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Abstract

The neonatal mammalian heart is capable of substantial regeneration following injury through

cardiomyocyte proliferation1,2. However, this regenerative capacity is lost by postnatal day 7 and

the mechanisms of cardiomyocyte cell cycle arrest remain unclear. The homeodomain

transcription factor Meis1 is required for normal cardiac development but its role in

cardiomyocytes is unknown3,4. Here we identify Meis1 as a critical regulator of the

cardiomyocyte cell cycle. Meis1 deletion in mouse cardiomyocytes was sufficient for extension of

the postnatal proliferative window of cardiomyocytes, and for re-activation of cardiomyocyte

mitosis in the adult heart with no deleterious effect on cardiac function. In contrast,

overexpression of Meis1 in cardiomyocytes decreased neonatal myocyte proliferation and

inhibited neonatal heart regeneration. Finally, we show that Meis1 is required for transcriptional

activation of the synergistic CDK inhibitors p15, p16 and p21. These results identify Meis1 as a

critical transcriptional regulator of cardiomyocyte proliferation and a potential therapeutic target

for heart regeneration.

The hallmark of heart failure is the progressive nature of the disease, and the inability of the

adult heart to regenerate after injury. Nonetheless, limited myocyte turnover does in fact

occur in the adult mammalian heart; however, this is insufficient to restore contractile

function following injury5,6. In contrast, the neonatal heart has a proliferative capacity

reminiscent of lower vertebrates1,2,7. These findings indicate that the key to unlocking the

regenerative potential of the adult mammalian heart may lie within the developmental

transitions occurring during neonatal life. Given that cardiac regeneration in neonatal mice,
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as well as in adult zebrafish1,2,8,9, is primarily mediated by cardiomyocyte proliferation, it is

crucial to identify the molecular mechanisms responsible for postnatal cardiac cell cycle

arrest.

The transcriptional networks that govern embryonic heart development have been

extensively studied. In contrast, little is known about transcriptional regulation of postnatal

cardiomyocyte cell cycle arrest. Recent evidence suggests that Meis transcription factors,

which belong to the TALE (three amino acid loop extension) family of homeodomain

transcription factors, are central regulators of cardiac differentiation during embryonic

development3,4. While global deletion shows that Meis1 is required for normal embryonic

haematopoiesis and heart development10-12, the role of Meis1 in the postnatal heart remains

unclear. We recently demonstrated that Meis1 is an important regulator of haematopoietic

stem cells (HSCs) quiescence13. Moreover, our initial screens identified Meis1 as a potential

transcriptional regulator of neonatal heart regeneration. Therefore, we conducted this study

to determine the role of Meis1 in regulation of cardiomyocyte cell cycle. We first examined

the expression pattern of Meis1 during neonatal heart development and regeneration.

Quantitative PCR with reverse transcription (qRT–PCR) showed a modest increase in Meis1

expression between postnatal day 1 (P1) and P7 (Fig. 1a). Moreover, immunostaining

revealed that Meis1 is expressed in the heart as early as P4, and throughout adulthood

(Supplementary Fig. 1a). Meis1 was localized to perinuclear regions in neonatal

cardiomyocytes at P1, but became nuclear localized by P4–P7 (Fig. 1c and Supplementary

Fig. 1b). Myocardial infarction (MI) at P1, which is associated with an induction of robust

cardiomyocyte proliferation at day 7 post-MI2, was associated with a modest decrease in the

expression of Meis1, whereas Meis1 mRNA expression levels were significantly increased

following MI at P7, a time point coinciding with lack of mitotic induction of cardiomyocytes

(Fig. 1b).

We also examined the expression of Meis1 isoforms in the heart postnatally, and we found

that isoform Meis1B is the predominant isoform (Supplementary Fig. 1c, d). Finally, given

that Meis1 transcriptional activity is known to be tightly linked to other Hox genes, we

profiled the entire Hox family by qRT–PCR (Supplementary Fig. 1e). Intriguingly, we found

that the three most upregulated genes were Hoxa10, Hoxa11, and Hoxd12 (all belonging to

the AbdB-like paralogue of Hox genes), which along with Hoxa9, and Hoxb13 are the only

Hox proteins (out of 37 known mammalian Hox genes) known to interact with Meis114.

