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Abstract

Background.—Identifying genetic variants which impact the level of cell cycle reentry and 

establishing the degree of cell cycle progression in those variants could help guide development of 

therapeutic interventions aimed at effecting cardiac regeneration. We observed that C57Bl6/NCR 

(B6N) mice have a marked increase in cardiomyocyte S-phase activity following permanent 

coronary artery ligation as compared to infarcted DBA/2J (D2J) mice.

Methods: Cardiomyocyte cell cycle activity post-infarction was monitored in D2J, (D2J 

× B6N)-F1 and [(D2J × B6N)-F1 × D2J] backcross mice via bromodeoxyuridine or 5-

ethynyl-2’-deoxyuridine incorporation, using a nuclear-localized transgenic reporter to identify 

cardiomyocyte nuclei. Genome-wide quantitative trait locus (QTL) analysis, fine scale genetic 

mapping, whole exome sequencing and RNA-seq analyses of the backcross mice were performed 

to identify the gene responsible for the elevated cardiomyocyte S-phase phenotype.

Results: (D2J × B6N)-F1 mice exhibited a 14-fold increase in cardiomyocyte S-phase activity in 

ventricular regions remote from infarct scar as compared to D2J mice (0.798 ± 0.09% vs. 0.056 ± 

0.004%; p < 0.001). QTL analysis of [(D2J × B6N)-F1 × D2J] backcross mice revealed that the 
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gene responsible for differential S-phase activity was located on the distal arm of Chromosome 3 

(LOD score = 6.38; p < 0.001). Additional genetic and molecular analyses identified 3 potential 

candidates. Of these, troponin I-interacting kinase (Tnni3k) is expressed in B6N hearts but not 

in D2J hearts. Transgenic expression of Tnni3k in a D2J genetic background results in elevated 

cardiomyocyte S-phase activity post-injury. Cardiomyocyte S-phase activity in both TNNI3K-

expressing and TNNI3K-nonexpressing mice results in the formation of polyploid nuclei.

Conclusions: These data indicate that TNNI3K expression increases the level of cardiomyocyte 

S-phase activity following injury.
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Introduction

Increases in cardiac mass during development result largely from the proliferation 

of contracting, albeit immature, cardiomyocytes.1 During postnatal development, 

cardiomyocytes undergo a transition from hyperplastic to hypertrophic growth, which in 

rodents is accompanied by the formation of binucleated cells.1–5 It is generally accepted 

that adult mammalian cardiomyocytes have only a very limited capacity for renewal, and 

that this renewal occurs via proliferation of preexisting cardiomyocytes as opposed to 

de novo cardiomyogenic differentiation of stem cells.6 These low renewal rates, coupled 

with the much higher renewal rates observed for other cell types in the adult heart, 

make accurate quantitation of cardiomyocyte proliferation technically difficult.7–9 Early 

studies using a 4 hour pulse of tritiated thymidine reported that, at any given time, only 

0.0005% of the ventricular cardiomyocyte nuclei are in S-phase in uninjured adult DBA/2J 

(abbreviated D2J) mouse hearts.10 Studies in humans exploiting the spike in atmospheric 

radioactive carbon resulting from numerous above-ground nuclear tests in the 1950s and 

1960s, predicted an annual cardiomyocyte renewal rate of 1% per year in young humans.11 

Assuming a linear relationship, extrapolating the cardiomyocyte S-phase index during a 4 

hour pulse of tritiated thymidine to a yearly incorporation rate gives a very similar value 

of cardiomyocytes undergoing S-phase per year in uninjured mouse hearts (i.e., 0.0005% 

× 24 hours/4 hour pulse × 365 or 1.09%). Myocardial injury is associated with a localized 

increase in cardiomyocyte S-phase activity, as evidenced by incorporation of modified 

nucleotides or expression of cell cycle markers.1, 10, 12–14

We have recently shown that treatment with the CXCR4 antagonist POL5551 resulted in 

enhanced angiogenesis in the infarct border zone, reduced scar size, and attenuated left 

ventricular remodeling and contractile dysfunction following ischemia/reperfusion injury.15 

In subsequent experiments testing the impact of POL5551 on cardiomyocyte proliferation 

in infarcted hearts, we unexpectedly observed that vehicle-treated mice in a C57Bl6/NCR 

(abbreviated B6N) genetic background have a much higher level of cardiomyocyte S-phase 

activity as compared to vehicle-treated mice in a D2J genetic background. Here, we show 

that the high levels of cardiomyocyte S-phase activity in infarcted B6N mice are due to the 

expression of TNNI3K. The results are discussed in the context of a recent study suggesting 

that loss of TNNI3K enhances myocardial regeneration in injured hearts.16

Reuter et al. Page 2

Circulation. Author manuscript; available in PMC 2024 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Methods

Please see Supplemental Materials section for an extended description of the methods used.

The authors declare that all supporting data are available within the article and its online 

supplementary files.

Mice.

Generation of the MHC-nLAC and TNNI3Ktg mice was described previously.17, 18 Both 

lines were maintained in a D2J genetic background (Jackson Labs, Bar Harbor, Maine). 

C57Bl6/NCR mice were obtained from Charles River (St. Louis, Missouri). SWR/J (SWJ) 

and C57Bl6/J (B6J) mice were obtained from Jackson Labs. Animal husbandry and all 

experimental procedures were reviewed by the Indiana University Institutional Animal Care 

and Use Committee and performed in accordance with those guidelines.

Infarct Surgery.

