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ABSTRACT 

Methods of inducing mammalian cardiac cell proliferation 
by ectopically introducing an LRRCl0 protein in a mam
malian cardiac cell to thereby induce proliferation of the 
cardiac cell. The methods can be employed to induce heart 
regeneration, for example, after cardiac injury. 

Specification includes a Sequence Listing. 
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METHODS OF INDUCING CARDIAC CELL 
PROLIFERATION AND INDUCING HEART 

REGENERATION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] Priority is hereby claimed to U.S. Provisional 
Application 63/488,657, filed Mar. 6, 2023, which is incor
porated herein by reference in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

[0002] This invention was made with govermnent support 
under HL134764 and HL155617 awarded by the National 
Institutes of Health and under W81XWH-22-l-0094 
awarded by the ARMY/MRDC and under EEC1648035 
awarded by the National Science Foundation. The govern
ment has certain rights in the invention. 

SEQUENCE LISTING 

[0003] The instant application contains a Sequence Listing 
which has been submitted in XML format and is hereby 
incorporated by reference in its entirety. The XML copy, 
created on Mar. 4, 2024, is named USPTO-09824493-
P230238US02-SEQ_LIST and is 3,713 bytes in size. 

FIELD OF THE INVENTION 

[0004] The invention is directed to a methods of inducing 
mammalian cardiac cell proliferation and inducing heart 
regeneration. 

BACKGROUND 

[0005] Myocardial infarction and heart failure are some of 
the leading causes of mortality and hospitalization world
wide (Savarese et al. 2017, Bui et al. 2011 ). Almost 300,000 
individuals each year experience recurrent heart attacks in 
the United States alone (Dargie et al. 2005, Go et al. 2014), 
and the prevalence of ischemic heart disease is projected to 
rise to about 40.5% of the USA population by 2030 (Go et 
al. 2014). Traditional approaches for dealing with end-stage 
heart failure are often not feasible, due to the limited number 
of hearts available for transplantation. Preclinical trials have 
reported improvements in patient outcomes (Hajjar et al. 
2008, Greenburg et al. 2016), but prognosis remains poor. 
There is, therefore, an urgent need for new approaches to the 
prevention and treatment of heart failure. 
[0006] During heart failure, billions of cardiomyocytes are 
progressively lost, and fibrotic non-functional scar tissue 
develops, significantly reducing the pumping capacity of the 
heart muscle. The remaining cardiomyocytes have a limited 
intrinsic regenerative capacity and cannot, therefore, replace 
the lost cardiomyocytes. Cardiac regeneration studies have 
shown that dividing cardiomyocytes are abundant in the 
fetus, but rapidly lost after birth (Porrello et al. 2011 ). 
Cell-based therapies with exogenous cells, such as bone 
marrow cells, cardiac progenitor cells, and other self-renew
ing stem cells, have been developed to improve heart 
function. However, little meaningful improvement has been 
reported for these treatments, owing to the limited interac
tion between the various progenitor cells and the myocar
dium environment during myocardial infarction. 
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[0007] In the last two decades, our understanding of the 
molecular pathways and genes involved in the disease has 
improved, and gene therapy has emerged as a possible 
treatment for heart failure. Given the limited site specificity 
of pharmacological inhibitors, gene therapy is an exciting 
prospect for more precise targeting of the signaling path
ways involved in disease progression. The gene therapy 
approaches currently being developed for heart failure aim 
to increase the proliferation or contractility of endogenous 
cardiomyocytes; to reprogram cardiac fibroblasts to develop 
into beneficial cardiac cell types, such as endothelial cells or 
cardiomyocytes; and to increase capillary density by acti
vating endogenous endothelial cells or progenitors. Recent 
studies have reported reactivation of the cardiomyocyte cell 
cycle following protein delivery to the myocardium, either 
by direct injection or via patch delivering the protein to the 
epicardium. Cardiomyocyte proliferation has been reported 
following the delivery of NRG 1 protein via intraperitoneal 
(i.p.) injections (Engel et al. 2005), intramyocardial injec
tions of agrin (Bassat et al. 2017), or the delivery of 
follistatin-like 1 to the epicardium (Wei et al. 2015). Fur
thermore, the proliferation of adult cardiomyocytes has been 
observed following transfection with an adenovirus encod
ing a dominant-negative p38 mitogen-activated protein 
kinase (MAPK) (Engel et al. 2006) or an extracellular matrix 
component, periostin (Kuhn et al. 2007). The adeno-asso
ciated virus (AAV)-mediated delivery ofSerca2a (de! Monte 
et al. 2007) or SUMO (Kho et al. 2011) has been shown to 
improve cardiac function post-MI and in heart failure con
dition via elevation of endogenous cardiomyocytes contrac
tility. 
[0008] Additional gene therapy approaches for addressing 
other aspects of heart disease, heart failure, and cardiac 
injury generally are needed. 

SUMMARY OF THE INVENTION 

[0009] One aspect of the invention is directed to methods 
of inducing mammalian cardiac cell proliferation. The meth
ods preferably comprise ectopically introducing an LRRCl0 
protein in a mammalian cardiac cell to thereby induce 
proliferation of the cardiac cell. 
[0010] Another aspect of the invention is directed to an 
LRRCl0 protein or an ectopic agent that induces expression 
of an LRRCl 0 protein, for use in ectopically introducing the 
LRRCl0 protein in a mammalian cardiac cell to thereby 
induce proliferation of the cardiac cell. In some versions, the 
ectopic agent is a recombinant nucleic acid encoding an 
LRRCl0 protein. 

[0011] Another aspect of the invention is directed to a use 
of an LRRCl0 protein or an ectopic agent that induces 
expression of an LRRCl0 protein for ectopically introduc
ing the LRRCl0 protein in a mammalian cardiac cell to 
thereby induce proliferation of the cardiac cell. In some 
versions, the ectopic agent is a recombinant nucleic acid 
encoding an LRRCl0 protein. 
[0012] Another aspect of the invention is directed to an 
LRRCl0 protein or a recombinant nucleic acid encoding an 
LRRCl0 protein, for use in ectopically introducing the 
LRRCl0 protein in a mammalian cardiac cell to thereby 
induce proliferation of the cardiac cell. 
[0013] Another aspect of the invention is directed to a use 
of an LRRCl0 protein or a recombinant nucleic acid encod
ing an LRRCl0 protein for ectopically introducing the 
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LRRCl0 protein in a mannnalian cardiac cell to thereby 
induce proliferation of the cardiac cell. 
[0014] In some versions, the cardiac cell comprises a 
cardiomyocyte. 
[0015] In some versions, the LRRCl0 protein is at least 
80%, at least 85%, at least 90%, or at least 95% identical to 
SEQ ID NO:1. 
[0016] In some versions, the ectopically introducing com
prises ectopically expressing the LRRCl 0 protein in the cell. 
In some versions, the ectopic expression comprises express
ing the LRRCl0 protein from a recombinant nucleic acid 
encoding the LRRCl0 protein within the cell. Some ver
sions the ectopic expression comprises delivering an exog
enous nucleic acid encoding the LRRCl0 protein in the 
cardiac cell. 
[0017] In some versions, the cardiac cell comprises a 
plurality of cardiac cells. In some versions, the cardiac cell 
is comprised within cardiac tissue. 
[0018] In some versions, the cardiac cell is comprised 
within a heart. In some versions, the heart comprises a 
cardiac injury. In some versions, the cardiac injury com
prises a myocardial lesion. In some versions, the myocardial 
lesion is selected from the group consisting of a myocardial 
infarct, decreased myocardial thickness, fibrosis, dilated 
cardiac chamber, increased left ventricular end-diastolic 
diameter, increased left ventricular end-systolic diameter, 
and any combination thereof. In some versions, the cardiac 
injury comprises a functional defect. In some versions, the 
functional defect is selected from the group consisting of 
reduced ejection fraction, reduced fractional shortening, 
reduced end-systolic elastance and any combination thereof. 
In some versions, the LRRCl0 protein is introduced (e.g., 
expressed or delivered) in an amount and for a time effective 
to elicit an amelioration of the cardiac injury. 
[0019] In some versions, the LRRCl0 protein is intro
duced ( e.g., expressed or delivered) in an amount and for a 
time effective to elicit an improvement in cardiac structure. 
In some versions, the improvement in cardiac structure is 
selected from the group consisting of a decrease in myocar
dial lesion size, an increase in myocardial thickness, 
decreased fibrosis, a decrease in left ventricular end-dia
stolic diameter, a decrease in left ventricular end-systolic 
diameter, an increase in coronary artery formation, an 
increase in capillary density, an increase in revasculariza
tion, and any combination thereof. 
[0020] In some versions, the LRRCl0 protein is intro
duced ( e.g., delivered or expressed) in an amount and for a 
time effective to elicit an improvement in cardiac function. 
In some versions, the improvement in cardiac function is 
selected from the group consisting of an increase in an 
increase in ejection fraction, an increase in fractional short
ening, an increase in end-systolic elastance, and any com
bination thereof. 
[0021] In some versions, the cardiac cell is comprised 
within a subject. In some versions, the subject is suffering or 
has suffered from a cardiac event or a chronic heart condi
tion. In some versions, the subject is suffering or has suffered 
from a cardiac event. In some versions, the cardiac event is 
selected from the group consisting of cardiac ischemia, 
cardiac ischemia-reperfusion, myocardial infarction, myo
carditis, blunt trauma, and any combination thereof. In some 
versions, the subject is suffering or has suffered from a 
chronic heart condition. In some versions, the subject is 
suffering from or has suffered from heart failure. In some 
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versions, the heart failure comprises heart failure with 
reduced ejection fraction. In some versions, the subject has 
a myocardial infarct. 
[0022] Some versions comprise administering a nucleic
acid delivery reagent comprising an ectopic nucleic acid to 
the subject. 
[0023] Another aspect of the invention is directed to 
methods of inducing cardiac regeneration in a mannnalian 
subject suffering from cardiac injury. The methods prefer
ably comprise ectopically introducing an LRRCl0 protein 
comprising an amino acid sequence at least 80% identical to 
SEQ ID NO: 1 in cardiac tissue cells in the subject to thereby 
induce cardiac regeneration in the subject. 
[0024] The objects and advantages of the invention will 
appear more fully from the following detailed description of 
the preferred embodiment of the invention made in conjunc
tion with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] The patent or application file contains at least one 
drawing executed in color. Copies of this patent or patent 
application publication with color drawing(s) will be pro
vided by the Office upon request and payment of the 
necessary fee. 
[0026] FIGS. lA-lJ. Cardiac regeneration is inhibited in 
the neonatal Lrrc10-1

- mouse with disruption of the tran
scriptional landscape following injury. Control and 
Lrrc10-1

- neonatal mice underwent a sham (SH) or myo
cardial infarction (MI) surgery at Pl and were analyzed at 7-, 
14-, or 21 days post-surgery (DPS). (FIG. lA) Mason's 
trichrome staining (viable tissue in red; scar tissue in blue) 
at 21DPS (n=5); scale bar=l mm. (FIG. 18) Analysis of 
Heart Weight to Body Weight (BW) ratio (n=12). (FIG. lC) 
Analysis of cardiomyocyte mitosis with pH3 and cTnT at 
7DPS (n=7); scale bar=l0 uM. (FIG. lD) Analysis of 
cytokinesis by symmetrical localization of Aurora B with 
cTnT at 7DPS (SH n=3; MI n=7); arrowhead indicates 
Aurora B localization between cardiomyocytes; scale 
bar=l0 uM. (FIG. lE) Percentage of mononucleated 
(Mono), binucleated (Bi), and multinucleated (Multi) car
diomyocytes per heart at 14DPS (WT n=4; KO n=5); scale 
bar=20 uM. (FIG. lF) Quantification of cardiomyocyte size 
by Wheat Germ Agglutinin (WGA) at 21DPS (n=5); scale 
bar=25 uM. Hearts were collected from WT and Lrrc10-1

-

mice at 7 days after sham or MI surgery, processed for 
bulk-tissue RNA-sequencing (n=4 per group), and the tran
scriptome of differentially expressed genes (DEGs) was 
identified. (FIG. lG) Heatmap generated by k-means clus
tering of DEGs and divided into 8 clusters; colored scale is 
related to z-score. (FIG. lH) Clusters 1, 3, 4, and 7 show a 
unique transcriptome in Lrrc10-1

- hearts. (FIGS. 1I and lJ) 
Gene Ontology (GO) analysis highlights LRRCl0 dysregu
lated pathways related to muscle contraction (Cluster 1, FIG. 
11) and cell metabolism (Cluster 4, FIG. 11). *P<0.05, 
**P<0.01, ****P<0.0001. Error bars presented as S.E.M. 
[0027] FIG. 2. Lrrcl 0-1- hearts show increased scar tissue 
post-MI. Masson's Trichrome staining was performed on 
control (WT) and Lrrc 10-1

- heart sections at 21 days post (a) 
sham (SH) and (b) MI surgery (n=5); scale bar=l mm. 
[0028] FIGS. 3A-3F. Lrrc10-1

- hearts show no change in 
proliferation, asymmetrical cell division, or sham nucleation 
counts. At 7 days post-sham or post-MI surgery, there was 
no difference in cardiomyocyte (CM) proliferation between 
(FIG. 3A) WT and (FIG. 3B) Lrrc10-1

- groups, shown as 
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representative sections (scale bar=500 µm) and (a', b') insets 
(scale bar=50 µm); arrowheads indicate pH3+ CMs. (FIG. 
3C) WT and (FIG. 3D) Lrrc10-1

- hearts show no difference 
in Aurora B localization, shown as representative sections 
(scale bar=500 µm) and insets of (c', d') symmetrical (scale 
bar=20 µm) or (c', d') asymmetrical CM division (scale 
bar=20 µm); arrowhead indicates Aurora B localization 
between CMs. (FIG. 3E) Post-MI or post-sham surgery, 
Lrrc10-1

- hearts show no difference in asymmetrical CM 
division compared to WT hearts (scale bar=l0 µm). (FIG. 
3F) Nucleation counts of mono-, bi-, and multinucleated 
CMs show no difference between WT and Lrrc10-1

- mice at 
14 days post-sham surgery. 

