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Abstract

Injury from myocardial infarction (MI) and consequent post-MI remodeling is accompanied 

by massive loss of cardiomyocytes (CM), a cell type critical for contractile function that is 

for all practical purposes non-regenerable due to its profound state of proliferative senescence. 

Identification of factors that limit CM survival and/or constrain CM renewal provides potential 

therapeutic targets. Tip60, a pan-acetyltransferase encoded by the Kat5 gene, has been reported to 

activate apoptosis as well as multiple anti-proliferative pathways in non-cardiac cells; however, its 

role in CMs, wherein it is abundantly expressed, remains unknown. Here, using mice containing 

floxed Kat5 alleles and a tamoxifen-activated Myh6-MerCreMer recombinase transgene, we report 

that conditional depletion of Tip60 in CMs three days after MI induced by permanent coronary 

artery ligation greatly improves functional recovery for up to 28 days. This is accompanied by 

diminished scarring, activation of cell-cycle transit markers in CMs within the infarct border and 

remote zones, reduced expression of cell-cycle inhibitors pAtm and p27, and reduced apoptosis in 

the remote regions. These findings implicate Tip60 as a novel, multifactorial target for limiting the 

damaging effects of ischemic heart disease.
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1. Introduction

Contractile dysfunction and mortality associated with myocardial infarction (MI) are caused 

by the loss of cardiomyocytes (CMs), a cell-type that is essentially non-regenerable. As 

recently reviewed [1], the most promising therapeutic interventions for re-muscularizing 

the myocardium are via (i) transplantation of CMs derived from pluripotent stem cells, (ii) 

induction of new CMs by transcriptionally re-programming non-CMs, and, (iii) protection 

and expansion of pre-existing CMs. Strategies addressing the third approach have met 

with variable success during the past decade [2]. Thus, the goal of preventing CM loss 

and restoring lost CMs to a level sufficient to maintain normal cardiac function remains 

extremely challenging. In comparison with the ability of skeletal muscle to regenerate 

[3], heart regeneration is limited by massive CM loss during ischemia combined with the 

inability of remaining CMs to regenerate due to inhibitory factors that become established 

during the onset of CM proliferative senescence at neonatal stages of heart development [4]. 

It is therefore reasonable to consider that CM regeneration can be improved by inhibiting 

upstream factor(s) that activate apoptosis and anti-proliferative factors in the CM.

Proteins that activate apoptosis and inhibit the cell-cycle are reversibly regulated by enzymes 

that induce post-translational modifications (PTMs), most prominently phosphorylation, 

and the acetylation of ε-amino groups in conserved lysine (K) residues. As recently 

reviewed, lysine deacetylases (KDACs) have emerged as therapeutic targets for the 

management of cardiovascular disease, while in comparison the therapeutic targeting of 

lysine acetyltransferases (KATs) is receiving relatively little attention [5]. Within the context 

of CM protection and regeneration, the potential role of Kat5, also known as Tip60 (Tat-

interactive protein U60U kD), should be of interest based on multiple reports from the 

cancer biology field that Tip60 acetylates non-histone proteins to induce cellular functions 

including apoptosis, and the DNA damage response (DDR) which culminates in cell-cycle 

inhibition. For example, it is well-documented that Tip60 acetylation activates p53 [6, 7] 

and Atm (Ataxia–telangiectasia mutated [8–10]), which respectively activate apoptosis and 

DDR signaling. These findings suggest an important role for Tip60 in the heart, wherein 
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CM apoptosis is a debilitating consequence of MI [11], and activation of Atm inaugurates 

the onset of CM proliferative senescence during neonatal stages of heart development [12]. 

Moreover, evidence is accumulating that Tip60 regulates cell proliferation in other cell types 

by acetylating downstream targets including p21 [13], thereby inhibiting cell-cycle transit, 

and inhibiting Aurora kinase B [14], preventing cytokinesis.

These findings suggest that Tip60 may promote apoptosis and inhibit the CM cell-cycle in 

the adult heart, wherein it is robustly expressed [15, 16]. Here, we address this question 

in mice containing loxP-flanked Kat5 alleles by assessing whether tamoxifen-induced 

depletion of Tip60 after myocardial infarction releases CMs from proliferative senescence 

and protects CMs from apoptosis, resulting in cardio protection and regeneration. We 

previously reported a Tip60 isoprotein shift [16] that changes during heart development, 

from Tip60α (60 kD) enrichment during embryonic stages, to Tip60β (53 kD) enrichment at 

adult stages, created by alternative splicing of mRNA transcribed from the Kat5 gene (there 

is only one Kat5 gene in mice and humans). These data indicate that Tip60β is the only 

isoprotein present in the adult myocardium. We report that Tip60 depletion beginning 3 days 

post-MI remarkably improves cardiac function by 10 days post-MI, which is sustained until 

at least 28 days post-MI. This is accompanied by decreased apoptosis and scarring, and by 

increased numbers of cycling CMs at the 14-day as well as the 28-day post-MI timepoint, 

when numbers of cycling CMs are still increasing. Among potential cell-cycle regulators 

that are de-inhibited by Tip60 depletion, we show that percentages of pAtm-positive CMs 

are reduced, as well as levels of the cell-cycle inhibitor p27. These findings nominate 

Tip60 for inclusion among KATs that are under consideration for cardiovascular therapeutic 

targeting [5].

2. Materials and Methods

2.1 Animal Care & Experimentation:

This investigation adhered to the National Institutes of Health (NIH) Guide for the Care and 

Use of Laboratory Animals (NIH Pub. Nos. 85-23, Revised 1996). All protocols described 

in the authors’ Animal Use Application (AUA #000225), which were approved by the 

Medical College of Wisconsin’s Institutional Animal Care and Use Committee (IACUC), 

were adhered to in this study. The IACUC has Animal Welfare Assurance status from the 

Office of Laboratory Animal Welfare (A3102-01).

Preparation of mice containing floxed Kat5 alleles, wherein exons 3–11 comprising two-

thirds of the Tip60 coding sequence including the chromo and acetyltransferase domains 

are removed by Cre-recombinase (hereafter Cre), was previously described [17]. For these 

experiments, floxed mice were mated with a line (Jackson Laboratory #005650) containing 

an α-myosin heavy chain (Myh6)-driven MerCreMer-recombinase transgene, the product 

of which (Cre), upon administration of tamoxifen, enters the nucleus to recombine floxed 

alleles [18]. All mice were on a mixed B6/sv129 genetic background. Experimental groups 

contained equal numbers of adult (10–14 weeks-old) males and females.