Permanent coronary artery ligations were performed as described previously.19 Osmotic 

mini-pumps (Alzet #2002; Cupertino, California) containing BrdU (16 mg/ml in phosphate 

buffered saline; Roche, Indianapolis, Indiana) or EdU (13.14 mg/ml in 10% DMSO) were 

implanted as described.20

Histology.

Tissues were harvested, fixed in cacodylic acid/ paraformaldehyde,21 cryoprotected in 30% 

sucrose and sectioned at 10 microns using standard methodologies.22 After antigen retrieval 

samples were processed for β-galactosidase (Invitrogen Life Technologies #A-11132; Grand 

Island, New York) and BrdU (Roche #11296736001; clone BMG 6H8 IgG1) using the 

Vector Mouse-on-Mouse kit (#BMK-2202, Burlingame, California). Signal was developed 

using Alexa 555-conjugated goat anti-rabbit and Alexa 488-conjugated goat anti-mouse 

secondary antibodies (Invitrogen Life Technologies #A21429 and #A11001, respectively). 

DNA was visualized with Hoechst 33342 (Invitrogen Life Technologies).

Quantitation of Cardiomyocyte S-phase Activity.

Sections were scanned sequentially for the red, green and blue color channels (βGAL 

immune reactivity, BrdU immune reactivity and Hoechst fluorescence, respectively) and 

image analyses performed as described in detail in the Extended Methods section. For each 

heart studied, a minimum of 5 four-chamber coronal sections traversing the infarct, sampled 

at a minimum of 100 micrometer intervals, were analyzed. For each section, the infarct, 

border zone, and remote ventricular myocardium were defined as described above. The 

cardiomyocyte labeling index is defined as the percentage of BrdU positive cardiomyocyte 

nuclei present in the analyzed region. For analyses of individual animals, the cardiomyocyte 

labeling index for a given anatomical region was determined for each section, and the mean 

value and SEM of each animal was calculated. For comparisons of different genotypes, the 

total cardiomyocyte labeling index for a given anatomical region in each individual mouse 

in a given genotype was determined, and then the average and SEM for the population was 

calculated.
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Genotype analyses.

SNP genotype analyses were performed at the DartMouse™ Speed Congenic Core Facility 

at the Geisel School of Medicine, Dartmouth University. DartMouse uses the Illumina, Inc. 

(San Diego, CA) Infinium Genotyping Assay to interrogate a custom panel of 5307 SNPs. 

The raw SNP data were analyzed using DartMouse SNaP-Map™ and Map-Synth™ software. 

Restriction fragment length polymorphisms were used to identify crossover events in the 

distal arm of Chromosome 3.23

Quantitative Trait Locus (QTL) Analysis.

Genome-wide scans were performed using R/qtl software. Genotypes were prepared for 

QTL mapping; a total of 2,408 markers were chosen for mapping. The significance 

thresholds were determined by 1,000 permutations using all informative markers. A QTL 

was considered significant when its logarithm of the odds (LOD) score exceeded 95% 

(p < 0.05) of the permutation distribution. The 95% confidence interval (CI) of the 

peak was suggested by the R/qtl software (RStudio, version 1.3.1093). The physical 

map (megabase; Mb) positions based on the genome sequence from the GRCm38/mm10 

were calculated using the Mouse Map Converter tool of the Jackson Laboratory (http://

cgd.jax.org/mousemapconverter/).

WES and RNA-seq Analyses.

For WES, genomic DNA from D2J and B6N liver was isolated and used to generate libraries 

and sequenced, as described in the Extended Methods section. Variant annotation and 

analysis was done using SNP & Variation Suite v8.8.3 (Golden Helix, Inc., Bozeman, MT, 

www.goldenhelix.com).The potential impact of the sequence variants was interrogated using 

SIFT (Sorting Intolerant from Tolerant),24 PROVEAN (Protein Variation Effect Analyzer),25 

SNAP226 and BLOSUM6227. For RNA-seq, total RNA was isolated and then used for 

cDNA library preparation and sequencing as described in the Extended Methods section. 

Differential gene expression was assessed using edgeR software28 with a false discovery 

rate (FDR) threshold of 5%29 and a low expression threshold of 1 cpm; a 25% change in 

expression was used as the cut-off for candidate gene selection.

Western Blot Analyses.

Hearts were homogenized and samples were resolved on SDS-PAGE gels30 electro-

transferred to nitrocellulose membranes31 as described in the Extended Methods section. 

Primary antibodies recognized mouse TNNI3K,18 human TNNI3K,32 and mouse anti-

GAPDH (Novus Biologicals #NB300–221SS, Centennial, Colorado). Signal was visualized 

by the Amersham ECL method according to the manufacturer’s protocol (Millipore Sigma).

Cardiomyocyte Nuclear Ploidy assay.

Hearts from MHC-nLAC mice labeled with EdU were subjected to retrograde collagenase 

perfusion as described4 and the ventricles triturated in 2 ml of cacodylic acid/

paraformaldehyde and filtered through a 100 micron strainer. After 20 minutes at room 

temperature, the cells were pelleted through several PBS washes and then smeared on 

Superfrost slides (Fischer Scientific, Hampton, New Hampshire) and dried overnight at 
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room temperature. Slides were stained with Click-iT® 488 (Invitrogen, Carlsbad, California) 

and incubated with Hoechst 33342, rinsed and cover slipped with Prolong Gold (Invitrogen). 