[0029] FIGS. 4A and 4B. Transcriptomic analysis shows 
unique signature between control and Lrrc10-1

- hearts post
ML Bulk RNA sequencing of control and Lrrc10-1

- mice 
that underwent a sham (SH) or MI surgery at PL. (FIG. 4A) 
Principal Component Analysis (PCA) shows separation 
between different groups. (FIG. 4B) Pearson correlation 
shows clustering of transcriptomic profiles. 

[0030] FIGS. SA-SG. LRRCl0 overexpression rescues 
heart regeneration in Lrrc10-1

- mice. (FIG. SA) Control and 
Lrrc10-1

- neonatal mice were treated with a single-dose of 
AAV9-cTnT-GFP control or AAV9-cTnT-LRRC10 rescue 
viral vector before undergoing sham or MI surgery at Pl. 
(FIG. SB) Efficient transfection shown by GFP expression in 
WT PS mice treated with or without AAV9-cTnT-GFP at PO 
(n=3). Hearts were analyzed for regeneration hallmarks at 
7-, 14- and 28-days post-MI (DPMI). (FIG. SC) Cytokinesis 
measured by symmetrical Aurora B within cardiomyocytes, 
marked by cTnT at 7DPMI (n=4). (FIG. SD) Nucleation 
percentages of mononucleated (Mono), binucleated (Bi), 
and multinucleated (Multi) cardiomyocytes (WT and KO 
controls n=9; KO rescue n=S) at 14DPMI. (FIG. SE) Mas
son's trichrome analysis at 28DPMI (n=4); scale bar=l mm. 
(FIG. SF) Heart weight to body weight (BW) ratios at 
28DPMI (WT control n=9; KO control n=S; KO rescue 
n=6). (FIG. SG) Echocardiography of ejection fraction (EF) 
and fractional shortening (FS) at 28DPMI (WT control n=9; 
KO control n=S; KO rescue n=6). *P<0.05, **P0.01, 
****P<0.0001. Error bars presented as S.E.M. 

[0031] FIG. 6. Viral control shows successful reporter 
expression in the postnatal heart. AAV9-cTnT-GFP control 
vector was injected into PO mice and hearts were 

collected at 7 days post-injections. Images were captured of 
the (a) whole-mount and (b) sectioned hearts (n=3). Scale 
bar=l mm. 

[0032] FIG. 7. Asymmetrical cytokinesis is unchanged 
between Lrrc10-1

- mice treated with AAV9-cTnT-GFP or 
AAV9-cTnT-LRRC10 rescue vector. AAV9-cTnT-GFP 
(control) or AAV9-cTnT-LRRC10 (rescue) vector was 
injected into PO mice. MI surgery was performed at Pl, and 
asymmetrical cytokinesis was measured by Aurora B at 7 
days post-MI. No difference in asymmetric cardiomyocyte 
(CM) division was identified between Lrrc10-1

- hearts 
treated with control or rescue vector. 

[0033] FIG. 8. Lrrc10-1
- mice treated with AAV9-cTnT

LRRC10 rescue vector promotes regeneration post-MI. 
Masson's Trichrome staining of heart sections at 21 days 
post-MI from WT and Lrrc10-1

- (KO) mice treated at PO 
with (a-b) control AAV9-cTnT-GFP or (c) rescue AAV9-
cTnT-LRRC10 vector (n=4); scale bar=l mm. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

[0034] One aspect of the invention is directed to methods 
of inducing cardiac cell proliferation. The methods prefer
ably comprise ectopically introducing a leucine-rich repeat 
containing 10 (LRRCl0) protein in the cardiac cell to 
thereby induce proliferation of the cardiac cell. 
[0035] "Induce" as used herein in this context refers to 
increasing from a baseline level or rate. 
[0036] "Proliferation" as used herein in this context refers 
to an increase in the number of viable cells as a result of cell 
growth and cell division. 
[0037] "LRRCl0 protein" as used herein refers to the 
wild-type human LRRCl0 protein or homologs or variants 
thereof having an LRRCl 0 activity described herein, such as 
inducing cardiac cell proliferation. 
[0038] In some versions, the LRRCl0 protein comprises 
an amino acid sequence at least 80% identical to SEQ ID 
NO: 1. SEQ ID NO: 1 is the amino acid sequence of the 
wild-type human LRRCl0 protein: 

(SEQ ID NO, 1) 
MGNTIRALVAFIPADRCQNYVVRDLREMPLDKMVDLSGSQLRRFP 

LHVCSFRELVKLYLSDNHLNSLPPELGOLONLQILALDENNFKAL 

PQVVCTLKOLCILYLGNNKLCDLPSELSLLONLRTLWIEANCLTO 

LPDWCELSLLKTLHAGSNALRLLPGQLRRLOELRTIWLSGNRLT 

DFPTVLLHMPFLEVIDVDWNSIRYFPSLAHLSSLKLVIYDHNPCR 

NAPKVAKGVRRVGRWAEETPEPDPRKARRYALVREESQELQAPVP 

LLPPINS 

[0039] The nucleic acid coding sequence for SEQ ID 
NO:1 is SEQ ID NO:2: 

ATGGGGAACACCATCAGGGCCCTCGTGGCCTTCATCCCTGCTGAC 

CGTTGCCAGAACTATGTGGTCAGGGACCTCCGTGAGATGCCGCTG 

GACAAGATGGTGGATCTGAGTGGGAGCCAGTTACGCCGCTTCCCC 

CTGCACGTGTGCTCCTTCAGGGAGCTGGTCAAGCTCTACCTGAGC 

GACAACCACCTCAATAGCCTGCCTCCGGAGCTGGGGCAGCTACAG 

AACCTGCAGATTCTGGCCTTGGATTTCAACAACTTCAAGGCTCTG 

CCCCAGGTGGTGTGCACCTTGAAACAGCTCTGCATCCTCTACCTG 

GGCAACAACAAACTCTGCGACCTCCCCAGTGAGCTGAGCCTGCTC 

CAGAACCTCAGGACCCTGTGGATCGAGGCCAACTGCCTCACCCAG 

CTGCCGGATGTGGTCTGTGAGCTGAGTCTCCTTAAGACTCTGCAT 

GCCGGCTCCAACGCCCTGCGTTTGCTGCCAGGCCAGCTCCGGCGC 

CTCCAGGAGCTGAGGACCATCTGGCTCTCGGGCAACCGGCTAACT 

GACTTTCCCACTGTGCTGCTTCACATGCCCTTCCTGGAGGTGATT 

GATGTGGACTGGAACAGCATCCGTTACTTCCCCAGCCTGGCGCAC 

CTGTCAAGTCTGAAGCTGGTCATCTATGACCACAATCCTTGCAGG 

AACGCACCCAAGGTGGCCAAAGGTGTGCGCCGTGTGGGGAGATGG 
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-continued 

GCAGAGGAGACGCCAGAGCCCGACCCTAGAAAAGCCAGGCGCTAT 

GCGTTGGTCAGAGAGGAAAGCCAGGAGCTACAGGCACCAGTCCCT 

CTACTTCCTCCTACCAACTCCTGA 

[0040] In various versions of the invention, the LRRCl 0 
protein comprises an amino acid sequence at least 80%, at 
least 81 %, at least 82%, at least 83%, at least 84%, at least 
85%, at least 86%, at least 87%, at least 88%, at least 89%, 
at least 90%, at least 91 %, at least 92%, at least 93%, at least 
94%, at least 95%, at least 96%, at least 97%, at least 98%, 
at least 99%, or 100% identical to SEQ ID NO: 1. 
[0041] "Ectopically introducing" (or grammatical variants 
thereof such as "ectopic introduction" or "ectopically intro
duce") as used herein refers to ectopically expressing the 
LRRCl 0 protein in the cardiac cell or ectopically delivering 
the LRRCl0 protein in the cardiac cell. 
[0042] "Ectopically expressing" (or grammatical variants 
thereof such as "ectopic expression" or "ectopically 
express") as used herein refers to inducing expression of a 
protein in a cell with an ectopic agent. 
[0043] "Ectopic agent" as used herein refers to an agent 
that is not natively produced by a given cell and/or does not 
originate in a given cell (i.e., is originally produced outside 
the cell and is subsequently delivered within the cell). An 
exemplary ectopic agent is an ectopic nucleic acid. In some 
versions, ectopically expressing the LRRCl0 protein com
prises expressing the LRRCl0 protein from an ectopic 
nucleic acid encoding the LRRCl0 protein. 
[0044] "Ectopic nucleic acid" as used herein refers to a 
nucleic acid that is a recombinant nucleic acid, an exogenous 
nucleic acid, or both. 
[0045] "Recombinant nucleic acid" as used herein refers 
to a nucleic acid comprising a non-naturally occurring 
sequence. Non-limiting examples of recombinant nucleic 
acids include chromosomal or non-chromosomal DNA ( e.g., 
an extrachromosomal plasmid) comprising a recombinant 
gene, chromosomal DNA comprising a duplicate copy of a 
native gene inserted in a non-native locus, chromosomal 
DNA or non-chromosomal DNA ( e.g., an extrachromosomal 
plasmid) comprising a native or non-native coding sequence 
operatively linked to a heterologous genetic element (such 
as a promoter, enhancer, etc.), viral RNA, messenger RNA 
(mRNA) comprising at least one base difference with 
respect to the cell's native mRNA, and nucleoside-modified 
messenger RNA (modRNA), among others. In some ver
sions of the invention, the ectopic expression comprises 
expressing the LRRClO protein from a recombinant nucleic 
acid encoding the LRRCl0 protein within the cardiac cell. 
In some versions, the recombinant nucleic acid is also an 
exogenous nucleic acid. 
[0046] "Exogenous nucleic acid" as used herein refers to 
a nucleic acid that does not originate within a given cell, i.e., 
is originally produced outside the cell and is subsequently 
delivered within the cell. Non-limiting examples of exog
enous nucleic acids include DNA or RNA delivered to a cell 
with a transduction reagent ( e.g., DNA or RNA viruses) and 
DNA or RNA delivered to a cell with a transfection reagent 
(e.g., liposomes, cationic polymer, or dendrimer nanopar
ticle ), among others. In some versions of the invention, the 
exogenous expression comprises expressing the LRRCl0 
protein from an exogenous nucleic acid encoding the 
LRRCl0 protein within the cardiac cell. In some versions, 
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the methods comprise delivering the exogenous nucleic acid 
within the cardiac tissue cell. In some versions, the exog
enous nucleic acid is also a recombinant nucleic acid. 