For the MI experiments, beginning on the third day after inducing MI by left main 

coronary artery ligation, mice received daily intraperitoneal injections of tamoxifen (40 
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mg/kg [Sigma #T5648] suspended with 5% ethanol in sunflower oil), for three consecutive 

days. Echocardiography was performed under general anesthesia with inhaled isoflurane 

on a subset of mice at intervals following MI. On the day before harvest (14 or 28 days 

post-MI), mice were injected (1 mg) intraperitoneally with BrdU. On the day of harvest, 

mice were euthanized with CO2 and hearts were prepared for immunostaining (tissue from 

the apex to ~1 mm below the suture) and qPCR (tissue from the base of the heart to ~1 mm 

above the suture), as described below.

For qPCR and western blotting determinations, non-infarcted adult Kat5 floxed mice were 

given the three-day regimen of tamoxifen (40 mg/kg/day × 3 days) and, 3–11 days after 

the 1st dose of tamoxifen, hearts were harvested and apportioned for RNA and protein 

isolation by respectively placing samples in TRIzol (Thermo-Fisher #15596026) and RIPA 

buffer (Thermo-Fisher #89901) containing Halt’s anti-protease/anti-phosphatase cocktail 

(Thermo-Fisher #78440). Samples were minced and homogenized with a teflon pestle and 

stored at −80° C until further processing.

2.2 Myocardial Infarction and Echocardiography:

To induce MI, mice were intubated under anesthesia with etomidate (10 mg/kg by 

intraperitoneal injection), mechanically respirated (model 845, Harvard Apparatus) via an 

endotracheal tube with room air supplemented with 100% oxygen, and delivered isoflurane 

(1.5–2.0%) via the ventilator to maintain anesthesia. The electrocardiogram (ECG; limb lead 

II configuration) was continuously recorded (Powerlab) using needle electrodes and rectal 

temperature was maintained at 37°C throughout the experiments using a servo-controlled 

heating pad. Once the mice were anesthetized and prepared for surgery, thoracotomy was 

performed to the left of the sternum to expose the heart, followed by opening of the 

pericardium and placement of an 8.0 nylon suture beneath the left main coronary artery 

at a level below the tip of the left atrium to target the lower half of the ventricle, with 

the aid of a microscope. Ischemia was induced by carefully tying the suture with a double 

knot, after which coronary occlusion was verified by visual observation of blanching of the 

myocardium distal to the ligature and by ST segment elevation on the ECG. After ligation, 

the chest wall was closed with polypropylene suture and recovery was monitored until mice 

became fully ambulatory. Immediately prior to initiating the surgical procedure to produce 

MI, mice were injected subcutaneously with sustained release meloxicam (4 mg/kg) to limit 

post-operative pain.

At scheduled intervals, echocardiographic assessment (VisualSonics 3100 high-frequency 

ultrasound imaging systems) was performed on mice lightly anesthetized with isoflurane 

delivered via a nose cone (1.0–1.5%) in the parasternal long-axis, short-axis, and apical 

4-chamber views using a transducer (MX550D) operating at 30–40 mHz. Short-axis views 

in M-mode were used to measure left ventricular anteroposterior internal diameter (LVID), 

anterior wall thickness (LVAW), and posterior wall thickness (LVPW) at end-diastole (d) 

and end-systole (s) at the mid-ventricular level. Long-axis views in B-mode were used to 

measure left ventricular internal area (LVA) and length (L) at end-diastole and end-systole. 

Left ventricular systolic function was assessed by: fractional shortening (FS %) = ([LVIDd – 

LVIDs] / LVIDd) * 100, fractional area change (FAC %) = ([LVAd – LVAs] / LVA d) * 100, 
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and ejection fraction (EF %) = (end-diastolic volume – end-systolic volume) / end-diastolic 

volume whereby volumes were estimated by: 4π/3 * L/2 * (LVA * π(L/2)). In addition, 

global left ventricular function was assessed by calculating the myocardial performance 

index: MPI = (isovolumic contraction time + isovolumic relaxation time) / ejection time 

[19–22]. Time intervals were obtained from pulsed Doppler waveforms of mitral valve 

inflow and aortic valve outflow from apical 4-chamber views.

2.3 Quantitative Assessment of Myocardial Scarring:

Paraffinized hearts were transversely sectioned from the apex to ~1 mm above the suture 

site, after which eight 4 μm thick sections from equidistant (~0.34–0.80 mm) intervals were 

placed on microscope slides and stained with Masson trichrome to quantitatively assess scar 

size [23]. Trichrome-stained sections were photographed at 10x magnification on a Nikon 

SMZ800 microscope, and MIQuant software was used to quantitate infarct size in sections 

between the apex and the ligation site as previously described [23]. Results were expressed 

as the average percentage of area and the midline length around the left ventricle.

2.4 Genotyping:

Genotyping was performed by PCR in 20 μl reactions that included 2x GoTaq Green Master 

Mix (Promega #M7123), 1.1 mM MgCl2, 0.5 μM each primer, 0.5 μM internal control 

primers, and 4.0 μl template. Templates consisted of supernatants of ear tissue samples 

that had been boiled for 10 minutes in 0.3 mL 10 mM NaOH/1 mM EDTA. Sequences 

of primer pairs used for PCR are listed in Supplemental Table 1 (https://figshare.com/s/

c9a0c4fa1f7fae925c95). PCR products were amplified in an AB Applied Biosystems 

GeneAmp PCR System 9700 using the following programs: for LoxP, one 5-minute cycle 

at 95° C, thirty-five cycles at 94° C 30 sec/61° C 45 sec/72° C 45 sec, followed by one 

10-minute cycle at 72° C; for Myh6-MerCreMer, one 5-minute cycle at 95° C, thirty-five 

cycles at 94° C 30 sec/54° C 45 sec/72° C 45 sec, followed by one 10-minute cycle at 72° C. 

Amplicons were separated at 100–110 V for one hour in 1% agarose with ethidium bromide 

and imaged.