These Hox proteins stabilize Meis1 DNA binding and enhance its transcriptional activity.

To elucidate a potential role for Meis1 in cardiomyocyte proliferation, we performed in vitro

siRNA knockdown using rat neonatal cardiomyocytes, and found that Meis1 knockdown

(Fig. 1d) resulted in a threefold increase in cardiomyocyte proliferation (Fig. 1e). Next, we

generated cardiomyocyte-specific Meis1 knockout (KO) mice by crossing Meis1f/f mice

with αMHC-Cre mice (Fig. 2a). qRT–PCR (Fig. 2b) using isolated cardiomyocytes from

Meis1f/f αMHC-Cre (Meis1 KO) compared to Meis1+/+ αMHC-Cre (control) mouse hearts

confirmed a change in gene expression consistent with Meis1 deletion in cardiomyocytes.

Phenotypic characterization of Meis1 KO mice at P14 (1 week beyond the normal window

of postnatal cardiomyocyte cell cycle arrest) demonstrated that heart size (Fig. 2c, d) and

cardiac function (Fig. 2e) were unaffected by Meis1 deletion. However, Meis1 KO
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cardiomyocytes were smaller compared to control cardiomyocytes (Fig. 2f), which may

imply that the cardiomyocyte number is increased in Meis1 KO (smaller cardiomyocyte size,

with no change in heart to body weight ratio). Therefore, we examined the Meis1 KO hearts

for myocyte proliferation using the mitosis marker pH3 (phosphorylated histone H3) and the

cytokinesis marker Aurora B kinase. Meis1 deletion resulted in induction of cardiomyocyte

proliferation as quantified by an increase in the number of pH3+ TnnT2+ (troponin T2) cells

(>9 fold) (Fig. 2g, top row of images and bar graph). Moreover, we show that sarcomere

disassembly, a hallmark for cardiomyocyte proliferation, was evident in the Meis1 KO heart

sections (Fig. 2g, bottom left image), whereas neighbouring myocardium had normal

sarcomeric structure (Fig. 2g, bottom right image). In addition, we found that the cytokinesis

marker Aurora B kinase was markedly expressed in the cleavage furrow between

proliferating myocytes in the KO hearts (>5 fold) (Fig. 2h). We also found a significant

increase in the number of 5-bromodeoxyuridine (BrdU) positive cardiomyocytes in the

Meis1 KO hearts (Fig. 2i).

To determine whether deletion of Meis1 increases the total number of cardiomyocytes, we

isolated adult cardiomyocytes from wild-type and KO hearts by collagenase digestion and

found a significant increase in the total number of cardiomyocytes in Meis1 KO hearts (Fig.

2j, left graph). This was accompanied by an increase in the percentage of mononucleated

cardiomyocytes, and a decrease in the percentage of binucleated cardiomyocytes (Fig. 2j,

right graph), possibly indicative of proliferation of a mononuclear myocyte population15, or

reflecting the nucleation status of mitotic cardiomyocytes16,17. These results demonstrate

that Meis1 deletion affects both cell cycle activity and nucleation of cardiomyocytes

postnatally. Finally, Meis1 deletion did not result in an increase in myocyte apoptosis by

TdT-mediated dUTP nick end labelling (TUNEL) staining (Fig. 2k).

Next, we examined the effect of Meis1 deletion on the adult heart. Heart size

(Supplementary Fig. 2a) and cardiac function were normal in adult mice at the postnatal

stages of 28 days and 7 months (Supplementary Fig. 2b, c). There was no difference in the

size of cardiomyocytes in the adult heart following Meis1 deletion in late gestation

(Supplementary Fig. 2d). Similarly, we examined cardiomyocyte mitosis in adult hearts and

found that Meis1 KO hearts continued to show increased mitosis indices even in adulthood,

although cardiomyocyte proliferation appeared to decrease with age (Supplementary Fig. 2e,

f), with no increase in cardiomyocyte apoptosis (Supplementary Fig. 2g). In addition, there

was no change in the expression pattern of hypertrophy markers except for a modest

reduction in ANP (also known as natriuretic peptide type A) (Supplementary Fig. 2h).