[0047] In some versions, the ectopic nucleic acid com
prises a gene encoding the LRRCl0 protein. In some ver
sions, the gene is an ectopic gene. In some versions, the gene 
is a recombinant gene. In some versions, the gene is a 
exogenous gene. In some versions, the gene is a recombinant 
exogenous gene. In some versions, the gene comprises a 
heart-specific promoter. "Heart-specific promoter" refers to 
a promoter that is exclusively or primarily active in cardiac 
cells. Examples of heart-specific promoters include the 
myosin light chain (MLC2v) promoter (Phillips et al. 2002, 
Boecker et al. 2004), the a-myosin heavy chain (a-MHC) 
promoter (Lee et al. 2011), the troponin 2 (TNTT2) pro
moter (Fiedorowicz et al. 2020), the alpha cardiac actin 
(ACTC) promoter (Fiedorowicz et al. 2020), the cardiac 
troponin-T (cTnT) promoter (Lee et al. 2011), and the 
following examples, among others. In some versions, the 
ectopic nucleic acid comprises an mRNA encoding the 
LRRCl0 protein. In some versions, the mRNA is an ectopic 
mRNA. In some versions, the mRNA is a recombinant 
mRNA. In some versions, the mRNA is a exogenous 
mRNA. In some versions, the mRNA is a recombinant 
exogenous mRNA. In some versions, the mRNA is a 
"nucleoside-modified" or "modified" mRNA (modRNA). 
"Ectopic" used with respect to a gene or mRNA refers to a 
gene or mRNA that is recombinant, exogenous, or recom
binant and exogenous. "Recombinant" used with respect to 
a gene or mRNA refers to a gene or mRNA comprising a 
non-naturally occurring sequence. "Exogenous" as used 
herein with respect to a gene or mRNA refers to a gene or 
mRNA that does not originate within a given cell, i.e., is 
originally produced outside the cell and is subsequently 
delivered within the cell. 

[0048] "Expression" as used herein refers to the produc
tion of a protein from one or more nucleic acids. Examples 
include translation of an mRNA; transcription of a DNA to 
an mRNA followed by translation of the mRNA; and reverse 
transcription of an RNA to a cDNA, transcription of the 
cDNA to an mRNA, and translation of the mRNA to a 
protein. Expression of a protein is considered herein to be 
ectopic if any one or more nucleic acids involved in the 
production of the protein is an ectopic nucleic acid. In some 
versions, the ectopic expression comprises overexpression. 
"Overexpression" refers to expression of a protein in a given 
cell above a native level of expression. 

[0049] "Ectopically delivering" as used herein refers to 
delivering (transferring) a pre-existing LRRCl0 protein 
from outside a cell to inside the cardiac cell. An ectopically 
delivered protein is not expressed within the cell. The 
ectopically delivered LRRCl 0 protein can be a recombinant 
form of the native LRRCl0 protein or have a native 
LRRCl0 sequence. Methods for ectopically delivering pro
teins to cells are described by Yu et al. 2021, among others. 

[0050] Ectopic agents also include small molecules, tran
scription factors, antibodies ( e.g., intrabodies ), that can 
induce expression (such as overexpression) ofLRRCl0 in a 
cell. 

[0051] The cardiac cell in which the LRRCl0 protein is 
expressed is preferably a mammalian cardiac cell, such as a 
human cell. The cardiac cell is preferably a cardiomyocyte. 
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[0052] "Cardiac cell" as used herein can refer to a single 
cardiac cell or a plurality of cardiac cells. In some versions, 
the LRRClO protein is ectopically expressed in the plurality 
of cardiac cells. 
[0053] In some versions, the cardiac cell in which the 
LRRClO protein is expressed is comprised within cardiac 
tissue. "Cardiac tissue" as used herein refers to tissue 
comprising one or more types of cardiac cells ( e.g., cardio
myocytes, fibroblasts, endothelial cells, and perivascular 
cells). The cardiac tissue can be incorporated in a whole 
heart, isolated from a whole heart, or generated at least in 
part in vitro. In some versions, the LRRClO protein is 
ectopically expressed in the cardiac tissue cells. 
[0054] In some versions, the cardiac cell in which the 
LRRClO protein is expressed is comprised within a heart. 
The heart can be comprised within a subject, isolated from 
a subject, or generated at least in part in vitro. In some 
versions, the LRRClO protein is expressed in the cells of the 
heart. 
[0055] In some versions, the heart comprising the cardiac 
cell in which the LRRClO protein is expressed comprises a 
cardiac injury. "Cardiac injury" as used herein refers to any 
structural cardiac damage or defect and/or any functional 
defect. In some versions, the cardiac injury results from a 
cardiac event. In some versions, the cardiac injury is a 
congenital defect. 
[0056] Cardiac structural damage is referred to herein as a 
"myocardial lesion" or "cardiac lesion." Nonlimiting 
examples of myocardial lesions include myocardial infarcts, 
decreased myocardial thickness, fibrosis, dilated cardiac 
chamber, increased left ventricular end-diastolic diameter, 
increased left ventricular end-systolic diameter, and combi
nations thereof. A decrease in myocardial thickness is under
stood to be determined relative to surrounding areas of the 
heart tissue. "Increased" in the context of increased left 
ventricular end-diastolic diameter and increased left ven
tricular end-systolic diameter refers to values above normal 
values. Ranges for normal (non-defective) values for left 
ventricular end-diastolic diameter and left ventricular end
systolic diameter are known in the art. 
[0057] "Functional defect" as used herein refers to any 
type of reduced heart function, by any amount, with respect 
to a normal functioning heart. Examples of functional 
defects, for example, include ejection fraction defects, frac
tional shortening defects, end-systolic elastance defects, and 
combinations thereof. Ejection fraction defects include 
reduced ejection fraction. Fractional shortening defects 
include reduced fractional shortening. End-systolic 
elastance defects include reduced end-systolic elastance. 
"Reduced" and "increased" in these contexts refer to values 
below and above normal values, respectively. Ranges for 
normal (non-defective) values for ejection fraction, frac
tional shortening, end-systolic elastance are known in the 
art. 
[0058] In some versions, the LRRClO protein is expressed 
in an amount and for a time effective to elicit an amelioration 
of the cardiac injury. "Ameliorate" in this context refers to 
any improvement of the cardiac injury. Accordingly, in some 
versions, the LRRCl O protein is expressed in an amount and 
for a time effective to elicit an improvement in cardiac 
structure, such as a decrease in myocardial lesion size, an 
increase in myocardial thickness, decreased fibrosis, a 
decrease in left ventricular end-diastolic diameter, a 
decrease in left ventricular end-systolic diameter, an 
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increase in coronary artery formation, an increase in capil
lary density, an increase in revascularization, or any com
bination thereof. In some versions, the LRRClO protein is 
expressed in an amount and for a time effective to elicit an 
improvement in cardiac function, such as an increase in an 
increase in ejection fraction, an increase in fractional short
ening, an increase in end-systolic elastance, or any combi
nation thereof. 
[0059] In some versions, the cardiac cell in which the 
LRRClO protein is expressed is comprised within a subject, 
such as within cardiac tissue within a subject, such as within 
a heart of a subject. The subject is preferably a mammal, 
such as a human. 
[0060] In some versions, the subject is a subject who 
comprises a cardiac injury. The cardiac injury can comprise 
any cardiac injury, including any of those explicitly 
described herein. In some versions, the cardiac injury is a 
myocardial infarct. 
[0061] In some versions, the subject is suffering from or 
has suffered from a cardiac event or chronic heart condition. 
"Cardiac event" as used herein refers to any acute event 
causing or having the potential to cause a cardiac injury. 
Nonlimiting examples of cardiac events include cardiac 
ischemia, cardiac ischemia-reperfusion, myocardial infarc
tion, myocarditis, and blunt trauma. "Chronic heart condi
tion" as used herein refers to a persisting or recurring 
condition causing or having the potential to cause a cardiac 
injury. Nonlimiting examples of chronic heart conditions 
include coronary heart disease, valve diseases, high blood 
pressure, congenital heart conditions, and inherited heart 
conditions. In some versions, the subject is suffering from or 
has suffered from heart failure. In some versions, the heart 
failure comprises heart failure with reduced ejection fraction 
( dilated cardiomyopathy ). 
[0062] Some versions of the invention comprise adminis
tering a nucleic-acid delivery reagent comprising an ectopic 
nucleic acid to the subject. The ectopic nucleic acid prefer
ably comprises a sequence encoding an LRRClO protein. 
"Nucleic-acid delivery reagent" as used herein refers to any 
reagent capable of being administered to the subject and 
delivering the ectopic nucleic acid in the cardiac cell. 
Reagents suitable for this purpose are well-known in the art. 
These include transduction reagents and transfection 
reagents. "Transduction reagent" as used herein refers to a 
reagent capable of delivering a nucleic acid into a cell via 
viral infection. Examples of transfection reagents include 
DNA or RNA viral vectors, such as adenoviruses, adeno
associated viruses, herpes simplex viruses, and retroviruses 
(e.g., lentiviruses), among others. "Transfection reagent" as 
used herein refers to a reagent capable of delivering a 
nucleic acid into a cell via non-viral methods. Examples of 
transfection reagents include liposomes, cationic polymers, 
and dendrimer nanoparticles, among others. In some ver
sions, the nucleic-acid delivery reagent is simply a naked 
nucleic acid, which can be delivered into a heart cell via 
electroporation or other mechanisms. 
[0063] In some versions, the ectopic nucleic acid in the 
nucleic-acid delivery reagent is a DNA, such as a DNA 
construct or plasmid DNA. In some versions, the DNA in the 
nucleic-acid delivery reagent comprises a gene, such as an 
ectopic gene, which may be a recombinant gene. In some 
versions, the gene comprises a heart-specific promoter. In 
some versions, the ectopic nucleic acid in the nucleic-acid 
delivery reagent is an RNA. In some versions, the ectopic 
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nucleic acid in the nucleic-acid delivery reagent is a mes
senger RNA (mRNA). In some versions, the ectopic nucleic 
acid in the nucleic-acid delivery reagent is a "nucleoside
modified" or "modified" mRNA (modRNA). modRNAs are 
well known in the art of gene therapy. See, e.g., Goswami et 
al. 2019, Magadum et al. 2018, Zangi et al. 2021, Korpela 
et al. 2021., US 2016/0250290Al, U.S. Pat. No. 7,256,182 
B2, US 2008/0200661 Al, and the references cited therein 
for examples of nucleic-acid delivery reagent reagents, such 
as transduction and transfection reagents, suitable for deliv
ering ectopic nucleic acids to heart cells, such as cardio
myocytes. 
[0064] The nucleic-acid delivery reagent can be adminis
tered to the subject via injection, infusion, oral administra
tion, or any other suitable mode of administration. 
[0065] The delivered ectopic nucleic acid can be main
tained in the cell extra-chromosomally or be incorporated 
within one of the cell's chromosomes. 
[0066] Another aspect of the invention is directed to 
methods of inducing cardiac regeneration in a mammalian 
subject suffering from cardiac injury. The method comprises 
ectopically expressing an LRRCl0 protein in a cardiac cell 
in the subject to thereby induce cardiac regeneration in the 
subject. "Cardiac regeneration" as used herein refers to any 
improvement of a cardiac injury, whether structurally, func
tionally, or both. In some versions of the invention, the 
cardiac regeneration comprises increased proliferation of 
cardiomyocytes. In some versions of the invention, the 
cardiac regeneration comprises increased contractility of 
cardiomyocytes. Various other aspects of cardiac regenera
tion may depend on the type of cardiac injury sustained by 
the subject. Any aspects described above with respect to 
inducing cardiac cell proliferation can apply to the methods 
of inducing cardiac regeneration. 
[0067] In some versions, the LRRCl0 protein is ectopi
cally introduced to a subject that has deficient LRRCl0 
expression, such as an adult mammal, or an adult human. 
"Deficient LRRCl0 expression" refers to a lower level of 
expression in a cell with respect to a level of expression in 
a cell from a neonatal subject, such as a neonatal mammal 
or a neonatal human. 
[0068] Unless otherwise indicated, the accession numbers 
referenced herein are derived from the NCBI database 
(National Center for Biotechnology Information) main
tained by the National Institute of Health, U.S.A. 
[0069] The term "alignment" refers to a method of com
paring two or more nucleic acid or protein sequences for the 
purpose of determining their relationship to each other. 
Alignments are typically performed by computer programs 
that apply various algorithms, however it is also possible to 
perform an alignment by hand. Alignment programs typi
cally iterate through potential alignments of sequences and 
score the alignments using substitution tables, employing a 
variety of strategies to reach a potential optimal alignment 
score. Commonly-used alignment algorithms include, but 
are not limited to, CLUSTALW, (see, Thompson J. D., 
Higgins D. G., Gibson T. J., CLUSTAL W: improving the 
sensitivity of progressive multiple sequence alignment 
through sequence weighting, position-specific gap penalties 
and weight matrix choice, Nucleic Acids Research 22: 
4673-4680, 1994); CLUSTALV, (see, Larkin M.A., et al., 
CLUSTALW2, ClustalW and ClustalX version 2, Bioinfor
matics 23(21): 2947-2948, 2007); Jotun-Hein, Muscle et al., 
MUSCLE: a multiple sequence alignment method with 
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reduced time and space complexity, BMC Bioinformatics 5: 
113, 2004); Mafft, Kalign, ProbCons, and T-Coffee (see 
Notredame et al., T-Coffee: A novel method for multiple 
sequence alignments, Journal of Molecular Biology 302: 
205-217, 2000). Exemplary programs that implement one or 
more of the above algorithms include, but are not limited to 
MegAlign from DNAStar (DNAStar, Inc. 3801 Regent St. 
Madison, Wis. 53705), MUSCLE, T-Coffee, CLUSTALX, 
CLUSTALV, JalView, Phylip, and Discovery Studio from 
Accelrys (Accelrys, Inc., 10188 Telesis Ct, Suite 100, San 
Diego, Calif. 92121). In a non-limiting example, MegAlign 
is used to implement the CLUSTALW alignment algorithm 
with the following parameters: Gap Penalty 10, Gap Length 
Penalty 0.20, Delay Divergent Seqs (30%) DNA Transition 
Weight 0.50, Protein Weight matrix Gannet Series, DNA 
Weight Matrix IUB. 