2.5 Quantitative RT-PCR (qPCR):

Heart tissue, previously disrupted by homogenization with a motorized (Kimble 749540–

0000) Teflon pestle and stored at −80° C in TRIzol reagent, was thawed. RNA 

was immediately purified using PureLink RNA Mini-Kits (ThermoFisher #12183018A), 

including a genomic DNA removal step (PureLink DNase kit for on-column protocol, 

Thermo-Fisher #12185-010), according to the manufacturer’s instructions. RNA yield & 

quality were determined via 260/280 ratio using Eppendorf Biophotometer Plus Instrument.

cDNA was synthesized as follows. After diluting an RNA sample from each heart so 

that precisely 1.0 μg was suspended in 14 μl nuclease-free distilled water (NFDW), 4.0 

μl 5x VILO reaction mixture (ThermoFisher #11754050) were added. To start the reverse-

transcription reaction, 2.0 μl 10x SuperScript Enzyme Mix (ThermoFisher #11754050) 

were added, followed by transfer to an Applied Biosystems Veriti 96-well Thermocycler 

programmed as follows: 10 minutes at 25° C → 60 minutes at 42° C → 5 minutes at 85° 
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C. cDNA templates were diluted with NFDW to a concentration of 3.125 ng/μl and stored at 

−20° C.

qPCR was carried-out by subjecting each biological replicate (i.e., sample from each 

individual heart) to triplicate determinations. Each reaction was performed in a total volume 

of 20 μl in 96-well arrays, each well containing 1x Taqman Fast-Advanced Master Mix 

(ThermoFisher #4444557), 1x Taqman Probe Kit (Supp. Table 1), and 12.5 ng cDNA as 

template. The arrayed samples were amplified in a Bio-Rad CFX96 Real Time System 

(C1000 Touch) programmed as follows: 2 minutes at 50° C → 20 seconds at 95° C → 3 

seconds at 95° C → 30 seconds at 60° C; the last two steps were repeated 39 times. Results 

were processed using Bio-Rad CFX Manager 3.1 software.

2.6 Western Blotting:

Upon harvesting in ice-cold RIPA Lysis and Extraction buffer (ThermoFisher #89900) 

fortified with Halt Protease and Inhibitor Cocktail (ThermoFisher #78440), samples were 

finely minced, homogenized, and stored at −80° C. Prior to electrophoresis, tissues were 

thawed at 0° C and homogenized with a motorized Teflon pestle, followed by determination 

of total protein concentration using a Standard Bradford Assay (Bio-Rad #500–0006) 

and dilution in Laemmli Sample Buffer (Bio-Rad #161–0747) to a concentration of 2.5 

mg/mL. For electrophoresis, 20 μg of each sample were loaded into each lane of a precast 

Bio-Rad 4–20% acrylamide gel, and separated proteins were transferred (60 min at 100 

V) onto 0.45μm nitrocellulose membrane (Bio-Rad #162–0145). The blots were blocked 

with 5% non-fat dry milk/10 mM Tris-HCl (pH 7.6)/150 mM NaCl/Tween-20 (5% NFDM/

TBST) or 5% BSA in TBST. Primary and secondary antibodies and dilutions are listed in 

Supplemental Table 2. Blots were reacted with primary antibody in 5% NFDM/TBST or 

5% BSA blocking buffer overnight at 4°C. Secondary antibodies were diluted in 5% NFDM/

TBST and applied for 60 minutes at RT. Reacted blots were covered with horseradish 

peroxidase substrate (ThermoFisher #34580) for 5 min at room temperature, followed 

by chemiluminescence imaging and densitometry using Bio-Rad ChemiDoc and ImageJ 

software, respectively.

2.7 Immunostaining & Cell Counting:

On the day before harvest, mice were injected with 1 mg 5’-bromo-2’-deoxyuridine 

(BrdU; Sigma #B9285). Following removal, hearts were perfused with ice-cold cardioplegic 

solution and atria were removed. Ventricles were fixed overnight in fresh ice-cold 4% 

paraformaldehyde/PBS, processed through ethanol series, and embedded in paraffin. 

Sections (4 μm thick) mounted on microscope slides were de-waxed, subjected to antigen 

retrieval (100°C in 10 mM trisodium citrate pH6.0/0.05% Tween-20 for 20 minutes) 

followed by 30 minutes’ cooling at RT, and blocked with 2% goat serum/0.1% Triton-X-100 

in PBS. Primary antibodies were diluted in blocking buffer and applied overnight at 4°C; 

secondary antibodies were applied for one hour in the dark. Combinations and dilutions of 

primary and secondary antibodies employed to immunostain each target antigen is provided 

in Supplementary Table 2.
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Microscopy was performed on a Nikon Eclipse 50i microscope equipped with a 

Nikon DSU3 digital camera. During counting, at least 1,000 CMs were evaluated 

in 5–6 random 200x photomicrographic fields, identity of which were confirmed by 

immunostaining the cytoplasmic marker cardiac troponin-T (cTnT), α-actinin, or the nuclear 

marker pericentriolar material 1 (PCM-1). Percentages of CMs expressing Ki67, BrdU, 

phosphorylated histone H3 (pH3), and phosphorylated H2A.X were assessed by monitoring 

fluorescent signal in the Texas Red channel, after confirming the identity of each stained 

CM in the FITC channel. To identify nuclei as phosphorylated ATM (pATM)-positive, 

only those at least half-filled with pATM fluorescence were counted; pAtm-positive nuclei 

were also confirmed to be DAPI-positive. To enumerate CMs exhibiting phosphorylated 

histone H2A.X signal, α-actinin was used to identify CMs, and, the total number of double-

positive cells in each section was manually counted; pH2A.X signals were counted only if 

confined to DAPI-positive nuclei. To quantitate CMs undergoing cytokinesis as indicated 

by the presence of Aurora kinase B (AurkB)-positive furrows between adjacent CMs, the 

entirety of each of three sections from equidistant (0.3 mm) intervals from each heart was 

manually scanned at 1,000x magnification by a blinded investigator; the identification of 

AurkB-positive CMs was restricted to images wherein punctate Texas Red signal was clearly 

located between two adjacent nuclei that were embedded within CM (i.e. cTnT-positive) 

cytoplasm. For cleaved caspase-3 determinations, WGA was employed as described below 

to identify CMs based on cellular outlines, and, the total number of cleaved caspase-3 

positive CMs present in each section was manually enumerated at 400x magnification. In 

infarcted hearts, CM cell-cycle marker and pATM, immunoreactivity were assessed in both 

the remote zone, specifically the area of myocardium ~2 mm distal to the infarct boundary, 

and in the border zone, specifically the area immediately adjacent to the infarct zone.