Putative EdU positive cardiomyocytes were identified and imaged on a Leica DM5500 

microscope. The coverslips were then removed and the slides processed for βGAL immune 

reactivity as described above (the same fields were then imaged). The resulting image sets 

were analyzed using MetaMorph software. Nuclei (blue channel) were segmented using the 

Metamorph Count Nuclei application, and the Hoechst signal was quantitated to determine 

nuclear content. Cardiomyocyte nuclear identity and EdU positivity were confirmed by 

overlay of the red and green channels. The procedure is described in detail in the Extended 

Methods section.

Statistics.

A two independent sample t-test was used to compare cardiomyocyte S-phase activity 

between corresponding zones of D2J and (D2J × B6N)-F1 mice. Kruskal-Wallis One Way 
Analysis of Variance on Ranks was used for comparisons of cardiomyocyte S-phase labeling 

index for all pairwise combinations of any one zone in D2J hearts with any one zone 

in (D2J × B6N)-F1 hearts, and to compare cardiomyocyte S-phase activity in the remote 

myocardium of D2J, (D2J × B6N)-F1 and congenic mice heterozygous for the distal arm of 

chromosome 3 (the average of multiple sections per heart, and multiple hearts per genotype, 

were used). To estimate the predicted probability of cardiomyocyte nuclear content being in 

the non-cardiomyocyte (i.e., 2N control) group, a logistic model was used with independent 

terms of slide and DNA fluorescence. Statistics used for QTL, WES and RNA-seq analyses 

are described in those sections.

Results

D2J and B6N mice exhibit different patterns of cardiomyocyte S-phase activity following 
injury.

Transgenic mice which utilize the α-cardiac myosin heavy chain promoter to target 

cardiomyocyte-restricted expression of a nuclear-localized β-galactosidase reporter (MHC-

nLAC mice) were developed previously to facilitate identification of cardiomyocyte nuclei 

in tissue sections.17 We have used these mice to monitor the pattern of cardiomyocyte 

S-phase activity during the first two weeks post-infarction. Mice were subjected to 

permanent coronary artery ligation and implanted with an Alzet osmotic pump containing 

Bromodeoxyuridine (BrdU). The hearts were harvested 14 days later, sectioned, and 

processed for β-galactosidase (βGAL) and BrdU immune reactivity (Figure 1A, red and 

green signals, respectively). Cardiomyocyte nuclei with S-phase activity, as evidenced by 

the overlay of red and green signal in merged images of whole heart sections, were 

ringed to facilitate visualization of their anatomical position (Figure 1A, merged and ringed 

panels). Figure 1B shows the pattern of cumulative cardiomyocyte S-phase activity in 

an infarcted MHC-nLAC mouse maintained in an inbred D2J genetic background. The 

S-phase cardiomyocyte nuclei tended to reside in the endocardial layer and border zone 

(S-phase events were also detected in the infarct in other sections). At least a portion 

of the endocardial S-phase positive cells appear to be conduction system cardiomyocytes 

(Figure S1). Figure 1C shows the pattern of cumulative cardiomyocyte S-phase activity 
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in an infarcted MHC-nLAC mouse generated by backcrossing the reporter transgene into 

a B6N genetic background for 3 generations. Many S-phase cardiomyocyte nuclei in the 

B6N heart were apparent throughout the ventricular septum, the ventricular free walls and 

the papillary muscles (i.e., in regions remote from the infarct). Thus, the pattern of post-

infarction cardiomyocyte S-phase activity differs markedly between D2J and B6N mice.

To quantitate this difference in cardiomyocyte S-phase activity, D2J and (D2J × B6N)-F1 

mice were generated (all mice carried the MHC-nLAC reporter transgene). At 12 weeks of 

age the mice were subjected to permanent coronary artery ligation and implanted with BrdU 

osmotic pumps. Fourteen days later, the hearts were harvested and processed as described 

above. The cumulative 14-day cardiomyocyte labeling index (that is, the percentage of BrdU 

positive cardiomyocyte nuclei) was determined for the ventricular myocardium remote from 

the infarct, the infarct border zone and the infarct as shown (Figure 1D). Hearts from D2J 

mice exhibited low cumulative BrdU labeling indices in the ventricular myocardium remote 

from the infarct, averaging 0.056 ± 0.004% (n = 10 hearts). In contrast, the cumulative BrdU 

labeling index in the ventricular myocardium remote from the infarct from (D2J × B6N)-F1 

hearts was higher, averaging 0.798 ± 0.09% (n = 17 hearts; p < 0.001 vs. the D2J group). 

The phenotypes were clearly separated, with no overlap in the cardiomyocyte labeling index 

values of individual animals in the D2J vs. the (D2J × B6N)-F1 genotypes (Figure 1E). 

Cardiomyocyte S-phase activity was also elevated in the infarct border zone of (D2J × 

B6N)-F1 mice as compared to D2J mice, but not in the infarct (Figure 1E). Interestingly, 

cardiomyocyte S-phase levels in uninjured hearts were also elevated in B6N vs. D2J mice 

(0.208 ± 0.045% vs. 0.028 ± 0.005%, p<0.05; n=8 B6N and 4 D2J hearts).

A gene contributing to elevated levels of cardiomyocyte S-phase activity post-injury 
resides on the distal arm of B6N chromosome 3.

To interrogate the genetic basis for this difference in cardiomyocyte S-phase activity, [(D2J 

× B6N)-F1 × D2J] backcross mice were generated (all mice carried the MHC-nLAC 

reporter transgene). At 12 weeks of age the mice were subjected to permanent coronary 

artery ligation, implanted with BrdU osmotic pumps and processed as described above. 

