish lost myocytes after
myocardial infarct, and we did observe a significant induction
of ACM proliferation in vitro and in vivo. However, the number
of new cardiomyocytes we accumulated either in cell culture
or in vivo cannot feasibly replace the massive loss of
myocardium after an ischemic event or explain the preserva-
tion of cardiac output.

In fact, we believe that the robust phenotype we observe
in vivo is mostly due to a secondary cardioprotective
phenomenon resulting from ACMs reentering the cell cycle
and acquiring antiapoptotic and proangiogenic properties.
Inhibition of Rb1 and Meis2 protected cardiomyocytes against
ischemic injury with a remarkable 50% reduction in cell death
compared with controls. Moreover, reactivated and potentially
rejuvenated cardiomyocytes acquired a proangiogenic secre-
tome facilitating a significant increase in the vessel density
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after myocardial injury, which coincides with previous reports
that angiogenesis is transcriptionally regulated through the
Rb1-E2F axis.43,44

Our present study establishes that a terminally differenti-
ated cardiomyocyte can reenter the cell cycle with a siRNA-
mediated inhibition of Rb1 and Meis2 in vitro and in vivo and
consequently improve cardiac repair, function, and angiogen-
esis in adult mammalian hearts following an acute ischemic
injury (Figure 6). Altogether, this study highlights a novel
therapeutic potential for stimulated cardiomyocyte cell-cycle
reentry and proliferation employing a site-targeted injection
treatment of cardiac injuries via siRNA-infused hydrogels.
However, extensive analyses using genetic mouse models of
lineage tracing, gain and loss of function studies utilizing
fluorescence-activated cell sorting, single-cell RNA sequenc-
ing, single-cell proteomics, and secretome analyses will
determine the therapeutic potential of ACM reactivation and
rejuvenation and will lead to novel therapeutics.
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Table S1. Adult rat cardiomyocyte isolation buffer composition. 
 
 

10X KHB Stock 
Solution 
(Total volume= 1L) 

 Molarity (mM) Amount (g) 

NaCl 1180 68.9 

KCl 48 3.5 

HEPES 250 59.7 

MgSO4 12.5 1.4 

K2HPO4 12.5 2.1 

Adjust pH to 7.4 with 4M NaOH (~20mL), store at 4°C 

 

KHB Solution, 500 
mL 

 Amount 

10X KHB 50 mL 

Glucose 0.99 g 

Taurine 0.31 g 

Add H2O to bring volume to 500mL; pH should be ~7.35 

 

Solution A   Amount 

KHB solution 375 mL (10 mM) 

BDM 0.375 g 

Oxygenate with 100% O2 and warm to 37°C 

 

Solution B, 50mL 
 

 Amount 

Solution A 50 mL 

BSA 0.5 g 

0.1 M CaCl2 (Ca++=0.1 mM) 50 µL 

 

Solution E, 50mL 
 

 Amount 

Solution A 50 mL 

BSA 0.05 g 

Collagenase type II (263 units/mg) 35 mg 

Hyaluronidase (Type I-S) 10 mg 

0.1 M CaCl2 stock 12.5 µL 

Mix well 

 

CaCl2 Stock, 0.1M  Amount  

CaCl2 7.35 g  

H2O 500 mL  

Then store at 4°C 
 

 

 

 

 

 

 



Table S2. siRNAs Sequences. 

siRNA  Sequence 

siRb1 CCAGUACCAAAGUUGAUAATT 

siMeis2 CCACGAUGAUGCAACCUCATT 

Cel-miR-67 UCACAACCUCCUAGAAAGAGUAGA 



Table S3. Homology analysis of siRb1 with rat genome. 

 

Homology analysis of siRb1 with rat genome: Table represents the significance base top 10 

homology results, which demonstrates the specific and 100% identity of siRb1 with rat Rb1 

gene with a significant p-value (p=0.002).  

 



Table S4. Homology analysis of siMeis2 with rat genome. 

