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Abstract

Aims The adult mammalian heart is a post-mitotic organ. Even in response to
necrotic injuries, where regeneration would be essential to reinstate cardiac structure
and function, only a minor percentage of cardiomyocytes undergo cytokinesis. The
gene program that promotes cell division within this population of cardiomyocytes is
not fully understood. In this study, we aimed to determine the gene expression
profile of proliferating adult cardiomyocytes in the mammalian heart after. myocardial
ischemia, to identify factors to can promote cardiac regeneration.

Methods and Results Here, we demonstrate increased EdU incorporation in
cardiomyocytes 3 days post-myocardial infarction (MI) in mices By applying multi-
color lineage tracing, we show that this is paralleled by clonal expansion of
cardiomyocytes in the borderzone of the infarcted tissue. Bioinformatic analysis of
single-cell RNA sequencing (scRNA-seq) data from cardiomyocytes at 3 days post
ischemic injury revealed a distinct  transcriptional profile in cardiomyocytes
expressing cell cycle markers..Combinatorial overexpression of the enriched genes
within this population in‘neonatal rat cardiomyocytes (NRCM) and mice at postnatal
day 12 (P12) unveiled key genes that promoted increased cardiomyocyte
proliferation. Therapeutic delivery of these gene cocktails into the myocardial wall
after ischemic injury demonstrated that a combination of thymosin beta 4 (TMSB4)
and prothymosin alpha (PTMA) provide a permissive environment for cardiomyocyte
proliferation and thereby attenuated cardiac dysfunction.

Conclusion This study reveals the transcriptional profile of proliferating
cardiomyocytes in the ischemic heart and shows that overexpression of the two
identified factors, TMSB4 and PTMA, can promote cardiac regeneration. This work
indicates that in addition to activating cardiomyocyte proliferation, a supportive
environment is key for regeneration to occur.

Translational Perspective Ischemic heart disease represents a leading cause of

morbidity and mortality worldwide. Clinical management includes pharmacotherapy,
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surgery and lifestyle changes. While current therapeutic strategies improve cardiac
function, they do not address the loss of viable myocardium that results from
ischemic damage. The inherently low regenerative capacity of cardiomyocytes in the
adult myocardium represents an obstacle for successful regeneration of tissue
following ischemia. Here, we identified two factors, thymosin 4 and prothymosin .,
that promote cardiomyocyte regeneration and improve cardiac function. of/the

ischemic heart.

Angiogenesis A \

in vitro Cardiac function A

v
.~ @®®_ L top enriched
e genes

Cardiomyocytes
Z( TX expressing
3 cell-cycle markers. E

Cardiomyocytes \

s+
D =)

P o
K e, in vivo (baseline)

Graphical Abstract

220z Jaquisldas gz uo 1sanb Ag 80990/9/SS L OBAD/IAD/EE0 "0 | /I0P/3]01IB-80UBAPE/S8I0SBAOIPIEO/WO00 dNo olwapede//:sdiy Woll papeojumoc]



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Introduction

During mammalian cardiac maturation, cardiomyocytes lose their proliferative
capacity ' and retain a low basal turnover rate (less than 1% annually) *°. While it is
known that the mitogenic activity of cardiomyocytes increases in response to
ischemic injuries, this does not result in a sufficient amount of cell division for
adequate regeneration, but rather polyploidization and multinucleation ® . In‘contrast
to the adult heart, mammalian neonates and invertebrates can regenerate the
myocardium by de-differentiation and proliferation of existing cardiomyocytes ® °.
Thus, efforts to try to promote cardiomyocyte cell-cycle re-entry in adult mammalian
hearts have become a key focus within the field *°. To date, several studies have
focused on characterizing the transcriptomic .signature of proliferating
cardiomyocytes in young neonates and invertebrates to provide insight into potential
mechanisms to stimulate adult cardiomyocyte regeneration & ***3. However, less is
known about the gene profile of adult proliferating cardiomyocytes and whether this
can be utilized to uncover specific genes relevant for promoting cytokinesis in these
highly organized cells. < Here, we used multicolor lineage tracing to demonstrate
cardiomyocyte proliferation in the adult mouse heart after myocardial infarction (MI).
To further capture wand characterize the small percentage of proliferating
cardiomyocytes, we analyzed scRNA-seq datasets from healthy and injured mouse
hearts '*. We bioinformatically selected cardiomyocytes that expressed cell-cycle
genes—and characterized their gene expression signature compared to non-
proliferating cardiomyocytes. Using a combinatorial screen based on the top
enriched genes within the proliferating cardiomyocytes, we identified T4 (encoded
by Tmsb4) and Tal (encoded by Ptma) as factors that provide a permissive
environment for cardiomyocytes to proliferate and regenerate the heart in vivo.

Taken together, this work demonstrates that in addition to the necessary triggers to
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induce cell cycle activity, successful regeneration requires a suitable

microenvironment.

Methods

Mice. Animal studies were performed according to the guidelines from Directive
2010/63/EU of the European Parliament on the protection of animals used for
scientific purposes. Animal experiments were approved by the institutional policies
and regulations of the Animal Welfare Committee of the Royal Netherlands“Academy
of Arts and Sciences (HI 13.2304, AVD8011002015250..16.2305/IVD366) and
following the guidelines for the care and use of laboratory animals. Mice were
housed with 12:12 hour light: dark cycle in a temperature-controlled room with
access to food and water ad libitum. For all animal-experiments, we used 8-9 weeks-
old male and female mice as indicated. The number of mice used represents the
minimum required to achieve statistical significance based on previous experience
and power calculations. Mice were randomly allocated into experimental groups and
the investigator was blinded to the experimental group, where possible.