Although sustained induction of cardiomyocyte cell cycle from birth by overexpression of

cell cycle regulators has been previously achieved16,17, cell cycle re-entry in adult

cardiomyocytes appears to be limited to a subpopulation of mononucleated myocytes in one

report15, and another study suggested that cell cycle re-entry is associated with contractile

dysfunction18. Therefore, we examined whether conditional deletion of Meis1 in the adult

heart could induce cardiomyocyte cell cycle re-entry. We crossed Meis1f/f mice with

αMHC-MerCreMer mice, which allowed for specific deletion of Meis1 in cardiomyocytes

following tamoxifen administration, these inducible Meis1 knockout mice are hereafter

referred to as Meis1 iKO. We then confirmed Meis1 deletion in the majority of
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cardiomyocytes (Fig. 3a, b), and we found that Meis1 deletion did not affect cardiac

morphology or fibrosis (Fig. 3c); however, the heart to body weight ratio was increased 6

weeks after Meis1 deletion (Fig. 3d). Further characterization of the Meis1 iKO mice

demonstrated normal cardiac function (Fig. 3e) and cardiomyocyte size (Fig. 3f).

Intriguingly, the number of mitotic cardiomyocytes, detected by pH3 staining, increased by

more than tenfold (Fig. 3g), with a significant increase in cytokinesis (Fig. 3h) 1 week after

tamoxifen administration. In addition, we found that the Meis1 iKO hearts had increased

number of cardiomyocytes (Fig. 3i, left), and a higher number of mononucleated

cardiomyocytes (Fig. 3i, right). Finally, we did not detect any significant differences in

apoptosis in the Meis1 iKO hearts (Fig. 3j). Collectively, these results demonstrate that

deletion of Meis1 in adult cardiomyocytes is sufficient for induction of cell cycle re-entry.

To determine whether forced Meis1 expression can inhibit neonatal cardiomyocyte

proliferation, we generated a cardiac-specific Meis1 overexpressing mouse (Meis1 OE) by

crossing pTRE-Meis1 mice with αMHC-tTA mice to allow for specific overexpression of

Meis1 in cardiomyocytes (Fig. 4a) around birth in the absence of tetracyclin. We used a

Meis1 line that overexpressed Meis1 by approximately 2.5-fold (Fig. 4b). Overexpression of

Meis1 did not result in a significant increase in heart to body weight ratio (Fig. 4c, d),

normal systolic function (Fig. 4e) and increased cardiomyocyte size (Fig. 4f). This was

associated with a modest increase in the hypertrophy marker ANP (Fig. 4g). Despite the

increase in cardiomyocyte size in Meis1 (OE) hearts, the lack of decrease in heart to body

weight ratio most probably reflects a decrease in the number of cardiomyocytes. This is

supported by a decrease in the number of mitotic cardiomyocytes in the neonatal Meis1

(OE) hearts (Fig. 4h). More notably, Meis1 overexpression inhibited neonatal heart

regeneration following induction of MI at P1 (Fig. 4i-k), whereas the wild-type hearts

regenerated normally. Finally, Meis1 overexpression in cardiomyocytes resulted in

upregulation of CDK inhibitors, most significantly p21 (also known as Cdkn1a) (Fig. 4l).

These results indicate that Meis1 overexpression in the neonatal heart results in premature

cardiomyocyte cell cycle arrest.

In order to determine the mechanism by which Meis1 regulates cardiomyocyte proliferation,

we performed a cell cycle PCR array. We found that Meis1 deletion resulted in

downregulation of cyclin dependent kinase inhibitors in isolated cardiomyocytes, including

members of the Ink4b-Arf-Ink4a locus (p16, p15 and p19ARF) and CIP/KIP family (p21 and

p57), as well as upregulation of a number of positive regulators of the cell cycle

(Supplementary Fig. 3a, b). qRT–PCR confirmed these results (Supplementary Fig. 4a). Of

all the dysregulated cell cycle genes, we identified conserved Meis1 consensus binding

sequences in the promoter region of only two loci, namely the Ink4b-Arf-Ink4a (which

includes p16INK4a, p19ARF and p15INK4b) (Supplementary Fig. 4b, left panel) and p21 loci

(Supplementary Fig. 4c, left panel) using the UCSC genome browser (http://

genome.ucsc.edu).