Description 
Max 
score 

Total 
score 

Query 
cover 

E value Ident Accession 

PREDICTED: Rattus 
norvegicus Meis homeobox 2 
(Meis2), transcript variant X13, 
mRNA 

38.2 38.2 100% 0.007 100% XM_006234755.3 

PREDICTED: Rattus 
norvegicus Meis homeobox 2 
(Meis2), transcript variant X12, 
mRNA 

38.2 38.2 100% 0.007 100% XM_006234754.3 

PREDICTED: Rattus 
norvegicus Meis homeobox 2 
(Meis2), transcript variant X11, 
mRNA 

38.2 38.2 100% 0.007 100% XM_006234753.3 

PREDICTED: Rattus 
norvegicus Meis homeobox 2 
(Meis2), transcript variant X10, 
mRNA 

38.2 38.2 100% 0.007 100% XM_006234752.3 

PREDICTED: Rattus 
norvegicus Meis homeobox 2 
(Meis2), transcript variant X9, 
mRNA 

38.2 38.2 100% 0.007 100% XM_006234751.3 

PREDICTED: Rattus 
norvegicus Meis homeobox 2 
(Meis2), transcript variant X8, 
mRNA 

38.2 38.2 100% 0.007 100% XM_006234750.3 

PREDICTED: Rattus 
norvegicus Meis homeobox 2 
(Meis2), transcript variant X7, 
mRNA 

38.2 38.2 100% 0.007 100% XM_006234749.3 

PREDICTED: Rattus 
norvegicus Meis homeobox 2 
(Meis2), transcript variant X6, 
mRNA 

38.2 38.2 100% 0.007 100% XM_006234748.3 

PREDICTED: Rattus 
norvegicus Meis homeobox 2 
(Meis2), transcript variant X5, 
mRNA 

38.2 38.2 100% 0.007 100% XM_006234747.3 



 

Homology analysis of siMeis2 with rat genome: Table represents the significance base top 

17 homology results, which demonstrates the specific and 100% query coverage of siMeis2 with 

rat Meis2 gene (variants) with a significant p-value (p=0.002).  

 

 

 

 

PREDICTED: Rattus 
norvegicus Meis homeobox 2 
(Meis2), transcript variant X4, 
mRNA 

38.2 38.2 100% 0.007 100% XM_006234746.3 

PREDICTED: Rattus 
norvegicus Meis homeobox 2 
(Meis2), transcript variant X3, 
mRNA 

38.2 38.2 100% 0.007 100% XM_006234745.3 

PREDICTED: Rattus 
norvegicus Meis homeobox 2 
(Meis2), transcript variant X2, 
mRNA 

38.2 38.2 100% 0.007 100% XM_006234744.3 

PREDICTED: Rattus 
norvegicus Meis homeobox 2 
(Meis2), transcript variant X1, 
mRNA 

38.2 38.2 100% 0.007 100% XM_006234743.3 

Rattus norvegicus Meis 
homeobox 2 (Meis2), mRNA 

38.2 38.2 100% 0.007 100% NM_001107758.1 

Rattus norvegicus 
serine/arginine repetitive 
matrix 2 (Srrm2), mRNA 

28.2 28.2 73% 7.1 100% NM_001277154.1 

PREDICTED: Rattus 
norvegicus cytidine 
monophospho-N-
acetylneuraminic acid 
hydroxylase (Cmah), transcript 
variant X7, mRNA 

26.3 26.3 68% 28 100% XM_017600609.1 

PREDICTED: Rattus 
norvegicus cytidine 
monophospho-N-
acetylneuraminic acid 
hydroxylase (Cmah), transcript 
variant X6, misc_RNA 

26.3 26.3 68% 28 100% XR_001841737.1 



Table S5. List of antibodies used in the study. 