2.8 Wheat Germ Agglutinin (WGA) Staining:

WGA staining was performed using Thermo-Fisher #W11261 Alexa Fluor 488 conjugate 

and Thermo-Fisher #W11263 Alexa Fluor 350 conjugate. Sections mounted on microscope 

slides were stained with 50 μg/ml WGA in PBS for 10 minutes at room temperature, 

followed by thorough washing. Images of CMs in transverse orientation were photographed 

at 400x magnification and processed using ImageJ software to determine numbers of CMs 

and average numbers of pixels per CM as indicative of CM density and size. Briefly, the 

FITC (488) or DAPI (350) channel displaying CMs outlined in cross-section was isolated, 

followed by thresholding to fill-in spaces occupied by CM cytoplasm, then adjusting settings 

to acquire particle sizes in the 600-infinity range having a circularity of 0.25–1. After results 

(which were set to “include holes”) were obtained, particles representing CMs that were 

non-transversely sectioned, or blood vessels, were removed.

2.9 Terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL):

Apoptosis was assessed using the DeadEnd Fluorometric TUNEL System (Promega 

#G3250) per the manufacturer’s instructions. The total number of TUNEL-positive cells 

within sections representing the border and remote zones were manually counted while 

scanning at 400x magnification. TUNEL signal was counted only if confined to a DAPI-

positive nucleus. Nuclei were scored as TUNEL-positive only if at least 50% of the 

nucleus contained fluorescent signal. Attempts to immunofluorescently co-stain TUNEL-
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stained sections for markers of CM identity were unsuccessful due to removal of antigen 

during proteinase-K digestion. Apoptosis was also determined by immunostaining cleaved 

caspase-3 as described above.

2.10 Statistics:

All determinations were performed in blinded fashion and are reported as means ± SEM. 

Echocardiography data were analyzed by a two-way repeated measures ANOVA (time 

and genotype) to determine whether there was a main effect of time, genotype, or a time-

genotype interaction. If global tests showed an effect, post hoc contrasts between baseline 

and subsequent timepoints within experimental groups were compared by a Dunnett’s 

multiple comparison t test; differences between genotypes at each timepoint were compared 

by a Student’s t test with the Bonferroni correction for multiple comparisons. Survival data 

were analyzed by Kaplan-Maier analysis. All other data were compared by an unpaired, 

two-tailed Student’s t test. P < 0.05 was considered statistically significant.

3. Results

3.1 Experimental Scheme

Our objective was to assess whether effects of MI could be minimized by subsequent 

depletion of Tip60. Experimentally, we assessed the effect of administering tamoxifen 

on days 3–5 post-MI to control mice containing floxed Kat5 alleles (Kat5f/f), in 

comparison with mice containing the Myh6-MerCreMer-recombinase Cre transgene 

(Kat5flox/flox;Myh6-MerCreMer, hereafter denoted Kat5Δ/Δ) [18]. To control for effects, if any, 

of Cre per se, mice bearing the genotypes Kat5+/+ and Kat5+/+;MerCreMer were compared. 

The experimental timeline consisted of a 28-day post-MI follow-up period to permit 

regeneration and healing to manifest.

Prior to performing MI experiments, the effect of administering three consecutive daily 

doses of tamoxifen (40 mg/kg) to non-infarcted adult mice was assessed to determine 

the extent of conditional Tip60 depletion, and whether depletion compromised cardiac 

function. As shown in Figure 1, levels of Kat5 transcripts (Fig. 1A) and Tip60 protein 

(Fig. 1B) were depleted ≥50% in hearts of Kat5Δ/Δ mice as early as 3 days after the 

first dose of tamoxifen. It is likely that depletion in CMs was even more extensive, 

considering that Tip60 should not be depleted in non-CMs comprising the majority of cells 

in whole heart samples [24]. Echocardiographic data in Supplemental Table 3 shows that 

Tip60 depletion had no untoward effects on non-injured mice at the 28-day experimental 

endpoint; also, Supplemental Figure 1 shows that Tip60 depletion did not affect survival 

until approximately 20 weeks post-tamoxifen.

3.2 Tip60 Depletion reduces percentages of pAtm-positive CMs, and levels of p27.

Based on previous findings indicating that phosphorylated Atm (pAtm) inhibits the cell-

cycle in adult CMs [25], plus our recently reported finding that Tip60 maintains pAtm levels 

in the neonatal heart [26], we asked whether depletion of Tip60 reduces percentages of 

pAtm-positive CMs in the non-injured adult heart. As shown in Figure 2A, immunostaining 

revealed that percentages of pAtm CMs in the adult heart were reduced by the eleventh day 
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after the first of three tamoxifen injections to deplete Tip60. This finding is consistent with 

significantly reduced levels of pAtm protein in Tip60-depleted hearts detected by western 

blotting (Supp. Fig. 2A), which was accompanied by the curious finding of increased levels 

of bulk Atm protein in Tip60-depleted hearts (Supp. Fig. 2B).

In addition, to follow-up our finding that activation of the cell-cycle in Tip60-depleted 

neonatal CMs is accompanied by reduced expression of the cell-cycle inhibitor p27 [26], we 

asked whether depletion of Tip60 in the non-injured adult heart has similar effects. Because 

Tip60 reportedly increases the expression of genes in the family of Foxo transcription 

factors [27], among which Foxo1 is well-documented to activate the gene encoding p27 

(Cdkn1b; review [28]), we assessed the effects of Tip60 depletion on expression of 

Foxo1, Foxo3, and Cdkn1b (p27). As shown in Figure 2B, expression of these genes was 

significantly depressed in Tip60-depleted adult hearts, and was accordingly accompanied 

by significantly reduced levels of p27 protein (Fig. 2C); considering Tip60’s pro-apoptotic 

function it is interesting that reduced Foxo1 levels have also been associated with reduced 

levels of apoptosis in CMs [29, 30]. The expression of other cell-cycle inhibitors, including 

Meis1 (which is reduced in Tip60-depleted neonatal CMs [26]) and p21 (Supp. Fig. 3A, 

right), as well as genes associated with the DDR and the senescence-associated secretory 

phenotype (SASP, [31]; Supp. Fig. 3B), which are depressed in the neonatal Kat5Δ/Δ 

heart [26], was unaffected by Tip60 depletion. However, the expression of Wee1, which 

becomes activated in the neonatal heart as CMs undergo proliferative senescence [12], was 

significantly depressed (P=0.019; Supp. Fig. 3B). Control experiments revealed that none 

of these effects associated with Tip60 depletion were attributed to Cre alone (Supp. Fig. 

4). Based on the above findings that expression of pAtm, p27, and Wee1 are depressed 

in the non-injured/Tip60-depleted adult heart, it was of interest to assess whether, as we 

recently demonstrated in the neonatal heart [26] and in accord with our hypothesis, depletion 

of Tip60 in the infarcted adult heart is associated with activation of the CM cell-cycle, 

concomitant with reduction of apoptosis and preservation of cardiac function.