The cardiomyocyte labeling index was then determined for the ventricular regions remote 

from the infarct, as these regions exhibited the greatest difference in cardiomyocyte S-phase 

activity between the D2J and B6N backgrounds. Analysis of [(D2J × B6N)-F1 × D2J] 

backcross mice revealed that the cumulative cardiomyocyte labeling indices for individual 

animals fell into two distinct groups, with 17 animals having low labeling indices similar to 

those seen for D2J mice and 11 animals having comparatively higher labeling indices similar 

to those seen for (D2J × B6N)-F1 mice (Figure S2).

Genome-wide QTL linkage analysis was performed to map the genetic region(s) that 

regulate cardiomyocyte S-phase activity. The 28 animals generated from the [(D2J × 

B6N)-F1] × D2J backcross were genotyped using the Illumina Infinium Bead Chip and 

the data interrogated with Dart Mouse SNaP-Map Software. This analysis employed 2,408 

informative single nucleotide polymorphism (SNP) markers (Excel File S1) that fully 

covered the mouse genome. A single QTL peak on chromosome 3 (LOD score, 6.38; p 
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< 0.001) that exhibits highly significant linkage to cardiomyocyte S-phase activity was 

identified (Figure 2).

To confirm that the gene(s) responsible for elevated levels of post-injury cardiomyocyte 

S-phase activity resides in this region, congenic mice which were heterozygous D2J/B6N for 

the distal arm of chromosome 3 (downstream of SNP rs6288253 at nucleotide 140,506,317), 

but which were otherwise homozygous D2J, were generated via sequential backcrossing into 

the D2J background (Figure 3A; these mice also carried the MHC-nLAC reporter). At 12 

weeks of age, the mice were subjected to permanent coronary artery ligation, implanted 

with 14-day BrdU osmotic pumps, and processed as described above. Once again, S-phase 

cardiomyocyte nuclei were apparent throughout the entire ventricular myocardium (Figure 

3B). The cumulative cardiomyocyte labeling index for ventricular regions remote from 

the infarct in the congenic mice was 0.656 ± 0.13% (n = 4 mice, p < 0.05 vs. the D2J 

group described above), confirming that the gene responsible for elevated cardiomyocyte 

S-phase activity resided on the distal arm of chromosome 3 as defined by the congenic mice. 

This 19.4 Mb interval carries 309 candidates (including coding, noncoding and unclassified 

genes).

Since the phenotype appears to be driven by a single, dominant locus, we performed fine-

scale mapping as for a Mendelian trait, focusing on individual animals exhibiting a crossover 

within the interval. Multigenerational backcross animals were produced, and crossover 

events identified by the presence of heterozygosity for one or two restriction fragment length 

polymorphisms in the haplotype defined by SNPs rs3090379, rs13477506 and rs36403089 

(located at nucleotides 142,041,673, 154,839,656 and159,812,056, respectively, see Figure 

S3). Mice exhibiting crossover events were subjected to permanent coronary artery ligation, 

BrdU labeling and then processed as described above (these mice also carried the MHC-

nLAC reporter); mice exhibiting elevated levels of cardiomyocyte S-phase activity should 

share a common region of heterozygosity harboring the B6N allele responsible for the 

trait. Of 463 mice generated, 53 harbored crossover events within the interval; of these, 43 

survived infarction of which 17 exhibited elevated levels of cardiomyocyte S-phase activity 

post-MI (defined as being ≥ 0.33%, the lowest S-phase labeling index observed for an 

individual infarcted (D2J × B6N)-F1 mouse, see Figure S2). Analysis of SNP distribution 

maps defined a region of interest (ROI) between nucleotides 151,564,321 and 156,149,851 

which retained heterozygosity in all mice with elevated S-phase levels (Figure 4A; S-phase 

values for these animals are shown in Table S1). SNP analyses of whole exome sequencing 

(WES) datasets generated from mouse #65761 and #63328 further refined the positions 

of the crossover events in those animals, revealing that the gene responsible for elevated 

cardiomyocyte S-phase activity post-injury resides between nucleotides 153,678,445 and 

156,149,851 on chromosome 3 (Figure 4B). This 2.5 Mb region carries 13 protein coding 

genes, 21 non-coding genes and 6 unclassified genes.

Tnni3k is responsible for elevated cardiomyocyte S-phase activity following myocardial 
injury.

WES (using DNA prepared from D2J and B6N mice to identify nucleotide variants) and 

RNA-Seq (using RNA prepared from infarcted D2J and B6N ventricle tissue remote from 
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the infarct to identify differentially expressed genes) analyses were employed to identify 

and stratify candidate genes within the ROI which might give rise to the phenotype. A total 

of 3 candidates were identified (Tnni3k, Erich-3, and Fpgt). WES revealed a previously 

identified A→G substitution in D2J mice at nucleotide 154,875,123 in the splice donor 

sequence in intron 19 on the coding strand of the Tnni3k gene. This substitution results in 

the incorporation of 4 additional nucleotides at the 3’ end of exon 19, which gives rise to 

a frame shift and premature truncation of the protein in D2J mice and nonsense-mediated 

decay of the transcript, resulting in the lack of TNNI3K protein18 (see also Figure S4). In 

addition, a C→T substitution was observed on the coding strand at nucleotide 154,709,772 

in Erich3 and a A→G substitution at nucleotide 155,086,840 in Fpgt, which resulted in 

nonsynonymous variants predicted by SNAP226 and BLOSUM62,27 respectively, to be 

deleterious to protein function. RNA-Seq revealed a 3.57-fold decrease in expression of 