 Antibody Catalog # Company 

1 Rabbit anti-β-actin A1978 Sigma-Aldrich 

2 Rabbit anti-GAPDH  G9545 Sigma-Aldrich 

3 Rabbit anti-aurora B A5102 Sigma-Aldrich 

4 Mouse anti- cardiac troponin-T  MA5-12960 Thermo Scientific 

5 Rabbit-anti-Rb1 10048-2-Ig Proteintech 

6 Rabbit anti-cardiac troponin-I  sc-15368 Santa Cruz Biotechnology 

7 Goat-anti-Meis1/2 Sc-10599 Santa Cruz Biotechnology 

8 Rabbit anti-VEGF sc-152 Santa Cruz Biotechnology 

9 Rabbit-anti-Bax 2772S Cell Signaling Technology 

10 Rabbit anti-β-catenin  9562S Cell Signaling Technology 

11 Rabbit anti-p16  ab51243 Abcam 

12 Mouse-anti-Histone H3 Ab6002 Abcam 

13 Mouse anti-Ki67  550609 BD Pharmingen 

14 ECL anti-mouse-HRP  NA931V GE Healthcare 

15 ECL anti-rabbit-HRP  NA9340V GE Healthcare 

16 Goat anti-mouse Alexa fluor 488  A11029 Life Technologies 

17 Goat anti-mouse Alexa fluor 594  A11005 Life Technologies 

18 Goat anti-rabbit Alexa fluor 488  A11008 Life Technologies 

19 Goat anti-rabbit Alexa fluor 594  A11037 Life Technologies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S6. RT PCR primer sequences. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RT PCR primers 

Gene  5’ to 3’ 

Rb1   Forward GTCTGCCAACACCCACAAAA 

Rb1   Reverse ATCCTTCGATGTCAAAGCGC 

Meis2   Forward TGATAACTTCTGCCACCGGT 

Meis2   Reverse GGTTGCATCATCGTGGTCTC 

Aurora B   Forward CAGGGAGAGCTGAAGATTGC 

Aurora B  Reverse ACTGTGGCTAGGGCTCTCAA 

Cyclin D1  Forward CCTGGACCGTTTCTTGTCTC 

Cyclin D1  Reverse CCATTTGAGCTTGTTCACCA 

E2F2  Forward GGCAGACAGTCCTACCAAGG 

E2F2   Reverse CAAGGGGACAAGGGATGGTG 

E2F3   Forward CGAGAGTGGCCATCAGTACC 

E2F3   Reverse ACTTCTTGGTGAGCAGACCG 

VEGF  Forward CTCTCTCCGGAGTAGCCGT 

VEGF  Reverse CTCCTCTCCCTTCTGGAACC 

IL6   Forward CCACTGCCTTCCCTACTTCA 

IL6   Reverse TCTGACAGTGCATCATCGCT 

β-actin  Forward ACCCTAAGGCCAACCGTGAAA 

β-actin  Reverse GTACGACCAGAGGCATACAGG 



Figure S1. In vitro ACM survivability in culture.  

 

 
A day wise analysis demonstrates the 59.58±2.38% ACM survival on day 7 after the 

Lipofectamine 2000 treatment. N= 3 rats, n= 6 experimental replicates each. 
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Figure S2. Transfection efficacy.  

 

Representative immunostaining images following Dy546 labeled siRNA-cel-67 

transfection of ACM. 69.12% of ACMs were positive for Dy546-siR-cel-67 at 24hrs 

following transfection, whereas, 34.10% ACM were positive for Dy546-siR-cel-67 on day 

7. Panels in white rectangles represent respective enlarged sections. Bar graph 

represents the percent of ACM, transfected with Dy546-siR-cel-67. N= 3 rats, n= 4 

experimental replicates each, and n= 3 images each. DAPI= 4′,6-diamidino-2-

phenylindole. Scale bar=200 µm.



Figure S3. Transfection efficacy following siUbc transfection.  

 

Representative bright field images at different time points for siUbc transfection of ACMs. 