3.3 Tip60 depletion preserves cardiac function and reduces myocardial scarring after MI.

The impact of Tip60 depletion on the effects of MI was therefore addressed. The method 

of MI employed in this study was designed to generate uniform infarctions by permanently 

ligating the left main coronary artery at a position below the tip of the left atrium to 

target the distal half of the ventricle. As indicated by the experimental timeline shown 

in Figure 3A, echocardiography was performed on infarcted Kat5f/f and Kat5Δ/Δ mice at 

intervals up to 28 days post-MI, during which time tamoxifen was injected to deplete Tip60 

on days 3–5 post-MI. Remarkably, one week after the first tamoxifen injection -- at day 

10 post-MI -- all indices of left ventricular function assessed by echocardiography were 

substantially improved in Kat5Δ/Δ mice, in comparison with Kat5f/f controls (Fig. 3B–D; 

Supp. Table 4). These indices included fractional shortening (FS; Fig. 3B), fractional area 

change (FAC; Fig. 3C), ejection fraction (EF; Fig 3D), and the myocardial performance 

index (MPI; Supp. Table 4; [19]). All measures between the 10- and 28-day post-MI 

time-points were maintained near the pre-MI baseline (day 0) values (Fig 3B–D). A 

summary of all echocardiographic data is provided in Supplemental Table 4. Preservation 

of function in Tip60-depleted hearts was consistent with survival data (Fig. 3E), which 
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indicated a clear trend toward improved post-MI survival of Kat5Δ/Δ mice. Functional 

improvement with Tip60 depletion was evident in both male and female mice (Supp. Fig. 

5). Control experiments in which echocardiography was performed on infarcted Kat5+/+ 

and Kat5+/+;MerCreMer mice that were identically treated with tamoxifen revealed that none 

of the functional benefits shown in Figure 3 could be attributed to Cre alone; by contrast, 

activation of Cre in the absence of Tip60 depletion caused dysfunction at all points along the 

experimental timeline (Supp. Fig. 6 and also [25]).

In agreement with improved function observed by echocardiography, Tip60 depletion 

protected the myocardium from scarring at the 28-day post-MI timepoint (Fig. 3F) assessed 

by Masson trichrome staining (Fig. 3F, left). The percentage of left ventricle occupied 

by scarring, and the scar midline length, were quantitatively assessed by digitizing areas 

occupied by blue staining between the apex and the site of ligation (Fig. 3F, right). This 

revealed that scarring, as evaluated by both parameters, was significantly diminished by 

25–30% in the myocardium of Tip60-depleted Kat5Δ/Δ mice.

3.4 Tip60 depletion after MI is accompanied by increased activation of the CM cell-cycle.

Observations shown in Figure 3 describing preserved cardiac function and muscle mass 

in infarcted/Tip60-depleted hearts could be explained by CM proliferation, protection from 

ischemia-induced cell death, hypertrophic growth of the myocardium, or by a combination 

of these factors. The possibility that Tip60 depletion caused activation of the CM cell-cycle 

in the post-MI adult heart, as we previously observed in the neonatal heart [26], was 

examined by evaluating percentages of Ki67-, BrdU-, and pH3-positive CMs. As shown 

in Figure 4, immunostaining revealed that each marker, which respectively monitors all 

cell-cycle phases, S-phase, and early M-phase, was significantly increased in Tip60-depleted 

CMs located within the border zone as well as the remote zone at both the 14-day and 

28-day post-MI timepoints; cycling CMs were not detected in the infarct zone (not shown). 

Remarkably, in most instances the percentage of CMs exhibiting cell-cycle activation was 

further increased at 28 days post-MI, in comparison with the 14-day post-MI timepoint. CM 

identity in these determinations was assessed by cytoplasmic cTnT staining, employing 

rigorous criteria for inclusion (see Materials and Methods); comparable results were 

obtained when cardiac identity was verified using the CM-specific nuclear marker PCM-1 

in 28-day post-MI hearts (Supp. Fig. 7). Control experiments in which immunostaining 

was performed on hearts of identically treated Kat5+/+ and Kat5+/+;MerCreMer mice at 14 

days post-MI (Supp. Fig. 8), as well as at 28 days post-MI (Supp. Fig. 9), revealed that 

activation of the CM cell-cycle shown in Figure 4 was not due to Cre alone. To correlate 

cell-cycle activation detected by immunostaining with activity of cell-cycle phase-specific 

regulatory genes, qRT-PCR was performed on cardiac tissue dissected from the remote zone 

at 14 days post-MI. While expression of the G1-phase regulatory genes cyclins-D1/D2 and 

Cdk4 was unaffected, genes encoding the G2-phase regulators cyclins-A2/B1 and Cdk1 were 

significantly activated in Tip60-depleted hearts (Supp. Fig. 10A), an effect that was not 

attributable to an effect of Cre alone (Supp. Fig. 10B). qRT-PCR of 14-day post-MI samples 

also revealed that, similar to non-injured hearts that were Tip60-depleted (Fig. 2 & Supp. 

Fig.3), expression of p27 (Supp. Fig. 10A) and Wee1 (Supp. Fig. 11A) were also decreased 

in infarcted/Tip60-depleted hearts.
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Because Tip60 was exclusively depleted in CMs, it was surprising that unknown cell 

types (ie non-CMs) devoid of cTnT or PCM-1 staining also displayed increased cell-

cycle activation in Kat5Δ/Δ hearts at 28 days post-MI (non-CMs; Supp. Fig. 12). This 

unanticipated finding suggests involvement of a paracrine interaction, and/or perhaps 

compensated changes resultant from MI.

The findings shown in Figure 4 and supportive supplemental figures suggest that preserved 

cardiac function and muscle mass shown in Figure 3 may reflect, at least in part, de 
novo generation of CMs mediated by depletion of Tip60. To rule-out the possibility that 

CM hypertrophy contributed to preserved cardiac function in Tip60-depleted hearts, areas 

of myocardium containing CMs oriented in cross-section were stained with wheat germ 

agglutinin (WGA), to estimate CM size by quantitating pixels within WGA-stained CM 

perimeters (Fig. 5A). As shown in Figure 5B, this revealed that CM size was not increased 

in infarcted/Tip60-depleted hearts at the 14-day or 28-day post-MI timepoints, instead 

indicating that CMs within the border zone are smaller at the 14-day and perhaps the 28-day 

timepoints.