Myocardial infarctions (MI). For cardiac surgeries, mice were injected
subcutaneously with. Buprenorphine (0.05-0.1 mg/kg) as an analgesic at least 30
minutes prior to surgery to alleviate pain or distress. When multiple surgeries take
placeon the same day, all animals received Buprenorphine at the same time in the
morning./After 30 minutes (or longer) mice were anesthetized with a mix of Fentanyl
(0.05mg/kg), Midazolam (5mg/kg) and Dex-medetomidine (0.125mg/kg) via
intraperitoneal injection and supplemented with 1-2% isoflurane to maintain a
surgical plane of anesthesia. Immediately after the surgery, anesthesia was reversed
using atipamezole. Mice received a second subcutaneous injection of Buprenorphine
(0.05-0.1 mg/kg) 8-12h after the first dose to provide additional pain relief. The third
dose of Buprenorphine (0.05-0.1 mg/kg) was subcutaneously administered

approximately 12 hours later (the next morning after surgery). After the anesthesia,
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mice were intubated, and the tracheal tube was connected to a ventilator (Uno
Microventilator UMV-03). Hair was removed from the thorax and neck, and the
surgical site was cleaned with iodine and 70% ethanol. The skin was incised left of
the midline to allow access to the third intercostal space. Pectoral muscles were
retracted, and the intercostal muscles cut caudal to the third rib. Wound hooks were
placed to allow access to the heart.

For myocardial infarction surgeries, the left anterior descending artery-was identified
and carefully isolated. For permanent occlusion of the LAD, a 7.0-silk suture was tied
around the LAD. For ischemia-reperfusion infarctions, a 7.0 silk suture was tied
around the LAD and a 2-3mm PE 10 tubing. After 1 hour of ischemia, the tubing and
the tied suture were removed. In a subset of experiments, mice received intra-
cardiac injections of AAV9 into the free wall of the left ventricle by two 15l injections
at a dose of 3x10™ viral genomes (in PBS) per animal immediately following
reperfusion using a Hamilton syringe. After cardiac surgeries were completed, the
muscle and rib cage were closed with 5.0 silk suture and the skin was closed with a
wound clip.

AAV9 injectionsin juvenile mice. Where applicable, mice were injected
intraperitoneally (i.p) with the indicated AAV9 viruses at a dose 1x10*! viral genomes
per animal in.sterile PBS.

EdU injections in mice Were applicable, mice were injected with the nucleoside
analogue 5-ethynyl-2’deoxyuridine (Edu) (50ug/g; either Thermo Fisher Scientific,
Bleiswijk, the Netherlands or Santa Cruz Biotechnology, Inc. Heidelberg, Germany)
dissolved in sterile PBS.

Echocardiography. Cardiac function was determined by two-dimensional
transthoracic echocardiography on sedated mice (2-2.5% isoflurane) on a Visual
Sonic Ultrasound system with a 30 MHz transducer. Echocardiographic M-mode
measurements were recorded from the parasternal short-axis view at the level of the

papillary muscles. Analysis of heart rate, wall thickness, ejection fraction end-
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diastolic/systolic dimensions were analyzed using LV Trace in the Visual Sonics
analysis package.

Organ collection for histological analysis. At the relevant endpoint, mice were
sedated with isoflurane (2-2.5%) followed by cervical dislocation. Adult hearts and
livers were excised from animals, washed in ice-cold PBS and fixed with 4% formalin
at room temperature (RT) for 48 hours, embedded in paraffin and sectioned at 4um.
Paraffin sections were stained with Hematoxylin and Eosin (H&E)"for. routine
histological analysis and Sirius Red (SR) for the detection of collagen according to
standard procedures. Slides were visualized using a Zeiss-Axioskop 2Plus with an
AxioCamHRc and DM4000.

Immunohistochemistry. Paraffin-embedded sections © were dewaxed and
rehydrated through ethanol to water gradient. Antigen retrieval was performed in
boiling 10 mmol/L Tris-EDTA, pH 9.0 for 20 minutes and allowed to cool to room
temperature for an additional 30 minutes. Non-specific binding was blocked with 1%
w/v BSA/0,1% v/v Tween-20-in PBS.1 hour at room temperature. Sections were
incubated overnight with‘antibodies against mouse sarcomeric alpha-actinin (ACTN2,
5ug/mL, A7732, Sigma Aldrich), rabbit anti-phospho Histone 3 (Serl0) (#06-570,
2ug/ml, Merck Millipore, Darmstadt, Germany), mouse anti-cardiac troponin T
(#MA5-12960, 1:200 Thermo Fisher Scientic) or goat anti-PECAM1 (#abAF3628,
1:50, R&D Systems). Sections were washed 3x in PBS to remove excess unbound
antibodies prior to incubation with secondary antibodies (1:400, Invitrogen Alexa-
Fluor® dyes) for 1 hour at room temperature. The sections were then washed 3 x 10
minutes in PBS. To detect EdU incorporation, we utilized the Click-iT Plus Edu
Imaging Kit (C10640, Thermo Fisher Scientific) according to manufacturers’
instructions. Cell membranes were stained by incubating with FITC-labelled wheat-
germ-agglutinin (WGA) (1:200, Sigma Aldrich, The Netherlands) for 30 minutes. To

visualize nuclei, sections were incubated with DAPI (1:5000, D3571 Life
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technologies, The Netherlands) for 15 minutes. Sections were rinsed 3 x 10 minutes
in PBS prior to mounting in with ProLong™ antifade (Thermo Fisher Scientific).
Quantification of cardiomyocyte cell size and proliferation status. For
cardiomyocyte cell size and proliferation status, 4um paraffin embedded hearts were
analyzed in the 4-chamber view of the heart. Cardiomyocyte cell size was quantified
using ImageJ from paraffin sections stained with WGA. Cross-sectional aréa (um?)
was used as a measurement of cell size and 10 cardiomyocytes were randomly
counted per area (infarct region, border zone, and remote) in 4 mice per group. The
percentage of proliferating cardiomyocytes in Supplementary Figure 2:was quantified
in paraffin sections stained with either WGA, a-actinin, DAPI and EdU or pH3 by
manual counts in ImageJ. A total of 9 images were analyzed per heart: 3 images in
the border zone, infarct and remote regions. Only DAPI positive cardiomyocytes
were analyzed.