Bar graph represents the percent of live ACM, after siUbc transfection at different time 

points. Only 20% ACMs survive at 72hrs post siUbc transfection. *= p-value ≤0.05. P 

value ≤0.05 was considered statistically significant. N= 6 rats, n= 8 experimental 

replicates each, and n= 10 images each. Scale bar=200 µm.    

 



Figure S4. Simultaneous inhibition of Rb1 and Meis2 is necessary for ACM 

proliferation. 

 

(a) Quantification of DNA synthesis marker, EdU incorporated ACMs on Day 6 after siRNA 
transfection as depicted. siRNA-cocktail transfection shows superior induction of ACM 
proliferation compared to the individual Rb1 or Meis2 knockdown approach. (b) 
Quantification of EdU incorporated ACMs transfected with all combinations of three 
independent sets of siRNAs against each Rb1 and Meis2. Rb1(V1)+Meis2(V1) is referred 
to as “siRNA-cocktail” in this manuscript gave the highest amount of induced ACM 
proliferation. All the experiments were performed using ACM, isolated from rats (~12 
weeks old). N= 3 rats, n= 6 experimental replicates each. EdU= 5-ethynyl-2'-deoxyuridine, 
V= version. *=p value ≤0.05; #= p value=0.054; $=p value >0.05. 



Figure S5. Nucleation analysis of ACM.   

 

Time course nucleation analysis reveals the state of nuclei in ACM during the course of 

experiments. It further demonstrates (a) significant increase in number of mono-nuclear 

ACM, and (b) significant decrease in number of bi-nucleated ACM in siRNA-cocktail 

transfected group on and after day 6 when compared to control, whereas we did not find 

any difference in number of multi-nucleated ACM between siRb1+siMeis2 transfected 

group and control (c). N= 3 rats and n= 8 experimental replicates. *= p-value ≤0.05. P 

value ≤0.05 was considered statistically significant.



Figure S6. Time course of ACM proliferation upon simultaneous inhibition of Rb1 

and Meis2. 

 

 (a,b) Immunostaining shows induction of ACM proliferation on Day 6 after siRNA-cocktail 
transfection. ACMs were marked by Troponin (green), DNA synthesis was marked by EdU 
(red), whereas, nuclei were marked by DAPI (blue). All the experiments were performed 
using ACM, isolated from rats (~12 weeks old). N= 3 rats, n= 8 experimental replicates 
each, and n= 10 images each. Scale bar=100 µm. EdU= 5-ethynyl-2'-deoxyuridine. *= p-
value ≤0.05. P value ≤0.05 was considered statistically significant. 
 



Figure S7. Simultaneous inhibition of Rb1 and Meis2 leads to ACM cell cycle 

progression.   

 

Immunostaining shows co-localization of cardiac-specific nuclear marker Nkx2.5 and EdU 

in ACM in the siRNA-cocktail treated group. 26.05±1.28% of ACM were positive for both, 

EdU as well as Nkx2.5 in siRNA-cocktail transfected groups. White arrows indicate the 

co-localization of EdU with Nkx2.5 in mono-nucleated ACM. Yellow arrows indicate the 

ACM with Nkx2.5 without EdU. Arrowheads are indicating the EdU positive 

noncardiomyocytes, which are not showing the Nkx2.5. N= 3 rats and n= 5 experimental 

replicates each. TnI= Troponin I, EdU= 5-ethynyl-2'-deoxyuridine, DAPI= 4′,6-diamidino-

2-phenylindole, NKx2.5= NK2 Homeobox 5. Scale bar=100 µm. 



Figure S8. Simultaneous inhibition of Rb1 and Meis2 leads to ACM mitosis.   

 

Immunostaining shows co-localization of mitosis marker (PH3; red) and DNA synthesis 

marker (EdU; far red) in TnI labeled ACMs from the siRNA-cocktail transfected groups. 