Tnni3k in D2J vs. B6N hearts (due at least in part to non-sense mediated decay of the 

aberrantly spliced transcript).18

Of these candidates, the Tnni3k gene has previously been implicated in cardiomyocyte cell 

cycle activity.16 We have generated transgenic mice expressing a human Tnni3k cDNA 

under the regulation of the α-cardiac myosin heavy chain promoter.18 These animals 

(maintained in an inbred D2J genetic background) were intercrossed with the MHC-nLAC 

reporter animals (also in a D2J genetic background); mice inheriting both the Tnni3k and 

MHC-nLAC transgenes (designated TNNI3Ktg) and mice inheriting only the MHC-nLAC 

reporter (designated Control) were identified and sequestered. At 12 weeks of age, the mice 

were subjected to permanent coronary artery ligation, BrdU infusion, and then the hearts 

were harvested and analyzed as described above. The Control mice exhibited low levels 

of cardiomyocyte S-phase activity, which was predominantly localized to the infarct and 

the infarct border zone (as was expected given that they are in a D2J genetic background, 

Figure 5A left panel). In contrast, cardiomyocyte S-phase activity in the TNNI3Ktg mice 

was apparent throughout the ventricle, and the level of S-phase activity was greater than 

that in the Control hearts (Figure 5A and B, respectively). Cardiomyocyte S-phase levels 

were not different between infarcted TNNI3Ktg and (D2J × B6N)-F1 mice (two-tailed 

P-value = 0.288). Western blot analyses with a human-specific TNNI3K antibody confirmed 

TNNI3KTG transgene expression (Figure 5C).

The vast majority of cardiomyocyte S-phase events in the adult mouse heart result in 
increased nuclear ploidy, regardless of TNNI3K expression.

To determine if the presence or absence of TNNI3K expression impacts the ability of 

S-phase cardiomyocytes to progress through the cell cycle, D2J and B6N mice were 

subjected to permanent coronary artery ligation, followed by 2 weeks of infusion with 

the alkyne-containing nucleotide analogue 5-ethynyl-2’-deoxyuridine (EdU; all mice carried 

the MHC-nLAC reporter). The hearts were then harvested, and dispersed cell preparations 

were generated via collagenase digestion. The dispersed cells were affixed to microscope 

slides and processed with azide-containing Alexa 488 Click-iT reagent (which forms a 

covalent bond with EdU; green signal) to identify S-phase positive cardiomyocytes, and 

with Hoechst (blue signal) to visualize DNA content (Figure 6A, upper panels). Fields with 

S-phase positive cardiomyocytes were imaged in the blue channel at 2-micron intervals 
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in the z-axis such that entire nuclei were captured, and total Hoechst signal per nucleus 

quantitated. Finally, the identities of the cardiomyocyte nuclei were confirmed based on 

βGAL immune reactivity (Figure 6A, lower panels). In addition to the EdU-positive 

cardiomyocytes, DNA content was scored in EdU-negative non-cardiomyocyte nuclei, EdU-

negative mononucleated cardiomyocyte nuclei and EdU-negative binucleated cardiomyocyte 

nuclei which were present in the same field. DNA content was normalized to that in the 

EdU-negative non-cardiomyocyte population, which was presumed to have a predominately 

diploid (2N) DNA content.

In D2J (TNNI3K-negative) hearts, the median DNA content of EdU-positive nuclei in 

mononucleated and binucleated cardiomyocytes was 2.19- and 2.00-fold, respectively, of 

that observed in the EdU-negative noncardiomyocyte population, with very little overlap in 

the DNA content between individual nuclei in the cardiomyocyte vs. noncardiomyocyte 

groups (Figure 6B). This indicates that the vast majority of S-phase events in D2J 

cardiomyocytes results in the formation of polyploid nuclei. EdU-positive cardiomyocyte 

nuclei remained polyploid after a 2-day chase period (accomplished by surgical removal 

of the EdU osmotic pump, Figure S5). In contrast, DNA content in the majority of EdU-

negative cardiomyocyte nuclei was similar to that seen in the non-myocyte population, 

indicating that they were 2N. In B6N (TNNI3K-positive) hearts, the median DNA content 

of the EdU-positive nuclei in mononucleated and binucleated cardiomyocytes was 2.64- and 

1.81-fold, respectively, of that observed in the EdU-negative noncardiomyocyte population, 

with very little overlap in DNA content between the cardiomyocyte and noncardiomyocyte 

groups (Figure 6C). These data are again consistent with cardiomyocyte S-phase events 

giving rise to polyploid nuclei. Overall, using a predicted probability of > 20% as the 

threshold for a given cardiomyocyte nucleus having a 2N DNA content, 99.5% and 

96.6% of the EdU-positive cardiomyocyte nuclei from D2J and B6N hearts, respectively, 

were polyploid (Figure S6). Interestingly, the increased S-phase activity in B6N hearts 

preferentially impacted the binucleated cardiomyocyte population. In support of the absence 

of further cell cycle progression, only one cardiomyocyte nucleus with phosphohistone-H3 

immune reactivity was observed when screening 130,996 cardiomyocyte nuclei distributed 

amongst 5 infarcted B6N hearts (0.00076%, see also Figure S7).