[0070] The term "consensus sequence" or "canonical 
sequence" refers to an archetypical amino acid sequence 
against which all variants of a particular protein or sequence 
of interest are compared. Either term also refers to a 
sequence that sets forth the nucleotides that are most often 
present in a nucleic acid sequence of interest. For each 
position of a protein, the consensus sequence gives the 
amino acid that is most abundant in that position in the 
sequence alignment. 

[0071] The term "conservative substitutions" or "con
served substitutions" refers to, for example, a substitution of 
an amino acid with a conservative variant. 

[0072] "Conservative variant" refers to residues that are 
functionally similar to a given residue. Amino acids within 
the following groups are conservative variants of one 
another: glycine, alanine, serine, and praline (very small); 
alanine, isoleucine, leucine, methionine, phenylalanine, 
valine, pro line, and glycine (hydrophobic); alanine, valine, 
leucine, isoleucine, methionine (aliphatic-like); cysteine, 
serine, threonine, asparagine, tyrosine, and glutamine (po
lar); phenylalanine, tryptophan, tyrosine (aromatic); lysine, 
arginine, and histidine (basic); aspartate and glutamate 
(acidic); alanine and glycine; asparagine and glutamine; 
arginine and lysine; isoleucine, leucine, methionine, and 
valine; and serine and threonine. 

[0073] "Corresponding proteins" as used herein refers to 
first and second proteins that are identical in sequence 
except for a given set of modifications. 

[007 4] The terms "corresponds to" and "corresponding to" 
used with reference to an amino acid residue or position 
refer to an amino acid residue or position in a first protein 
sequence being positionally equivalent to an amino acid 
residue or position in a second reference protein sequence by 
virtue of the fact that the residue or position in the first 
protein sequence aligns to the residue or position in the 
reference sequence using bioinformatic techniques, for 
example, using the methods described herein for preparing 
a sequence alignment. The corresponding residue in the first 
protein sequence is then assigned the position number in the 
second reference protein sequence. 

[0075] The term "deletion," when used in the context of an 
amino acid sequence, means a deletion in or a removal of 
one or more residues from the amino acid sequence of a 
corresponding protein, resulting in a mutant protein having 
at least one less amino acid residue as compared to the 
corresponding protein. The term can also be used in the 
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context of a nucleotide sequence, which means a deletion in 
or removal of a nucleotide from the nucleic acid sequence of 
a corresponding nucleic acid. 
[0076] The term "DNA construct" is used herein to refer 
to a recombinant DNA that can be used, for example, to 
express a protein. Typically a DNA construct is generated in 
vitro by PCR or other suitable technique(s) known to those 
in the art. In certain embodiments, the DNA construct 
comprises a sequence of interest ( e.g., an incoming 
sequence). In some embodiments, the sequence is operably 
linked to additional elements such as control elements ( e.g., 
promoters, etc.). A DNA construct can further comprise a 
selectable marker. It can also comprise an incoming 
sequence flanked by homology targeting sequences. In a 
further embodiment, the DNA construct comprises other 
non-homologous sequences, added to the ends (e.g., stuffer 
sequences or flanks). In some embodiments, the ends of the 
incoming sequence are closed such that the DNA construct 
forms a closed circle. In some embodiments, the DNA 
construct comprises sequences homologous to the host cell 
chromosome. In other embodiments, the DNA construct 
comprises non-homologous sequences. Once the DNA con
struct is assembled in vitro it may be used to: 1) insert 
heterologous sequences into a desired target sequence of a 
host cell; 2) mutagenize a region of the host cell chromo
some (i.e., replace an endogenous sequence with a heter
ologous sequence); 3) delete target genes; and/or (4) intro
duce a replicating plasmid into the host. 
[0077] The term "expressed genes" refers to genes that are 
transcribed into messenger RNA (mRNA) and then trans
lated into protein, as well as genes that are transcribed into 
other types of RNA, such as transfer RNA (tRNA), ribo
somal RNA (rRNA), and regulatory RNA, which are not 
translated into protein. 
[0078] The terms "expression cassette" or "expression 
vector" refer to a nucleic acid construct generated recom
binantly or synthetically, with a series of specified elements 
that permit transcription of a particular nucleic acid in a 
target cell or in vitro. A recombinant expression cassette can 
be incorporated into a plasmid, chromosome, mitochondrial 
DNA, plasmid DNA, virus, or nucleic acid fragment. Typi
cally, the recombinant expression cassette portion of an 
expression vector includes, among other sequences, a 
nucleic acid sequence to be transcribed and a promoter. In 
particular embodiments, expression vectors have the ability 
to incorporate and express heterologous nucleic acid frag
ments in a host cell. Many prokaryotic and eukaryotic 
expression vectors are commercially available. Selection of 
appropriate expression vectors is within the knowledge of 
those of skill in the art. The term "expression cassette" can 
be used interchangeably herein with "DNA construct," and 
their grammatical equivalents. 
[0079] "Gene" refers to a nucleic acid segment (e.g., a 
DNA segment) that encodes a protein, and may include 
regions preceding (e.g., promoter) and following the coding 
regions as well as intervening sequences (e.g., intrans) 
between individual coding segments ( e.g., exons ). 
[0080] The term "endogenous protein" refers to a protein 
that is native or naturally occurring. "Endogenous nucleic 
acid" refers to a naturally occurring nucleic acid that is in the 
cell and was not delivered into the cell. 
[0081] The term "heterologous" used with reference to a 
protein or a nucleic acid in a host cell refers to a protein or 
a nucleic acid that does not naturally occur in the host cell. 
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[0082] The term "heterologous" used to describe two 
different amino acid or nucleic acid sequences refers to two 
sequences that are not naturally present together in the same 
protein or nucleic acid. The term "heterologous" used to 
describe two different protein domains refers to two protein 
domains that are not naturally present together in the same 
protein. As used herein, "domain" refers to any portion of 
protein that confers a particular structural and/or functional 
characteristic to a protein. Exemplary protein domains 
include signal peptides, extracellular domains, transmem
brane domains, cytoplasmic domains, catalytic domains, 
affinity tags, and linkers, among others. 
[0083] The term "homologous sequences" as used herein 
refers to a nucleic acid or protein sequence having, for 
example, about 100%, about 99% or more, about 98% or 
more, about 97% or more, about 96% or more, about 95% 
or more, about 94% or more, about 93% or more, about 92% 
or more, about 91 % or more, about 90% or more, about 88% 
or more, about 85% or more, about 80% or more, about 7 5% 
or more, about 70% or more, about 65% or more, about 60% 
or more, about 55% or more, about 50% or more, about 45% 
or more, or about 40% or more sequence identity to another 
nucleic acid or protein sequence when optimally aligned for 
comparison. In particular embodiments, homologous 
sequences can retain the same type and/or level of a par
ticular activity of interest. In some embodiments, homolo
gous sequences have between 85% and 100% sequence 
identity, whereas in other embodiments there is between 
90% and 100% sequence identity. In particular embodi
ments, there is 95% and 100% sequence identity. 
[0084] "Homology" refers to sequence similarity or 
sequence identity. Homology is determined using standard 
techniques known in the art (see, e.g., Smith and Waterman, 
Adv. Appl. Math., 2:482, 1981; Needleman and Wunsch, J. 
Mal. Biol., 48:443, 1970; Pearson and Lipman, Proc. Natl. 
Acad. Sci. USA 85:2444, 1988; programs such as GAP, 
BESTFIT, PASTA, and TFASTA in the Wisconsin Genetics 
Software Package (Genetics Computer Group, Madison, 
Wis.); and Devereux et al., Nucl. Acid Res., 12:387-395, 
1984). A non-limiting example includes the use of the 
BLAST program (Altschul et al., Gapped BLAST and 
PSI-BLAST: a new generation of protein database search 
programs, Nucleic Acids Res. 25:3389-3402, 1997) to iden
tify sequences that can be said to be "homologous." A recent 
version such as version 2.2.16, 2.2.17, 2.2.18, 2.2.19, or the 
latest version, including sub-programs such as blastp for 
protein-protein comparisons, blastn for nucleotide-nucleo
tide comparisons, tblastn for protein-nucleotide compari
sons, or blastx for nucleotide-protein comparisons, and with 
parameters as follows: Maximum number of sequences 
returned 10,000 or 100,000; E-value (expectation value) of 
le-2 or le-5, word size 3, scoring matrix BLOSUM62, gap 
cost existence 11, gap cost extension 1, may be suitable. An 
E-value of le-5, for example, indicates that the chance of a 
homologous match occurring at random is about 1 in 10,000, 
thereby marking a high confidence of true homology. 
[0085] The term "identical" ( or "identity"), in the context 
of two nucleic acid or protein sequences, means that the 
residues in the two sequences are the same when aligned for 
maximum correspondence, as measured using a sequence 
comparison or analysis algorithm such as those described 
herein. For example, if when properly aligned, the corre
sponding segments of two sequences have identical residues 
at 5 positions out of 10, it is said that the two sequences have 
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a 50% identity. Most bioinformatic programs report percent 
identity over aligned sequence regions, which are typically 
not the entire molecules. If an alignment is long enough and 
contains enough identical residues, an expectation value can 
be calculated, which indicates that the level of identity in the 
alignment is unlikely to occur by random chance. 
[0086] The term "insertion," when used in the context of 
an amino acid sequence, refers to an insertion of an amino 
acid with respect to the amino acid sequence of a corre
sponding protein, resulting in a mutant protein having an 
amino acid that is inserted between two existing contiguous 
amino acids, i.e., adjacent amino acids residues, which are 
present in the corresponding protein. The term "insertion," 
when used in the context of a nucleic acid sequence, refers 
to an insertion of one or more nucleotides in the correspond
ing nucleic acid between two existing contiguous nucleo
tides, i.e., adjacent nucleotides, which are present in the 
corresponding nucleic acids. 
[0087] The term "deliver" or "delivered" refers to, in the 
context of delivering a nucleic acid or protein into a cell, 
transferring the nucleic acid or protein into the cell. Methods 
for delivering a nucleic acid into a cell include but are not 
limited to protoplast fusion, transfection, transformation, 
conjugation, and transduction, among other methods 
described herein. Methods for delivering a protein into a cell 
are described by Yu et al. 2021, among others. 
[0088] The term "isolated" or "purified" means a material 
that is removed from its original environment, for example, 
the natural environment if it is naturally occurring, or a 
cultivation broth if it is produced in a recombinant host cell 
cultivation medium. A material is said to be "purified" when 
it is present in a particular composition in a higher concen
tration than the concentration that exists prior to the purifi
cation step(s). For example, with respect to a composition 
normally found in a naturally occurring or wild type organ
ism, such a composition is "purified" when the final com
position does not include some material from the original 
matrix. As another example, where a composition is found 
in combination with other components in a recombinant host 
cell cultivation medium, that composition is purified when 
the cultivation medium is treated in a way to remove some 
component of the cultivation, for example, cell debris or 
other cultivation products, through, for example, centrifu
gation or distillation. As another example, a naturally occur
ring nucleic acid or protein present in a living animal is not 
isolated, but the same nucleic acid or protein, separated from 
some or all of the coexisting materials in the natural system, 
is isolated, whether such process is through genetic engi
neering or mechanical separation. Such nucleic acids can be 
parts of vectors. Alternatively, such nucleic acids or proteins 
can be parts of compositions. Such nucleic acids or proteins 
can be considered "isolated" because the vectors or compo
sitions comprising thereof are not part of their natural 
environments. In another example, a nucleic acid or protein 
is said to be purified if it gives rise to essentially one band 
in an electrophoretic gel or a blot. 
[0089] The term "mutation" refers to, in the context of a 
nucleic acid, a modification to the nucleic acid sequence 
resulting in a change in the sequence of a nucleic acid with 
reference to a corresponding nucleic acid sequence. A muta
tion to a nucleic acid sequence can be an alteration that does 
not change the encoded amino acid sequence, for example, 
with regard to codon optimization for expression purposes, 
or that modifies a codon in such a way as to result in a 
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modification of the encoded amino acid sequence. Mutations 
can be introduced into a nucleic acid through any number of 
methods known to those of ordinary skill in the art, includ
ing random mutagenesis, site-specific mutagenesis, oligo
nucleotide directed mutagenesis, gene shuffling, directed 
evolution techniques, combinatorial mutagenesis, and site 
saturation mutagenesis, among others. 
[0090] "Mutation" or "mutated" means, in the context of 
a protein or nucleic acid, a modification to the protein or 
nucleic acid sequence resulting in a change in the sequence 
with respect to a corresponding sequence. A mutation can 
refer to a substitution of one residue (amino acid or nucleo
tide) with another residue, an insertion of one or more 
residues, or a deletion of one or more residues. A mutation 
can include the replacement of a naturally occurring residue 
with a non-natural residue, or a chemical modification of a 
residue. A mutation can also be a truncation ( e.g., a deletion 
or interruption) in a sequence or a subsequence with respect 
to a corresponding sequence. A "mutant" as used herein is a 
protein or nucleic acid comprising a mutation. 
[0091] A "naturally occurring equivalent," in the context 
of the present invention, refers to a naturally occurring 
version of a protein or nucleic acid, e.g., a naturally occur
ring protein or nucleic acid from which a recombinant 
protein or nucleic acid is derived. 
[0092] The term "operably linked," in the context of a 
nucleic acid sequence, refers to the placement of one nucleic 
acid sequence into a functional relationship with another 
nucleic acid sequence. A promoter or an enhancer is oper
ably linked to a coding sequence if it affects the transcription 
of the sequence. A ribosome binding site is operably linked 
to a coding sequence if it is positioned so as to facilitate 
translation. 
[0093] The term "optimal alignment" refers to the align
ment giving the highest overall alignment score. 
[0094] The terms "percent sequence identity," "percent 
amino acid sequence identity," "percent gene sequence 
identity," and/or "percent nucleic acid sequence identity," 
with respect to two proteins, nucleic acids and/or gene 
sequences (as appropriate), refer to the percentage of resi
dues that are identical in the two sequences when the 
sequences are optimally aligned. Thus, 80% amino acid 
sequence identity means that 80% of the amino acids in two 
optimally aligned protein sequences are identical. The per
cent identities expressed herein with respect to a given 
named reference sequence are determined over the entire 
reference sequence, rather than only a portion thereof. Thus, 
a first RSV F sequence that is at least 80% identical to 
positions 26-494 of a second RSV F sequence, for example, 
is at least about 80% identical to the entire sequence of 
positions 26-494 of a second RSV F sequence, as opposed 
merely to subsequences thereof. 
[0095] The term "plasmid" refers to a circular double
stranded ( ds) DNA construct used as a cloning or expression 
vector, and which forms an extrachromosomal self-replicat
ing genetic element in some eukaryotes or prokaryotes, or 
integrates into the host chromosome. 
[0096] A "promoter" is a nucleic acid sequence that func
tions to direct transcription of a downstream gene. In pre
ferred embodiments, the promoter is appropriate to the host 
cell in which the target gene is being expressed. The 
promoter, together with other transcriptional and transla
tional regulatory nucleic acid sequences (also termed "con
trol sequences") is necessary to express a given gene. In 
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general, the transcriptional and translational regulatory 
sequences include, but are not limited to, promoter 
sequences, ribosomal binding sites, transcriptional start and 
stop sequences, translational start and stop sequences, and 
enhancer or activator sequences. 
[0097] The terms "protein" and "polypeptide" are used 
interchangeably herein. The 3-letter code as well as the 
I-letter code for amino acid residues as defined in confor
mity with the IUPAC-IUB Joint Commission on Biochemi
cal Nomenclature (JCBN) is used throughout this disclosure. 
It is also understood that a protein may be coded for by more 
than one nucleic acid sequence due to the degeneracy of the 
genetic code. The terms "amino acid sequence," "polypep
tide sequence," and "protein sequence" are used inter
changeably herein. 
[0098] The terms "nucleic acid" and "polynucleotide" are 
used interchangeably herein. 
[0099] In general, the term "ectopic" used herein with 
respect to an element such as a nucleic acid, protein, gene, 
mRNA, promoter, vector, genetic element, etc. refers to an 
element that is recombinant, exogenous or both. "Recom
binant" used herein with respect to such an element refers to 
an element comprising a non-naturally occurring sequence. 
"Exogenous" used herein with respect to such an element 
refers to an element that does not originate within a given 
cell, i.e., is originally produced outside the cell and is 
subsequently delivered within the cell. 
[0100] The terms "regulatory segment," "regulatory 
sequence," or "expression control sequence" refer to a 
nucleic acid sequence that is operatively linked with another 
nucleic acid sequence that encodes the amino acid sequence 
of a polypeptide chain to effect the expression of that 
encoded amino acid sequence. The regulatory sequence can 
inhibit, repress, promote, or even drive the expression of the 
operably-linked nucleic acid sequence encoding the amino 
acid sequence. 
[0101] The term "substantially identical," in the context of 
two nucleic acids or two proteins refers to a nucleic acid or 
protein that comprises at least 70% sequence identity, for 
example, at least 75%, at least 80%, at least 85%, at least 
90%, at least 91 %, at least 92%, at least 93%, at least 94%, 
at least 95%, at least 96%, at least 97%, at least 98%, or at 
least 99% sequence identity as compared to a reference 
sequence using the programs or algorithms (e.g., BLAST, 
ALIGN, CLUSTAL) using standard parameters. 
[0102] "Substantially purified" means molecules that are 
at least about 60% free, preferably at least about 75% free, 
about 80% free, about 85% free, and more preferably at least 
about 90% free from other components with which they are 
naturally associated. As used herein, the term "purified" or 
"to purify" also refers to the removal of contaminants from 
a sample. 
[0103] "Substitution" means replacing an amino acid in 
the sequence of a corresponding protein with another amino 
acid at a particular position, resulting in a mutant of the 
corresponding protein. The amino acid used as a substitute 
can be a naturally occurring amino acid, or can be a synthetic 
or non-naturally occurring amino acid. 
[0104] "Vector" refers to a nucleic acid construct or 
reagent designed to deliver nucleic acids into one or more 
cell types. Vectors include cloning vectors, expression vec
tors, shuttle vectors, plasmids, viruses, cassettes and the like. 
[0105] "Wild type" means, in the context of gene or 
protein, a nucleic acid or protein with a sequence as it occurs 
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in nature. In some embodiments, the wild-type sequence 
refers to a sequence of interest that is a starting point for 
protein engineering. "Wild type" is used interchangeably 
with "native." 
[0106] The elements and method steps described herein 
can be used in any combination whether explicitly described 
or not. 
[0107] All combinations of method steps as used herein 
can be performed in any order, unless otherwise specified or 
clearly implied to the contrary by the context in which the 
referenced combination is made. 
[0108] As used herein, the singular forms "a," "an," and 
"the" include plural referents unless the content clearly 
dictates otherwise. 
[0109] Numerical ranges as used herein are intended to 
include every number and subset of numbers contained 
within that range, whether specifically disclosed or not. 
Further, these numerical ranges should be construed as 
providing support for a claim directed to any number or 
subset of numbers in that range. For example, a disclosure 
of from 1 to 10 should be construed as supporting a range of 
from 2 to 8, from 3 to 7, from 5 to 6, from 1 to 9, from 3.6 
to 4.6, from 3.5 to 9.9, and so forth. 
[0110] All patents, patent publications, and peer-reviewed 
publications (i.e., "references") cited herein are expressly 
incorporated by reference to the same extent as if each 
individual reference were specifically and individually indi
cated as being incorporated by reference. In case of conflict 
between the present disclosure and the incorporated refer
ences, the present disclosure controls. 
[0111] It is understood that the invention is not confined to 
the particular construction and arrangement of parts herein 
illustrated and described, but embraces such modified forms 
thereof as come within the scope of the claims. 