Generation of cardiomyocyte-specific Confetti mice. To generate cardiomyocyte-
specific inducible Confetti mice for clonal analysis, transgenic aMHC-MerCreMer
mice were crossed with’"R26R-Confetti mice (a gift from Professor Hans Clevers at
the Hubrecht Institute; also available from Jackson Laboratories; strain:
Gt(ROSA)26Sortm1(CAG-Brainbow?2.1) Cle/J). Adult (8-week-old) male and female
mice were used for studies shown in Supplementary Figure 4 and only males were
used for Figure 4. Upon Cre mediated recombination, 1 of the 4 colors encoded by
the locus, nuclear GFP, membrane-bound cyan, aMHC-MerCreMe-Confetti mice for
clonal analysis, mice were given a single intraperitoneal (i.p) injection of tamoxifen
(T5648; Sigma-Aldrich, Zwijndrecht, The Netherlands) at a dose of 2mg/30g mouse)
as optimized in Supplementary Figure 3C. While a higher degree of recombination
was observed with a higher dose of tamoxifen, this also resulted in significant fluid
accumulation in the pericardial region. We therefore selected the lower dose for all

experiments. Tamoxifen was prepared fresh daily by dissolving in 5% w/v ethanol in
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sunflower oil by gentle agitation at 37°C until completely in solution. Mice were given
a wash-out period of 7 days prior to surgery to reduce residual circulating tamoxifen.
Histological processing of tissue from aMHC-MerCreMer-Confetti mice. For
general histological analysis, whole hearts were fixed in 4% v/v paraformaldehyde
(PFA)/PBS for 48 hours at room temperature under gentle agitation and dehydrated
in an increasing ethanol gradient, embedded in paraffin and cut into 4um sections.
For analysis of endogenous fluorescence in the aMHC-MerCreMer-Confetti mice,
hearts were briefly fixed in 4% v/v PFA solution for 4 hours at4°C under gentle
agitation. Hearts were rinsed in PBS and immersed in 30% w/v sucrose solution
(prepared in PBS). Once hearts had sunk to the bottom of the tube (~24 hours),
hearts were embedded in OCT freezing medium (Leica Biosystems, The
Netherlands) and flash frozen.

Confocal Imaging. Confocal fluorescent images were obtained with either a Leica
SP5 (confetti hearts) or SP8 microscope (standard immunohistochemistry) and
processed using ImageJ (Fiji, The Netherlands).

Cardiomyocyte clonalsanalysis. 2D images of 10um frozen heart sections were
imaged for manual quantification of cardiomyocyte clones. Cells adjacent to each
other with the same fluorescent protein were considered a clone. Single-colored
cardiomyocytes were considered mononucleated, whereas cells expressing more
than one fluorescent protein were considered binucleated. The Imaged counter
pluginowas used for analysis. All images were analyzed blindly by 3-4 investigators.
Plasmid and AAV Production. Human or mouse cDNA was used to amplify the
protein-coding regions for each gene for cloning into pAAV-MCS and expression in
recombinant AAV vectors. AAVs were generated by the AAV Vector Unit at ICGEB
Trieste (http://www.icgeb.org/avu-core-facility.html) as described previously 3.
Briefly, HEK293T cells were transfected with a triple-plasmid for packaging of AAV of
serotype 6 or 9, for in vitro and in vivo analysis, respectively. AAV viral stocks were

obtained by CsCl, gradient centrifugation and titration of AAV viral particles was
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determined by gPCR for quantification of viral genomes, as described previously *.
Viral titers ranged from 1.3 x 10** to 3.8 x 10*3vg/mL.

Viral infection. In our in vitro and in vivo assessments, we performed a screen of 15
different combinations of factors each consisting of 2-14 genes. To be consistent with
the amount of virus infected in vitro and in vivo between the different combinations,
we maintained the same number of viral genomes, irrespective of the number of
genes. Therefore, the amount of viral genomes encoding a gene was-dependent on
the number of factors in each combination.

RNA isolation and quantitative PCR. Total RNA was extracted from the left
ventricular free wall with TRIzol (Fisher Scientific) according’ to manufacturers’
instructions. For gene expression analysis, 1ug of RNA was reverse transcribed to
synthesize cDNA using iScript Reverse transcriptase kit (Bio-Rad, Veenendaal, The
Netherlands). To quantify changes in gene expression, qPCR was performed using
iQ SYBR Green supermix (Bio-Rad) in'a CFX96 PCR system. All values were
normalized to Hprtl or Gapdh..See Supplementary Table 2 for primer sequences.
Single cell sequencing transcriptomic analysis. To identify the transcriptomic
signature of cardiomyocytes that are potentially proliferating, we used a previously
generated single-cell'.sequencing dataset containing cells from a healthy and

4 This dataset is

ischemic™ hearts. (3 days after ischemia/reperfusion injury)
accessible in' the GEO database which accession number GSE146285. For this
analysis‘'we used the 14 days post-sham surgery (Sham 14d) and the 3 days post-IR
(IR"3d) samples. After analysis and clustering with the RacelD2 algorithm as
described in Gladka et al. (14), we selected all cells with a cardiomyocyte
transcriptomic profile. In this group of cells, we identified cardiomyocytes expressing
either Pcna, Ccndl, Cdk6, Cdk4 or MKi67 by a read count of at least 1 after
normalization by the RacelD2 algorithm. Next, we determined the differential

expression of these select cells in comparison with the remaining cardiomyocyte

population by DESeq2 using pooled dispersion *. These data sets were generated

10
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using the SORT-seq protocol *®, which utilizes flow cytometry to exclude cell doublets
and sort single cells into 384 well plates, prior to barcoding, pooling and sequencing.
A uniform distribution of read counts and unique molecular identifiers was observed
across all cardiomyocytes, including the selected cells expressing proliferative genes
(Supplementary Figure 14 A-B). This indicates exclusion of cell doublets within‘the

analysis.