Arrows indicate the co-localization of Edu and PH3 in mono-nucleated ACM, whereas, 

the arrowhead indicates the bi-nucleated ACM, which shows EdU but not the PH3. N= 3 

rats and n= 6 experimental replicates each. TnI= Troponin I, EdU= 5-ethynyl-2'-

deoxyuridine, DAPI= 4′,6-diamidino-2-phenylindole, PH3= phosphor histone 3. Scale 

bar=100 µm.



Figure S9. Simultaneous inhibition of Rb1 and Meis2 improves ACM survivability.  

 

(a,b) Immunostaining shows a significantly lower TUNEL positive ACMs after day 3 in the 
siRNA-cocktail transfected group when compared to control. ACMs were marked by 
Troponin (green), cell survivability was analyzed through TUNEL assay (red), whereas, 

nuclei were marked by DAPI (blue). Arrows indicate the TUNEL
+
 ACMs. Panels in white 

rectangles represent respective enlarged sections. (c) Immunoblot for apoptotic marker 
Bax from the cell lysate of ACMs, per depicted groups. (d)  The densitometric analysis 
shows a significant downregulation in Bax expression in the siRNA-cocktail transfected 
group compared to control. (e) TUNEL assay for Individual Rb1 or Meis2 knockdowns 
compared to siRNA-cocktail. All the experiments were performed in triplicate using ACMs, 
isolated from rat (~12 weeks old). N= 3 rats, n= 3 experimental replicates each, and n= 
10 images each. TnI= Troponin I, TUNEL= Terminal deoxynucleotidyl transferase dUTP 
nick end labeling, DAPI= 4′,6-diamidino-2-phenylindole. Scale bar=100 µm *= p-value 
≤0.05. P value ≤0.05 was considered statistically significant. 



Figure S10. Expression analysis of cell cycle associated genes in ACMs after 
simultaneous inhibition of Rb1 and Meis2.  

 
(a) RT-PCR expression analysis is showing a significant increase in the expression of 
E2F2, E2F3, Cyclin D1, and Aurora B; whereas, Rb1, Meis2, and IL6 are down-regulated 
in the siRNA-cocktail transfected group when compared to control. (b) Representative 
immunoblots for β-catenin and p16 expression. Immunoblotting was performed with cell 
lysate from ACMs, transfected with siRNA-cocktail and control. (c,d) Densitometric 
analysis showed regulation in the expression of cell cycle regulators in the siRNA-cocktail 
transfected group in comparison to control. All the experiments were performed in 
triplicate using ACMs, isolated from adult rats (~12 weeks old). N= 3 rats, n= 3 
experimental replicates each, and n= 10 images each. Results are presented as 
mean±SEM; * = p-value ≤0.05. P value ≤0.05 was considered statistically significant. 
 



Figure S11. Improved ACMs survivability after hydrogel mediated delivery of siRb1 

and siMeis2 in adult animals post-MI.  

 

(a,b) Immunostaining images are showing a significant decrease in TUNEL positive ACMs 

in the siRNA-cocktail treated group versus controls. Panels in yellow rectangles represent 

respective enlarged sections. N= 4 rats per group, n= 5 non-serial sections were imaged 

each, and n= 5 separate regions quantified each. Scale bar=50 µm. WGA= Wheat germ 

agglutinin, TUNEL= Terminal deoxynucleotidyl transferase dUTP nick end labeling, 

DAPI= 4′,6-diamidino-2-phenylindole. Results are presented as mean±SEM; * = p-value 

≤0.05. P value ≤0.05 was considered statistically significant.   



Figure S12. Expression of cell cycle associated genes after hydrogel mediated 

delivery of siRb1 and siMeis2 in adult animals post-MI.  

 

(a,b) RT-PCR analysis shows an increased expression of E2F2, E2F3, Aurora B, and 

VEGF; whereas, Rb1, Meis2, and IL6 are down-regulated in the siRNA-cocktail group 

compared to controls. RT-PCR was performed with total RNA isolated from heart tissues 

of adult rats from different groups (~12 weeks old). N= 4 rats per group and n= 6 

experimental replicates each. Expression analysis was performed on day 21 after MI. 