Discussion

This study sought to identify the genetic basis for the surprising 14-fold increase in 

cardiomyocyte S-phase activity observed in the remote myocardium following permanent 

coronary artery ligation in (D2J × B6N)-F1 versus D2J mice. Genome-wide QTL mapping, 

congenic mouse analyses, and fine scale mapping studies indicated that the responsible gene 

resided in a 2.5 Mb region of the B6N chromosome 3, while WES and RNA-seq analyses 

identified 3 candidates. One candidate gene, Tnni3k, was expressed in B6N hearts but not 

in D2J hearts, and transgenic expression of human TNNI3K in a D2J genetic background 

resulted in increased cardiomyocyte S-phase activity post-MI which was not different from 

that in (D2J × B6N)-F1 animals. Collectively, these data indicate that the differential levels 

of cardiomyocyte S-phase activity post-MI in B6N vs. D2J mice is due to differential 

expression of TNNI3K.
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The biological function of TNNI3K is not fully understood. The gene encodes a cardiac-

specific kinase with sequence homology and domain structure similar to Integrin-Linked 

Kinase. The target(s) of its kinase activity remain largely unknown, with the exception of 

troponin I.33 In vivo, TNNI3K protein is located at the cardiac sarcomeric Z-disc32 where 

it modulates contractile function.32, 33 Interestingly, multiple QTL mapping studies for 

different cardiac traits have identified this locus, and ultimately, this gene, to be responsible 

for the observed phenotypic variation observed across inbred strains of mice.16, 18, 34–36 

This convergence of seemingly distinct cardiac phenotypes on this single gene is likely 

due to three factors. First, the SNP giving rise to aberrant Tnni3k splicing (rs49812611) 

is effectively a null allele, as opposed to most common SNPs which very rarely result in 

complete loss of activity. Second, this Tnni3k null allele is fixed in approximately 50% 

of the commonly used inbred strains. Third, TNNI3K encodes a kinase which is located 

at sarcomeric Z disk and is known to interact with proteins regulating cardiac contractile 

activity. Thus, many crosses between any two randomly chosen inbred mouse strains will 

likely be segregating a null allele of a critically important protein for cardiomyocyte and 

heart function.

It is also well established that myocardial injury results in localized increases 

in cardiomyocyte S-phase activity.1, 10, 12–14 In agreement with this, BrdU-positive 

cardiomyocyte nuclei in D2J mice lacking TNNI3K expression were readily detected in 

the infarct scar, and dropped precipitously in regions remote from the site of injury. 

Given the nature of the permanent coronary artery occlusion model, the cardiomyocytes 

which survive in the border zone and the infarct are subjected to chronic ischemia and 

concomitant oxidative stress.37, 38 It is interesting to note that TNNI3K expression has 

been shown to increase oxidative stress throughout the myocardium following regional 

ischemic injury.39 In this regard it is striking that TNNI3K expression also resulted in a 

propensity for cardiomyocyte S-phase activity in the remote myocardium similar to that 

seen for cardiomyocytes in the scar of mice lacking TNNI3K (Figure 1E). The higher 

levels of oxidative stress in the remote myocardium of infarcted TNNI3K-expressing hearts 

may contribute to the observed elevated levels of cardiomyocyte S-phase activity simply by 

making the myocardium more permissive for cell cycle reentry. This notion is supported by 

the increased S-phase levels seen in uninjured B6N vs. D2J hearts. The similarly elevated 

S-phase levels observed within the infarct zone (the region with greatest oxidative stress) 

of D2J vs. B6N hearts (Figure 1E) suggests that the maximal capacity of cardiomyocyte 

cell cycle reentry may not differ greatly in D2J vs. B6N mice. Although KEGG analysis 

of differentially expressed genes in infarcted B6N vs. D2J hearts suggests several candidate 

pathways (Figure S8), the underlying mechanism by which TNNI3K expression facilitates 

cardiomyocyte cell cycle reentry remains unclear.

Analysis of dispersed cell preparations indicated that the vast majority of cardiomyocyte 

S-phase events following myocardial infarction resulted in the formation of polyploid nuclei. 

The observation that S-phase activity resulted in polyploid nuclei in both mononucleated 

and binucleated cardiomyocytes is in agreement with a recent study showing that these two 

cell types are transcriptionally homogenous.40 These data also indicated that the presence or 

absence of TNNI3K protein did not appreciably impact the ability of cardiomyocytes with 

S-phase activity to further progress through the cell cycle over the time-course studied. The 
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rare EdU-positive 2N nuclei observed in our analyses resided in binucleated cardiomyocytes. 

The assay used cannot determine if those rare cells were derived from a mononucleated 

2N cardiomyocyte which progressed through S-phase and then karyokinesis (but not 

cytokinesis), or alternatively from a binucleated 2N, 2N cardiomyocyte which progressed 

through S-phase, karyokinesis and cytokinesis. It is however clear that the vast majority of 

cardiomyocytes entering the cell cycle in the adult mouse heart do not progress past S-phase. 

In contrast, if each cardiomyocyte exhibiting S-phase activity in TNNI3K-expressing mice 

had the ability to progress through cytokinesis, a 50% loss of cardiomyocytes (as was 

encountered in the infarct border zone in the current study) would be replaced over the 

course of 569 days (calculated simply by applying the Compound Interest Law).41

A previous study has implicated TNNI3K in myocardial regeneration. That study16 reported 

that strains harboring the splice donor mutation in the Tnni3k gene (and thus lacking 

TNNI3K expression) exhibited an increase in the 2N mononuclear cardiomyocyte content 

in adult hearts as compared to strains expressing TNNI3K. Additional analyses of a small 

subset of these strains suggested that the absence of TNNI3K protein expression results 

in a 3-fold increase in cardiomyocyte S-phase activity in the infarct border zone following 

permanent coronary artery ligation. Analysis of dispersed cell preparations from hearts 

of infarcted EdU-labeled mice lacking TNNI3K expression revealed that approximately 