To test if Meis1 can transcriptionally activate Ink4b–Arf–Ink4a and p21, we generated

luciferase reporter constructs containing the conserved Meis1 binding motifs. Luciferase

reporter assays with INK4b–ARF–INK4a–pGL2 (Supplementary Fig. 4b, right panel) and

p21-pGL2 reporters (Supplementary Fig. 4c, right panel) demonstrated a dosedependent
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activation by Meis1. Mutation of the putative Meis1 binding sites abolished the Meis1-

dependent activation of the luciferase reporters (Supplementary Fig. 4b, c). Finally, we

demonstrated an in vivo interaction between Meis1 and Ink4b-Arf-Ink4a and p21 promoters

in the adult mouse heart by chromatin immunoprecipitation (Supplementary Fig. 4d).

Several studies over the past two decades have implicated cell cycle regulators in

cardiomyocyte cell cycle arrest. Cardiomyocyte cell cycle exit is associated with

downregulation of positive cell cycle regulators (CDK2, CDK3, CDK4, CCND1 and CDK

cofactors) and induction of cell cycle inhibitors (p21, TSC2, p130 and Rb)19-22.

Consistently, cardiomyocyte specific overexpression of Cyclin D2, which is a CDK cofactor

that positively regulates cell cycle progression, or deletion of p130 and Rb18, leads to

cardiomyocyte cell cycle entry16. In addition, deletion of CDKI p27Kip1 or

immunodepletion of p21Cip1 in cardiomyocytes is associated with a trend towards

progression to S-phase21. However, the mechanism of postnatal regulation of these direct

cell cycle effector molecules in cardiomyocytes has been unclear. The current study

identifies Meis1 as a critical transcriptional regulator of cardiomyocyte cell cycle, upstream

of two synergistic CDKI inhibitors. Our results also demonstrate that Meis1 deletion results

in upregulation of a number of positive cell cycle regulators such as MCM3, Chek1 and

Ccnd2, and downregulation of other negative regulators of the cell cycle such as APbb1,

TP53 and Gpr132 and others, all which may play a role in the cell cycle effect of Meis1

deletion (Supplementary Fig. 3). Although the mechanism of activation of Meis1 in the

postnatal heart is not quite fully understood, our results demonstrate that Meis1 expression

coincides with upregulation of 3 of the only 5 Hox genes that are known to interact with

Meis1, stabilize its DNA binding and enhance its transcriptional activity. Therefore, it would

be important for future studies to define the transcriptional network involved in mediating

the effect of Meis1 on postnatal cardiomyocytes.

The diverse functions of Meis1 in different organs have begun to emerge. We recently

identified Meis1 as an important regulator of anaerobic glycolysis in the HSC hypoxic niche

through regulation of Hif-1α and Hif-2a, in which conditional Meis1 deletion resulted in a

metabolic switch from glycolysis to oxidative phosphorylation resulting in apoptosis of

HSCs23. In contrast, Meis1 deletion in cardiomyocytes is not associated with increased

apoptosis, probably owing to the dependence of cardiomyocytes on oxidative metabolism

compared to the glycolytic HSCs.

Although it was previously thought that the heart is a post-mitotic organ, it is now clear that

measurable myocyte turnover can occur in the adult mouse6,24 and human25,26 hearts.

Recent reports indicate that cardiomyocyte proliferation is the main source of myocyte

turnover in the adult heart27, and can even mediate adult heart regeneration28. Our results

indicate that reversal of adult cardiomyocyte cell cycle arrest may be conceivable through

careful analysis of early postnatal events, and identifies Meis1 as a key regulator of postnatal

cardiomyocyte proliferation.
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METHODS SUMMARY

Neonatal mice were subjected to myocardial infarction surgeries as previously described2.