Increased cell-cycle activation in the absence of CM hypertrophy suggested that depletion 

of Tip60 fosters proliferation-mediated CM regeneration. Because the initiation of CM 

proliferation requires de-differentiation [2, 32], we evaluated gap junction integrity, which 

becomes dis-organized in de-differentiating CMs by immunostaining Connexin-43. This 

revealed that Tip60 depletion was associated with gap junction dysmorphology in all hearts 

examined (Supp. Fig. 13A), a phenomenon accompanied by a ~2-fold increase in expression 

of the gene encoding Connexin-43 (Gja1; Supp. Fig. 13B), suggestive of a cellular response 

designed to restore gap junction integrity and/or enhanced cell-cell communication. And, 

because completion of CM proliferation requires cytokinesis, we immunostained Aurora 

kinase B (AurkB), expression of which is increased in cytoplasmic furrows of dividing 

adult CMs [25, 33]. As shown in Supplemental Figure 14, although the incidence of AurkB-

positive CMs is low – as anticipated based on previous findings as well as on the stringency 

we applied when identifying AurkB-positive CMs – their numbers were significantly 

increased at the 14-day post-MI timepoint (Supp. Fig. 14B); we were unfortunately unable 

to evaluate AurkB-positive CMs at an earlier post-MI timepoint, when incidence should be 

higher, due to potential effects of Cre alone.

In summary, when taken together, the findings described in Figures 4–5 and associated 

supplemental figures are consistent with the possibility that improved function following 

Tip60 depletion is caused, in part, by increased CM proliferation. Importantly however, 

additional work is required to definitively assess generation of de novo CMs. Moreover, 

because Tip60 is known to activate apoptosis [6, 7] in addition to inhibiting the cell-cycle, 

we hypothesized that its depletion should also be cardioprotective, preventing apoptosis in 

the infarcted myocardium; this possibility is addressed in the following experiments.

3.5 Tip60 depletion after MI is accompanied by reduced apoptosis.

Because Tip60 is pro-apoptotic [6, 7], it was important to assess whether its depletion 

reduced apoptosis in infarcted myocardium. Levels of apoptosis at 14 and 28 days post-MI 

were assessed by TUNEL and cleaved caspase-3 staining. TUNEL staining revealed that 
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numbers of apoptotic cells were equivalent in Kat5f/f and Kat5Δ/Δ hearts at the 14-day post-

MI timepoint (Fig. 6A, upper), but were reduced in Tip60-depleted hearts at 28-days (Fig. 

6A, lower), where a twofold decline was observed in the remote zone. Although protease 

treatment prior to TUNEL staining unfortunately prevented counter-staining to assess CM 

identity, the size of caspase-3-positive cells outlined by WGA in Figure 6B was consistent 

with their identity as CMs oriented in cross-section. Quantitation of caspase-3-positive 

CMs indicated that apoptosis was significantly reduced in infarcted/Tip60-depleted hearts 

at the 14-day timepoint (Fig. 6B, upper), and was consistent with TUNEL staining in that 

numbers of apoptotic cells in the remote zone were significantly decreased at 28-days (Fig. 

6B, lower). Taken together, these findings indicate that apoptosis, which is known to be 

increased in the remote zone during post-infarction remodeling [11, 34–36], is reduced by 

Tip60 depletion, consistent with its pro-apoptotic function [6, 37]. These results were not 

affected by Cre (Supp. Fig. 15); in fact, in the absence of Tip60 depletion, Cre alone caused 

a highly significant increase in numbers of TUNEL-positive cells in the remote zone at the 

28-day timepoint (Supp. Fig. 15B).

3.6 DDR Markers pAtm and pH2A.X are reduced in Infarcted/Tip60-depleted CMs.

As described above, the expression of DDR components, pAtm (Fig. 2A, Supp. Fig. 2A), 

p27 (Fig. 2B,C) and Wee1 (Supp. Fig. 3B) was reduced in Tip60-depleted hearts (Kat5Δ/Δ) 

that were non-infarcted. It was important to assess whether these factors were also reduced 

in Tip60-depleted hearts that had been infarcted. In accord with reduced expression of 

the genes encoding p27 (Supp. Fig. 10A) and Wee1 (Supp. Fig. 11A) in infarcted/Tip60-

depleted hearts, Figure 7, which shows results of immunostaining performed at the 14-day 

post-MI timepoint, revealed that numbers of pAtm-positive (Fig. 7A) as well as pH2A.X-

positive (Fig. 7B) CMs were also reduced by Tip60 depletion; these results were not affected 

by Cre (Supp. Fig. 16).

4. Discussion

The goal of this study was to test the hypothesis that Tip60, which is known to inhibit the 

cell-cycle in cultured cells, maintains CMs within the in vivo heart in a state of apoptotic 

potential and proliferative senescence, preventing regeneration of the myocardium after 

injury. The findings described in Figures 3–7 are consistent with this hypothesis, indicating 

that genetic depletion of Tip60 after MI diminishes the DDR, inducing CM cell-cycle 

activation while inhibiting apoptosis, resulting in myocardial integrity and maintenance of 

cardiac function.

Reliability of the Tip60 Depletion Model

We previously reported that depletion of Tip60 from CMs using a constitutively active 

Myh6-Cre transgene [38], which commences robust expression at late embryonic stages 

of development, results in lethality due to CM fallout by three months of age [17]. 

Therefore, the experimental scheme employed here (Fig. 3A) was designed to cause only 

modest reduction of Tip60 in CMs by conditionally activating the MerCreMer product 

of the Myh6-driven MerCreMer recombinase transgene [18]. No untoward effects of 

conditional Tip60 depletion were observed during the 25-day period following tamoxifen 
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injection into either non-injured (Supp. Table 3) or injured (Supp. Table 4) adult mice. In 

contradistinction, assessments comparing infarcted/tamoxifen-injected wild-type (Kat5+/+) 

and Kat5+/+;Myh6-MerCreMer hearts, which we performed to control for off-target effects of 

Cre, revealed cellular as well as organ dysfunction [39]. Therefore, we conclude that Tip60 

depletion mediated the beneficial effects reported here, which occurred despite a background 

of deleterious effects caused by Cre-recombinase when using this model. It should also 

be noted that although the deleterious effects of Cre were transient, dissipating within two 

weeks post-MI [39], this has prevented us from investigating immediate and early effects of 

Tip60 depletion.

Is Preservation of Cardiac Function by Tip60 Depletion due to Protection and/or 
Regeneration of CMs?