Results are presented as mean±SEM; * = p-value ≤0.05. P value ≤0.05 was considered 

statistically significant.



Figure S13. Western blot analysis of cell cycle associated genes after hydrogel 

mediated delivery of siRb1 and siMeis2 in adult animals post-MI. 

(a) Representative immunoblots for Rb1, Meis2, p16, and VEGF. Immunoblotting was

performed using tissue lysates, from heart tissues of adult rats from different groups (~12 

weeks old, N= 4 rats per group, and n= 3 experimental replicates each). (b,c) 

Densitometry analysis showed differential expression of proteins among the three groups. 

N= 3 rats per group and n= 3 experimental replicates each. Expression analysis was 

performed on day 21 after MI. Results are presented as mean±SEM; * = p-value ≤0.05. 

P value ≤0.05 was considered statistically significant.



Figure S14. Effects of siRb1 and siMeis2 knockdown on Endothelial and Fibroblast 

cells. 

 

(a) Quantification of antibody labeling against a cellular marker for proliferation, Ki67, 
within cardiac fibroblasts showing no difference of increased proliferation on Day 6 after 
siRNA transfection as depicted. (b,c) Similar results were obtained when using either 
isolated cardiac endothelial cells (b) or HUVEC cells (c). (d) siRNA-cocktail transfection 
of NRCMs results in an enhancement of endogenous proliferation rate, showing a 
selective effect of Rb1 and Meis2 on the control of ACM senescence. N= 6 rats, n= 8 
experimental replicates each. HUVEC= Human Umbilical Vein Endothelial Cells. *= p-
value ≤0.05. 
 



Figure S15. Cardiac function analysis at baseline with hydrogel injection. 

 

 

Bar graph shows no significant difference in ejection fraction, fractional shortening, and 

cardiac output between the hydrogel alone intramyocardial injected group and the PBS 

injected control group at day 21. N= 6 rats per group. EF= ejection fraction, FS= fractional 

shortening, CO= and cardiac output. #= p-value ≥0.05. P value ≤0.05 was considered 

statistically significant. EF; ejection fraction: FS; fractional shortening: CO; and cardiac 

output.



Figure S16. Cardiac function analysis with strain echocardiography after injury. 

 

 

(a) A schematics overview of six segments of the myocardial wall, highlighting the 

segments, anticipated to be at the infarcted area. (b) Representative echocardiographic 

image for radial and longitudinal strain after MI in hydrogel-siRNA-cocktail treated groups. 

(c) The bar graph shows a significantly improved Radial velocity in hydrogel-siRNA-

cocktail treated groups versus controls at day 21 post-MI. N= 6 rats per group. NT= no 

treatment. *= p-value ≤0.05. P value ≤0.05 was considered statistically significant. 



Figure S17. Real-time imaging of proliferating ACMs after Rb1 and Meis2 

knockdown. 

 

Bright field images captured with live cell imaging with Incucyte® Live Cell Analysis 

System. Each row shows a cytokinesis event captured between days 3 and 6 post siRNA-

cocktail transfection. Red arrows are showing the appearance of dividing ACMs. Yellow 

arrowheads are pointing at a non-dividing cell. N= 3 rats, n= 8 experimental replicates 

each (~12 weeks old). Scale bars=200 µm. 

 



Figure S18. Homology analysis of siRb1 with rat genome. 

 

(a) Homology alignment for siRb1 with rat genome (b) demonstrate the specific binding 

of siRNA with rat Rb1 gene. 

 



Figure S19. Homology analysis of siMeis2 with rat genome. 

 

(a) Homology alignment for siMeis2 with rat genome (b) demonstrate the specific binding 

of siRNA with rat Meis2 gene.  



Supplemental Video Legend: 

 

Video S1. Live cell video of a beating ACM on day 7. ACMs retain their physiological 

characteristics up until day 7, as shown by beating ACM. N= 3 rats. Best viewed with 

Windows Media Player. 

 

 