80% of the label was incorporated into mononuclear cardiomyocytes, while analysis of 

isolated nuclei preparations revealed that approximately 80% of the label resided in 2N 

cardiomyocyte nuclei. These observations led the authors to conclude that roughly two thirds 

of the mononuclear cardiomyocytes entering S-phase in mice lacking TNNI3K expression 

progressed through cytokinesis. Similar results were observed following conditional or 

global Cre recombinase-mediated deletion of Tnni3k in C57Bl6/J mice harboring floxed 

alleles.16

In agreement with this early study, we observed a propensity for a higher (albeit variable, see 

Figure 6 vs. Figure S5) 2N mononuclear cardiomyocyte content in mice lacking TNNI3K 

expression (D2J) as compared to those expressing TNNI3K (B6N), however the pattern and 

magnitude of cardiomyocyte cell cycle activity following permanent coronary artery ligation 

were dramatically different. Specifically, the level of cardiomyocyte S-phase activity was 

much higher and the anatomic distribution of S-phase activity was greater in mice with 

TNNI3K expression as compared to mice lacking TNNI3K expression, the opposite of what 

was reported previously. In addition, the vast majority of cardiomyocyte S-phase events 

resulted in the formation of polyploid nuclei, irrespective of the presence or absence of 

TNNI3K protein expression.

The basis for the differential results is not obvious. Both studies utilized the same 

injury model, utilized incorporation of modified nucleotides to quantitate S-phase activity, 

quantitated DNA content to determine ploidy, and convincingly documented the presence 

or absence of TNNI3K expression in the different models employed. Moreover, preliminary 

analysis of Tnni3k-deficient [(SWJ × B6N)-F1) × SWJ] backcross mice did not detect EdU-

positive 2N mononuclear cardiomyocytes (Soonpaa, unpublished observation); SWJ mice 

were previously reported to exhibit regenerative activity which was attributed to the lack of 

TNNI3K.16 This suggests that the absence of overt cell cycle progression in EdU-positive 
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mononuclear cardiomyocytes in the D2J mice is not simply due to the presence a dominant 

inhibitory gene in that background. One technical difference is that the current study utilized 

a cardiomyocyte-restricted reporter to aid in the identification of cardiomyocyte nuclei 

for all cell cycle and ploidy analyses; this reporter has been used extensively in the past 

to quantitate cardiomyocyte S-phase activity.3, 10, 21, 42–50 The penetrance of transgene 

expression in the MHC-nLAC mice is very high,17, 46 precluding the possibility of missing 

events in TNNI3K-defficent mice of the magnitude reported previously.16

In summary, the data presented here indicate that mice expressing TNNI3K have 

markedly elevated levels of cardiomyocyte S-phase activity following permanent coronary 

artery ligation, as compared to mice lacking TNNI3K. This surprising level of intrinsic 

cardiomyocyte cell cycle reentry would lead to significant regenerative growth if each 

cardiomyocyte exhibiting S-phase activity was able to progress through cytokinesis. This 

in turn suggests that identification of factors which facilitate cardiomyocyte cell cycle 

progression beyond S-phase will be key to unlocking the intrinsic regenerative capacity of 

the heart.
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Non-standard Abbreviations and Acronyms

B6N C57Bl6/NCR

D2J DBA/2J

QTL quantitative trait locus

Tnni3k troponin I-interacting kinase

SWR SWR/J

B6J C57Bl6/J

βGAL beta-galactosidase

WES whole exome sequencing

SNP single nucleotide polymorphism

BrdU bromodeoxyuridine

ROI region of interest

LOD logarithm of the odds
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Mb megabase

EdU 5-ethyl-2’-deoxyuridine

KEGG Kyoto encyclopedia of genes and genomes
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Clinical Perspective

What is new?

• The study shows that mice which express Cardiac Troponin I-interacting 

Kinase (TNNI3K) exhibit higher levels of cardiomyocyte S-phase activity 

following injury as opposed to mice which do not express TNNI3K.

• The vast majority of cardiomyocytes S-phase events results in the formation 

of polyploid nuclei without further cell cycle progression, and further cell 

cycle progression is not influenced by the presence or absence of TNNI3K 

expression.

What are the clinical implications?

• The level of cardiomyocyte cell cycle reentry in hearts expressing TNNI3K 

would lead to significant regenerative growth if each cardiomyocyte 

exhibiting S-phase activity was able to progress through cytokinesis.

• This in turn suggests that identification of factors which facilitate 

cardiomyocyte cell cycle progression beyond S-phase will be key to 

unlocking the intrinsic regenerative capacity of the heart.
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Figure 1. 
Pattern of cardiomyocyte DNA synthesis in D2J and B6N genetic backgrounds following 

infarction. (A) Example of an S-phase cardiomyocyte using the MHC-nLAC reporter. The 

first panel shows βGAL immune reactivity (red secondary antibody), the second panel 

shows BrdU immune reactivity (green secondary antibody), the third panel shows a merged 

image (yellow indicates co-localization of βGAL and BrdU immune reactivity, and the 

fourth panel shows the computer-generated ring to mark the anatomical position of the 

S-phase event. (B) Representative example of the pattern of cardiomyocyte S-phase activity 
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in the heart from an infarcted D2J mouse. White rings indicate the anatomical positions of 

the S-phase cardiomyocyte nuclei; inset shows the same image with the brightness adjusted 

to facilitate visualization of the infarct anatomy at low magnification. (C) Representative 

example of the pattern of cardiomyocyte S-phase activity in the heart from an infarcted 

third-generation B6N backcross mouse. White rings indicate the anatomical positions of the 