Periodic echocardiographic evaluation of infarcted mice from which Tip60 was depleted 

beginning on day 3 post-MI revealed that cardiac function was markedly improved at 

10 days, a condition that was sustained until termination of the experiment at 28 days 

post-MI (Fig. 3B–D; Supp. Table 4). While this remarkable recovery of function may in part 

reflect the ability to recuperate from a relatively small infarction, few previously reported 

interventions to improve regeneration after cardiac injury have attained a similar extent of 

functional preservation. Among these, Cre-mediated disruption of the Hippo component 

Salvador exhibited a similar level of functional recovery and scar resolution nine weeks 

after MI. Incredibly, this occurred even though the onset of Salvador depletion was not 

commenced until 21 days post-MI [23]; it will therefore be interesting to ascertain whether 

delaying the onset of Tip60 depletion after MI confers sustained functional improvement.

Preservation of function at 28 days post-MI was accompanied by significantly diminished 

myocardial scarring (Fig. 3F), concomitant with the expression of markers indicating CM 

cell-cycle re-entry including disrupted gap junction morphology (Supp. Fig. 13), increased 

cell-cycle activation (Fig. 4), and increased numbers of AurkB-positive CMs (Supp. Fig. 

14). Activation of the CM cell-cycle consequent to Tip60 depletion is consistent with our 

previous observation of cell-cycle activation in CMs of hypertrophied Kat5+/− heterozygous 

adult hearts [16], and with our recently published findings in the neonatal heart [26]. 

Although the results shown in Figure 5B appear to rule out an increase in CM hypertrophy 

induced by cell-cycle activation, a definitive answer to the question of whether cell-cycle 

activation mediated by Tip60 depletion culminates in the generation of de novo CMs 

and myocardial re-muscularization will require further investigation. Although techniques 

involving direct counting and evaluation of CMs isolated from the adult heart would 

be informative, difficulties dis-aggregating adult CMs from scarred myocardium in this 

infarction model have precluded this approach.

As shown in Figure 6, preservation of function also correlated with significantly reduced 

numbers of apoptotic cells in Tip60-depleted post-MI hearts, particularly in remote regions. 

As in the instance of increased cell-cycle activation, this finding is consistent with 

the diminished numbers of apoptotic cells we previously noted in the myocardium of 

hypertrophied Kat5+/− heterozygous hearts [16], as well as with well-documented findings 

that Tip60 is pro-apoptotic [6, 7, 40–42]. Although we have been unable to conclusively 
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ascertain the identity of TUNEL-labeled cells, diminished numbers of the cleaved caspase-3-

positive cells outlined by WGA staining (Fig. 6B) in transversely sectioned myocardium 

suggest that Tip60 depletion mitigates CM losses in the remote zone during pathogenic 

post-infarction remodeling of the left ventricle [36, 43, 44]. This important point warrants 

further investigation.

Implications

As recently suggested [4], progress in the field of cardiac regeneration would be advanced 

by the identification, and ability to temporarily mitigate the function of, inhibitory factors 

that have evolved to maintain CMs in their profound state of proliferative senescence. 

Of course, regenerative approaches based on the relief of inhibitory factors would also 

mandate interventions designed to regulate CM proliferation, once unleashed, in order to 

prevent rhabdomyosarcoma formation [45] and/or mitotic catastrophe [46, 47] as observed 

following Gsk-3 depletion. (It may be notable that during Akt signaling, Gsk-3 resides 

immediately upstream of Tip60, which becomes activated consequent to Gsk-mediated 

phosphorylation [40, 48, 49].) Several inhibitory proteins, mostly tumor suppressors, have 

been identified that upon deletion result in activation of the CM cell-cycle; in addition to 

Gsk-3 [50] these include Retinoblastoma1 [51, 52], Meis1 [53] and Meis2 [51], and Hippo 

pathway components [23, 54]. Improved regenerative efficacy achieved by simultaneous 

depletion of two of these inhibitors was recently reported [51]. Although Tip60’s pleiotropic 

effects, which are mediated by the acetylation of multiple histone and non-histone targets, 

cause definitive resolution of its molecular mechanism in CMs to be beyond the scope 

of this report, we are planning to interrogate the acetylated status of multiple non-histone 

candidates in CMs, including Atm, p21, p27, p53, and Sp1. All of these proteins inhibit 

cell proliferation, and, with the exception of p27, have been shown to be directly regulated 

by Tip60-specific acetylation [6, 7, 13, 55, 56]. Perhaps most prominent among these, 

and in accord with our recent findings in the neonatal heart [26], we are considering the 

possibility that Tip60 maintains Atm activation, and the consequent DDR, in adult CMs in 

order to maintain proliferative senescence. Such a result would be consistent with findings 

that de-activation of Atm promotes CM proliferation in the adult heart [25], and that Atm 

depletion alleviates effects of DDR-induced heart failure [57]. The findings reported here 

justify the inclusion of Tip60 to the list of potential cardiac therapeutic targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AurkB Aurora kinase B

BrdU 5’-bromodeoxyuridine

Cre Myh6-driven cre-recombinase

CM cardiomyocyte

cTnT cardiac troponin-T

Cxn-43 Connexin-43

DDR DNA damage response

EF ejection fraction

FAC fractional area change

floxed LoxP-flanked

FS fractional shortening

Kat5 lysine acetyltransferase-5

MI myocardial infarction

MPI myocardial performance index

PFA paraformaldehyde

pH3 phosphohistone H3

Tip60 Tat-interactive protein 60 kD

TUNEL terminal deoxynucleotidyl transferase dUTP nick end-labeling

WGA wheat germ agglutinin
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Highlights

• Disruption of the Kat5 gene after myocardial infarction preserves heart 

function.

• Improved cardiac function is accompanied by diminished apoptosis and 

scarring.

• Cell-cycle inhibitors are reduced, and, the cardiomyocyte cell-cycle is 

activated.