EXAMPLES 

LRRCl0 Regulates Mammalian Cardiomyocyte 
Cell Cycle During Heart Regeneration 

Summary 

[0112] Leucine-rich repeat containing 10 (LRRCl0) is a 
cardiomyocyte-specific protein, but its role in cardiac biol
ogy is little understood. In this study, we demonstrate that 
Lrrc10-1

- knockout mice exhibit a loss of the neonatal 
mouse regenerative response marked by reduced cardio
myocyte cytokinesis and increased cardiomyocyte binucle
ation. Interestingly, LRRCl0 deletion disrupts the regenera
tive transcriptional landscape of the regenerating neonatal 
mouse heart. Remarkably, cardiac overexpression of 
LRRCl0 restores cardiomyocyte cytokinesis, increases car
diomyocyte mononucleation, and the cardiac regenerative 
capacity ofLrrc10-1

- mice. Our results are consistent with a 
model in which LRRCl0 is required for cardiomyocyte 
cytokinesis as well as regulation of the transcriptional land
scape during mammalian heart regeneration. 

Results 

[0113] The adult human heart shows little regenerative 
capacity following an ischemic injury, such as a myocardial 
infarction (MI), in which contractile cardiac muscle is 
replaced with a fibrotic scar (Murphy et al. 2020). In 
contrast, some species of fish and amphibians exhibit the 
capability of adult heart regeneration in response to injury 
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(Becker et al. 1974, Cano-Martinez et al. 2010, Poss et al. 
2002). In addition, neonatal mice and neonatal pigs exhibit 
a transient potential to undergo heart regeneration after an 
induced MI (Porrello et al. 2011, Zhu et al. 2018, Ye et al. 
2018). New understanding of the mechanisms underlying 
cardiac regeneration provides opportunities for innovative 
cardiac regenerative therapies following MI to prevent the 
progression to heart failure and increased risk of early death 
(Sadek et al. 2020). 

[0114] LRRCl0 is a cardiomyocyte-specific member of 
the leucine-rich repeat (LRR) motif family of proteins that 
mediate protein-protein interactions (Kobe et al. 1994). 
LRRCl0 knockout (Lrrc10-1

-) mice exhibit mild systolic 
dysfunction, first detected at embryonic day (E)l 7.5 without 
changes in cardiac structure or evidence of fibrosis, and 
postnatally, the Lrrc10-1

- mice gradually develop a dilated 
cardiomyopathy but exhibit normal survival (Brody et al. 
2012). Interestingly, LRRCl0 has been recently demon
strated to regulate Ca) .2 channel function and contribute to 
homeostasis of intracellular Ca2

+ cycling (Woon et al. 2018). 
In this study, we demonstrate that Lrrcl0 deletion blocks 
neonatal heart regeneration. Remarkably, Lrrcl0 deletion 
did not disrupt nuclear division (karyokinesis) during the 
early stages of M-phase of cardiomyocyte cell cycle, but 
specifically reduces cardiomyocyte cytoplasmic division 
( cytokinesis ), which results in increased cardiomyocyte 
binucleation. Transcriptional analysis revealed a unique 
signature following Lrrcl0 deletion compared to the regen
erating control hearts. Importantly, LRRCl0 overexpression 
during neonatal MI rescued the cardiac regenerative capac
ity of Lrrc10-1

- mice, demonstrating an important role for 
LRRCl0 in regulating cardiomyocyte cytokinesis and car
diac regeneration. Our results reveal a key role for LRRCl0 
in postnatal cardiomyocyte cell cycle exit and mammalian 
cardiac regenerative potential. 