Isolation of ventricular cardiomyocytes from neonatal rats.” Cardiomyocytes
were isolated by enzymatic dissociation of 1-2-day-old neonatal rat hearts. Briefly,
pups were placed on ice for 5-10 minutes to induce.anaesthesia, followed by
decapitation directly into liquid nitrogen. After decapitation, hearts were collected,
ventricles were separated from the atria and cut.into small pieces in a balanced salt
solution prior to enzymatic digestion using trypsin-(0,1% #15400054, Thermo Fisher
Scientific,) under constant stirring.at 37°C using a stirring flask. The supernatant
containing intact cardiomyocytes was collected, centrifuged at 300xg for 4 minutes
and resuspended in Ham F10/ medium (Thermo Fisher Scientific, #11550043)
supplemented with'5% FBS; 10% L-glutamine and 10% Pen-Strep. Collected cells
were seeded.onto uncoated 100mm plastic dishes for 1.5 hours at 37°C in 5% CO,
humidified atmosphere. The supernatant, which consists mainly of cardiomyocytes,
was collected, and cells were counted and plated on gelatinized 6 well plates at a
concentration of 1x10° cells per well. After 24 hours, the medium was changed to
Ham F10 supplemented with Insulin-Transferrin-Sodium Selenite Supplement
(Roche), 10% L-glutamine and 10% Pen-Strep. Cells were infected with AAV
serotype 6 encoding the indicated factors or an empty vector control at a total of
5x10° viral genomes per cell. Cells were analysed 48 hours after viral transduction.
EdU was added at a final concentration of 10uM in the final 24 hours. Cells were
washed twice in PBS and fixed in 4% PFA:PBS (v/v) for 15 minutes followed by two

additional PBS rinses. EdU incorporation was assessed using the Click-iT Plus Edu

11
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Imaging Kit, according to manufacturers’ instructions. Cardiomyocytes were identified
using either goat anti-cardiac troponin | (1:200 Hytest/Biotrend #4T21/2) or ACTN2
(5ug/mL, A7732, Sigma Aldrich).

Statistics. The number of samples (n) used in each experiment is indicated in the
legends or shown in the figures and indicates biological replicates. Results are
presented as the mean * standard error of the mean (SEM). Statistical @analyses
were performed using PRISM (GraphPad Software Inc. version 6). Two groups were
statistically compared using the Student’s t-test. Multiple groups were statistically
compared with ordinary one-way ANOVA or two-way ANOVA. Qutliers were defined
by Grubbs’ test (alpha=0.05). Data are represented as mean + SEM. Differences
were considered statistically significant at p<0.05:..In the figures, asterisks indicate
statistical significance (*p<0.05, **p<0.01, **p<0.001, ****p<0.0001), which is also
denoted within the figure legends. All representative images of hearts or cells were
selected from at least three independent.experiments with similar results, unless
indicated differently in the figure legend.

Study approval All experiments ' were performed in accordance with the guidelines
of the Animal Welfare Committee of the Royal Netherlands Academy of Arts and
Sciences and” conducted in accordance with protocols approved by the ethics

committee of.the Hubrecht Institute in Utrecht.

Results
Temporal and spatial analysis of cardiac proliferation after ischemia

In an attempt to better define the active proliferative phase in the heart following
ischemic injury, we performed a temporal and spatial analysis of proliferation after
MI. Mice were given an MI by permanent occlusion of the left anterior descending
artery (LAD) after which their hearts were analyzed at various timepoints. We
isolated the infarcted myocardial wall together with the border zone and the remote

area to the ischemic zone and performed a gPCR-array of established cell-cycle

12
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regulators. Corresponding regions in mice exposed to sham surgeries were used as
controls (Supplementary Figure 1A-E). This identified a cell-cycle gene expression
profile post-MI, with the most prominent induction observed at 3 and 14 days after
cardiac ischemia. In response to injury, several cardiac cell types, especially
fibroblasts, undergo dynamic changes, including activation of the cell cycle to mount
the regenerative response *°. To assess the contribution of cycling cardiomyacytes at
the timepoints where the mRNA expression was the most profound (3="and.14-days
post-MI), mice were given an Ml and injected with EdU 24 hours prior to heart
isolation (Supplementary Figure 2A). The percentage .of /EdU positive
cardiomyocytes was increased at 3 days post-Ml in the infarct and border zone
(Supplementary Figure 2B, D). However, at 14 days post-MI, there was no increase
in EdU incorporation in comparison to the sham controls (Supplementary Figure
2C-D). To validate our findings, we stained for the mitosis marker, phospho-histone
H3 (pH3), which corroborated our-EdU analysis at 3 days post-Ml (Supplementary
Figure 2E-F). Additionally, we observed a significant increase in pH3 positive
cardiomyocytes in the infarct. region compared with sham hearts at 14 days post-Ml

(Supplementary Figure 2E,G).

Clonal analysis.of cardiomyocyte proliferation after myocardial infarction

While“our data provide support of cell cycle activity in the adult heart, it does not
distinguish between cell division and binucleation. It is also known that in response to
injury, cardiomyocytes undergo hypertrophy, which may also activate cell cycle
genes in the absence of cytokinesis . Both polyploidization and binucleation result in
EdU incorporation and pH3 expression ’. To further characterize de novo
cardiomyocyte cell division and whether they undergo clonal expansion (a single cell
giving rise to more than one cell), we performed lineage tracing in cardiomyocytes.