S-phase cardiomyocyte nuclei; inset shows the same image with the brightness adjusted to 

facilitate visualization of the infarct anatomy at low magnification. (D) Computer-assisted 

parsing of an image of a heart into the ventricle remote from the infarct, the infarct border 

zone and the infarct (defined by the yellow, white and green traces, respectively). (E) 

Comparison of the cumulative cardiomyocyte S-phase labeling index in the remote ventricle 

(V), infarct border zone (BZ) and infarct (INF) myocardium after 14 days BrdU infusion 

post-injury. Yellow, white, and green dots indicate the V, BZ and INF labeling indices, 

respectively, per each one of 10 DJ2 mice and 17 (D2J × B6N)-F1 mice. Red symbols 

and vertical red lines indicate the mean labeling index and SEM, respectively, for each 

genotype. Kruskal – Wallis One Way Analysis on Ranks and Dunn’s method for Multiple 

Comparisons were used to compare labeling indices of each zone in D2J with each zone in 

(D2Jx B6N)-F1. p values for statistically significant differences are indicated.
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Figure 2. 
Mapping a locus which contributes to high levels of cardiomyocyte S-phase activity 

following infarction. The graph shows a genome-wide QTL linkage scan for cardiomyocyte 

S-phase activity using 28 animals from a [(D2J × B6N)-F1] × D2J backcross. Chromosomes 

1 through X are indicated numerically on the x-axis. The y-axis shows the logarithm of the 

odds (LOD) score. Levels of significance (p < 0.05, 0.01, and 0.001) were determined by a 

permutation test; 1,000 permutations of the data. A single genomic region on chromosome 3 

displays a highly significant linkage peak, with a LOD score of 6.38.
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Figure 3. 
Congenic mice heterozygous for the distal arm of chromosome 3 have high levels of 

cardiomyocyte S-phase activity post-injury. (A) SNP distribution map of the congenic mice; 

orange indicates homozygous D2J SNPs while purple indicates heterozygous D2J/B6N 

SNPs. (B) Representative example of a heart from a congenic mouse subjected to 14 

days BrdU infusion immediately following permanent coronary artery ligation; a high level 

of cardiomyocyte S-phase activity is apparent in the remote myocardium (indicated by 

the white rings). Inset shows the same image with the brightness adjusted to facilitate 

visualization of the infarct anatomy at low magnification.
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Figure 4. 
Fine-scale mapping of a B6N allele which gives rise to high levels of cardiomyocyte S-phase 

activity following infarction. (A) SNP distribution on the distal arm of Chromosome 3 in 

[(D2J × B6N)-F1 × D2J] backcross mice with high rates of cardiomyocyte S-phase activity 

post-injury. Orange lines indicate chromosomal regions which are homozygous D2J, purple 

lines indicate chromosomal regions which are heterozygous D2J/B6N, and orange/purple 

dashes indicate chromosomal regions harboring a crossover event. (B) Proximal (in mouse 

#65761) and distal (in mouse #63328) boundary of the ROI as determined by WES analysis.
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Figure 5. 
Expression of human TNNI3K increases the level of cardiomyocyte S-phase activity in 

D2J mice following myocardial infarction. (A) Comparison of representative hearts from a 

control mouse and a TNNI3Ktg transgenic mouse which were subjected to 14 days BrdU 

infusion immediately following permanent coronary artery ligation (white rings indicate 

the position of S-phase cardiomyocyte nuclei). Insets show the same images with the 

brightness adjusted to facilitate visualization of the infarct anatomy at low magnification. 

(B) Cardiomyocyte S-phase labeling index in the remote myocardium after 14 days BrdU 

infusion in Control and TNNI3Ktg mice. Yellow markers indicate the labeling index for 

individual mice, while the wider horizontal red lines indicate the mean labeling index for a 

given genotype and the vertical red lines indicate the SEM; the asterisk indicates p <0.01 vs. 
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Control mice by non-paired t-test. (C) Western blot demonstrating relative level of human 

TNNI3K protein expression in the TNNI3Ktg hearts.
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Figure 6. 
Cardiomyocyte S-phase activity culminates in the formation of polyploid nuclei in the 

presence or absence of TNNI3K. (A) Example of an S-phase positive nucleus used to 

quantitate DNA content. The top panel shows EdU incorporation (green signal), the second 

panel shows Hoechst 33342 staining of DNA (blue signal), the third panel shows βGAL 

immune reactivity (red secondary antibody) and the bottom panel shows a color combined 

image. (B) Quantitation of nuclear DNA content in D2J mice at 14 days post-injury 

(EdU(−), EdU negative; EdU(+), EdU positive; NON-CM, non-cardiomyocyte; M-CM, 

mononucleated cardiomyocyte; B-CM, binucleated cardiomyocyte). The box extends from 

the 25th to 75th percentile (endpoints of the interquartile range (IQR)) with a line drawn at 

the median (50th percentile). The upper whisker is the maximum value of the data that is 

within 1.5 times the IQR over the 75th percentile. The lower whisker is the minimum value 

of the data that is within 1.5 times the IQR under the 25th percentile.. Points beyond that 

are shown as individual dots. Data was compiled from 6 mice, and “n” indicates the total 

number of nuclei for each cell type. (C) Quantitation of nuclear DNA content in B6N mice 

at 14 days post-injury. Labels and graph specifics are the same as for Panel B. Data was 

compiled from 4 mice, and “n” indicates the total number of nuclei for each cell type.
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