[0115] The role of LRRCl0 in mammalian heart regen
eration has not been explored. Lrrc10-1

- mice postnatally 
develop a slowly progressive dilated cardiomyopathy 
(Brody et al. 2012), an indication that LRRCl0 is critical for 
cardiac homeostasis. To determine whether LRRCl0 plays a 
role in mammalian heart regeneration, we evaluated the 
regenerative capacity of the Lrrc10-1

- mouse heart follow
ing an MI in postnatal-day 1 (Pl) mice (Mahmoud et al. 
2014). We utilized the whole-body Lrrcl0 knockout mouse 
model, Lrrc10-1

-, as LRRCl0 is a cardiomyocyte-specific 
protein (Adameyko et al. 2005, Kim and Antkiewicz et al. 
2007, Kim and Kim et al. 2007). To determine the effect of 
Lrrcl0 deletion on myocardial regeneration, we performed 
Masson's trichrome staining at 21 days post-MI in wild type 
(WT) control and Lrrc10-1

- mice. Remarkably, Lrrc10-1
-

mice showed increased scar size and incomplete myocardial 
regeneration in comparison to control hearts (FIGS. lA and 
2). Since LRRCl0 is a cardiomyocyte-specific protein, this 
increase in fibrosis is likely due to disruption of the cardiac 
regenerative response at the cardiomyocyte level rather than 
an impact on fibroblasts. In addition, we quantified a sig
nificant increase in heart weight to body weight ratio in 
Lrrc10-1

- mice post-MI (FIG. lB). At 21-days post-sham 
surgery, no difference in heart weight: body weight was 
identified between WT and Lrrc10-1

- mice (FIGS. lA, B, 
and 2), indicating there has been no significant remodeling 
in Lrrc10-1

- hearts by this developmental timepoint. These 
results demonstrate an evolutionarily conserved role for 
LRRCl0 in regulating cardiac regeneration. 
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[0116] Heart regeneration is mediated by the proliferation 
of the pre-existing cardiomyocytes (Porrello et al. 2011 ). 
Here, we analyze two stages ofM-phase during cardiomyo
cyte cell cycle. We use phospho-Histone3 (pH3) as a marker 
for early G2-M phase to measure karyokinesis. In addition, 
we use Aurora B as a marker of cytokinesis, which is 
symmetrically localized at the cleavage furrow to measure 
cytoplasmic division. During mammalian heart regenera
tion, cardiomyocyte proliferation peaks around 7 days post
MI (Porrello et al. 2011, Porrello et al. 2013). To establish 
the impact of Lrrcl0 deletion on cardiomyocyte prolifera
tion and division, we performed immunostaining for the 
early M-phase marker pH3 and the cardiomyocyte marker 
cardiac troponin T (cTnT) at 7 days following MI at Pl. We 
found no significant difference in levels of pH3 positive 
cardiomyocytes between WT control and Lrrc10-1

- mice 
(FIGS. lC, 3A, and 3B). Our results are similar to the prior 
cavefish and zebrafish study, which showed comparable 
levels of induced DNA synthesis in both controls and 
Lrrc10-1

- zebrafish at the same timepoint (Stockdale et al. 
2018). However, mammalian cardiomyocytes are prone to 
multinucleation and increased ploidy following DNA syn
thesis, a phenomenon that contributes to the loss of regen
erative capacity in mice (Patterson et al. 2017). Localization 
of the cytokinesis marker Aurora B can distinguish between 
events of complete cytokinesis and binucleation in cardio
myocytes. Symmetrical localization of Aurora B between 
two nuclei is indicative of cytokinesis, whereas asymmetri
cal localization of Aurora B can indicate binucleation (Hesse 
et al. 2018, Leone et al. 2015). To determine whether 
LRRCl0 regulates later stages of cardiomyocyte cell cycle, 
we measured levels of the symmetric and asymmetric 
Aurora B localization in cardiomyocytes at 7 days post-MI. 
Remarkably, we detected a significant decrease in the num
ber of symmetrically localized Aurora B cardiomyocytes in 
Lrrc10-1

- mice compared to control mice following MI 

(FIGS. lD, 3C, and 3D). There was no significant difference 
in the number of cardiomyocytes with asymmetric Aurora B 
localization between WT and Lrrc10-1

- mice (FIG. 3E). 

Interestingly, at 7 days-post sham surgery, WT and Lrrc 10-1
-

mice had comparable levels of cardiomyocytes positive for 
pH3 (FIG. lC), as well as symmetrical and asymmetrical 
Aurora B localization (FIGS. lD and 3E), indicating that the 
impact ofLrrcl0 on cardiomyocyte cytokinesis is an injury
specific response that is only evident during regeneration. 
These results suggest that LRRCl0 specifically regulates 
cardiomyocyte cytokinesis during cardiomyocyte prolifera
tion and heart regeneration. 

[0117] To further establish the impact of Lrrc!0 deletion 
on cardiomyocyte nucleation, we isolated cardiomyocytes 
from control and Lrrc10-1

- mice at 14-days post-injury and 
quantified nucleation with the DNA dye Hoechst. We mea
sured a significant decrease in mononucleated cardiomyo
cytes, as well as a significant increase in binucleated and 
multinucleated cardiomyocytes in Lrrc10-1

- mice post-MI 
compared to control mice (FIG. lE). No significant differ
ence in nucleation levels were identified between sham 
control and Lrrc10-1

- mice (FIG. 3F), further confirming 
that Lrrcl0 deletion does not impact cardiomyocyte cell 
cycle and nucleation in the absence of injury. Furthermore, 
we quantified a significant increase in cardiomyocyte size in 
Lrrc10-1

- mice compared to controls post-MI by Wheat 
Germ Agglutinin (WGA) staining, without significant 
changes in cardiomyocyte area post-sham surgery (FIG. lF). 
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[0118] Collectively, our results demonstrate that Lrrcl0 
deletion specifically impedes cardiomyocyte cytokinesis but 
not karyokinesis following injury, which results in increased 
cardiomyocyte nucleation and blockade of the neonatal 
cardiac regenerative response. Thus, LRRCl0 plays a con
served role in heart regeneration across permissive species 
in controlling the late stages of cardiomyocyte proliferation 
prior to completion of cell division. 
[0119] Our results demonstrate that LRRCl0 regulates 
cardiomyocyte cytokinesis and mammalian heart regenera
tion post-MI. The endogenous heart regenerative response 
of the neonatal mouse heart is regulated by a unique tran
scriptional landscape (Cui et al. 2020, Quaife-Ryan et al. 
2017, O'Meara et al. 2015). To identify how LRRCl0 
mediates cardiomyocyte cytokinesis and cardiac regenera
tion at the transcriptional level, we analyzed the global 
transcriptome in control and Lrrc10-1

- hearts. We performed 
bulk RNA sequencing on the ventricles from WT control and 
Lrrc10-1

- mice that underwent a sham or MI surgery at Pl 
(FIGS. lG-lJ). Hearts were collected at 7 days post-injury 
from equal numbers of male and female mice. Analysis of 
the transcriptomic landscape by Principal Component 
Analysis (PCA) and Pearson correlation demonstrates dis
tinct clustering between control and Lrrc10-1

- sham and MI 
groups (FIGS. 4A and 4B), indicative of a unique transcrip
tional signature in Lrrc10-1

- mice following injury. 
[0120] To further dissect the transcriptional signature 
related to the regenerative defects following Lrrcl 0 deletion, 
we defined the differentially expressed genes (DEGs) and 
performed K-means clustering and Gene Ontology (GO) 
analysis of the DEGs. We identified 8 total clusters with 
distinct transcriptomic patterns (FIG. lG). Most interest
ingly, Cluster 1 shows a transcriptomic signature only 
upregulated in the Lrrc10-1

- mice post-MI (FIG. lG, Cluster 
1 ). The clustered genes encode for myofilament proteins, 
such as myosins (Myhl, Myh3, Myh8), troponins (Tnnt3, 
Tnnc2, Tnni2), and actin (Actn3) proteins (FIG. lH). Fur
thermore, GO analysis identified cell processes related to 
regulation of muscle contraction and development (FIGS. 
lG-lJ). This increased expression of myofilament proteins 
maybe a compensatory effect, as recent evidence demon
strates that LRRCl0 modulates Ca) .2 calcium channels and 
cardiomyocyte contraction (Woon et al. 2018), while 
LRRCl0 deletion results in development of dilated cardio
myopathy later in life (Brody et al. 2012). 
[0121] Cluster 3 shows a distinct transcriptome in both 
sham and MI Lrrcl 0-1- mice compared to controls, which 
includes genes encoding for major ion channels, such as a 
voltage-gated T-type Ca2

+ channel (Cacnal g), sodium chan
nels (Sena! 0a, Scn3b ), and a potassium channel (Kcnaj5) 
(FIGS. lG and lH, Cluster 3). GO analysis related these 
channel-encoding genes to regulation of cardiac contraction, 
membrane potential, and depolarization (FIG. lH). Changes 
in ion channel expression can be linked to a variety of 
cardiac pathologies. For example, mutations in sodium 
channels can lead to ventricular arrythmias in humans, and 
expression ofT-type Ca2

+ channel genes are associated with 
cardiac hypertrophy (Houser et al. 2000, Valdivia et al. 
2010). 
[0122] The transcriptome in Cluster 4 reveals a specific 
gene expression in Lrrc10-1

- samples post-MI compared to 
controls (FIG. lG, Cluster 4), suggesting this cluster con
tained a distinct transcriptomic profile linked to the injury 
response of Lrrc10-1

- hearts. Further analysis identified 
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genes associated with cell cycle such as Cdc20, Ccnbl, and 
the related GO pathways involved in cell cycle regulation 
(FIGS. lH-lJ). Interestingly, one of the downregulated 
genes in the cluster, Aurkb, encodes for the cytokinesis 
regulator Aurora B kinase, supporting our earlier evidence 
that Lrrc10-1

- inhibits the completion of cardiomyocyte 
division (FIG. lD). 
[0123] Lastly, we investigated the transcriptome in Cluster 
7, as the overall gene expression was downregulated in 
Lrrc10-1

- sham and MI mice compared to controls. Genes 
and related GO terms highlight an association to cell 
metabolism, such as fatty acid oxidation and mitochondrial 
metabolism (Sdhafl, Ndufs5, Slc25a33) (FIGS. lG and lH, 
Cluster 7). The cardiac metabolic state plays an important 
role in mediating endogenous heart regeneration, where 
altering the balance between glucose and fatty acid oxida
tion metabolism can promote or inhibit regeneration, respec
tively (Bae et al. 2021). This transcriptional signature dem
onstrates that Lrrcl 0 deletion may drive metabolic 
dysregulation and result in the impaired regenerative 
response to injury. 
[0124] Our analysis highlights important roles for 
LRRCl0 in transcriptional regulation of key cell processes 
related to muscle contraction, ion-channel function, cell 
cycle activity, and metabolism. Together, this demonstrates 
that Lrrc10-1

- mice have a unique transcriptional signature 
underpinning the loss of the cardiac regenerative capacity. 
[0125] Our results demonstrate that loss of LRRCl0 
blocks neonatal heart regeneration. However, whether lack 
of LRRCl0 is primarily responsible for the defect in neo
natal heart regeneration rather than secondary effects on the 
heart remains unclear. Thus, we wanted to determine 
whether restoration ofLRRCl0 protein levels can rescue the 
blockade of the cardiac regenerative response in post-natal 
Lrrc10-1

- hearts. (FIG. 2A). To address this question, we 
injected WT and Lrrc10-1

- mice at PO with a single dose of 
AAV9-cTnT-GFP control vector or AAV9-cTnT-LRRC10 
rescue vector, for cardiac-specific overexpression of 
LRRCl0, followed by an MI surgery at Pl (FIG. 2A). This 
dosing strategy was sufficient to target the heart, as evident 
by GFP expression throughout the heart by 7 days post
injection (FIGS. 2B and 6). We first investigated if the 
overexpression of LRRCl0 in Lrrc10-1

- hearts was suffi
cient to rescue the defect of symmetrical Aurora B local
ization in cardiomyocytes. Interestingly, at 7 days post-MI 
we measured a significant increase in cytokinesis in 
Lrrc10-1

- mice treated with AAV9-cTnT-LRRC10 rescue 
vector compared to the AAV9-cTnT-GFP control vector 
(FIG. 2C). There was no significant difference in asymmetri
cal Aurora B localization between the same groups (FIG. 7), 
in line with our earlier results demonstrating comparable 
levels of asymmetrical Aurora B between WT and Lrrc 10-1

-

hearts post-MI(FIG. lD). 
[0126] We further investigated the effect ofLRRCl0 over
expression on cardiomyocyte cytokinesis by quantifying 
cardiomyocyte nucleation as a readout of cardiomyocyte 
division across control and rescue groups. At 14 days 
post-MI, LRRCl0 rescue hearts restored the increase in 
mononucleated cardiomyocytes compared to the LRRCl0 
KO controls (FIG. 2D). Furthermore, the number ofbinucle
ated and multinucleated cardiomyocytes in LRRCl0 rescue 
hearts were restored to the levels of WT control hearts, 
whereas LRRCl0 KO controls show a significant elevation 
in binucleated cardiomyocytes (FIG. 2D). This demonstrates 
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that overexpression of LRRCl0 in Lrrc10-1
- mice restores 

the increase in mononucleated cardiomyocytes post-MI. 
[0127] To determine whether LRRCl0 overexpression 
restores myocardial regeneration and scar size reduction in 
Lrrc10-1