Specifically, we utilized the stochastic 4-color reporter allele, R26R-LoxSTOPLo0OXx-

Confetti, crossed with the oMHC-MerCreMer mouse to generate inducible

13
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cardiomyocyte-specific confetti mice (aMHC-MerCreMer-Confetti; Supplementary
Figure 3A). Upon tamoxifen-induced recombination, cells express either one (a
mononucleated cell) or two (binucleated cell) fluorescent colors (Supplementary
Figure 3B). Because the percentage of proliferating cardiomyocytes is low, we opted
to pre-label all cardiomyocytes using a high dose of tamoxifen (Supplementary
Figure 3C). This is in contrast to a recent study, which analyzed the clonality of
cardiomyocyte proliferation using a low dose of tamoxifen to label-only.a small
number of cardiomyocytes ®. Given that cardiomyocyte proliferation is'a rare event,
we reasoned that fluorescently tagging only a few cardiomyocytes/may result in
undetected clonal clusters. Using our approach, we expected to‘see an increase in
cardiomyocyte clonal expansion post-ischemic “injury but not under baseline
conditions (Supplementary Figure 3D). When tested in vivo (Supplementary
Figure 4A), we observed a significant increase in the percentage of mononucleated
cells in larger clusters (5 or more-cells) in.the border zone of MI hearts compared
with sham (20.4% vs 4.4%;.-Supplementary Figure 4B-D and Supplementary
Figure 5A-H). In addition, we observed a decrease in the percentage of
mononucleated single cells in the remote region of the heart (Supplementary Figure
4B-D and Supplementary Figure 5A-H). Taken together, these results suggest that
mononucleated cardiomyocytes can undergo clonal expansion in response to cardiac
ischemia.

Single-cell analysis to identify the transcriptomic signature of proliferating
cardiomyocytes

Next, we sought to identify genes that can promote endogenous cardiomyocyte cell
proliferation. Given that the heart contains a heterogeneous population of
cardiomyocytes and that proliferation events are rare, we utilized our recent scRNA-
seq dataset ' to identify cardiomyocytes expressing cell-cycle genes (Figure 1A).
We focused specifically on single cells from mice that had received cardiac ischemic

injury or sham surgery 3 days prior, as this was the timepoint where we observed an
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increase in cardiomyocyte proliferation (Supplementary Figure 2). To specifically
characterize gene expression signatures within cardiomyocytes, we first
bioinformatically selected cells enriched for cardiomyocyte marker genes. While flow
cytometry sorting of cells aims to exclude cell doublets by forward and side-
scattering of events, we additionally verified doublet exclusion by assessing the total
read counts and unigue molecular identifiers of all cardiomyocytes (as previously
described (14) and see Methods for details). All cardiomyocytes were then re-
analyzed using the RacelD2 algorithm " and by K-medoids clustering of 1-Pearson
correlation coefficients. RacelD2 is an algorithm that was developed to detect rare
cell populations from scRNA-seq data *’. Using this approach,we were unable to
detect a unique cluster of cardiomyocytes expressing cell cycle genes. To overcome
this, we bioinformatically screened for cardiomyocytes expressing one or more of the
following cell cycle genes; Ccndl, Cdk4, Cdk6, Pcna or Mki67 with a minimum of 1
read count per cell after normalization. In'doing so we selected 16 cardiomyocytes
from the total population of both. sham'and ischemia-reperfused (IR) hearts for follow
up analysis (Figure 1B): We then performed differential gene expression analysis of
these 16 cells (in_bulk) in comparison with the rest of the cardiomyocytes to profile
their molecular signature and identify unique factors that may contribute to
cardiomyocyte proliferation. A total of 854 genes were >2 fold enriched with a P
value >0.01 (Supplementary Dataset 1). We selected 14 genes that were enriched
within=the 16 identified cardiomyocytes. Based on the individual gene expression
within each cell, we defined 15 different gene combinations to overexpress in
cardiomyocytes for further analysis (Figure 1C) as outlined in Figure 1D.

Combinatorial gene expression promotes cardiomyocyte proliferation in neonatal
rat cardiomyocytes.

To test the proliferative capacity of the identified factors we cloned the top 14 genes
into a CMV-driven plasmid using the human coding sequence (which shares >85%

sequence homology with the mouse, apart from Lgals9, Cd93, and Cavl:. see
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Supplementary Figure 6A for homology across the mouse, human and rat) and
delivered the genes using an adeno-associated virus serotype type 6 (AAV6) vector
to neonatal rat cardiomyocytes (NRCMs; Figure 2A and Supplementary Figure
6B). We first infected NRCMs with an AAV6 encoding enhanced green fluorescent
protein (eGFP) to ascertain its infectious capacity. gPCR analysis for eGFP revealed
a substantial overexpression compared with AAV6-control-treated cells (Figure 2B).
Next, we generated 15 gene cocktails based on the expression patterns of the top
14-upregulated genes within each cell (Supplementary Figure 6C; hereinafter
referred to as combination 1-15) and infected NRCMs with a total 5x10° viral
genomes per cell. The total viral particles used per condition was kept consistent,
irrespective of the number of encoded factors within the cocktail combination (see
methods for details; viral infection). To investigate the proliferative potential of the
proposed gene combinations, we incubated cells with EdU 24 hours prior to analysis
(Figure 2A). Several of the gene cocktails increased the percentage of EdU positive
cardiomyocytes, but only combination'8 (Ccndl, H2afz, Ptma, Igfbp7, Tmsb4, Actb,
Lgals9, Epasl, Cd93, Cavl and Ptms) and combination 11 (Ptma, Tmsb4)
significantly increased EdU .incorporation in cardiomyocytes (Figure 2C-D). Based
on this first screen, we selected the 7 most promising combinations for follow-up
experiments (Figure 2E).

Combinations 8 and 11 induce cardiomyocyte proliferation in vivo.