Experimental animal protocols were approved by the Institutional Animal Care and Use

Committee of the University of Texas Southwestern Medical Center. All experiments were

performed on age and sex matched mice, with an equal ratio of male to female mice. Results

are expressed as mean ± s.e.m. An unpaired Student’s t test was used to determine statistical

significance of all samples. *P < 0.05, **P < 0.01 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression profile of Meis1 in the heart
a, qRT–PCR showing increased expression of Meis1 at postnatal day 7 (P7), a time point

that coincides with cell cycle arrest of cardiomyocytes. b, qRT–PCR showing expression

levels of Meis1 following Sham or MI at P1 or P7. Samples were collected 7 days after the

injury was performed (D7). c, Expression profile of Meis1 in cardiomyocytes. Top row,

Meis1 expression is absent at P1. Middle and bottom rows, nuclear localization of Meis1 in

cardiomyocytes at P7 and P21, respectively. d, qRT–PCR showing knockdown of Meis1 in

rat neonatal cardiomyocytes using Meis1 siRNA. e, Cardiomyocyte mitosis following Meis1

knockdown. Left panel, immunostaining showing co-localization of pH3, TnnT2 and

Hoechst (Ho) in rat neonatal cardiomyocytes. Right panel, quantification of the pH3+

TnnT2+ nuclei in control and Meis1 siRNA treated cardiomyocytes. Quantitative analysis

represents counting of multiple fields from three independent samples per group; *P < 0.05,

**P < 0.01; error bars represent mean ± s.e.m.
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Figure 2. Cardiomyocyte proliferation at P14 following Meis1 deletion
a, Schematic of Meis1 floxed allele. Control mice were αMHC-Cre, Meis1 KO mice were

Meis1f/f αMHC-Cre. b, qRT–PCR demonstrates deletion of Meis1 in isolated

cardiomyocytes at P14 (n = 3). c, Trichrome staining of wild-type and Meis1 KO hearts at

P14. d, Heart weight (HW) to body weight (BW) ratio in wild-type and Meis1 KO hearts (n

= 4–7 per group). e, Left ventricular systolic function quantified by ejection fraction and

fractional shortening (n = 4–7 per group). f, Wheat germ agglutinin (WGA) staining and cell

size quantification. Quantitative analyses represent counting of multiple fields from three

independent samples per group (~50 cells per field assessed, total ~250 cells per group). g,

Confocal image with z-stacking showing co-localization of pH3, TnnT2 and Hoechst in a

Meis1 KO heart at P14 (top left). Confocal image of a pH3+ cardiomyocyte in a Meis1 KO

heart (top right). Immunostaining showing sarcomere disassembly in Meis1 KO hearts

(arrowhead, bottom left). Normal sarcomeric structure of Meis1 KO myocardium (bottom

right). Graph shows quantification of the number of pH3+ TnnT2+ nuclei. h,

Immunostaining showing expression of Aurora B in Meis1 KO cardiomyocytes at P14 and

quantification of the number of Aurora B+ TnnT2+ cardiomyocytes. Quantitative analysis of

pH3 and Aurora B+ cardiomyocytes represents counting of multiple sections from three

independent samples per group (~3 sections per heart) (g, h). i, Immunostaining showing co-

localization of BrdU, α—actinin and Hoechst in Meis1 KO heart at P14 and quantification

of the number of BrdU+ cardiomyocytes. Quantification represents counting of several

sections from (3–6) independent samples per group. Total number of cardiomyocytes

counted for proliferation indices was 2 × 103 – 2.5 × 103 myocytes per section. j,
Representative images of control and Meis1 KO isolated cardiomyocytes, and quantification

of the number of myocytes from control and Meis1 KO hearts. Approximately 1 × 103 – 1.5
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× 103 cardiomyocytes were counted using a haemocytometer per group, using 3 independent

samples (left). Immunostaining of isolated cardiomyocytes with Connexin 43, and

quantification of the number of nuclei in control and Meis1 KO hearts. For nucleation,

approximately 1 × 103 cardiomyocytes were counted per sample, using 3 independent

samples per group (right). k, Apoptosis analysis. Image showing co-localization of TUNEL,