- mice, we performed trichrome staining at 28 days 
post-MI. LRRCl0 KO control mice show incomplete regen
eration, persistent scar tissue, and thinning of the left ven
tricle, as expected (FIGS. 2E and 8). Strikingly, the LRRCl 0 
rescue mice show structural regeneration, with little to no 
scarring present and increased wall thickness in the left 
ventricle similar to WT controls. In addition, LRRCl0 
rescue mice also demonstrate a reduction of heart weight to 
body weight ratio, restoring heart size to similar levels as 
WT controls (FIG. 2F). To identify if this repair translated to 
improved cardiac function, we used echocardiography to 
measure ejection fraction (EF) and fractional shortening. 
Hearts of LRRCl0 rescue mice showed trending improve
ments in EF and FS compared to LRRCl0 KO control hearts 
(FIG. 2G). The restoration of myocardial structure and scar 
resolution demonstrate that LRRCl0 overexpression can 
promote heart regeneration in Lrrc10-1

- hearts (FIGS. 
2E-2G). Together, these results demonstrate that the inhibi
tion of regeneration in Lrrc10-1

- mice is driven by reduced 
levels of LRRCl0 and that LRRCl0 overexpression post
natally is sufficient to restore myocardial regeneration fol
lowing neonatal MI. 
[0128] Heart failure with reduced ejection fraction follow
ing myocardial infarction remains a major health and eco
nomic burden given the inability of the adult mammalian 
heart to regenerate following injury. Defining the mecha
nisms that control endogenous heart regeneration can iden
tify new therapeutic approaches to promote adult human 
heart regeneration. Our results demonstrate an evolution
arily conserved role for LRRCl 0 in heart regeneration, from 
the Astyanax mexicanus surface fish and zebrafish to the 
neonatal mouse. More importantly, we demonstrate that 
LRRCl0 regulates later stages of cardiomyocyte cell cycle 
activity that impacts cardiomyocyte division and nucleation 
during neonatal mouse heart regeneration. Loss ofLRRCl0 
results in transcriptional dysregulation of muscle, ion chan
nel, cell cycle, and metabolic genes, which may play a role 
in impeding heart regeneration. Remarkably, restoration of 
LRRCl0 levels in Lrrc10-1

- hearts is sufficient to rescue the 
endogenous regenerative response. Our results suggest a 
unique role for LRRCl0 in regulating cardiomyocyte cyto
kinesis but not karyokinesis, demonstrating a stage-specific 
regulation of cardiomyocyte cell cycle. 
[0129] To show that increased LRRCl0 expression in the 
adult heart can induce a cardiac regenerative response 
following adult MI in WT mice, we can perform MI in 
2-3-month-old WT mice. The day following MI, intravenous 
injection by tail vein can be performed with a titer of 
AAV9-cTnT-LRRC10, AAV9-cTnT-NLS-LRRC10 (which 
harbors a nuclear localization signal (NLS) to target 
LRRCl0 in the nucleus), AAV9-cTnT-NLS-eGFP (control), 
or PBS (buffer control). Each experimental group can 
include 10 mice based on prior studies and statistical power 
calculations. Hearts can be harvested at 2- and 4-weeks 
post-MI. We can quantify the scar size by performing 
trichrome staining at 4 weeks post-MI. Cardiac function can 
be measured by serial echocardiography at multiple time
points including 2- and 4-weeks post-MI to define the 
impact of LRRCl0 overexpression on enhancing adult car
diac function over time post-MI. 
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[0130] To further show the role of LRRCl 0 in promoting 
adult cardiomyocyte proliferation, we can perform a BrdU 
pulse-chase experiment by adding BrdU (0.25 mg/ml) to the 
drinking water for 2 weeks post-MI in 3-month-old LRRCl0 
overexpression and control mice. Hearts can be harvested at 
2 weeks post-MI, where we can co-stain BrdU with the 
cardiomyocyte nuclear marker PCMl to quantify the BrdU
positive cardiomyocytes. To quantify cardiomyocyte nucle
ation and ploidy following LRRC 10 overexpression, we can 
isolate adult cardiomyocytes from 3-month-old WT mice 
treated with theAAV9-cTnT-LRRC10 or AAV9-cTnT-NLS
LRRC10 post-MI. Cardiomyocytes can be isolated at 2- and 
4-weeks post-MI as described recently (Ackers-Johnson 
2016). We can quantify cardiomyocyte ploidy by performing 
DNA fluorescence in situ hybridization (FISH) using 2 
independent autosomal probes at 14- and 28-days post-MI. 
This approach can establish that LRRClO overexpression in 
the adult heart can promote adult cardiomyocyte prolifera
tion. 
[0131] To show that increased nuclear LRRCl0 expres
sion in the adult heart can induce a cardiac regenerative 
response following adult infarction in WT and postnatal 
LRRCl0 deletion, we can perform MI in 3-month-old WT 
and Lrrc10-1

- mice, followed by injection of AAV9-cTnT
NLS-LRRC10 intravenously, which harbors a nuclear local
ization signal (NLS) to target LRRCl0 in the nucleus. WT 
mice injected with AAV9-cTnT-NLS-GFP can be used as 
controls. We can utilize mosaic analysis with double marker 
(MADM) mice (Zang et al. 2005 for clonal analysis and 
quantification of cardiomyocyte cytokinesis and prolifera
tion. Hearts can be harvested at 2- and 4-weeks post-MI. We 
can quantify the scar size by performing trichrome staining 
at 4 weeks post-MI. Cardiac function can be measured by 
serial echocardiography at multiple timepoints including 2-
and 4-weeks post-MI to define the impact of LRRCl0 
overexpression on enhancing adult cardiac function over 
time post-MI. 
[0132] To show that LRRCl0 overexpression promotes 
heart regeneration in pigs, we can overexpress LRRCl0 
starting 3 days following MI in adult pigs. We can test 
delivery of either AAV9-cTnT-GFP-LRRC10 or AAV9-
cTnT-GFP-NLS-LRRC10. The establishment of infarction 
in adult pigs can be confirmed by cardiac magnetic reso
nance imaging with late gadolinium enhancement ( cMRI 
with LGE) at 3 days post-MI. Following cMRI and confir
mation of a dense infarction of >8% of the left ventricle (LV) 
or an ejection fraction (EF)<45%, the experimental animals 
can be randomly assigned to two experimental groups: 
AAV9-cTnT-GFP-(NLS)-LRRC10 low dose (n=2) or 
AAV9-cTnT-GFP-(NLS)-LRRC10 high dose (n=2). The 
vectors can be delivered by intracoronary injection into the 
infarct associated vessel (left anterior descending) to target 
virus to the heart and region for repair/regeneration. This 
targeted delivery allows a lower dose per kg compared to 
mice where intravenous delivery is used. Based on the 
literature, we will test lxl013 vg (low dose) and 3xl013 vg 
(high dose). 
[0133] To quantify myocardial regeneration in pigs fol
lowing LRRCl0 overexpression, trichrome staining can be 
performed on histological sections from harvested hearts at 
60 days post-MI to quantify fibrotic scar size in control and 
LRRCl0 overexpression treated pigs. In addition, measure
ment of cardiac muscle mass, infarct size, and function of 
infarcted pig hearts can be assessed using cMRI with LGE 
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at 3- and 60-days post-MI as previously described (Gabiso
nia et al. 2019). We can measure global left ventricular 
functional parameters such as ejection fraction, end-dia
stolic, and end-systolic volume. This can determine the 
ability of LRRCl0 overexpression to progressively restore 
cardiac function over time following adult pig MI. To show 
that LRRCl0 overexpression can stimulate cardiomyocyte 
proliferation, we can inject BrdU from day 3 to day 14 
post-MI. Hearts can be harvested at 60 days post-MI, 
sectioned, and stained for BrdU and the cardiomyocyte 
nuclear marker PCM! as previously described (Gabisonia et 
al. 2019). These results will show the role of LRRCl0 
overexpression in promoting pig cardiomyocyte prolifera
tion. 
[0134] This study provides an important new target to 
modulate cardiomyocyte cell cycle activity and heart regen
eration. 

Methods 

Animals 

[0135] Wild type C57BL/6J (Stock #000664) mice were 
obtained from Jackson Laboratories. Lrrc10-1

- mice were 
generated in C57BL/6 background and genotyped as 
described previously (Brody et al. 2012, Manuylov et al. 
2008). All animal experimental procedures were approved 
by the Institutional Animal Care and Use Committee of the 
University of Wisconsin-Madison. All experiments were 
performed on age and sex matched mice, and RNA-seq 
analysis was performed with an equal ratio of male to female 
mice. 

Neonatal Myocardial Infarction 

[0136] Neonatal mice underwent myocardial infarction 
(MI) surgery at postnatal day 1, as previously described 
(Mahmoud et al. 2014). Briefly, neonates were anesthetized 
by hypothermia on ice. A blunt dissection was performed in 
the fourth intercostal space. The heart was gently guided to 
rest on the chest cavity and the LAD was located. Using a 
C-1 tapered needle with a 6-0 Prolene suture (Ethicon Inc., 
Bridgewater, NJ), the LAD was ligated and blanching at the 
apex was visualized. The heart was guided back into the 
chest, the ribs were sutured closed, and skin was joined 
using adhesive glue (3M). The mice recovered on a warmed 
heating pad until mobile. The sham operation consisted of 
hypothermic anesthesia, blunt dissection in the fourth inter
costal space, and closing of the chest cavity, without heart 
exposure or LAD ligation. 

Histology 

[0137] For paraffin embedding, hearts were fixed in 4% 
paraformaldehyde (PFA) in PBS at 4° C. overnight. Samples 
were embedded in a paraffin block and sectioned below the 
ligation at 5 um thickness. Masson's trichrome stain was run 
according to the manufacturer's protocol (Newcomer Sup
ply, Middleton, WI). Scar area quantified in ImageJ and 
averaged across 3 sections per heart. 
[0138] For cryosections, hearts were fixed in 4% PFA in 
PBS at RT for 1 hr. Tissues were soaked in 30% sucrose 
overnight before being submerged into cryomold with OTC 
and frozen at -80° C. Hearts were sectioned at 8 um 
thickness. 
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Immunostaining 

[0139] Paraffin sections underwent deparaffinization and 
rehydration by sequential 3 min incubations in xylene and 
ethanol (100%, 90%, 70%) solutions. Samples were placed 
into IHC antigen retrieval solution (Invitrogen, Carlsbad, 
CA) and microwaved for 10 min. Sections were blocked in 
10% blocking serum (matching secondary) and incubated in 
primary antibodies overnight incubation at 4 ° C. Primary 
antibodies were used against phospho-Histone3 Serl0 (Mil
lipore, catalog #06-570) at [1 :200] dilution, Aurora B 
(Sigma, catalog #A5102) at [1:100] dilution, and Cardiac 
Troponin T (cTnt Abeam, catalog #AB8295) at [1:200] 
dilution. Sections were washed with PBS and incubated with 
secondary antibodies (Invitrogen) at [ 1 :400] dilution with 
DAPI for 1 hour at room temperature. Slides were mounted 
in antifade mounting medium and stored at 4° C. Represen
tative images were taken on a Nikon AIRS HD confocal 
microscope. 
[0140] Cardiomyocyte cross-sectional area was measured 
by Wheat Germ Agglutinin (WGA) staining. Paraffin sec
tions were processed as described above, incubating with 
WGA-488 conjugated antibody (Thermo Fisher, catalog 
#W11261) at [1:50] dilution and cTnT. Cardiomyocyte area 
was quantified by measuring cross-sectional area of cardio
myocytes dual-positive for WGA+ and cTnT in Image J, 
measuring approximately 200 cardiomyocytes across 4-6 
replicate sections. 
[0141] For GFP staining in AAV9-injected mice, cryosec
tions were placed into a humidifying chamber and incubated 
with 10% blocking buffer, diluted in PBS with 0.2% Triton 
X-100 (PBST) at RT for 1 hr. Slides were incubated with 
primary GFP-488 conjugated antibody (Thermo Fisher, 
catalog #A21331) and cTnT diluted in PBST with 5% 
blocking buffer at 4 ° C. overnight. Sections were washed, 
mounted, and stored at -20° C. Representative images were 
taken on a Nikon AIRS HD confocal microscope. For 
whole-mount staining, the whole heart was harvested, 
washed in PBS and immediately imaged for endogenous 
GFP expression. Representative images were acquired on a 
Nikon Upright FNl confocal microscope. 