We next.sought to identify whether our selected gene combinations could promote
cardiomyocyte proliferation in mouse hearts at postnatal day 12 (P12) when most

cardiomyocytes have withdrawn from the cell cycle *®

. We incorporated the genes
from the selected top 7 combinations into the cardiotropic AAV9 vector
(Supplementary Figure 6B) and injected mice at P12 with a viral cocktail by
intraperitoneal (i.p.) injection and analyzed hearts two weeks later (Figure 3A and

Supplementary Figure 7A). We have previously shown that a cardiomyocyte can be

infected by more than one virus in vivo *°. Mice received EdU injections every other
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day in order to identify all cells that either had proliferated or were actively
proliferating (Figure 3A). We isolated hearts and confirmed by gPCR that the
delivered factors for each combination were overexpressed compared to the levels
detected in hearts from mice treated with a control virus (Supplementary Figure 7B-
P). While we did not detect an effect on heart weight to body weight (HW/BW) ratio
(Supplementary Figure 8A), we did observe a decrease in cardiomyocyte size in
response to most of the gene combinations (Supplementary Figure 8B). There
were no detectable changes in cardiac morphology or fibrosis in-response to any of
the combinations tested (Supplementary Figure 8C-D). Although AAV9 has a high
tropism for cardiomyocytes, it may also display tropism for other tissues, including
the liver . We therefore also assessed EdU incorporation in the liver in response to
systemic gene delivery. While no increase in proliferation was observed with any of
the combinations, we detected a _decrease "in proliferation in response to
combinations 11 and 14 (Supplementary Figure 8E-F). In histological heart
sections, total EAU incorporation (all cell types) was unchanged across all conditions
(Figure 3B). However, injection’ with condition 11 resulted in an increase in the
percentage of EdU positive cardiomyocytes (Figure 3C-D). mRNA analysis of cell
cycle markers’in ventricular homogenates showed an increased expression of Cdk6
with combination 11 and an increased expression of Pcha with combination 8
(Figure 3E-l). Although there was a trend towards increased gene expression of
Ccnd1,;Cdk4 and Mki67 for combinations 8 and 11, this did not reach statistical
significance (Figure 3E-l). In addition, we observed a significant increase in
PECAM1 (endothelial cell marker) positive areas in hearts treated with combinations
6, 8, 9, and 11 (C6, C8, C9 and C11), suggesting an enhanced angiogenic response

upon treatment with these conditions (Supplementary Figure 8G-H).
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Therapeutic delivery of combination 8 and combination 11 improves cardiac
function post-ischemic injury.

Our in vitro and in vivo proliferation screens with our gene combinations highlighted
combinations 8 and 11 to contain potential regenerative factors. To assess whether
our selected factors could promote cardiomyocyte regeneration in response to injury,
we performed an IR injury. Combinations 8 and 11 were directly injected into.the
myocardial wall during reperfusion (Figure 4A). We have previously shown that this
method of delivery induces robust gene expression in the heart 2*. As_expected,
echocardiographic analysis revealed a decrease in ejection fraction (EF; Figure 4B,
E and Supplementary Table 1) and an increase in the isovolumic relaxation time
(IVRT) in response to ischemic injury, indicating: poor cardiac contractility and
myocardial relaxation (Figure 4C, F and Supplementary Table 1). In addition, the
left ventricular posterior weight in systole. (LVPWs) was significantly reduced,
indicating cardiac dilation (Figure 4D, G). While combination 8 did not significantly
improve the decline in cardiac functiontin response to ischemia as assessed by EF,
IVRT and LVPWSs (Figure4B-D), combination 11 restored cardiac function after the
injury as indicated by EF.and IVRT (Figure 4E-F). However, we did not detect any
significant effect’on.the LVPWs in response to either combination 8 or 11 (Figure
4D, G). While. mRNA analysis confirmed the overexpression of all genes delivered in
both conditions«(Supplementary Figure 9A-D), we did not observe any differences
in mMRNA expression of proliferation genes in the infarcted region (Supplementary
Figure 10A-E) but only in the remote region of the hearts treated with combination
11 (Supplementary Figure 10F-J). PECAM1 expression was also increased by
combination 11 in both sham and post-IR hearts, suggesting increased angiogenesis
(Supplementary Figure 10K-L). Together these data show that cardiac delivery of
TMSB4 and PTMA (combination 11) improves cardiac function and enhances

angiogenesis in response to ischemic injury.
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Combination 11 increases the clonal expansion of cardiomyocytes post-ischemic
injury.

In our initial analysis, we validated the expression of our individual factors by mRNA
analysis. To confirm the overexpression of TMSB4 and PTMA in combination 11, we
performed immunohistochemistry in mice that were injected at P12 and in sham and
IR treated mice (Supplementary Figure 11). In our AAV9-C11 treated mice“(both
juvenile, sham and IR groups), we observed an increased nuclear expression of
PTMA in cardiomyocytes (Supplementary Figure 11A, C, E and<G). Of note, we
also observed increased nuclear expression in non-cardiomyocytes in mice treated
with AAV9-C11, which may be due to a paracrine effect of-secreted TMSB4 and
PTMA overexpression in cardiomyocytes (Supplementary Figure 11A, C, E and G).
Increased TMSB4 was observed in the interstitial space of the hearts of mice treated
with AAV9-C11, which is consistent withwour previous findings that TMSB4 is
secreted from cardiomyocytes ?* (Supplementary Figure 11B, D, F and H).

To assess whether the observed cardioprotective effects of TMSB4 and PTMA were
due to an improvement in cardiac regeneration in these mice, we next performed
cardiomyocyte clonal analysis in aMHC-MerCreMer-Confetti mice treated with
combination 11.after cardiac ischemia, during reperfusion (Figure 4H). To induce
expression. of the confetti locus in cardiomyocytes, adult mice were injected with a
single dose of tamoxifen. After a one-week wash-out period, mice were given either a
sham or an IR surgery and injected with either AAV9-control or combination 11
(AAV9-TMSB4 and AAV9-PTMA) directly into the myocardial wall after reperfusion.
Eight weeks later, hearts were isolated and analyzed for cardiomyocyte proliferation
by assessing clonal expansion (Figure 4I-K). We observed a significant increase in
the percentage of large clusters of mononucleated cells (5 or more cells) in IR hearts
treated with AAV9-combination 11 compared to IR hearts treated with AAV9-control

(15,8% vs 2,9%; Figure 4J-K and see Supplementary Figure 12).
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TMSB4 and PTMA independently modulate cardiomyocyte proliferation

We initially hypothesized that a combinatorial approach would be necessary to
induce cell proliferation. Our data provided evidence that the selective combined
overexpression of TMSB4 and PTMA could promote cardiomyocyte proliferation. To
test whether the selected genes could stimulate proliferation independently, we
infected NRCMs with AAV6 encoding each factor or in combination. EdU
incorporation analysis in cardiomyocytes indicated that both TMSB4 and PTMA.can
independently induce cardiomyocyte proliferation in vitro (Supplementary- Figure

13).