• Tip60 is a promising target for limiting damage caused by myocardial 

infarction.
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Figure 1. Tamoxifen induces depletion of Tip60 in hearts with floxed Kat5 alleles.
Adult Kat5f/f and Kat5Δ/Δ mice were injected with 40 mg/kg tamoxifen on three consecutive 

days, after which hearts were collected and processed for assessment of Tip60 mRNA and 

protein. Panel A shows depletion of Kat5 mRNA in Kat5Δ/Δ hearts assessed by qRT-PCR 3–

8 days after the first of three daily tamoxifen injections. Each biological replicate (n=4 mice 

for each timepoint per group) was subjected to three technical replicates. Panel B (upper) is 

a representative western blot showing depleted levels of Tip60 protein (55 kD) in Kat5Δ/Δ 

hearts collected 8–9 days after the first tamoxifen injection; the bar graph (lower) shows the 

extent of Tip60 depletion as assessed by quantitative densitometry. Each biological replicate 

(n=7 mice per group) was subjected to two technical replicates. Data are reported as Mean ± 

SEM and compared by unpaired, two-tailed Student’s t tests with Welch’s correction.
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Figure 2. Reduced expression of pAtm and p27 following tamoxifen-induced depletion of Tip60 
in non-injured hearts with floxed Kat5 alleles.
Non-injured adult Kat5f/f and Kat5Δ/Δ mice were injected with 40 mg/kg tamoxifen on three 

consecutive days, after which hearts were collected eleven days after the first injection and 

processed for immunostaining, western blotting, and qRT-PCR as indicated. Panel A shows 

immunostaining revealing reduced percentages of pAtm-positive CMs in Tip60-depleted 

(Kat5Δ/Δ) hearts. At least 1,000 CMs were evaluated in each biological replicate (n=4 mice 

per group). Panel B (lower) depicts qRT-PCR analyses showing reduced expression of genes 

encoding Foxo family members in Kat5Δ/Δ hearts, among which Foxo1 transcriptionally 

activates the gene (Cdkn1b) encoding p27. The upper bar graph depicts qRT-PCR showing 

reduced expression of p27 in Tip60-depleted adult hearts. Each biological replicate (n=4 

mice per group) was subjected to three technical replicates. Panel C is a representative 

western blot showing reduced levels of p27 protein in Tip60-depleted adult hearts. Each 

biological replicate (n=4 mice per group) was subjected to two technical replicates. Data 

are reported as Mean ± SEM and compared by unpaired, two-tailed Student’s t tests with 

Welch’s correction.
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Figure 3. Tip60 depletion preserves function and reduces scarring in infarcted mouse hearts.
A, experimental timeline. Mice were injected with tamoxifen on three consecutive days 

beginning three days after induction of MI on day 0. Echocardiography was performed at 

the indicated intervals up to 28 days post-MI when hearts were removed for histological 

assessment. B-D, indices of LV function. Fractional shortening (FS), fractional area change 

(FAC), and ejection fraction (EF) were preserved in Tip60-depleted (Kat5Δ/Δ) hearts (N=8) 

but not in Kat5f/f controls (N=5); additional parameters are shown in Supplemental Table 4. 

*P<0.05 vs. Kat5f/f and †P<0.05 vs baseline value on day 0. Echocardiography data were 

analyzed by two-way repeated measures ANOVA followed by Dunnett’s (effect of time) and 

Bonferroni’s (effect of genotype) multiple comparisons. E, Kaplan-Maier curves indicating 

a trend (P=0.072) toward improved survival of Tip60-depleted mice. F, representative 

trichrome-stained cross-sections taken at 0.5 mm intervals; blue stain shows area of the 

scar. Infarct scar size (right) was quantified by measuring area and midline length below the 

ligation site. N=10 for Kat5f/f and N=12 for Kat5Δ/Δ. Data are reported as Mean ± SEM and 

compared by unpaired, two-tailed Student’s t tests with Welch’s correction.
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Figure 4. Increased CM cell-cycle activation in the border and remote zones of infarcted Tip60-
depleted hearts at 14 and 28 days post-MI.
Left column, representative images photographed at 600x showing immunostaining of 

Ki67-, BrdU-, and pH3-positive nuclei, and co-staining with cTnT to assess CM identity. 

White/yellow arrows respectively denote positive CMs/non-CMs. Middle column, results of 

cell counting showing significantly increased percentages of Ki67-, BrdU-, and pH3-positive 

CMs on day 14 post-MI. The right column shows that each cell-cycle activation marker was 

further increased on day 28 post-MI. All counting was conducted in blind. At least 1,000 

CMs were evaluated in each biological replicate (14 d post-MI: n=6 mice for Kat5f/f and 

n=5 mice for Kat5Δ/Δ; 28d post-MI: n=5 mice for Kat5f/f and n=6 mice for Kat5Δ/Δ). Data 

were reported as Mean ± SEM and compared by unpaired, two-tailed Student’s t tests with 

Welch’s correction.
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Figure 5. Estimation of CM size in infarcted/Tip60-depleted hearts at days 14 and 28 post-MI.
Panel A, representative 600x WGA-stained images from areas containing transversely 

oriented CMs. Panel B, pixels within WGA-stained CM perimeters in cross-sectional areas 

of myocardium were quantitated by ImageJ to estimate CM size in response to Tip60 

depletion. At least 500 CMs were evaluated from each zone in each biological replicate 

(N=5 mice for each timepoint per group). Data were reported as Mean ± SEM and compared 

by unpaired, two-tailed Student’s t tests with Welch’s correction.
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Figure 6. Reduced numbers of TUNEL- and caspase-3-positive cells in the infarcted Tip60-
depleted hearts at days 14 and 28 post-MI.
Panel A. TUNEL/WGA-stained sections. Upper: representative 600x image. Lower: total 

number of TUNEL-positive nuclei per section; cell types were not identifiable. 14 d post-

MI: N=4 mice per group; 28d post-MI: N=6 mice per group. Panel B. Caspase-3/WGA-

stained sections. Upper: representative 600x image. Lower: total numbers of caspase-3-

positive CMs per section; CM identity was inferred from cellular size based on WGA 

outline. N=5 mice for each time point per group. Data were reported as Mean ± SEM and 

compared by unpaired, two-tailed Student’s t tests with Welch’s correction.

Wang et al. Page 26

J Mol Cell Cardiol. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Reduced numbers of pAtm- and pH2A.X-positive CMs in Infarcted/Tip60-depleted 
hearts at day 14 post-MI.
Panel A, Upper, representative pAtm/α-actinin double-stained image; yellow arrowheads 

denote Atm-positive nuclei identified according to the ground rules described in Materials 

and Methods. Lower, percentage of Atm-positive CMs, based on evaluating a minimum of 

1,000 CMs in the border and remote zones. N=6 for Kat5f/f and N=5 for Kat5Δ/Δ. Panel B, 
Upper, representative pH2A.X/α-actinin double-stained image; yellow arrowheads denote 

pH2A.X-positive CMs. Lower, numbers of pH2A.X-positive CMs within each section of 

Kat5f/f and Kat5Δ/Δ hearts enumerated by scanning entire sections at 400x magnification. 

N=5 mice for Kat5f/f and N=4 mice for Kat5Δ/Δ. Data were reported as Mean ± SEM and 

compared by unpaired, two-tailed Student’s t tests with Welch’s correction.
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