AAV9 Injection 

[0142] Adenovirus vector constructs, AAV9-cTnT-EGFP
WPRE (catalog #VB5428) and AAV9-cTnT-mLRRC10-
WPRE were designed and produced by Vector Biolabs 
(Malvern, PA). Mice were injected subcutaneously at PO 
with AAV9 constructs at a viral titer of 5xl013 vg/kg BW 
(diluted in saline to a total volume of 10 ul). MI was 
performed at Pl, as described above, and hearts were 
collected at 7 days-post MI for cytokinesis analysis, 14 days 
post-MI for nucleation analysis, and 21 days post-MI for 
histological analysis. 

Cardiomyocyte Isolation and Nucleation 

[0143] Mice hearts were harvested at 14 days post-surgery 
and fixed in 4% PFA in PBS at RT for 2 hrs. Hearts were 
washed for three, 15 min incubations in PBS. Hearts were 
mined into 1 mm pieces and transferred into Eppendorf 
tubes containing collagenase solution with collagenase D 
(2.4 mg/ml, Cat #11088866001) and collagenase B (1.8 
mg/ml, Cat#: #110088807007) diluted in Hank's Balanced 
Salt Solution (Santa Cruz, #sc-391061A) and incubated on 
a rocker at 37° C. overnight. Collagenase solution was 
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replaced every two days by centrifugation at 500 g for 1 min 
at RT and removing supernatant. After cells were dissoci
ated, cell pellets were collected by centrifugation at 500 g 
for 2 min at RT, resuspended in PBS, and passed through a 
100 µm cell filter to purify cardiomyocyte populations and 
remove clumps. Cells were stored at 4 ° C. until ready for 
staining. 
[0144] Nucleation staining and quantification was per
formed on isolated cardiomyocytes. Cells were mixed gently 
to resuspend and 200 ul of cardiomyocytes were transferred 
to a 1.5 ml Eppendorf tube with 300 ul of PBST (PBS with 
0.2% Triton X-100). DAPI was added to solution and 
incubated for 10 min at RT. After, 1 ml of 10% blocking 
buffer was added to reduce cell clumping. Cells were 
collected by centrifugation at 800 g for 2 min and superna
tant was discarded, leaving approximately 100 ul of solu
tion. For nucleation quantification, around 300-500 cardio
myocytes were aliquoted onto a coverslip and sealed with 
nail polish. Approximately 1000 intact cardiomyocytes were 
counted per heart, with 4-9 replicate hearts per sample 
group. Nucleation distribution was presented as percent 
nucleation of total cardiomyocytes per sample. 

RNA Sequencing and Analysis 

[0145] Sex-matched heart ventricles were collected at 7 
days post-surgery (Sham or MI) and immediately homog
enized in Trizol (Invitrogen) according to the manufacturer's 
protocol. Mouse tissue samples suspended in TRizol were 
submitted to the University of Wisconsin Biotechnology 
Center (UWBC) Gene Expression Center (Research 
Resource Identifier-RRID:SCR_017757) for RNA extrac
tion. Total RNA was purified following the recommenda
tions of the Qiagen RNeasy Mini (Qiagen, Hilden, Ger
many) procedure, which included on-colunm DNase 
treatment. RNA quality and integrity (RINe>8.4) were veri
fied on a NanoDrop One Spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA, USA) and Agilent 4200Tapesta
tion (Santa Clara, CA, USA), respectively. 
[0146] Total RNA was used as input material and libraries 
were prepared by following the SMARTer Stranded Total 
RNA Sample Prep Kit-HI Mammalian user manual (Ta
kara Bio USA, Mountain View, CA, USA). In brief, 900 ng 
total RNA were hybridized to RiboGone™ oligos for deple
tion of rRNA sequences by RNase H-mediated digestion 
followed by SPRI bead cleanup. Reduced rRNA templates 
were fragmented at 94° C. for 3 min prior to first-strand 
synthesis. Takara adaptors and indexes were added to single
stranded cDNA via 12 cycles of PCR. Quality and quantity 
of the finished libraries were assessed on the Agilent 4200 
Tapestation (Agilent, Santa Clara, CA, USA) and Qubit 
Fluorometer (Invitrogen, Carlsbad, CA, USA), respectively. 
Paired end 150 bp sequencing was performed by Illumina 
Sequencing by UWBC DNA Sequencing Facility (RRID: 
SCR_017759) on an Illumina NovaSeq6000, with libraries 
multiplexed for an approximate 50 million reads per library. 
Sequencing was done using standard 300 cycle TruSeq vl .5 
SBS kits and SCS 2.8 software. Images were analyzed using 
the standard Illumina Pipeline, version 1.8. 
[0147] Bioinformatic analysis of transcriptomic data 
adhere to recommended ENCODE guidelines and best prac
tices for RNA-Seq (Encode Consortium, 2016). Alignment 
of adapter-trimmed (Jiang et al. 2014) (Skewer v0.1.123) 
2x150 (paired-end; PE) bp strand-specific Illumina reads to 
the Mus musculus Mus musculus GRCm39 mouse genome 

14 
Sep. 12,2024 

(assembly accession NCBI: GCA_000001635.9) was 
achieved with the Spliced Transcripts Alignment to a Ref
erence (STAR v2.5.3a) software (Dobin et al. 2013), a 
splice-junction aware aligner. Expression estimation was 
performed with RSEM (Li et al. 2011) (RNASeq by Expec
tation Maximization, vl.3.0), generating overall RSEM 
gene counts. Counts were normalized by TPM. To test for 
differential gene expression among individual group con
trasts, expected read counts obtained from RSEM were used 
as input into DESeq2 (Love et al. 2014) (Version 1.36.0). 
Statistical significance of Differentially Expressed genes 
(DEGs) was defined by a log 2fold change of ±(0.5), with 
statistical significance of the negative-binomial regression 
test adjusted with a Benjamini-Hochberg FDR correction at 
the 10% level (Reiner et al. 2003) and independent filtering 
requiring genes to have a minimum read count (10 reads) in 
each group. Heatmap was generated using pheatmap [V.1. 
0.12] from K-means clustering of all DEGs in the 4-way 
comparison, with cell value is TPM row-normalized. DOT 
plots for GO analysis were generated with enrichGO in 
Clusterprofiler using p-value <0.05. These raw and pro
cessed data sets have been deposited in NCBI's Gene 
Expression Onmibus and are accessible through GEO acces
sion number GSE221539. Groups for RNA-seq were sex 
matched and independently analyzed, with no sex-specific 
differences identified. 

Statistical Analysis 

[0148] Graphs were generated using Prism 9 (GraphPad 
Software). Statistical analysis between two groups was run 
using a student's unpaired t-test. Multiple groups were 
compared using ordinary one-way ANOVA with Tukey post 
hoc test to determine significant comparisons. Statistical 
significance described as a p<0.05. P-values shown as 
*(Ps0.05). **(Ps0.01), ***(Ps0.001), ****(Ps0.0001). n.s. 
indicates not significant. Error bars presented as S.E.M. 

Data Availability 

[0149] RNA-seq data from WT and Lrrcl0' mice are 
available at the NCBI's Gene Expression Onmibus 
(GSE221539). 
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-continued 

SEQUENCE, 2 
atggggaaca ccatcagggc cctcgtggcc ttcatccctg ctgaccgttg 
gtggtcaggg acctccgtga gatgccgctg gacaagatgg tggatctgag 
ttacgccgct tccccctgca cgtgtgctcc ttcagggagc tggtcaagct 
gacaaccacc tcaatagcct gcctccggag ctggggcagc tacagaacct 
gccttggatt tcaacaactt caaggctctg ccccaggtgg tgtgcacctt 
tgcatcctct acctgggcaa caacaaactc tgcgacctcc ccagtgagct 
cagaacctca ggaccctgtg gatcgaggcc aactgcctca cccagctgcc 
tgtgagctga gtctccttaa gactctgcat gccggctcca acgccctgcg 
ggccagctcc ggcgcctcca ggagctgagg accatctggc tctcgggcaa 
gactttccca ctgtgctgct tcacatgccc ttcctggagg tgattgatgt 
agcatccgtt acttccccag cctggcgcac ctgtcaagtc tgaagctggt 
cacaatcctt gcaggaacgc acccaaggtg gccaaaggtg tgcgccgtgt 
gcagaggaga cgccagagcc cgaccctaga aaagccaggc gctatgcgtt 
gaaagccagg agctacaggc accagtccct ctacttcctc ctaccaactc 

1. A method of inducing mammalian cardiac cell prolif
eration, the method comprising ectopically introducing an 
LRRCl0 protein in a mammalian cardiac cell to thereby 
induce proliferation of the cardiac cell. 

2. The method of claim 1, wherein the cardiac cell 
comprises a cardiomyocyte. 

3. The method of claim 1, wherein the LRRCl 0 protein is 
at least 95% identical to SEQ ID NO: 1. 

4. ( canceled) 
5. The method of claim 1, wherein the ectopically intro

ducing comprises expressing the LRRCl0 protein from a 
recombinant nucleic acid encoding the LRRCl0 protein 
within the cell. 

6. The method of claim 1, wherein the ectopically intro
ducing comprises delivering an exogenous nucleic acid 
encoding the LRRClO protein in the cardiac cell. 

7-8. (canceled) 
9. The method of claim 1, wherein the cardiac cell is 

comprised within a heart. 
10. The method of claim 9, wherein the heart comprises 

a cardiac injury. 
11. The method of claim 10, wherein the cardiac injury 

comprises a myocardial lesion, wherein the myocardial 
lesion is selected from the group consisting of a myocardial 
infarct, decreased myocardial thickness, fibrosis, dilated 
cardiac chamber, increased left ventricular end-diastolic 
diameter, increased left ventricular end-systolic diameter, 
and any combination thereof. 

12. (canceled) 
13. The method of claim 10, wherein the cardiac injury 

comprises a functional defect, wherein the functional defect 
is selected from the group consisting of reduced ejection 
fraction, reduced fractional shortening, reduced end-systolic 
elastance, and any combination thereof. 

14. (canceled) 
15. The method of claim 10, wherein the LRRCl0 protein 

is introduced in an amount and for a time effective to elicit 
an amelioration of the cardiac injury. 

16. The method of claim 9, wherein the LRRCl0 protein 
is introduced in an amount and for a time effective to elicit 

ccagaactat 60 
tgggagccag 120 
ctacctgagc 180 
gcagattctg 240 
gaaacagctc 300 
gagcctgctc 360 
ggatgtggtc 420 
tttgctgcca 480 
ccggctaact 540 
ggactggaac 600 
catctatgac 660 
ggggagatgg 720 
ggtcagagag 780 
ctga 834 

an improvement in cardiac structure, wherein the improve
ment in cardiac structure is selected from the group con
sisting of a decrease in myocardial lesion size, an increase 
in myocardial thickness, decreased fibrosis, a decrease in left 
ventricular end-diastolic diameter, a decrease in left ven
tricular end-systolic diameter, an increase in coronary artery 
formation, an increase in capillary density, an increase in 
revascularization, and any combination thereof. 

17. ( canceled) 
18. The method of claim 9, wherein the LRRCl 0 protein 

is introduced in an amount and for a time effective to elicit 
an improvement in cardiac function, wherein the improve
ment in cardiac function is selected from the group consist
ing of an increase in an increase in ejection fraction, an 
increase in fractional shortening, an increase in end-systolic 
elastance, and any combination thereof. 

19. (canceled) 
20. The method of claim 1, wherein the cardiac cell is 

comprised within a subject. 
21. The method of claim 20, wherein the subject is 

suffering or has suffered from a cardiac event or a chronic 
heart condition. 

22. The method of claim 21, wherein the subject is 
suffering or has suffered from a cardiac event, wherein the 
cardiac event is selected from the group consisting of 
cardiac ischemia, cardiac ischemia-reperfusion, myocardial 
infarction, myocarditis, blunt trauma, and any combination 
thereof. 

23. (canceled) 
24. The method of claim 21, wherein the subject is 

suffering or has suffered from a chronic heart condition. 
25. The method of claim 20, wherein the subject is 

suffering from or has suffered from heart failure. 
26. The method of claim 25, wherein the heart failure 

comprises heart failure with reduced ejection fraction. 
27. The method of claim 20, wherein the subject has a 

myocardial infarct. 
28. The method of claim 20, comprising administering a 

nucleic-acid delivery reagent comprising an ectopic nucleic 
acid to the subject. 
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