Discussion

The inability of the adult mammalian heart to.regenerate is a significant impediment
to the successful recovery and survival of patients with myocardial ischemia. Here,
we determined that cardiomyocytes “proliferate clonally in response to cardiac
ischemia (Supplementary Figure 1-2). We utilized scRNA-seq data of the adult
mouse ischemic heart to-identify rare cardiomyocytes expressing cell cycle genes
and their gene expression signature (Figure 1). Overexpression of the top
enriched genes-in vitro and in vivo identified TMSB4 and PTMA as factors that
promote cardiomyocyte proliferation. Specifically, the overexpression of TMSB4 and
PTMA increased EdU incorporation in vitro (Figure 2) and in vivo in juvenile mice
under baseline conditions (Figure 3). Injection of AAV9 encoding TMSB4 and PTMA
during reperfusion after cardiac ischemia increased the mRNA expression of cell
cycling genes two-weeks post-infarction especially in the remote region of the heart
(Supplementary Figure 10). This was found to induce a therapeutic benefit as
assessed by echocardiographic parameters (Figure 4) and increased angiogenesis
(Supplementary Figure 10). Finally, to determine cell division, we performed clonal

analysis and found that TMSB4 and PTMA promoted cardiomyocyte regeneration
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post-myocardial infarction (Figure 4). Further in vitro analysis indicated that both
factors could independently stimulate cardiomyocyte proliferation (Supplementary
Figure 13).

While TMSB4 and PTMA have not been shown to directly regulate the cell cycle,
these proteins may act as cardiokines to promote a cell and tissue microenvironment
that is more permissible to regeneration. TMSB4 encodes thymosin 4 <(Tp4), a
ubiquitously expressed protein that is known for its regulation of filamentous actin
polymerization by scavenging globular actin . However, it exerts pleiotropic roles
that are independent of actin-binding, several of which™ have demonstrated a

functional role in the ischemic heart 2 24

. In cardiomyocytes, T4 was shown to
promote cardiomyocyte cell survival by phosphorylation of Akt and subsequently
reduced infarct size, cardiac fibrosis, cardiomyocyte apoptosis and promoted
neoangiogenesis, resulting in preservation of €jection fraction % ?*. Administration of
recombinant thymosin al (Tal), encoded by PTMA, has previously also been shown
to reduce infarct size by promoting cardiomyocyte cell survival via Akt . Tal is the
active ingredient in ZADAXIN®, which is used Worldwide as an immunomodulatory
drug to treat viral-hepatitis, HIV/AIDS and certain cancers ?°. Most recently, Tal was
shown to reduce mortality in patients with severe coronavirus disease 2019 (COVID-
19) by-“increasing circulating T cells ?. Tal exerts immune dampening effects by
promoting an increase in regulatory T cells (Treg), inhibiting cytokine production 2°.
Treg-cells have been shown to have a beneficial effect after Ml by modulating
macrophage polarization . Furthermore, conditioned medium from Treg cells was
shown to stimulate cardiomyocyte, but not fibroblast proliferation in vitro %°. Intra-
myocardial injection of Treg cells after coronary artery ligation reduced infarct size
and improved cardiac function and increased the number of EdU-positive
cardiomyocytes in the peri-infarct region %. Moreover, in neonatal heart regeneration,

Tregs are essential for cardiomyocyte proliferation and subsequent regeneration *.
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While further studies are required to elucidate the underlying mechanisms by which
the combinatorial gene delivery of TMSB4 and PTMA promote cardiomyocyte clonal
expansion and preserved ejection fraction, we postulate that T4 and Tal stimulate
a regenerative environment by promoting cardiomyocyte survival and
neoangiogenesis. It is already known that a permissive environment, including
enhanced angiogenesis, immune cell activation and the composition of extracellular

matrix % 3t

is necessary for cardiac regeneration. Indeed, increased expression of
PECAM1, which marks endothelial cells, was observed in both“juvenile and adult
sham and infarcted mice that received T4 and Tal (Supplementary Figures 8 and
10). Recently, we have coincidently shown that the transcription factor ZEB2 in
cardiomyocytes promotes the secretion of TB4 and Tal and subsequent
angiogenesis and improvement in cardiac_function #. Given that Tal is known to
exert immunomodulatory effects by increasing Treg ?°, which has been demonstrated

to promote cardiomyocyte proliferation 2 *

, we postulate that this axis may
contribute to the increase~in cardiomyocyte proliferation observed in this study.
However, TB4 and Tal .also-induced proliferation of NRCMs (which consists
predominantly of cardiomyocytes and some fibroblasts; Figure 2), alone and in
combination; suggesting that alternative mechanisms may also contribute to the
observed increase in cardiomyocyte proliferation. For example, regulation of the actin
cytoskeleton by TB4 ?* may promote cytokinesis of cardiomyocytes 2. Furthermore,
several combinations tested in this study included TMSB4 and PTMA in their gene
cocktail (combination 2-4, 7-9, 10 and 13; see Figure 1C and Supplementary
Figure 6C), yet not all these combinations increased cardiomyocyte proliferation in
vitro or in vivo. This could be due to either cell cycle inhibition by the combined
expression of select genes or a specific factor within the cocktail. Alternatively, it may

highlight that a certain threshold of gene expression is required to achieve

therapeutic effects (as the same total viral genomes were injected per mouse,
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irrespective of the number of factors injected). Additionally, the pleiotropic nature of
TBR4 leading to a diverse range of effects within different cells and tissues, as also
observed in this study (increased EdU incorporation in the heart (Figure 3C-E)
compared with decreased EdU incorporation in the liver (Supplementary Figure 8E-
F)) requires further elucidation.