Desmin, and Hoechst in a control and Meis1 KO heart. Quantification of TUNEL-positive

cells. (n = 3). Values presented as mean ± s.e.m., *P, 0.05, **P < 0.01.
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Figure 3. Inducible deletion of Meis1 in cardiomyocytes
a, Schematic of inducible Meis1 deletion (Meis1 iKO). Control mice were αMHC-Cre

MerCreMer, Meis1 iKO mice were αMHC-Cre MerCreMer Meis1f/f. b, qRT–PCR

demonstrating deletion of Meis1 in isolated cardiomyocytes (n = 3). c, Trichrome stained

sections at day 28 following tamoxifen injections. d, Heart weight to body weight ratio in

wild-type and Meis1 iKO mice (n = 4 per group). e, Left ventricular systolic function

quantified by ejection fraction and fractional shortening (n = 4 per group). f, Wheat germ

agglutinin staining (WGA) and cell size quantification. Quantitative analyses represent

counting of multiple fields from three independent samples per group (~50 cells per field

assessed, total ~250 cells per group). g, Immunostaining image for pH3, TnnT2 and

Hoechst, 7 days post tamoxifen induction. Arrowheads mark pH3+ myocyte nuclei. Graph

shows the number of pH3+ TnnT2+ nuclei 7 days post tamoxifen treatment in control and

Meis1 iKO hearts (n = 6). h, Immunostaining for Aurora B in Meis1 iKO heart. Graph

shows the number of Aurora B+ cardiomyocytes. Quantitative analysis of pH3+ and Aurora

B+ myocytes represents counting of multiple sections from three independent samples per

group (<3 sections per heart). i, Representative images of control and Meis1 iKO isolated

cardiomyocytes and quantification of the number of cardiomyocytes. Approximately 1 × 103

– 1.5 × 103 cardiomyocytes were counted using a haemocytometer per group, using 3

independent samples. Graph shows quantification of the nucleation of cardiomyocyte nuclei.

For nucleation, approximately 1 × 103 cardiomyocytes were counted per sample, using ×

independent samples per group. j, Apoptosis following inducible Meis1 deletion in

cardiomyocytes. Immunostaining for TUNEL, Desmin, and Hoechst in control and Meis1

iKO hearts and quantification of TUNEL positive cells. Values presented as mean ± s.e.m.,

*P < 0.05.
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Figure 4. Meis1 overexpression in the heart limits neonatal heart regeneration following
myocardial infarction
a, Schematic of Meis1 overexpression (OE) in the heart. Control mice were αMHC-tTA,

Meis1 (OE) mice were pTRE-Meis1 αMHC-tTA. b, qRT-PCR demonstrates overexpression

of Meis1 (n = 3). c, Heart weight to body weight ratio in control and Meis1 (OE) mice (n =

11). d, Haematoxylin and eosin stained sections of wild-type and Meis1 (OE) hearts. e, Left

ventricular systolic function quantified by ejection fraction (n = 4–5 per group). f, Wheat

germ agglutinin staining and cell size quantification. Quantitative analyses represent

counting of multiple fields from three independent samples per group (~50 cells per field

assessed, total ~250 cells per group). g, Gene expression of hypertrophy markers in P3

control and Meis1 (OE) hearts. ANP #1 and #2 represent two different primer sets for the

same gene. h, Immunostaining image showing co-localization of pH3, TnnT2 and Hoechst

in Meis1 (OE) heart at P3. Graph shows quantification of the number of pH3+ TnnT2+

nuclei. Quantitative analysis represents counting of multiple sections from three independent

samples per group (~3 sections per heart). i, Schematic of neonatal MI during the

regenerative window at P1. j, Left ventricular systolic function of wild-type and Meis1 (OE)

hearts at 21 days post-MI. k, Masson’s trichrome staining at day 21 post-MI. l, qRT–PCR of

cyclin dependent kinase inhibitors (CDKIs) in hearts of Meis1 (OE) compared to control.

Values presented as mean ± s.e.m; *P < 0.05, **P < 0.01.
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