We observed an increase in clonal expansion of mononucleated cardiomyocytes in
response to cardiac ischemia and combination 11 (Supplementary Figure 4 and
Figure 7). Current evidence suggests that mononucleated cardiomyocytes have a
higher propensity towards proliferation than binucleated cells, the latter of which is
the predominant cell type in the adult murine heart 3°. Qur data is in contrast to a
recent clonal analysis of cardiomyocyte cell division, which only detected very few
rare two-cell clones after cardiac ischemia '°. However, this study utilized sparse
labeling of cardiomyocytes, which .may  therefore capture significantly fewer
proliferation events. In contrast,<labeling.the majority of cardiomyocytes with a
maximal dose of tamoxifen, as-represented here, may also over-estimate cell division
due to chance labeling of adjacent cardiomyocytes with the same fluorescent protein.
However, we did not utilize this technology to provide a direct quantification of cell
division, but rather to compare between different conditions (sham versus ischemia
and AA9-controlversus AAV9-combination 11).

Here, we utilized single cell data analysis to identify the transcriptomic profile of cells
that expressed candidate cell cycle genes. This approach has limitations as it does
not prove that these cells are either cycling or proliferating. Furthermore, it is
currently not possible to identify whether these cells are multinucleated or polyploid
cells. Future studies that can enrich for proliferating mononucleated cardiomyocytes
may provide further insight into genes that can promote cell-cycle re-entry. In

addition, utilizing a combinatorial approach to determine cardiomyocyte proliferation
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together with the confetti model, would provide a more quantitative analysis of the
therapeutic effects observed in response to T4 and Tal.

While it will be necessary to determine the mechanisms by which T4 and Tal
potentiate cardiac regeneration, our study highlights the beneficial effects of using
two clinically approved factors that could be repurposed to manage acute- and
chronic cardiac ischemia to promote muscularization, vascularization and improve

cardiac function.
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Figure Legends

Figure 1. Gene profile of cardiomyocytes expressing cell-cycle markers. (A)
Experimental.workflow to identify proliferating cardiomyocytes. (B) Expression level
of the selected_ proliferation markers in the 16 identified cardiomyocytes. (C) Top 14
enriched genes expressed in sixteen identified cardiomyocytes, compared to all other
cardiomyocytes. (D) Validation strategies. X= indicates the expression of a selected

factor in the individual cell.

Figure 2. Proliferative potential of different combinations of factors delivered to
neonatal rat cardiomyocytes (NRCMs). (A) Experimental design. (B) mRNA
expression level of eGFP (Ct values) to assess the infection efficiency in cultured

NRCM. (C) Representative images (two pictures per condition) of NRCM infected
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with the indicated combinations (n=4, £100 cells per condition). Cells were stained
with ACTN2, EdU and DAPI. (D) Quantification of the percentage of EdU-positive
cardiomyocytes. (E) List of the top combinations selected for follow-up analysis.
Scale bar represents 50mm. Data are shown as the mean + SEM. *p<0.05 and
**p<0.01 compared to control using unpaired, two-tailed Student’s t-test or one-way

ANOVA followed by Dunnett’s multiple comparisons test.

Figure 3. AAV9-mediated gene delivery of combinations 8 and 11 induces
cardiomyocyte proliferation in vivo. (A) Experimental design. (B) Quantification of
total proliferation in the heart based on the percentage of EdU positive nuclei from
mice treated with the indicated combinations (n=4;.750-1000 cardiomyocytes from 5
sections per mouse). (C) Immunofluorescent staining for EAU, WGA, ACTN2 and
DAPI of hearts treated with the indicated combinations and zoomed-in magnifications
of EdU positive cardiomyocytes. (D). Quantification of the percentage of EdU-positive
cardiomyocytes. (E-I) mRNA expression levels of (E) Ccndl, (F) Cdk4, (G) Cdk6, (H)
Pcna and () Mki67 .on heart tissue from mice treated with the indicated
combinations. Scale bar represents 50mm. Data are shown as the mean = SEM.
*p<0.05 and. **p<0.01 compared to control using one-way ANOVA followed by

Dunnett’s multiple comparisons test.

Figure-4. Therapeutic AAV9 delivery of combination 11 improves cardiac
function and promotes clonal expansion of cardiomyocytes post-ischemic
injury. (A) Experimental design. (B-D) Quantification of (B) ejection fraction (EF) and
(C) isovolumic ventricular relaxation time (IVRT) and (D) left ventricular posterior wall
in systole (LVPWSs) from AAV9-control and AAV9-C8 injected mice post-surgery (n=6
sham, n=15 IR). (E-G) Quantification of (E) EF (F) IVRT and (G) LVPWs from AAV9-
control and AAV9-C11 injected mice post-surgery. (H) Experimental design. (I)

Representative images of cardiac tissue (border zone) from aMHC-MerCreMer-
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Confetti mice injected with combination 11 (C11) post-injury (n=6). (J-K)
Cardiomyocyte clonal analysis based on quantification of adjacent cardiomyocytes
with the same color considered to arise from the proliferation of single-labeled cells
(mononucleated cardiomyocytes (monochromatic cardiomyocytes)). Data are shown
as mean + SEM. *p< 0.05, **p<0.01, **p<0.001 and ****p<0.0001 using one-way
ANOVA followed by Sidak’s multiple comparisons test (for B-G) and Dunnett’s
multiple comparisons test (for J-K). Scale bar represents 100mm. IC=tintracardiac

injection, IR= ischemia/reperfusion.
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